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A B S T R A C T   

In this study we aimed to understand the impact of medium–low temperatures on the two main steps that usually 
comprise the electromethanogenesis (EM) process: electrothrophic hydrogenesis and hydrogenothrophic meth-
anogenesis. Results revealed that pure CO2 could effectively be converted into a high-purity biogas (~90:10 
CH4/CO2) at 30 ◦C. However, when temperature was reduced to 15 ◦C, methane richness greatly decreased 
(~40:60 CH4/CO2). This deterioration in performance was mostly attributed to a decline in methanogenic ac-
tivity (represented mainly by Methanobacterium and Methanobrevibacter). In contrast, the hydrogenic activity 
(mostly Desulfomicrobium) did not suffer any significant decay. Results also seemed to indicate that methano-
genesis, rather than hydrogenesis, is the main source of variability in EM. Increasing the temperature again to 
30 ◦C restored previous performance, which highlights the resilience of EM to wide temperature fluctuations 
(from 30 to 15 and back 30 ◦C).   

1. Introduction 

The term bioelectrochemical systems (BESs) encompasses a family of 
electrochemical devices that use microorganisms as pseudo-catalysts to 
promote anodic and/or cathodic reactions [1]. The definitive take-off in 
BES research came in 1999 with the discovery that certain types of 
microorganisms (usually known as electrogens) could exchange elec-
trons with the anode (bioanode) without the need of a redox mediator 
[1–3]. In the following years, research interest in BES expanded further 
from bioanodes towards biocathodes, when it was found that a group of 
microorganisms, usually termed as electrotrophs [4], can catalyse a 
wide range of (bio)cathodic reactions, such as hydrogen formation [5], 
oxygen reduction [6], nitrate and nitrite reduction [7], or the produc-
tion of organic compounds [8]. Among the latter, the use of BESs for 
methane production from CO2 has aroused noticeable interest because 
of its environmental and economic potential [9]. This process, usually 
termed electromethanogenesis (EM), can proceed at room temperatures 
and pressures and involve bacteria as a catalysts, all of which suggest 
that EM can become a more cost-effective and environmentally friendly 
method of methane production compared to conventional technologies 
[10]. Despite that, technical and economic limitations still remain, and 
the scaling up of this technology represents a major challenge [11]. 

The production of methane through EM depends on factors such as 
reactor configuration (e.g., membrane vs membraneless configurations) 
[12], and on various operating parameters, such as cathode potential, 
pH, temperature, buffering capacity or the composition and concentra-
tion of the catholyte [13]. Among them, temperature plays a key role as 
it has a direct impact not only on the process in itself (i.e., the metabolic 
routes and the microbial dynamics) [14] but also on its economics (i.e., 
the higher the temperature, the higher the energy requirements for 
heating). Regarding the metabolic routes of EM, previous studies have 
found strong evidence that methane formation occurs through a two- 
step process, in which electrotrophic hydrogen production is coupled 
to hydrogenotrophic methane formation [15,16]. It is also widely 
known (from studies on microbial ecology, anaerobic digestion, or 
biological hydrogen methanation), that temperature has a significant 
impact on hydrogenotrophic methanogenesis, affecting both the 
methane productivity and the microbial community structure [17–19]. 

Despite that, little attention has been paid so far to the effect of 
temperature on EM. To the best of our knowledge, only one study, 
published in 2018, deals with this issue [13]. In a previous work by 
Wang et al. [20] it was shown that when a biocathode is brought from 25 
to 9 ◦C in a membraneless BES, methane production immediately stops, 
while the hydrogen content in the off-gas increases significantly. 
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However, this cannot be properly considered an EM study, since the 
biocathode was aimed at generating hydrogen, and methane was a 
secondary undesired product. In comparison, Yang et al. [13] explored 
the influence of temperature on methane production using an EM system 
in a strict sense. The authors operated a mixed-culture biocathode in a 
wide range of temperatures (between 15 and 70 ◦C), showing that the 
performance of the EM system can be optimised at around 50 ◦C. 
However, this is a relatively high temperature that may impose large 
heating requirements on a potential full-scale system, thus compro-
mising its economic feasibility. 

