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Abstract: Electromethanogenesis is a process of microbial electrosynthesis (MES) in which
electroactive microorganisms reduce carbon dioxide (CO.) to produce methane (CHy,), using a cathode
as an electron donor. The efficiency of this reaction is greatly determined by the establishment of a
robust microbial community on the biocathodes, which eventually affects the global performance of the
bioreactor. Moreover, the development of the biofilm depends on several characteristics of the
electrodes, more specifically their material and geometry. Since electrode geometry is a crucial
parameter, this study aims at evaluating the sole influence of the electrode shape by installing
carbon-based electrodes with two different constructions (brush and carbon felt) of biocathodes in an
electromethanogenic reactor for CO, capture. The overall performance of the reactors showed
coulombic efficiencies around 100%, with high-quality biogas reaching methane concentrations above
90%. The results reveal that the electrode geometry affects the individual biocathode performance, and
the carbon brush showed a bigger contribution to current generation and electrical capacitance,
exhibiting higher peak hydrogen production compared to the carbon felt, which could be reflected in
higher CO, capture and methane generation. Both geometries showed a greater proliferation of archaea
over bacteria (between 53 and 85%), which was more significant on the brush than on the carbon felt.
Archaea community was dominated by Methanobacterium in carbon felt electrodes and codominated
with Methanobrevibacter in brush electrodes, while bacteria analyses showed a very similar community
for both geometries. © 2022 Society of Chemical Industry and John Wiley & Sons, Ltd.

Additional supporting information may be found online in the Supporting Information section at the end
of the article.
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Introduction

consumption produced in 2021 the highest ever

annual global CO, emissions level, which reached
36.3 gigatonnes.! The increasing atmospheric
concentration of this greenhouse gas is rising the
impact of global warming. CO, emissions are a difficult
problem to solve, since the current technologies are not
developed enough to be independent from fossil fuels
in order to provide energy worldwide.? The utilisation
and conversion of CO, into value-added products,
namely chemicals and fuels, is an acknowledged option
to address this challenge.’*¢

One of the several emerging techniques using waste
CO, is microbial electrosynthesis (MES), which refers
to the electricity-driven reduction of CO, performed
by electroactive microorganisms acting as
biocatalysts.*”® MES systems consist of a bioreactor
with an anode and a cathode immersed in a culture
medium and separated by a membrane. Water
oxidation takes place at the anode, while microbial
CO, reduction occurs at the cathode.”’ Electron
uptake by electrotrophic microorganisms growing on
the surface of a solid cathode, or at its vicinity in
planktonic form, is required for the cathodic
reaction.>*!° One of the most promising applications
of MES technology is electromethanogenesis, which
refers to bioelectrochemical methane production.!! In
this process, an electric current is supplied to
electrotrophic microorganisms for the conversion of
CO, into a high-purity biogas within the biocathode of
a MES system.'>1?

The biocathode is a solid electrode acting as an
electron donor source for the biofilm that forms on its
surface, hence it is one of the key components of a MES
needed to achieve optimum performance.'>!*1> The
variety of electrode geometries and material properties
plays a role on microbial adhesion, which affects the
biofilm development and electron exchange.'!® As a
consequence, the production rates of organic
compounds are influenced as well.'” Bioelectrode
materials must have a high surface area and be
biocompatible and chemically stable.'® They should
provide efficient electrical conduction and electron
transfer capacity between the electrode and the
biofilm.!” Carbon-based materials are an economic
option that meet these characteristics and provide a
variety of manufacturing possibilities, including carbon
paper, carbon cloth, carbon felt and carbon brush,
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among other novel alternatives such as gas diffusion
electrodes.!>?°-2* It is known that the electrodes’
geometric shape determines their internal resistance
and affects the current distribution.” A recent study
conducted in a bioelectrochemical system revealed that
carbon felt electrodes produced lower power densities
and presented higher resistances than brush electrodes,
which demonstrates that the latter have a superior
performance. In this particular case, the maximum
power density was 2.35 & 0.09 W-m ™~ for the brush
and 1.46 & 0.01 W-m ™ for the carbon felt when used
as anodes. Cathode potentials reached >7 A-m~2 when
using a brush anode and <4.5 A-m~? with a felt.?®
When used as cathodes in MES bioreactors, recent
experiments have achieved a methane production rate
of 52.8 ml-day ! working with brush electrodes

