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electron transfer mechanisms for
biogas upgrading to biomethane within a mixed
culture biocathode†
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M. Dolors Balaguera and Jesús Colprima

Biogas upgrading is an expanding field dealing with the increase in methane content of the biogas to

produce biomethane. Biomethane has a high calorific content and can be used as a vehicle fuel or

directly injected into the gas grid. Bioelectrochemical systems (BES) could become an alternative for

biogas upgrading, by which the yield of the process in terms of carbon utilisation could be increased.

The simulated effluent from a water scrubbing-like unit was used to feed a BES. The BES was operated

with the biocathode poised at �800 mV vs. SHE to drive the reduction of the CO2 fraction of the biogas

into methane. The BES was operated in batch mode to characterise methane production and under

continuous flow to demonstrate its long-term viability. The maximum methane production rate obtained

during batch tests was 5.12 � 0.16 mmol m�2 per day with a coulombic efficiency (CE) of 75.3 � 5.2%.

The production rate increased to 15.35 mmol m�2 per day (CE of 68.9 � 0.8%) during the continuous

operation. Microbial community analyses and cyclic voltammograms showed that the main mechanism

for methane production in the biocathode was hydrogenotrophic methanogenesis by

Methanobacterium sp., and that electromethanogenesis occurred to a minor extent. The presence of

other microorganisms in the biocathode, such as Methylocystis sp. revealed the presence of side

reactions, such as oxygen diffusion from the anode compartment, which decreased the efficiency of the

BES. The results of the present work offer the first experimental report on the application of BES in the

field of biogas upgrading processes.
Introduction

Anaerobic digestion (AD) is a widespread process to produce
biogas through the valorisation of solid and liquid organic
wastes. Biogas consists of a mixture of mainly methane (CH4;
35–65%) and carbon dioxide (CO2; 15–50%) with trace amounts
of other compounds (i.e. hydrogen sulphide (H2S), volatile
organic compounds, siloxanes and water), which can be used in
cogeneration units to obtain energy in the form of heat and
electricity.1

The term biomethane has been used to describe methane-
rich biogas (95% v/v) from AD of organic wastes, which could
be directly used as a vehicle fuel or injected into the gas grid.2

Biogas upgrading technologies imply (i) the removal of harmful
trace components, and (ii) the upturn of the methane content to
niversity of Girona, Campus Montilivi,

il: sebastia@lequia.udg.cat; Fax: +34

-School of Engineering, Ramon Llull

7, Spain

tion (ESI) available. See DOI:

hemistry 2015
increase the caloric capacity of the biogas.3 According to the
International Energy Agency (IEA), water scrubbing is the most
used technique for biogas upgrading, accounting for about 40%
of the total upgrading plants.4 This technology consists of an
absorption tower where CO2 is absorbed in water and bio-
methane is obtained. The absorbed CO2 is released to the
atmosphere in a subsequent stripping tower,5 what oen
implies the consumption of energy. The transformation of the
CO2 contained in the effluent of the absorption tower into
methane could be a useful strategy to increase the biomethane
production and could contribute to reduce the CO2 emissions.
In this light, bioelectrochemical systems (BES) can be a prom-
ising technology to drive the reduction of dissolved CO2 into
methane. Some authors already proposed the coupling of BES
with AD in single reactors to increase the yield of the whole
process.6–8 This work proposes a new promising application for
BES, which is the replacement of the stripping tower of a water
scrubbing unit for biogas upgrading. The possibility of coupling
water scrubbing and BES opens the door to an innovative hybrid
process. The bioelectrochemical conversion of CO2 to methane
is known as electromethanogenesis, and was rst presented by
Cheng and coworkers.9 Other researchers studied the methane
production mechanism at different cathode potentials, and the
RSC Adv., 2015, 5, 52243–52251 | 52243
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performance at the long term operation.10,11 Accordingly,
methane production can take place in a biocathode mainly by
two mechanisms: (i) hydrogenotrophic methanogenesis
(eqn (1)), using hydrogen as electrochemical mediator, which
can be produced in situ either bioelectrochemically or electro-
chemically,12 and (ii) using directly electrons as reducing power
source (eqn (2)).

CO2 + 4H2 / CH4 + 2H2O (1)

CO2 + 8H+ + 8e� / CH4 + 2H2O; E0
0 ¼ �240 mV vs. SHE13

(2)

Methane production using hydrogen as intermediate was
shown to be the predominant mechanism in methane
producing biocathodes poised at low cathode potentials (i.e.
<�750 mV vs. SHE).11 Nevertheless, Eerten-Jansen et al., also
suggested the production of methane through other interme-
diates, such as acetate or formate.14 The conversion of CO2 to
methane through direct electron transfer was suggested by
Cheng et al., 2009 and Fu et al., 2015, who used a pure culture of
Methanobacterium palustre and thermophilic methanogens,
respectively.9,15 Finally, both direct and hydrogen mediated
electron transfer took place in the biocathodes studied by Sie-
gert and co-workers.16 Syntrophic relationships, such as inter-
species hydrogen transfer and direct interspecies electron
transfer (DIET) have been also proposed for the production of
methane with mixed cultures, being the last one more ener-
getically conservative due to the fact that electrons are directly
transferred between microorganisms, avoiding the production
of intermediates.17,18 So far, there is only one study that
demonstrated the DIET between two pure cultures.19 Since
mixed cultures have been usually utilised for the production of
methane, the mechanism by which it is produced in a bio-
cathode may differ among different studies. Thus, methane
production mechanism in biocathodes is still unclear, so that
more studies regarding the microorganisms involved and its
electrochemical interaction with the electrode surface are
needed to understand and optimise the whole process.

