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Methane-producing bioelectrochemical systems generate methane by using
microorganisms to reduce carbon dioxide at the cathode with external electricity
supply. This technology provides an innovative approach for renewable electricity
conversion and storage. Two key factors that need further attention are production
of methane at high rate, and stable performance under intermittent electricity supply.
To study these key factors, we have used two electrode materials: granular activated
carbon (GAC) and graphite granules (GG). Under galvanostatic control, the biocathodes
achieved methane production rates of around 65 L CH4/m20atproj/d at 35 A/mzcatproj,
which is 3.8 times higher than reported so far. We also operated all biocathodes with
intermittent current supply (time-ON/time-OFF: 4-2/, 3-3’, 2-4'). Current-to-methane
efficiencies of all biocathodes were stable around 60% at 10 A/m?catp and slightly
decreased with increasing OFF time at 35 A/mzcatproj, but original performance of
all biocathodes was recovered soon after intermittent operation. Interestingly, the
GAC biocathodes had a lower overpotential than the GG biocathodes, with methane
generation occurring at —0.52 V vs. Ag/AgCl for GAC and at —0.92 V for GG at a current
density of 10 A/mzcatproj. 16S rRNA gene analysis showed that Methanobacterium
was the dominant methanogen and that the GAC biocathodes experienced a higher
abundance of proteobacteria than the GG biocathodes. Both cathode materials show
promise for the practical application of methane-producing BESs.

Keywords: methane production, intermittent current supply, low cathode overpotential, bioelectrochemical
system (BES), granular carbon-based electrode

INTRODUCTION

The expansion of global energy demand results in an increasing utilization of fossil fuels, which
leads to unwanted CO, emissions (Rogelj et al., 2016). To mitigate CO, emissions, the energy
transition from fossil fuels to renewable energy is necessary. In the Energy Roadmap 2050 released
by European Commission in 2011, the share of renewable energy in the final gross energy
consumption will grow from 10% of today, to 30% in 2030, and at least 55% in 2050 (Commission,
2011). The substantial rise of renewable electricity demand requires new technologies for electricity
storage, because the renewable electricity produced is fluctuating and intermittent due to the
intermittent nature of wind and sun (Hu et al., 2018).
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Power to Gas (PtG) technologies have been reported as a
flexible option to convert and store excess renewable electricity
from the power grid (electricity) into the gas grid (CHy4) (Bailera
et al., 2017). CH4 can be generated by reduction of CO,
through thermochemical or biological methanation. Methane-
producing bioelectrochemical systems (BESs) are one form of
biological methanation (Geppert et al., 2016). In methane-
producing BESs, H,O is typically used as an electron donor,
and oxidized at the anode (Van Eerten-Jansen et al,, 2012).
At the cathode, CO; is reduced to CH4 by microorganisms.
This assembly of cathode and microorganisms is called a
biocathode.

Since the concept of methane-producing BESs has been
shown in 2009 (Cheng et al., 2009), methane-producing BESs
have mainly been studied at constant external electricity
supply. The electricity generated by the renewable sources
is, however, intermittent. So far, performance of biocathodes
under intermittent electricity supply has not been studied.
Intermittent operation has been performed with capacitive
anode electrode materials in the form of activated carbon
granules (GAC) for wastewater microbial fuel cells (MFCs)
(Borsje et al., 2016; Santoro et al,, 2017). These capacitive
bioanodes can store electrons generated by electroactive
microorganisms in the charging period (open circuit), and
afterwards, these stored electrons could be harvested in
the discharging cell (closed circuit) (Deeke et al, 2015).
Use of granular electrodes with this capacitive property
(storage of electrons) might benefit methane-producing BESs
operated with intermittent electricity supply, so that the
capacitance can act as an electron buffer when current peaks
occur.