(2.5 cm diameter x 12.0 cm height) and 81.6 ml-day !
with felt electrodes (10.0 cm x 6.8 cm), both studies
carried out at 35°C.*%*” However, given that the
presented data were obtained independently from each
other, their comparison might not be completely
accurate. Moreover, only the bioreactor performance in
terms of methane production is analysed. The biofilm
growth on each type of electrode, which comprises a
critical parameter to understand methane production
and obtain high production rates,”® is overlooked in
those previous studies.

The aim of this work is to evaluate the effect of
different geometries in a MES system used for carbon
dioxide capture and methane production, studying the
development of electroactive biofilms, their
electrochemical behaviour and bioreactor
performance.

Materials and methods

MES reactors setup

The MES experiments were carried out in two different
double-chamber H-cell reactors (Adams & Chittenden,
USA) acting as replicates with a working volume of 0.5
L per chamber, separated by a cation exchange
membrane (CMI-7000, Membranes International Inc.)
and connected in a three-electrode configuration.
These reactors will be referred to as R1 and R2
throughout the manuscript. The cathode chamber was
connected to a gas collection bag through a modified
cap, which allowed the passive diffusion of CO, from
the gasbag to the reactor. In the anode chamber a
platinum mesh (1.5 x 1.5 cm) was placed as a
counter-electrode (CE), while in the cathode chamber,
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Figure 1. Microbial electrosynthesis reactor (H-Cell MES): (A) actual reactor assembly and

(B) reactor configuration scheme.

an Ag/AgCl (3 M KCl) electrode (RE; Sigma-Aldrich®
glass reference electrode, glass 12 mm) was used as a
reference and four carbon-based electrodes with
different geometry were placed as working electrodes
(WE) inside the same chamber. Two of them were
carbon felts (1.5 cm x 1.5 cm x 0.5 cm) and the two
others were carbon brushes (2 cm diameter x 3 cm
height), with an apparent surface (AS) of 2.25 cm2 and
5.33 cm2, respectively. These AS have been calculated
as a rectangular area in the case of carbon felt and
according to Mateos et al. (2017) in the case of carbon
brush, as explained in Supporting Information Section
S1.'8 The two types of electrodes were in duplicate to
ensure the accuracy of the statistical results, calculating
the mean and standard deviation of sampling variables,
and normalising the performance to each electrode
apparent area. For R1, the electrodes will be referred to
as TF1g;-TF2g; (carbon felts) and Blg;-B2 g3
(brushes). In R2, they will be identified as
TF1r,-TF2R; (carbon felts) and Blgr, and B2 g,
(brushes). Titanium wire was attached to each
electrode and covered by heat-shrinkable plastic tubes
to avoid any contact between the electrodes or with the
reference. The WEs were kept in place by a chemically
inert silicone structure. On the outside, they were
connected and combined to a working electrode lead of
the potentiostat, as shown in Fig. 1. This configuration
was designed to carry out the bioelectrochemical
experiments. It also allowed individual measurements
of the current consumed by each electrode. For these
measurements, the WE were subsequently
disconnected from the combined cable and directly
connected to the potentiostat to determine their
individual contribution.

Inoculation and experimental phase

The inoculum was taken from a cathodic chamber of a
CH,-producing microbial electrosynthesis reactor that
was operated for approximately 300 days in our
laboratory.'? The cathode chamber was filled with 70%
(v/v) inoculum and 30% (v/v) synthetic medium (SM)
supplemented with 0.5 g-L ™! of NaHCO3, 200 ml of
CO, and 100 ml of H,. The SM contained: 3.2 g-.L ™!
K,HPOy, 1.6 gL 7! KH,POy4, 0.28 g.L~! NH,Cl, 0.0075
gL CaCl,, 0.01 g-L~! MgSOy, 0.09 g-L~! MgCl,, 1 ml
of vitamin solution and 1 ml of mineral solution per
litre, as described by Van Eerten-Jansen et al.” The
inoculum and SM mixture was bubbled with N, gas for
30 min to ensure anoxia, and afterwards the CO, and
H, gas mixture was added on the reactor. A second
cycle named re-inoculation was performed using the
same conditions as the previous one. The microbial
reinoculation was conducted to strengthen the
microbial community attachment and colonisation of
the carbon electrode surface. The anode chamber was
filled with the same SM without vitamins or carbon
sources to avoid microorganism growth while
maintaining ion balance between chambers. The
inoculation was carried out for 14 days and ended
when a stabilisation in the electrical current and an
evolution in the methane present in the biogas were
observed.