In our paper, we explore the capability of EM to convert pure CO2 
into methane in a milder temperature range (between 15 and 30 ◦C), 
paying special attention to the conversion rates and the quality of the 
biogas produced. We also try to gain insight into the impact of tem-
perature on the two main stages of EM (i.e.: electrotrophic hydrogenesis 
and hydrogenotrophic methanogenesis), making a preliminary effort to 
understand the sources of variability in EM. 

2. Materials and methods 

2.1. Reactor design 

Two standard H-type reactors, with an internal volume of 500 mL per 
chamber, were used as reactor vessels. They were named as U1 and U2 
and were intended to be replicates. Each of the working electrodes 
(cathodes) consisted of two 2 × 8-cm carbon felt electrodes (SGL Group, 
Germany) joined by a titanium wire and suspended inside the cathodic 
chamber (total projected area of 0.005 m2). The counter electrodes 
(anodes) were of 2 × 2-cm platinum mesh (Goodfellow, UK) suspended 
inside the anodic chamber with a titanium wire. Prior to inoculation, the 
cathodes were pre-treated by subsequent immersion in 1 M nitric acid, 1 
M acetone and 1 M ethanol for 24 h each to avoid hydrophobicity and 
remove impurities [21]. The anodic and cathodic compartments were 
separated by means of a cation exchange membrane (CMI7000, Mem-
branes International, USA). 

Both units were operated in a three-electrode configuration at an 
applied potential of ‑1 V vs Ag/AgCl (–0.8 V vs. SHE). The stability of the 
reference electrode (Sigma-Aldrich, USA) was checked prior to every 
batch cycle. All the electrochemical tests were performed with a Biologic 
VSP potentiostat assisted by EC-Lab software (v11.30). 

The catholyte was stirred continuously using a magnetic stirrer at 
200 rpm to prevent mass transfer limitations [22]. 

Appropriate connections and sealing were designed for sampling and 
substrate supply. CO2 was fed to the cathode with the help of a 1-L bag 
(Ritter, Germany). This same bag was used to collect the biogas 
produced. 

2.2. Electrolytes 

The anolyte consisted of 0.1 M potassium phosphate buffer in 
deionised water. The catholyte consisted of 20 mM potassium phosphate 
buffer, macronutrients (280 mg⋅L–1 NH4Cl, 5.7 mg⋅L–1 CaCl2, 10 mg⋅L–1 

MgSO4⋅7H2O, and 90 mg⋅L–1 MgCl2⋅6H2O), 1 mL⋅L–1 of a micronutrient 
solution, and 1 mL⋅L–1 of a vitamin solution as described in [23]. 
NaHCO3 (5 g⋅L–1) was added as a carbon source since at pH 7. CO2 was 
predominantly present as bicarbonate [23]. 

2.3. Inoculum and start-up 

Anaerobic sludge obtained from an anaerobic digester at a local 
wastewater treatment plant was used as primary inoculum (1:5 pro-
portion), as described before [24]. Although single species can provide 
better controlled environments and higher specific production, mixed 
cultures offer higher flexibility and resilience [25]. 

The whole start-up lasted approximately 55 days. During this period 
the reactors were operated in batch mode (see next paragraph for the 

operation procedures). A total of eight batch cycles were completed 
before the current stabilised (stabilisation was assumed after two 
consecutive cycles in which mean current density fluctuated by < 10%). 

2.4. Operation 

From day 55 on (i.e., after the start-up period), a series of three tests 
intended to evaluate CO2 conversion at 30 ◦C were carried out (Fig. 1). 
At the beginning of each test, 400 mL of CO2 was added to each unit with 
the aid of a gas bag. Reactors were operated in batch mode, and the 
electrolytes were replaced every 4–5 days to avoid any limitation 
deriving from a lack of nutrients or from pH shifts. The duration of each 
batch cycle was determined by the measured current density: once this 
parameter fell below 30%, the cycle was stopped and a new cycle began. 

Following these tests, temperature tests were conducted in a similar 
way at temperatures of 25, 20 and 15 ◦C. Temperature was kept constant 
(±1 ◦C) by thermoregulated bath (Digiterm 100 Selecta) in an unheated 
room. 

Once this set of experiments was finished, biofilm samples from the 
cathodes were taken for microbiological analysis (Section 2.6) and a 
new cycle of experiments at 30 ◦C conducted to assess the resilience of 
the EM to medium–low temperatures. 