Besides the capacitance property of GAC, use of granular
carbon-based electrodes is in general beneficial to the
performance of biocathodes. The reason behind this may
be that carbon-based materials have good biocompatibility, and
the 3D granular structure can provide benefits for the attachment
of microorganisms and increase mass transfer between the bulk
solution and the electrode (Guo et al., 2015; Jourdin et al.,
2015). In addition, GAC has been proven to stimulate methane
production in anaerobic digestion, as it probably promotes direct
interspecies electron transfer from Geobacter (Liu et al., 2012),
Sporanaerobacter, and Enterococcus (Dang et al., 2016) species to
methanogens. Addition of pre-acclimated GAC as inoculum has
also been shown to enhance methane production and decrease
startup time in the methane-producing BESs, although carbon
brushes were used as cathode electrode (LaBarge et al., 2017).

In this paper, we report the use of GAC and graphite
granules (GG) in a packed bed as the cathode electrode. Three
intermittent current supply modes with time-ON/time-OFF (4-
2/, 3-3/, and 2-4’) were performed at two different current
densities (10 and 35 A/m? Catproj). The effect of intermittent
current supply with different time intervals was studied. We
tested both granule types in duplicate reactors for 137 days and
assessed performance in terms of methane production rate and
current-to-methane efficiency. We also analyzed the microbial
community composition.

MATERIALS AND METHODS

Experimental Setup

We operated four bioelectrochemical reactors (see Figure S1 in
the Supporting Information). Each reactor contained an anodic
and cathodic chamber, each with a volume of 33 cm? (11 x
2 x 1.5cm). A cation exchange membrane (FumaTech GmbH,
Ingbert, Germany) was used with a projected surface area of 22
cm? (11 x 2cm). As cathode materials, we used GAC with a
specific surface area of 764 m?/g (Cabot Norit Nederland B.V.,
Zaandam, the Netherlands; 1-3 mm diameter) and GG with a
specific surface area of 0.438 m?/g (Carbone Lorraine Benelux
BV, Wemmel, Belgium; 3-5mm), leading to a substantially
higher capacitance property in GAC compared with GG (Borsje
et al., 2016).

Two cathodic chambers were packed with GAC granules
(GAC; with 8.5 g and GAC, with 8.4 g). The other two cathodic
chambers were packed with GG granules (GG; with 26 g and
GG, with 29.2 g). All the granules were washed by distilled water
before use. The current collector at the cathode was a plain
graphite plate. The projected cathode surface area was 22 cm?
(11 x 2cm), and was equal to the membrane surface area. The
granule bed was tightly packed to ensure good contact between
granules and current collector. The anodic chambers contained
a 22-cm? platinum-iridium-coated titanium plate as electrode
(Magneto Special Anodes BV, Schiedam, the Netherlands). The
anodic chambers were filled with glass beads with a 7-mm
diameter (Hecht-Assistent, Sondheim v. d. Rhon, Germany) to
further ensure tight packing of the carbon granules. The reference
electrodes (3M KCI Ag/AgCl, QM710X, QIS, Oosterhout, the
Netherlands, +0.205V vs. standard hydrogen electrode) were
connected to the anolyte and catholyte solutions. Throughout
this paper, all potentials are expressed against Ag/AgCl reference
electrode.

Each cathodic chamber was connected to a liquid-gas
separation bottle (60 mL) with a gas bag of 2 L (Cali-5-Bond ™).
After the separation bottle, the catholyte was channeled into
the recirculation bottle (500 mL), where CO, was sparged. The
excess CO, went through a water lock and was released into the
environment. All four anode chambers shared the same anolyte
that was pumped via a recirculation bottle (5L). Anolyte and
catholyte flow rates were 7 mL/min.