The experimental phase consisted of 10 cycles in
batch mode (7 days per cycle), using only CO, gas
(300 ml) as the carbon source in 100% SM without the
previous presence of bicarbonate, and replacing the SM
completely between cycles. It was performed at a
constant temperature (30°C) by means of a magnetic
hot plate stirrer that regulated the temperature with a
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stirring velocity of 270 rpm (MS-H-S10, Scilogex).
Twice per cycle (at the highest current peak and at the
end of the cycle) the electrodes were randomly
disconnected using the clips at the top to determine the
individual contribution of each electrode to the
generated current.

Electrochemical and analytical
measurements

The bioelectrochemical analysis was carried out using a
biologic VSP multichannel potentiostat (software EC
lab vs. 11.36) in a three-electrode configuration
including chronoamperometry (CA) and cycle
voltammetry (CV) techniques. During the CA tests in
the inoculation and experimental phase, the
biocathodes were polarised at —1 V (vs. Ag/AgCl) and
the current production was monitored every 600 s. CV
tests were performed at the end of every cycle (starving
condition) to characterise the biofilm growth on each
WE with a potential range of —1.0 V to 0.1 V vs. RE
(scan rate: 5.0 mV-s~!). The composition of the biogas
was determined at the end of each cycle using a gas
chromatograph (Varian CP3800 GC) equipped with a
thermal conductivity detector (TCD) in terms of
hydrogen (H,), carbon dioxide (CO,), carbon
monoxide (CO), oxygen (O,), nitrogen (N;) and
methane (CHy). The reactors were bubbled with
nitrogen for 30 min at the beginning of each cycle. The
amount of nitrogen present in the headspace at the start
of each cycle remains inside the reactor and is deducted
from the gas recovered at the end of the cycle.?

In the liquid sample, redox (pH-Meter, pH 91;
Wissenschaftlich Technische Werkstéitten, WTW), pH
(pH-Meter BASIC 20+, Crison), dissolved oxygen and
conductivity (Hach, HQ40d - two-channel digit
multimeter) measurements were monitored following
standard methodologies.’! Total organic carbon
(TOC), total inorganic carbon (IC) and total nitrogen
(TN) were measured using an analyser (multi N/C
3100, Analytikjena).

Microbial community analysis

A scanning electron microscopy (SEM) test was
performed to characterise the morphology surface of
the carbon felt and bristles of brush electrodes before
and after biofilm fixation (abiotic electrodes and
bioelectrodes at the end of cycle 10). Sample
preparation was carried out as described above by
fixing the electrode/microorganisms in 2.5%
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glutaraldehyde in phosphate-buffered sterile solution
for 1 h at room temperature; the samples were washed
and kept at 4°C overnight.>? They were later dried
using the Leica EM CPD300 critical point dryer, placed
onto specimen mounts with contact adhesive and
covered with colloidal gold by the Leica EM ACE200
Vacuum Coater. Samples were visualised with a JEOL
JSM 6100 scanning electron microscope and digitally
captured.