2.5. Analytical techniques 

Liquid samples were analysed for total organic carbon (TOC), total 
inorganic carbon (IC), total nitrogen (TN; Multi N/C 3100, Analytikjena) 
and volatile fatty acids (VFAs) from C2 to C6 [Bruker 450-GC with a 
flame ionisation detector (FID)]. Dissolved oxygen (Hach, HQ40d two- 
channel digital multimeter), redox (pH Meter, pH 91; Wissenschaftlich 
Technische Werkstätten, WTW), pH (pH Meter BASIC 20+, Crison) and 
ammonium (781 pH/Ion Meter, Metrohm) were measured following 
standard methodologies [21]. 

At the end of each batch cycle, the gas bag was disconnected from the 
reactor and the amount of gas in the bag (Vg) was measured with the aid 
of a gastight syringe (50 mL, Hamilton SampleLock syringe). Gas 
composition, i.e., hydrogen (H2), carbon dioxide (CO2), oxygen (O2), 
nitrogen (N2) and methane (CH4), were determined by a gas chroma-
tography (Varian CP3800 GC) equipped with a thermal conductivity 
detector (TCD) [21]. The volume of hydrogen and methane produced in 
each cycle was calculated from Vg and the gas mole fraction in the gas 
bag, and was corrected to the standard temperature and pressure (STP) 
conditions. 

The electrochemical performance of the biocathodes was charac-
terised by means of cyclic voltammetry (CV) tests using a Biologic VSP 
potentiostat. CV tests were performed in turnover and non-turnover 
conditions (i.e., in the presence and absence of CO2 respectively) be-
tween − 1.0 and 0.1 V vs. Ag/AgCl and at a scan rate of 1 mVs− 1 at a 
temperature of 30 ◦C. 

The columbic efficiency (CE), which can be defined as the efficiency 
of electron capture from the electric current by methane, was calculated 
according to Equation 8 from ref. [26]. 

2.6. Molecular biology techniques 

At the end of the temperature tests, the cathode was cut into samples 
of about 300 mg of electrode. These samples were used to characterise 
the microorganisms that had developed at the methane-producing 
biocathode. 

Microbial communities were analysed in terms of Total Bacteria and 
Archaea. 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 PCR samples were checked for size of product on a 1% agarose gel 
and quantified by NanoDrop 1000 (Thermo Scientific). The entire DNA 
extract was used for high-throughput sequencing of 16S-rRNA gene- 
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based massive libraries with 16S-rRNA gene-based primers: for eubac-
teria 27Fmod-519R and for Archaea 349F-806R at MR DNA (www. 
mrdnalab.com, Shallowater, TX, USA), utilising MiSeq equipment 
(Illumina, San Diego, CT, USA). DNA reads were compiled in FASTq files 
for further bioinformatics processing. The trimming of the 16S-rRNA 
bar-coded sequences into libraries was carried out using QIIME soft-
ware, version 1.8.018 [27]. Quality filtering of the reads was performed 
at Q25 quality prior to grouping into operational taxonomic units 
(OTUs) at a 97% sequence homology cut-off. Subsequent steps were 
performed using QIIME, a denoising procedure using a denoiser algo-
rithm [28]. Final OTUs were classified taxonomically using BLASTn 
against a database derived from the Ribosomal Database Project II 
(RDPII, http://rdp.cme.msu.edu) and the National Centre for Biotech-
nology Information (NCBI, www.ncbi.nlm.nih.gov). 

The quantitative analysis of all samples was carried out by means of 
quantitative-PCR (qPCR) using PowerUp SYBR Green Master Mix 
(Applied Biosystems) in a StepOnePlus Real-Time PCR System (Applied 
Biosystems) as described previously [24]. The qPCR amplification was 
performed for the 16S-rRNA gene in order to quantify the entire eu-
bacterial community and for the mcrA gene to quantify the total 
methanogen community. The primer sets 314F qPCR (5′-CCTACGG-
GAGGCAGCAG-3) and 518R qPCR (5′-ATTACCGCGGCTGCTGG-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′-GGAC-
TACVSGGGTATCTAAT-3′) for Archaea quantification. 