Electrolytes and Microorganisms
The catholyte consisted of a 50 mM phosphate buffer (2.77 g/L
NaH,PO4-2H,0 and 4.58 g/L Na,HPO,) with 0.2 g/L NH4Cl,
0.13 g/L KCl, 10 mL/L Wolfe’s vitamin solution and 10 mL/L
Wolfe’s modified mineral solution (Wolin et al., 1963). Catholyte
pH was 7.1. The fresh catholyte was flushed with N, gas for
30 min before each use. In order to keep the catholyte with
sufficient CO; and stable pH simultaneously, the catholyte in the
recirculation bottle was sparged with CO;, for 2 h/day during
weekdays. After day 71, the catholyte was sparged with CO,
continuously.

All cathode chambers were inoculated with 10mL of an
anaerobic mixed culture (volatile suspended solids = 12.9 +
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1.3 g/L), which contained 50% anaerobic granular sludge from
the paper industry wastewater treatment facility in Eerbeek (the
Netherlands) and 50% anaerobic sludge from the municipal
wastewater treatment facility in Ede (the Netherlands).

The anolyte consisted of a 50 mM phosphate buffer at pH
7. The anolyte was continuously flushed with N, gas in the
recirculation bottle to keep O; levels at a minimum.

System Operation
Experimental conditions are shown in Figure 1. All reactors
were galvanostatically controlled (fixed current) by a potentiostat
(Ivium n-Stat, Eindhoven, the Netherlands), which collected
the cathode potential data from all reactors at intervals of
1 min. In this way, methane production rates can be regulated
more directly than with cathode potential control, as the
current determines the electrochemical reaction rate (Jorissen
and Speiser, 2015). After inoculation, all reactors were operated at
a fixed current of 5 A/m’catpyoj as startup period. The current of
all reactors was increased from 5 to 10 A/mzcatpmj on day 37 and
from 10 to 35 A/mzcatpmj on day 71. All cathodes were operated
in batch. Half of the catholyte was replaced on days 31 and 70 to
replenish buffer, nutrients and vitamins. The pH of each reactor
was monitored daily by pH measurement of liquid samples
(0.5 mL per sample) taken from anode and cathode chamber. All
reactors were operated inside a temperature-controlled cabinet at
30°C.

For intermittent operation, a cycle time of 6 min (') was used
at three different current time-ON/time-OFF ratios: 4-2/, 3-3/,
and 2-4'. Each ratio was tested for 20 h and was performed twice.
After intermittent operation, all biocathodes were supplied with
constant current for 20 h to investigate recovery after intermittent
operation.

Electrochemical Analysis

Polarization curves were recorded before inoculation and on
day 30 and day 90 after inoculation. For the polarization curve
before inoculation, the cathode potential was controlled from

—0.5to —1.0 V with steps of 0.1 V; for the polarization curve after
inoculation, the cathode potential was controlled from —0.1 to
—0.7 V with steps of 0.05V. Each potential step lasted 600 s for
the GAC biocathodes, and 300 s for the GG biocathodes, as the
latter required a shorter equilibrium time.

Chemical Analyses

The liquid and gas samples were taken from each reactor
twice a week. Volatile fatty acids (VFAs), including formate,
acetate and lactate, were determined in the liquid phase by
high-performance liquid chromatography (HPLC) (Lindeboom
et al., 2016), whereas the gas composition was measured by gas
chromatography (GC) (Liu et al., 2016). The gas volume was
quantified by emptying the gas bags with a syringe. The methane
production rate was calculated and normalized to the projected
surface area of the cathode (Equation 1) and the volume of the
cathodic chamber (Equation 2), as follows:

Vr x Ccus
YCH4-A = ————— (1)
Aproj X t
Vr x Cchy
YCH4e-V = (2)

Velectrode x t

Here, ycra—a (L CHg/m? Catproj /d) and ycpa—v (L CHy/m?
cat /d) represent methane production rates; Vr (L) is the
total volume by summing up the volume of the gas bag and
the headspace (0.015L); Ccp,(%) is the methane fraction in
the headspace; Apmj(mz) is the projected surface area of the
graphite plate current collector and membrane; Vijocyode(m°) is
the cathodic chamber volume; t (d) is the experimental time
between each headspace measurement (d).