DNA extraction was done also from the surface
(carbon felt) and bristles (brushes) of the biocathodes,
for which approximately 300 mg of sample were cut.
These samples were used to characterise the microbial
community developed on the electrodes surface at the
end of the experiment (cycle 10). The microbial
communities were analysed and followed along the
experimental time by high throughput sequencing of
massive 16S rRNA gene libraries. Total bacteria and
archaea were analysed. Genomic DNA was extracted
with a DNeasy PowerSoil Kit (Qiagen) according to the
manufacturer’s instructions. All PCR reactions were
carried out in a Mastercycler (Eppendorf, Hamburg,
Germany), and the PCR samples were checked for the
size of the product on a 1% agarose gel and quantified
by a NanoDrop 1000 (Thermo Scientific). The entire
DNA extract was used for high-throughput sequencing
of 16S rRNA gene-based libraries with 16S rRNA
gene-based primer for bacteria 515F-806R and a
specific primer for archaea 349F-806R. The Novogene
Company (Cambridge, UK) carried out Illumina
sequencing using a HiSeq 2500 PE250 platform.

The DNA readings obtained were compiled in FASTq
files for further bioinformatics processing, carried out
using QIIME software, version 1.7.0.>* Sequence
analysis was performed by the Uparse software
(v7.0.1001) using all the effective tags. Sequences with
>97% similarity were assigned to the same operational
taxonomic units (OTUs). The representative sequence
for each OTU was screened for further annotation. For
each representative sequence, Mothur software was
used against the SSUrRNA database of the SILVA
database, for species annotation at each taxonomic
rank (threshold: 0.8-1).%*

The quantitative analysis of all samples was carried
out by means of the quantitative-PCR reaction (qPCR)
using a PowerUp SYBR Green Master Mix (Applied
Biosystems) in a StepOnePlus Real-Time PCR system
(Applied Biosystems). The qPCR amplification was
performed for the 16S rRNA gene, in order to quantify
the entire eubacteria community and for the mcrA
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Figure 2. Total charge and coulomb efficiency during the inoculation and experimental

phase for (A) R1 and (B) R2 separately.

gene, to quantify the total methanogen community.
The primer set 314F qPCR (5'-CCTACGGGAG-
GCAGCAG-3) and 518R qPCR (5'-ATTACCGCGG-
CTGCTGG-3') at an annealing temperature of 60°C for
30 s was used for bacteria, and Arc 349F
(5-GYGCASCAGKCGMGAAW-3') and Arc 806R
(5-GGACTACVSGGGTATCTAAT-3') for archaea
quantification.

Results and discussion

Global reactor performance

Both reactors showed evident replicability, developing
similar general performances during the entire
experimental period. Figure 2 shows the total charge
and coulomb efficiency for R1 and R2 during the
experimental phase. Total transferred charge during
the experimental phase increased proportionally as the
cycles progressed, with a similar trend in both reactors.
This behaviour demonstrates the growth of the

microorganisms and the establishment of an
electroactive biofilm on the biocathode surface,
probably due to the reduction processes taking place.’
The reactors show low variability from cycle 6
onwards, reaching the maximum total load at cycle 9
with 1884.6 C and 2054.2 C for R1 and R2, respectively.
The coulombic efficiency for all cycles was calculated
considering the two possibly valuable products present
which are methane and hydrogen. The coulombic
efficiencies and total loadings shown at the beginning
of the experimentation in both reactors (from
inoculation to cycle 2) are due to the fact that the
methanogenic biofilm is just starting to develop and
the methanogenic communities in the system are
poorly adapted, which is consistent with the absence of
methane in the biogas during this stage (see Fig. 3).%
The coulombic efficiency of the system starts to be
significant from cycle 3 in both reactors, when
methane is observed in the biogas composition. This
efficiency is variable during the experimentation time,
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Figure 3. Biogas composition during the experimental phase for (A) R1 and (B) R2.

but for R1 there is a stabilisation stretch between cycle
7 and 9 at 97.3% =+ 1.8% and R2 presents the same
behaviour between cycle 6 and 9 with efficiencies
around 88.5% =+ 3.6%. However, in cycle 10,
efficiencies higher than 100% are observed in both
reactors, behaviour that could be due to the
degradation of the dead biomass, used as an additional
carbon source for methane synthesis.*® This hypothesis
could be supported by the decline in the total charge
consumed by the biofilm during this cycle. A
well-established electroactive biofilm requires less
energy for the metabolic functions than the growing
microbial community in the inoculation phase, when
the electrons consumed were directed towards the
stabilisation of the biofilm on the cathode.’” This could
explain the higher coulombic efficiency obtained in the
experimental phase compared to the inoculation phase.