The present work proposes the coupling of water scrubbing
with BES for biogas upgrading. The methane production and
the electrochemical performance of the BES were studied.
Electrochemical and microbiological analyses were carried out
to understand how the microbial community dealt with the
reducing power,13 which microorganisms were involved in the
electron transfer, and which intermediates and nal products
affected the bioelectrochemical performance of the BES.
Experimental
BES construction

A two-chambered BES was constructed using a previous
described design by Batlle-Vilanova et al.20 A schematic repre-
sentation of the BES design and the equipment is presented in
the ESI (Fig. S1†). In the present study, aer the graphite
replenishment of the compartments, the net anode compart-
ment (NAC) and the net cathode compartment (NCC) volumes
52244 | RSC Adv., 2015, 5, 52243–52251
were 410 mL and 420 mL, respectively. The resulting cathode
electrode surface was 0.57 m2 (see ESI, Section S2†). The system
was thermostatically controlled at 34.7 � 1.1 �C and under
atmospheric pressure conditions.

The BES was operated in a three-electrode conguration with
a potentiostat (BioLogic, model VSP, France), which controlled
the cathode potential and monitored the current demand. The
biocathode was used as working electrode (WE) and the anode
as counter electrode, the reference electrode (RE) was an Ag/
AgCl (+197 mV vs. Standard Hydrogen Electrode [SHE], model
RE-5B, BASI, United Kingdom) placed in the cathode chamber.
All voltages within this study are reported with respect to SHE.

BES start-up

The operational period of the BES was divided into different
stages depending on the mode of operation (Fig. S2†). The
cathode was inoculated in closed circuit voltage (CCV) mode at
�600 mV. As inoculum, 100 mL of diluted effluent from an
anaerobic digester were used. The inoculum was continuously
recirculated at a high ow of 150 L per day for 6 days to generate
stress conditions to the microorganisms and to force them to get
attached to the electrode surface. The anode was not inoculated
and water was used as electron donor (H2O/O2 E00 ¼ 820 mV).
Synthetic medium was used in both anode and cathode
compartments, which was prepared based on ATCC1754 growth
medium,21 and was already described elsewhere.20 CO2 (99.9%,
Praxair, Spain) was directly bubbled into the mineral solution to
ensure saturated conditions (24.9 mM at 34.7 �C). The start-up
period commenced aer the inoculation. The biocathode was
poised at �600 mV, and continuously fed with 553 � 16 mL per
day of synthetic medium, which resulted in a cathode hydraulic
retention time (HRT) of 18.3 � 0.5 h. At day 64 of the start-up
period, the HCO3

� was removed from the inuent. At day 75,
the cathode potential was decreased to �800 mV to increase the
amount of reducing power supplied to the biocathode. Aer 159
days, batch tests were performed with synthetic biogas (55%CH4,
45% CO2, Praxair, Spain) instead of CO2, which was bubbled into
the mineral solution and used as carbon source to simulate the
effluent of an absorption tower from a biogas scrubbing process.

Batch operation

Thirteen batch tests were consecutively performed in the bio-
cathode under the same conditions, unless otherwise stated. Test
6 was performed in open circuit voltage (OCV), without applying
any voltage, to check whether the biocathode was able to produce
methane by non-electrochemical mechanisms. Batch tests lasted
between 4 and 10 days. Before each batch test, the biocathode
and the anode were washed with synthetic medium with 3 times
the net volume of each chamber. The biocathode was connected
to amethacrylate chamberlled with the samemedium to collect
the gas produced.

Gas samples were taken regularly to quantify the methane
production, and liquid samples to check the concomitant
production of other valuable compounds in the liquid phase
(i.e. volatile fatty acids [VFA] and alcohols). A pH sensor (model
5303, Crison, Spain) was placed in the cathode recirculation
This journal is © The Royal Society of Chemistry 2015
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loop to measure the pH with a transmitter (MultiMeter MM44,
Crison, Spain) connected to a memograph (Graphic data
manager RSG40, MemographM, Endress+Hauser, Switzerland).