Current-to-Methane Efficiency
This indicates which percentage of the electrons ended up in the
form of methane and is calculated as Equation 3.

current supply modes were performed.

| Abiotic | Biotic
L} Ll >
Day -47 -7 0 31 37 71 90
l
GG; | 5 A/m?. ) 5 A/m? 10 A/m? 35 A/m2
GAC, | 5 A/m?2 ) 5 A/m?2 10 A/m? 35A/m?
GG, 5 A/m? 5 A/m? 10 A/m? 35A/m?2
GAC, A/m?2 5 A/m? 10 A/m? 35 A/m?
[N Y FILN Y J
Constant & Intermittent Constant & Intermittent

50% catholyte refreshed

FIGURE 1 | Overview of experimental conditions that were carried out for four methane-producing BES reactors. At day 0, all catholytes were inoculated. Days before
inoculation are indicated as negative, days after inoculation are indicated as positive. During the phases of 10 and 35 A/m2catpmj, both constant and intermittent

v
50% catholyte refreshed
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ncH4 XzZcHa X F
t
Ji_ldt

F is the Faraday constant (96485 C/mol e~ ); ncp4 (mol) is total
moles of CHy produced; zcpy4 is moles of electrons per mole of
CHy4 (8); I (A) is the current.

(3)

NCH4 =

Microbial Community Analysis

After operation at a current density of 35 A/m2catpr0j, all
reactors were disassembled inside an anaerobic chamber, and
0.5g (wet weight) of the granules was taken from each cathode.
In addition, 300 mL of the catholyte was taken from each reactor
and filtered it over a 0.22 wm MF-MilliPore filter. Genomic
DNA was extracted from each reactor samples with a Mo Bio
PowerSoil DNA isolation kit for 0.5g of the granular electrode
and a Mo Bio PowerWater DNA isolation kit for the filter,
according to the manufacturer’ instructions. To investigate both
bacteria and archaea, firstly amplification of 16S rRNA gene
fragments was carried out by using a two-step PCR protocol,
and then DNA was quantified using a Qubit® dsDNA BR Assay
Kit and a DeNovix DS-11 FX spectrophotometer/fluorometer
(DENovix Inc., Wilmington, DE, USA), finally the 16S rRNA
gene Miseq sequencing data were analyzed using Galaxy/NG-
Tax, an in-house pipeline (see detailed information in Supportive
Information, under B). Bray-Curtis similarities were calculated
between reactors (biocathodes and used catholytes) from the
microbial community relative abundance data with Primer-E
software, version 7 (LaBarge et al., 2017).

RESULTS AND DISCUSSION

High Methane Production Rates Directly
Linked to Current Density

We determined methane production rates at two different
current densities of 10 and 35 A/mzcatproj. At the current
density of 35 A/mzcatpmj, the methane production rates were
around 65L CHy /mzcatporj/d for both cathode materials
(Figure 2A). As methane production rates were directly related
to current density, they were almost four times higher than
at 10 A/mzcatpmj. The current-to-methane efficiencies for the
GAC and GG reactors (Figure 2B increased from 55% at 10
A/mzcatproj to 67% at 35 A/mzcatpmj. No H, and volatile
fatty acids were detected in any of the reactors at these
two current densities, which suggests that during the stable
performance period, the methanogenic activity was high enough
to utilize these components if they were produced. Possible
other electron sinks are biomass growth (Geppert et al., 2016),
or loss of methane via membrane, tubes, and connections
within the reactor (Skovsgaard and Jacobsen, 2017), especially
considering our relatively long sampling intervals (3-4 days).
Also, reduction of oxygen generated at the anode could play a
role (Van Eerten-Jansen et al., 2012). The methane production
rates achieved with GAC and GG at constant current in this
study were compared with similar carbon-based electrodes in
other studies (Geppert et al., 2016; Table1). One the one
hand, methane production rate at 35 A/m? were several times