Figure 3 shows the biogas composition for reactors
R1 and R2 during the process. As mentioned above,
from cycle 2 onwards, the presence of methane in the
biogas is observed, which could be related to the
biofilm development. However, from cycle 6 onwards,
in which it could be deduced that its electroactive

biofilm has developed, a high selectivity with low
variability in methane composition is observed,
reaching average values of 90.2% =+ 1.4% for R1 and
84.7% + 5.2% for R2. It is interesting to underline the
large amount of CO present in the biogas during the
first experimentation cycles, especially in R1. CO is a
reduction product of CO,, which can react with H, to
form CH,.*® Since the methanogenic population did
not seem to be relevant until after cycle 3, CO
reduction was not noticeable until then. H, was only
present in some cycles and in very low concentrations
(<3%). H, production was probably biologically
induced, and this molecule could mediate the flow of
electrons from the electrode to CO,.° Several different
mechanisms probably contributed to the methane
production.

Individual behaviour of the electrodes

The individual disconnection of the WE determined its
percentage contribution to the electric current. These
results were calculated using the current density in
order to compare both geometries, since they are
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different in terms of apparent surface area. Both
reactors had a carbon brush electrode with a
considerably higher electrical current contribution
than the other electrodes. For R1 the Bly; electrode
accounts for about 43.2% =+ 4.7% and in R2 the Blg,
brush had 44.0% =+ 11.4%. However, in both
bioreactors the contribution of the remaining brush
was remarkably inferior, B2 g; and B2y, showing values
0f 26.2% =+ 3.7%, and 15.5% =+ 6.4%, respectively. In
contrast, the carbon felt electrodes behaved similarly in
each reactor, that is, with no major differences between
them. For R1, TF1y; and TF2g; contribute 16.8% +
3.8% and 13.8% =+ 4.1%, respectively and in R2, TF1g,
and TF2p, have a contribution of 19.6% = 4.2% and
20.9% = 9.6%, respectively. For more details, see Table
S2 in the Supporting information document.

The conjoined contribution of both brushes of each
reactor is superior to the sum of the corresponding felt
electrodes. In R1, the brush electrode with the lowest
percentage still provides a higher contribution than the
best carbon felt electrode. The average recorded current
density for the brush electrodes was -1.51 A-m~? in R1
and —1.18 A-m—2 in R2. For the felt electrodes, the
average current density recorded was —0.74 A-m ™~ for
R1and —0.79 A-m~? for R2. Since the current
consumption is associated with biofilm developmen
the brush electrodes proved to be better in terms of
microbial growth as they have a higher current density.

The CV results obtained for each electrode within R1
and R2 during the experimental stage are shown in
Fig. 4. A favourable evolution in terms of current
generated is observed for all electrodes when
comparing each electrode at the beginning (abiotic
condition) and at the end of the test (electrodes with a
developed biofilm) in Figs. (4A, B, D, and E). This
evolution is evidenced by the increased space between
the oxidation and reduction voltammetry curves and
the presence of oxidation and reduction peaks at the
end of cycle 10. These results are comparable with
other authors who showed the same behaviour, in
which a biofilm development or growth was deduced
compared to the initial stages of the study.**~*>

Figures (4C and F) compare a brush and a carbon felt
belonging to R1 and R2, respectively. It can be seen that
for both reactors the capacity (the space between the
oxidation and reduction voltammetry curves) of the
brushes is much higher than the carbon felt, indicating
a great difference between the two types of geometry.
At -1.0 V is the peak corresponding to the hydrogen
evolution reaction (HER),* and it can be seen that this

t,37

peak is considerably higher in the brush compared to
the carbon felt for both reactors. This is relevant since
methane production could be carried out by the
hydrogenotrophic pathway and a larger peak would
indicate a higher hydrogen generation that can
promote a higher methane production (4H, + CO, —
CH,4 + 2H,0).!%134 Possibly, the specific brush
geometry favours the growth of the biofilm and thus
the adhesion of microorganisms to it. The brush
geometry provides good mass transport and has a
lower risk of clogging. On the other hand, thick carbon
felt electrodes have large ion diffusion and electron
conduction lengths. This is a drawback for electrodes
colonisation, as it prevents a bioelectrochemical
contribution from the inner structure of the
electrodes.!”