3. Results and discussion 

Following inoculation, current density increased steadily in both 
replicates (denominated as U1 and U2), reaching a maximum averaged 
current density of ~ 2 A/m2 in Cycle 6 (Fig. 2). In the following two 
cycles (7 and 8), the current tended to stabilise around this value, so we 
assumed that the biofilms were mature enough to initiate the experi-
mental period. It is important to note that during these eight cycles that 
covered the start-up period (spanning a total of 55 days), current density 
was reasonably similar in both reactors, thus showing good replicability. 
The large fall observed in reactor U2 during Cycle 4 was due to a power 
shortage; nevertheless, current resumed again in the following cycle. 

3.1. CO2 conversion tests 

Following the start-up period, three consecutive CO2 conversion tests 
(designated as Tests 1, 2 and 3 respectively) were conducted to assess 
the ability of both biocathodes to convert CO2 into biomethane (Figs. 2 
and 3). Temperature was maintained at 30 ◦C, and the gas bag of each 
reactor was filled with 400 mL of CO2 at the beginning of every test. To 

Fig. 1. Experimental timeline.  

Fig. 2. Current density produced by reactors U1 (orange) and U2 (blue) during each batch cycle. The cycle number for the start-up, enrichment tests and temperature 
tests is also indicated. The inset of the figure shows an exemplary current density profile for a typical batch cycle. Columns represent the averaged current density for 
each individual cycle (computed as the mean value of the current density profile over that particular cycle). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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make sure that nutrients and/or pH shifts were not limiting the con-
version process, the catholyte and the anolyte were renewed with every 
cycle. The duration of each cycle was determined by current density: 
once this parameter fell below 30% of its maximum value, the cycle was 
stopped (see the inset in Fig. 2 for the current profile of a typical cycle). 
This resulted in a cycle duration of between 4 and 5 days. 

Results revealed that after three consecutive cycles the methane 
content in the biogas tended to stabilise at around 80% in U1 and 60% in 
U2 (Fig. 3). The highest rate of conversion always occurred during the 
first cycle of every test, where the amount of methane increased up to 
40%. In subsequent cycles this level fell to below 30%, probably as a 
result of the declining proportion of CO2 in the gas bag. This is consistent 
with the fact that the highest coulombic efficiency (Table 1) was almost 
always obtained during the first cycle of each experimental phase. The 
only exception occurred in U2 during Phase 1. Analogous results have 
been reported [29] using an H-type cell (similar to those used in this 
study). In the referred work, methane production was measured over a 

period of four cycles (200–300 h each cycle), increasing dramatically 
between the first and second cycles (from 0.54 to 3.31 mmol CH4). From 
these results, it seems that the optimal residence time to maximise 
methane production rate by EM might be 2–3 cycles (12–15 days). This 
may seem a rather large time period, especially if we compare it with the 
typical residence times of other CO2 methanation processes such as the 
Sabatier process. However, we must keep in mind that EM, in contrast to 
the Sabatier process, proceeds under near-ambient conditions and that 
the current EM reactor vessels were conceived for laboratory research. 
Future improvements in reactor design (by, for instance, optimising the 
ratio of cathode surface area to catholyte volume) will undoubtedly 
result in substantial reductions in residence time. Thus, we can under-
stand these figures as a benchmark against which to compare future 
developments. 

Marked differences were also observed between the current density 
produced during the first and subsequent cycles (Fig. 2). While current 
density in the first cycle was around 2 A⋅m− 2 in both reactors, it fell to 
below 1.5 A⋅m− 2 in the subsequent cycles. This pattern can also be 
linked to the evolution of CO2 in the gas bag: as the enriching process 
proceeds and the amount of available CO2 diminishes, the pH tends to 
increase (results not shown), thus reducing the concentration of avail-
able H+ in the catholyte. 