>
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FIGURE 2 | Methane production rates (A) and current-to-methane efficiencies
(B) at current densities of 10 A/mzcatproj and 35 A/mzcatproj for GAC and GG
biocathodes. Data were collected throughout a period of 2 weeks with stable
performance for every reactor. Shown are the average value and standard
deviation of four samples for each reactor and current density.

higher than those in other studies. On the other hand, methane
production rate at 10 was similar with other studies, but it
is interesting to note that the cathode potentials of GAC
biocathodes were quite different in this case, —0.55V for GAC
biocathodes compared to —1.1V for biocathodes, i.e., Villano
etal.

Methane Production Was Related to Total

Charge Also in Intermittent Mode

After all the biocathodes achieved a stable methane production
rates at a constant current supply of 10 A/mzcatproj, intermittent
current (at the same current density) was supplied to all
biocathodes with three different time intervals: 4-2', 3-3/, and
2-4'. Methane production rate of each biocathode is shown in
Figure 4A, calculations based on the 20h period for each time
interval. Higher current time-ON/time-OFF interval supplied
to the biocathodes resulted in higher methane production
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TABLE 1 | Comparison of methane production rates for similar 3D carbon-based electrodes in methane-producing BESs when water was used as electron donor.

Electrode material Current density

Methane production rate

Current-to-CH, Cathode potential (V Reference

Efficiency (%) vs. Ag/AgCl)
(A/mZcatyyo;) (kA/m3cat) (LCHg/mZcatygi/d) (m3CH,/mBcat/d)

GAC 10 0.67 15 1.0 54 -0.52 This study

GAC 35 2.3 65 4.3 66 -0.58 This study

GF 0.21 0.070 0.13 0.045 23 -0.75 Van Eerten-Jansen et al.,
2012

GF 2.9 0.97 5.1 1.7 73 -0.9 van Eerten-Jansen et al.,
2015

GF 71 2.5 8.8 3.1 69 -1.3 Liuetal., 2017

GG 10 0.67 15 0.97 52 -0.9 This study

GG 35 2.3 62 4.1 67 -1.1 This study

GG 3.8 0.13 17 0.56 79 -1.1 Villano et al., 2013

rates, with 9.5L CH4/m? catproj/d at 4-2/, 5.5L CHy4/m?
Catproj/d at 3-3" and 4.0L CHy4/m? Catproj/d at 2-4, meaning
that charge provided during ON-time was used to generate
methane.

When the current density was increased from 10 to 35
A/mzcatproj, the methane production rate at continuous current
supply increased from 15L CH4/m? Catproj/d at 10 A/m?
(Figure 3A) to 90L CH4/m? Catproj/d at 35 A/m? (Figure 3B).
Again, an increase in methane production rate was observed
along with increasing time-ON/time-OFF ratios. Moreover, we
compared our experimental data with the theoretical methane
production calculated for the different current time-ON/time-
OFF ratios (Figure S4 in Supporting Information, under D).
The close fit between measured and calculated data shows that
methane generation is closely linked to the charge provided to
the biocathode, for both GG and GAC.

Intermittent Current Operation Does Not

Influence Biocathode Activity

Studies on bioanodes have shown that GAC can store charge
in the electric double layer when used in Microbial Fuel Cells
(Deeke et al,, 2015; Lu et al,, 2015), whereas GG with low
capacitance does not show this charge storage behavior. This
higher capacitance of GAC biocathodes was expected to result
in smaller fluctuations in cathode potential, and as a possible
electron buffer, compared to GG biocathodes during intermittent
operation (Borsje et al, 2016). As shown in Figure S5, the
cathode potentials of GAC biocathodes during intermittent
current indeed kept stable around —0.5V, whereas the cathode
potentials of GG biocathodes changed in the range from
—0.6 to —1.0 V. These results might indicate that intermittent
current operation would affect GAC biocathodes less than GG
biocathodes. However, at a current density of 10 A/mzcatproj,
all biocathodes, operated under different current time-ON/time-
OFF intervals, had a similar current-to-methane efficiency of
50-60% (Figure 4A). When the current density was increased
from 10 to 35 A/m?catproj, the current-to-methane efficiency was
also constant with a slight decrease along with the longer time-
OFF intervals (Figure 4B). After these intermittent operations,