Microbial community analysis

Figure 5 shows the SEM images of the electrodes at the
beginning and at the end of the experiment (cycle 10).
The microstructure of the electrodes differs slightly
between the geometry of the carbon brush and the
carbon felt, as shown in Figs (5A and D), respectively.
The brush is made of cylindrical fibres, while the
structure of the carbon felt appears to show a different
extrusion pattern. The irregular structures on the
surface of the abiotic fibres could correspond to
manufacturing imperfections or remaining dust
particles. Figures (5B and E) show the images of the
colonised brush and carbon felt, respectively. The
abundance of rod-shaped microorganisms of different
lengths on both electrode geometries, and especially
the presence of microorganisms of more than

15-20 pm in length, which could act as an
electroactive bridge between two nearby clusters of
microorganisms, is noteworthy (Figs 5C and F).
Extracellular polymeric substances (EPS), a complex
high-molecular-weight mixture of polymers produced
by microorganisms,* can also be observed among the
cells. EPS produced by electroactive strains possess
redox capabilities, which could facilitate extracellular
electron transfer.*® However, other major differences
can be seen in the microbiological characterisation
presented in the following sections.

Figure 6 shows the quantitative analysis (QPCR) of
the bacterial and archaeal populations of a brush and a
carbon felt for each reactor. Both geometries were
dominated by archaea over bacteria (53-85% more).
Also, in both reactors, higher gene archaea copies were

© 2022 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse. Gas. Sci. Technol. 0:1-13 (2022); DOI: 10.1002/ghg.2185
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Figure 4. Cyclic voltammetries for: R1 with (A) brushes (B1grs & B2g¢) and abiotic
electrodes, (B) carbon felts (TF1r; & TF2r1) and abiotic electrodes and (C) comparison
between B1r; and TF1gy; and R2 with (D) brushes (B1g, & B2g2) and abiotic electrodes,
(E) carbon felts (TF1r> & TF2R,) and abiotic electrodes and (F) comparison between B1g,

and TF1 R2-
observed in the brush electrodes compared to the of bacteria in the carbon felt compared to the brush. It
carbon felt, 35% (Blg,) and 39% (Bly;) more for R1 could be suggested that the brush geometry favours the
and R2, respectively. However, the behaviour of the proliferation of archaea over the felt geometry, which is
bacteria was different, with a slightly higher abundance essential for the methane-producing reactor.
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18 m

Figure 5. SEM images showing (A) abiotic brush and (B, C) colonised brush compared
to (D) abiotic carbon felt and (E, F) colonised carbon felt.
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Figure 6. Gene copy number in terms of bacteria and
archaea in a brush and felt electrode of each cathodic

chamber.

Microbial community analyses show differences
between brush and felt electrodes for both archaea and
bacteria. Main genera, families and phyla present over
1% within the community are discussed, categorising
the rest as “others.”

Regarding archaea, the biofilms were dominated by
hydrogenotrophic methanogenic archaea, mainly
Methanobacterium and Methanobrevibacter which are
members of the Methanobacteraceae family.*” Carbon
felts showed a higher relative abundance of
Methanobacterium, with 73.0% for TF1g, and 72.5%
for TF1g,; whilst Methanobrevibacter represented
approximately 26% for both electrodes. The behaviour
of brush electrodes was slightly different from the TF
electrodes as the relative abundances of

© 2022 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse. Gas. Sci. Technol. 0:1-13 (2022); DOI: 10.1002/ghg.2185
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Table 1. Taxonomic classification of 16S rDNA

Amplicon Sequencing gene from Archaea at
genus level.