Another important issue has to do with the divergent behaviour 
observed between U1 and U2 (Fig. 3), which tended to amplify with 
time: while methane proportion grew comparatively much faster in U1 
(especially in Tests 2 and 3) reaching concentrations of up to 90%, it 
kept well below 80% in U2. Interestingly, and despite that, current 
density remained quite similar in both reactors during the same period 
(Fig. 2). This suggests a decoupling between electron consumption 
(current) and methane formation, indicating that EM might be pro-
ceeding in a two-step process in which hydrogen acts as an intermediary 
between current consumption (electrothrophic hydrogenesis) and 
methane formation (hydrogenothrophic methanogenesis), as already 
suggested in a previous study [16]. Acetate can be ruled out as an 
intermediary for the reasons that will be discussed below (Section 3.3). 
In addition, these results show that some processes explain better than 
others the natural variability of a BES. In our case it seems that the 

Fig. 3. Biogas content during CO2 conversion tests (Tests 1, 2 and 3) and temperature tests (temperatures of 25, 20 and 15 ◦C).  

Table 1 
Coulombic efficiencies.   

Cycle U1 U2 

Phase 1 30 ◦C 1 51% 35% 
2 23% 50% 
3 8% 6% 
4 8% 0% 
5 22% 0% 
6 27% 35% 

Phase 2 30 ◦C 1 65% 20% 
2 57% 17% 
3 24% 13% 

Phase 3 30 ◦C 1 53% 19% 
2 0% 4% 

25 ◦C 1 28% 5% 
2 13% 0% 

20 ◦C 1 43% 14% 
2 13% 10% 

15 ◦C 1 30% 0% 
2 4% 21% 
3 29% 8%  
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electrotrophic processes are much more reproducible than the meth-
anogenic ones. This is something worth investigating in future studies, 
not only because it will enhance our understanding of microbial dy-
namics of BESs, but also because it can potentially advance this tech-
nology towards commercial application. We must keep in mind that 
variability introduces a risk in the commercialisation of any technology 
that may hamper business development [30]. 

3.2. Temperature tests 

When temperature was set at 25 ◦C, the proportion of methane in the 
biogas declined sharply in both reactors (Fig. 3). Further reducing the 
temperature to 20 ◦C did not result in any significant difference 
compared to 25 ◦C. However, at 15 ◦C methane concentration once 
again experienced a decline during the first cycle (more visible in U2), 
although it quickly resumed (even exceeding) the values observed at 20 
and 25 ◦C. In contrast to methane—and contrary to expect-
ations—current density not only did not decline at low temperatures but 
even increased in some cycles. These observations might be evidencing 
important features of the dynamics of the microbial populations 
involved in EM that would deserve some attention in future research. 
First of all, and most importantly, these results seem to indicate that low 
temperatures have a quite different impact on the microbial commu-
nities that thrive on the cathodic environment of EM, with the micro-
organisms responsible for methane production being more negatively 
affected than those involved in hydrogen production. 

These results also seem to indicate that after the initial shock (when 
temperature was brought to 25 and 15 ◦C), methanogenic communities 
are able to thrive in the new conditions. The fact that electrotrophic 
microorganisms endured the temperature drop more successfully (as 
evidenced by the current density profiles) than methanogens might have 
a close connection to the re-adaptation of methanogens. In this regard, it 
can be hypothesised that even at low temperatures electrotrophs can 
provide a continuous stream of hydrogen that might be vital for the 
recovery of methanogenic activity. The ‘good health’ of electrotrophs 
and the poor initial performance of methanogens is further evidenced by 
the presence hydrogen in the biogas immediately after the temperature 
was reduced (Fig. 3). 

Finally, it is important to note that the differences in performance 
observed at 30 ◦C during the biogas enriching tests (see Section 3.1) 
were accentuated as the temperature was decreased. Even the current 
density, which had showed a remarkable replicability to this point, 
started to show large discrepancies between both reactors. 

3.3. Understanding the different behaviours of U1 and U2 

This large variability, typical of BESs in general and of EM in 
particular, impacts negatively the commercial prospects of these 

technologies, as mentioned before. To further investigate the observed 
differences in the behaviour of our systems, CV tests and biological 
analyses were performed at the end of the temperature tests. 

CV analyses were performed in the presence and absence of the 
carbon source (CO2) (Fig. 4). The greatest difference between U1 and U2 
was found in the catalytic wave associated with hydrogen evolution 
(starting at about –0.8 V [31]), which was distinctly greater for U1, 
which could explain the higher current density observed in this reactor. 
When no carbon source was present (and thus the methanogenic 
hydrogen usage was inhibited) the differences between U1 and U2 were 
more apparent, with U1 showing a larger oxidation peak at –0.1 V that 
might be related to the oxidation of redox active compounds excreted by 
microorganisms [32], or even to hydrogen oxidation [33]. The presence 
of sulphate-reducing bacteria in our biocathodes (see below), capable of 
catalysing hydrogen evolution and oxidation reactions on solid elec-
trodes, would be in favour of the latter [33]. 