an additional constant current supply for 20h was operated
for all biocathodes to verify if the initial activity was restored
after intermittent operation. As shown in Figure 4, the current-
to-methane efficiencies of all biocathodes after intermittent
operations were similar to those at constant current supply,
indicating that biocathodes were not affected by the intermittent
operation at these two current densities of 10 and 35 A/ mzcatpmj,
for both materials. In addition, the methane production rate of all
biocathodes in our study kept stable, even though all biocathodes
had experienced around 60 min of open circuit period during
each headspace and pH sampling time. Our results are, however,
different from those results found in the previous study that the
methane production rate decreased by 87% after an open circuit
period of 45 min, and it took 4 months before performance was
back at the original level (Bretschger et al., 2015). The discrepancy
could be due to that the quantity and/or bioactivity of biofilm
growth on our granular carbon-based electrodes is higher than
those on the carbon cloth electrode used in that study, as
higher current density was found on our biocathodes (5 A/m?)
compared with their biocathodes (0.06 A/m?). To conclude,
current-to-methane efficiency (%) remained quite stable under
the different current supply modes at 10 A/m?, and showed a
slight decrease with increasing OFF-time at 35 A/m?.

It is worth notifying that current-to-methane efficiencies
obtained at continuous current density of 35 A/m?catproj
in Figure4B, are even higher than those achieved at the
same current density reported in Figure 2B. This discrepancy
could be due to the different durations between headspace
sampling: 20 h for Figure 5 and 3-4 days for Figure 3. Shorter
duration between headspace sampling could mitigate losses via
H, or O, leakage from the joints of the experimental set-

up.

Biocathodes With Granular Activated
Carbon Produced Methane at Low

Overpotentials
Although there is no difference between GAC and GG
biocathodes during constant and intermittent operation in terms
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FIGURE 3 | Methane production rates for all biocathodes when they were supplied with constant current and intermittent current. Three different current
time-ON/time-OFF intervals (4-2', 3-3', and 2-4') were carried out. The current density during the current time-ON was 10 A/mzcatproj (A) and 35 A/m2catproj (B).
For each operational condition, duplicate experiments were performed. The standard deviations are shown as an error bar, whereas the average value is shown as a

of methane production rate (Figures2A, 3) and current-to-
methane efficiency (Figures 2B, 4). Interestingly, the cathode
potentials of the GAC biocathodes were different from the GG
biocathodes.

Directly after inoculation, all the reactors had similar cathode
potentials of about —0.90V (Figure 5). The cathode potential
of GAC; changed from —0.90 to —0.52'V between day 7 and
10, whereas the cathode potential of GAC; changed from —0.80
to —0.52V between day 30 and 37. The cathode potentials
of the GG reactors remained stable around —0.92V long
after inoculation and became slightly more negative around
day 37 and day 70 due to the increases in current density.
These potential differences between GAC and GG biocathodes
were also seen in the polarization curves at day 30 (Figure
S2B in the Supporting Information, under C) and day 90
(Figure S2C in the Supporting Information, under C). These
polarization curves show that the onset of current for GAC
biocathodes occurred at a more positive potential from —0.5V

to even —0.4 V, whereas the current densities of GG biocathodes
were negligible in the whole range of cathode potentials
tested (—0.7 to —0.3V). For the current obtained in GAC
at —0.5V during the polarization experiment, other possible
secondary reactions, e.g., hydrogen, acetate or formate, could
play a role. As with these intermediates, quick consumption
by methanogens could lead to undetectable levels of these
intermediates. Nevertheless, the onset potentials of the bare GAC
electrodes (Figure S2A in the Supporting Information, under
C) were around —0.7V, the difference indicating the catalytic
effect of the cathodic microorganisms growth on the GAC
electrodes.