Archaea at genus B1g1 B1go TF1g4 TF1go
level

Methanobacterium 45.3% 60.1% 73.0% 72.5%
Methanobrevibacter 52.6% 38.0% 25.9% 26.1%
Others 21% 1.9% 1.1% 1.4%

Methanobacterium and Methanobrevibacter were
similar as shown in Table 1. Methanobacterium is able
to produce CH, from CO, as a carbon source and H,
as an electron donor,*® and it is usually found in high
abundance in biocathodes destined for methane
production.'! The direct electron transfer between
species has also been studied, in which certain strains
of Methanobacterium accept electrons from different
bacteria.*” The increased abundance of
Methanobrevibacter in brush electrodes might be
explained by its higher current consumption. It is
possible that more negative potentials favour the
synthesis of toxic by-products like hydroxyl radicals
and peroxides, being Methanobrevibacter more adapted
for its degradation.”” The similar presence of both
genera in the brush electrodes shows a more versatile
community which might be the reason for their higher
current consumption. Other studies on
biolectrochemical systems have also found
Methanobrevibacter as a predominant genus involved
in the methanogenesis process.”*”>

The microbial community in terms of bacteria
showed a higher diversity compared with archaea. Both
geometries were mostly dominated by Proteobacteria
(35-40%), Chloroflexi (18-42%) and Bacteroidetes
(6-17%) which are common phylum found in
electromethanogenesis systems.*>>1=>° See Supporting
information Fig. S2.

Figure 7 shows the taxonomic classification bacteria
at genus level for the electrodes in reactors R1 and R2.
Paracoccus genus represented a high percentage of the
total bacteria in all biocathodes (17-10%). Previous
studies have confirmed its ability of extracellular
electron transfer based on its abundance in the biofilm
zones closest to the electrode.”® Paracoccus, as well as
Aquamicrobium, Xanthobacter and Hydrogenophaga,
could reduce nitrogen and some of them CO, to
biomass.”” > A high concentration of the A4b family
has also been found in the brushes and felts operated in

C De la Puentea et al.
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Figure 7. Taxonomic classification of 16S rDNA Amplicon
Sequencing gene from Bacteria at genus level.

this study, which is Chloroflexi-like filamentous
bacteria.®® This family is represented by a unique
unclassified genus, which is reported to be involved in
ammonia oxidation, leading to loss of nitrogen.®

The genus Petrimonas was found in all geometries
and they have been previously described in reactors for
methane production,®® which highlights its relevance
in this type of systems. The genus Proteiniphilum has
been identified in anaerobic reactors as a producer of
volatile fatty acids (VFAs) by anaerobic fermentation,
maintaining syntrophic relationships with
VFA-degrading microorganisms and
hydrogenotrophic methanogens.®> The VFA produced
could be used for methane production and that is why
no organic matter is found at the end of the cycles.

Hydrogen production can be explained by the
presence of Desulfovibrio, which has several
cytochromes that facilitate the transport of electrons
from the electrode to a hydrogenase enzyme. This
enzyme catalyses H, synthesis at the cathodes, leading
to a coulombic efficiency close to 100%.5%6*

Conclusions

The system described in this work was able to produce
methane from captured CO,. Once the electroactive
biofilm has developed, efficient microbial
electrosynthesis is achieved. Both reactors produce
high-quality biogas in which methane accounted for
around 90% of the total composition. Regarding the
different geometry of the electrodes, it has been
observed that the brush is superior to felt in terms of
current generated and, presumably, also in methane
production. Improved electrical capacity and better
hydrogen production peaks are also exhibited in the
brush geometry over the felt geometry.

1 O © 2022 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse. Gas. Sci. Technol. 0:1-13 (2022); DOI: 10.1002/ghg.2185
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Influence of electrode geometry on biofilm development

The colonisation of all electrodes is visible, although
the carbon brush structure enhanced the initial
attachment of the microorganisms and the subsequent
biofilm formation. In addition, the operating
conditions established in these reactors favour the
proliferation of archaea, especially in the brush, while
the number of bacteria is similar for both geometries.
The carbon felts carry out the methanogenic process
mainly by the presence of Methanobacterium. However,
brush electrodes have a more versatile structure as they
include microorganisms of the genus
Methanobacterium and Methanobrevibacter, which
could be the reason for their larger current
consumption, resulting in a higher methane
production. Bacteria analyses in both geometries
showed similar communities.
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