Samples of the cathode biofilm from both units were taken for qPCR 
analysis. Results showed that the cathodic environments promoted a 
strong selection in favour of Archaea which, in contrast to Bacteria, 
experienced a remarkable increase in their gene copying (Fig. 5). 
However, the Archaea community presented a lower diversity than that 
of Bacteria, all of which is consistent with previous observations in EM 
systems [34]. 

Regarding Archaea, the biofilm was clearly dominated by the genus 
Methanobacterium, with a relative abundance of 84% and 69% in U1 and 
U2, respectively (Fig. 6). Most members of this genus live on the 
reduction of CO2 with H2 to produce methane, which is coherent with 
the hypothesis that H2 acts as an intermediary in the electron transfer 
between the electrodes and CO2. Another hydrogenothrophic genus 
found in the biofilms—although in far lower abundance—was Meth-
anobrevibacter (2% and 4% for U1 and U2, respectively). These results 

Fig. 4. Cyclic voltammetry with carbon source (a) and with no carbon source (b). An unmodified (with no biocatalysts) carbon felt electrode was used as control.  

Fig. 5. Number of DNA copies per g of electrode for Bacteria and Archaea in 
qPCR analysis. 
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coincide with previous studies where the microbial communities of EM 
biocathodes were usually dominated by species of hydrogenotrophic 
methanogens regardless of the sources of inoculum [25,35], thus con-
firming the role of hydrogen as the main intermediary in EM. Other 
potential intermediaries such as acetate can be discarded, as TOC ana-
lyses of the medium resulted in values below 15 mg⋅L–1 during the tests 
at 30 ◦C. Even when the temperature was reduced to 25, 20 and 15 ◦C, 
and contrary to expectations, no appreciable amounts of any fatty acids 
were detected. It is known that acetoclastic methanogens are often more 
temperature-sensitive than hydrogenotrophic methanogens [12] and 
therefore, as a result of their lower metabolic activity, it would have 
been expected to find acetic acid in the medium. This is consistent with 
the decline in the relative abundance of genera such as Clostridium and 
Proteiniphilum, which are often related to acetic [36] and propionic acid 
[37] production. Probably as a result of this, acetolastic methanogens 
did not find a favourable environment for their proliferation, thus 
explaining the significant decline in their relative abundance, falling 
from 20% in the inoculum to 6% and 12% in the cathode biofilms of U1 
and U2, respectively. This observation is somehow coherent with the 
results reported by Liu et al. [38], where the abundances of hydro-
genotrophic methanogens in a biocathode operated at 20–25 ◦C 
increased significantly from those in the inoculum (anaerobic digestion 
sludge), while acetotrophic methanogens showed only a smooth 
increase. 

Another key role that bacteria play in EM is the promotion of strictly 
anoxic conditions at the biocathodes (either by catalysing hydrogen 
formation or by oxygen scavenging) which are essential for the prolif-
eration of methanogens [12]. In our cathodes we found a strong selec-
tion for hydrogen-producing bacteria, especially of the genus 
Desulfomicrobium, which experienced a remarkable increase in its rela-
tive abundance from<0.1% in the inoculum to 20.2% and 31.3% in 
reactors U1 and U2, respectively. Other genera, such as Desulfovibrio, 
which has been reported to be able to catalyse hydrogen production at 
cathode potentials more negative than –0.44 V vs SHE [23], and 
Sphingobacterium and Anaerolinea, capable of using the electrons 
arriving at the cathode to catalyse reductive process such as hydrogen 
evolution [6,7,39–41] were also found in significant relative 
abundances. 