To exclude that the measurement of cathode potential was
influenced by the fact that the reference electrode was placed
outside the cathode compartment, we inserted a new Ag/AgCl
reference electrode into one of GAC cathodic chamber as close as
possible to the granular bed. The cathode potential was around
—0.43V, which was 100mV less negative than the cathode

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 6

June 2018 | Volume 6 | Article 78


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Liu et al.

Granular Carbon-Based Methane-Producing Bioelectrochemical Systems

100

OGAC1 BGAC2 NGGI @GG2
90 |

80
70 |
60 |
50 |
40
30
20
10 |

Current-to-methane efficiency (%) >

@

120

On(end)

110 |+ OGAC1 OGAC2 BGGI aGG2

100 | {,

80 |
70 |
60 |
50 |
40
30
20
10 |

Current-to-methane efficiency (%)

as a column.

FIGURE 4 | Current-to-methane efficiencies (%) for all reactors when they were supplied with constant and intermittent current. Three different current
time-ON/time-OFF ratios (4-2, 3-3" and 2-4') were carried out. The current density during the current time-ON was 10 A/mQCatproj (A) and 35 A/mzcatproj (B). For
each operational condition, duplicate operations were performed. The maximum and minimum values are shown as an error bar, whereas the average value is shown
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potential (—0.52V) measured outside the cathode chamber,
pointing out that the actual cathode potential was even less
negative than that was measured. To our knowledge, these
cathode potentials for GAC are the least negative ones (ie.,
lowest overpotential) reported in the literature for methane-
producing BESs (Geppert et al., 2016). It is likely that methane
production at a cathode potential of —0.52V has not been
reported before due to the fact that all methane-producing
biocathodes in other studies were operated at a constant
potential rather than at a constant current. Actually, most of
the studies have used cathode potentials more negative than
—0.7V vs. Ag/AgCl to supply a sufficiently high overpotential
for methane generation (Siegert et al, 2014; Villano et al,
2016; LaBarge et al., 2017). Switching from galvanostatic control
to potentiostatic control with an active biocathode resulted
in similar rates and efficiencies (results are shown as Figure
S6 in the Supporting Information, under F). Galvanostatic
control is thus useful to achieve methane production at

low overpotential, but can be changed to potentiostatic
control once an active biocathode is present, without loss in
activity.

At this point, it is unclear why the cathode potential of GAC
changed to —0.52'V, while cathode potential of GG remained
at —0.90 V. The high specific surface area and average smaller
size of GAC (764 mz/g, 1-3mm) relative to GG (0.438 mz/g,
3-5mm) may have played a role, but does not explain the
mechanism of methane formation. It is worth notifying that
similar phenomenon had been shown in a previous study
where the presence of GAC in anaerobic digestion stimulated
methane production rate, whereas graphite electrode did not
affect the performance, for reasons not yet understood (Dang
et al., 2016). In our study, the cathode potential of —0.52V
is 0.1V more positive than the thermodynamic equilibrium
potential for hydrogen evolution (—0.62 V) under the biological
conditions (T = 30°C, P = 1 bar, pH = 7) (Beese-Vasbender
et al,, 2015). Such less negative cathode potential and the
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undetectable hydrogen in GAC biocathodes suggests that the
change in potential for methane production on GAC biocathodes
observed here could be related to direct electron transfer.
However, hydrogen as an intermediate for methane production
at GAC biocathode cannot be excluded as the local hydrogen
pressures and local pH values are not known. Additional
research is needed to measure the actual values of local pH
and hydrogen pressure on the biocathode by using microsensor,
and therefore, providing insight into the relationship between
mechanisms of electron transfer and different conductive
materials.

The changes in the biocathode potentials of the GAC reactors
occurred on different days (Figure5). The reason for that
may be that in GAC,, which had been operated and adjusted

5A/m?2 10A/m? 35A/m?

Cathode potential (V vs. Ag/AgCl)

1.4} —— GGy

—e— GACq
—a— GGy —a— GAC

0 10 20 30 40 50 60 70 80 90
Time (d)

FIGURE 5 | Average daily cathode potentials of all the reactors after

inoculation. Both GAC biocathodes showed a steep increase in cathode

potential, whereas the cathode potential for both GG biocathodes remained
constant, and decreased with increased current density.

during 2 months before inoculation to perform electrochemical
measurements, the catholyte and/or electrode may already have
contained methanogens before inoculation. Indeed, a minor
amount of CHy was already detected in the headspace of
GAC; during the phase before inoculation (data not shown).
The fluctuations of the cathode potentials, especially at current
densities of 5 A/mzcatpmj and 10 A/mzcatpmj, were probably
the result of fluctuations in catholyte pH due to intermittent
CO; supply (Jourdin et al,, 2015). After changing to continuous
CO, supply and a current density of 35 A/m*catpr on
day 71, the pH of the catholyte and the cathode potentials
remained more stable (Figure S3, supporting information,
under C).

Microbial Community Analysis Revealed

Methanobacterium as Dominant Species
Microbial communities of biofilm and catholyte were
characterized for all reactors to investigate whether different
microbial communities developed on the two cathode materials.
Table S1 in the Supporting Information shows the community
similarity results for all granules. All cathodic communities (both
in biofilm and catholyte) were dominated by hydrogenotrophic
methanogens (Methanobacterium), which has been found in
many other studies (Van Eerten-Jansen et al., 2013; Cai et al,
2016; LaBarge et al., 2017) regardless of electrode material
and inoculum source (Figure6). Another hydrogenotrophic
methanogen, namely Mthanocorposculum, was detected 21%
in the catholyte of GG;. The GAC electrode samples showed a
greater relative abundance of Proteobacteria (Deltaproteobacteria
and Betaproteobacteria) with 14% for GAC; and 47% for GAC;,
relative to 8.7% for GG; and 3.4% for GG, As exoelectrogens
like Geobacter sp. belong to the proteobacteria, the most
common phylum of bacteria found on the anode of microbial
fuel cells (Hasany et al., 2016), this may be related to the lower
overpotentials measured for GAC.

A 100 ———— . B 100

0| gm ™ = 90
1-HIR-N I
‘3' 70 55555 70
= = B i e
50| g i =0
® a0 | [ - 40
ool o |
ool B op |

10 | fun i i Hh 10

o it A5 A I it o

GACl-E GAC2-E GG1-E GG2-E

{2 Other

H Synergistetes

O Deltaproteobacteria
O Clostridia

@ Betaproteobacteria
@A Bacteroidia

@ Anaerolineae

M@ Alphaproteobacteria
@ Methanospirillum

B Methanosaeta

B Methanocorpusculum

GACl1-S GAC2-S GG1-S

FIGURE 6 | Taxonomic distribution of microbial populations with >2% relative abundance by 16S rRNA gene sequences. Samples from all four reactors were taken
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CONCLUSION

In this paper, we have shown that both GAC and GG are
suitable cathode materials for high methane production rates
in methane-producing BESs. Intermittent current operation
resulted in stable methane production for both materials, and
original performance was restored directly after intermittent
operation. GAC biocathodes showed lower overpotentials than
GG; the mechanism behind this needs to be further investigated.
Granular biocathodes thus hold promise for the practical
application of methane-producing BESs for renewable electricity
storage.
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