Overall, these results seem to confirm hydrogenotrophic Archaea to 
be primarily responsible for methane production. From a very diverse 
initial community in the inoculum, Methanobacterium and Methanosaeta 
stood out significantly, being supported by a strong presence of 

hydrogen-producing bacteria. In addition, as the growth medium was 
completely renewed at the beginning of every batch cycle, both meth-
anogenic and hydrogenic microorganisms are more likely to grow on the 
cathode surface rather than forming planktonic cultures. Finally, 
although the divergent trend in biogas composition between U1 and U2 
can be partially explained by the already discussed differences in the 
relative abundance of methanogenic Archaea, this is by no means the 
only plausible cause. It is probable that other genera that remain un-
noticed because of their much lower relative abundance (the level of 
unidentified Archaea genera in our reactors was around 10%) might be 
playing key metabolic roles. Another possible explanation might be 
related to stochastic and uncontrollable phenomena that take place 
during the inoculation process and result in different structures of the 
biofilm (stratification) or diverging colonisation patterns (surface vs 
inner colonisation of the porous electrode). 

3.4. Resilience tests 

Following the electrode sampling for microbiological analysis, a final 
experiment at 30 ◦C was conducted to assess the resilience of EM to the 
temperature shocks undergone in the previous experiments. Surpris-
ingly, and despite the traumatic event associated with the sampling 
process (i.e., scratching the cathodic biofilm) both reactors displayed a 
similar performance to that observed before the temperature tests 
(compare Cycles 1 and 2 in Fig. 7 with the results at 30 ◦C in Figs. 2 and 
3). It is important to note that no re-acclimation period was allowed, and 
so the previous performance was resumed almost immediately from the 
first cycle. 

Removing CO2 from the feeding did not have a significant impact on 
the current density (Cycles 3 and 4 in Fig. 7) and, as expected, the off-gas 
consisted mainly of hydrogen. Nevertheless, a small amount of CH4 
(<25%) and traces of CO2 were also detected, although they tended to 
disappear in the following cycle. This CH4 can probably be attributed to 
the reduction of the CO2 stored as small deposits of carbonates precip-
itated on the cathode surface in previous cycles (probably as a result of 
the locally high pH). 

When CO2 was fed again (Cycles 5 and 6), methane reappeared in the 
off-gas at similar concentrations to those observed in Cycles 1 and 2, 
indicating that the methanogenic activity was not significantly influ-
enced by the CO2 cut-off. Overall, these tests confirm the hypothesis of 
the two-step process and highlight the resilience of both the electro-
trophic and the methanogenic communities to medium–low 

Fig. 6. Relative abundance for Total Bacteria (TB) and Archaea (Arc) of inoculum and biocathodes (U1 and U2) after the experimental period in terms of genus (first 
column) and phylum (second column). Only genera with at least a 3% abundance have been considered. 
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temperature conditions. 
Finally, it should be noted that these tests were carried out using pure 

CO2 as a substrate. It is still uncertain how the electromethanogenic 
biofilms would respond to the presence of toxic gases in the feed. The 2D 
biofilms (such as those used in this study) are environmentally sensitive 
and can prove to be unsuitable for applications such as biogas upgrad-
ing, where the presence of hydrogen sulphide in the biogas can be toxic 
for the cathodophyllic microorganisms [42]. In this regard, the use of 3D 
cathodic biocatalysts such as granular anaerobic sludge (more tolerant 
to environmental stresses [42]), can be an interesting alternative to 
conventional 2D cathodic biocatalysts [42]. 

4. Conclusions 

In this paper we explored the capability of EM to convert CO2 into 
methane in a wide range of temperatures (from 30 to 15 ◦C). Results 
indicate that although biocathodes can absorb current densities as high 
as 2.5 A⋅m− 2 regardless of the temperature, methane productivity is 
highly dependent on this parameter. In addition, and related to this, it 
seems that the electrotrophic process (represented by Desulfomicrobium, 
Desulfovibrio, Sphingobacterium and Anaerolinea) is more robust than the 
methanogenic process (represented by Methanobacterium and Meth-
anosaeta), which translates into a higher reproducibility in current than 
in methane production. However, after 91 days of operation, the current 
also started to differ widely between the replicates. Although differences 
in relative abundance at the genera level in the biofilm composition 
might explain this divergent behaviour, other factors such as biofilm 
stratification or colonisation patters cannot be ruled out and might be 
worth investigating in future studies. Microbiological, CV and CO2 cut- 
off tests confirmed the hypothesis of the two-step process and highlight 
the resilience of both the electrotrophic and the methanogenic com-
munities to medium–low temperature conditions. 
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