Aer the batch tests the BES was operated in continuous
mode, under the same conditions than during the start-up
period (Fig. S2†), to validate the operational stability of the
BES in the long-term.
Analyses and calculations

Liquid and gas analyses. The composition of the gas phase
was analysed with an Agilent 7890A (Agilent Technologies, US)
gas chromatograph (GC) equipped with an HP-Molesieve
column and a thermal conductivity detector (TCD) to detect
hydrogen, oxygen, nitrogen, methane, carbon monoxide and
CO2.20 VFA and alcohols in the liquid phase were analysed in a
second channel of the same GC equipped with a DB-FFAP
column and a ame ionisation detector (FID).20 Sulphate
concentration (SO4

2�) was analysed according to the standard
methods for the examination of water and wastewater.22 A
presence/absence analysis of H2S in the gas phase was con-
ducted with a CP-3800 GC (Varian, US) equipped with a pulsed
ame photometric detector (PFPD) and a GS-GasPro column
(Agilent Technologies, US).

All of the production rates are given in mmol of carbon per
m2 of electrode surface per day (mmol m�2 per day).

Calculation of coulombic and energy efficiency. The effi-
ciency on electron removal or supply by a BES through an
electrical circuit has been traditionally referred to as coulombic
efficiency (CE),23 and it is calculated as shown in eqn (3):24

CEð%Þ ¼ 8FnCH4ðti
t0

IðtÞ dt
� 100 (3)

where, 8 are the number of electrons consumed per mole of
methane produced, F is Faraday's constant (96 485 C mol�1),
nCH4

are the moles of methane produced between t0 and ti, and
I(t) is the current (A) integrated over time (from t0 to ti in
seconds).

The energetic efficiency of the process (hE) was calculated
according to eqn (4):10,24

hEð%Þ ¼ �DGCH4
nCH4

Ecell

ðti
t0

IðtÞ dt
� 100 (4)

where DGCH4
is the Gibbs free energy of methane oxidation

(�890.4 kJ mol�1),25 and Ecell is the voltage applied to the cell
(V).

Cyclic voltammetry analyses. Electrochemical analyses were
conducted in a single-chamber BES according to Pous et al.,
2015.26 Three different tests were prepared with freshmedium for
(i) abiotic conditions, (ii) biocathode microorganisms, and (iii)
biocathode microorganisms aer medium exchange. All the
cyclic voltammograms (CV) were performed under turnover
conditions. Before the CV performed with microorganisms from
the biocathode, a chronoamperometry at �800 mV, was per-
formed during 120 h previous to the CV to favour the
This journal is © The Royal Society of Chemistry 2015
microorganisms' growth. The last CV was performed 30 minutes
aer the medium exchange. Platinum wire, graphite rod (9.74
cm2), and Ag/AgCl were used as counter electrode, WE and RE,
respectively. The cathode was poised at �800 mV. When current
demand was observed, the CVs were performed. The scan
window was from 0 to �800 mV, and the scan rate 10 mV s�1.
Three cycles were performed in each CV and data from the last
cycle is shown.

Biocathodic community analyses. At day 188, between batch
test 2 and 3, the BES was opened and about 26 g of granular
graphite from different parts of the biocathode were extracted
and integrated to assess the microbial community composition.

DNA was extracted using the Fast DNA® SPIN Kit for soil (MP
Biomedicals, US) according to the manufacturer's instructions.
DNA quantication was assessed with a nanodrop spectropho-
tometer (Thermo Scientic, US) characterized by 260/280 and
260/230 nm absorbance ratio in order to be comparable with
quantitative real-time PCR (qPCR).

Bacterial diversity and microbial community structure of the
cathode biolm was analysed for 454 pyrosequencing (Research
and Testing Laboratory, Lubbock, US). The 16S rRNA gene was
analysed by primers 341F-907R for bacteria,27 and 341F-958R for
archaea.28 Sequences obtained were analysed using MOTHUR
soware (v. 1.22.1) at 97% similarity.29 Sequences shorter than
250 bp and longer than 600 bp were excluded. Chimeric
sequences were discarded by executing UCHIME.30 These
sequences were then clustered into OTUs using the UPARSE
algorithm.31 Taxonomic classication was done by RDP classi-
er.32 The most abundant sequences of bacteria and archaea
were compared to BLAST supported by NCBI in order to obtain
the closest similarity related to genbank database sequence.
Alignments and identity matrix comparisons of deposited
sequences were performed in BioEdit (v. 7.0).33 Post-data anal-
ysis was done by KRONA.34

Additionally, 16S rRNA gene was also quantied by qPCR to
estimate the total amount of bacteria and archaea. All reactions
were performed in a 7500 Real Time PCR system (Applied Bio-
systems, US) using the SYBRH Green PCR Mastermix. Primers
and thermal cycling conditions for bacteria (341F-534R) and
archaea (364af-A934b) 16S rRNA were used.35,36 Results were
analysed using SDS soware (Applied Biosystems, US). Standard
curves were obtained using serial dilutions from 102 to 107 copies
of linearised plasmids containing the respective functional
genes. Controls without templates gave null or negligible values.

Results
Inoculation and start-up periods

According to the results observed by Marshall et al., the bio-
cathode was poised at�600mV, because they demonstrated that
the concomitant production of acetate, methane and hydrogen
occurred at that potential.37 A negligible current demand was
observed in the biocathode along the rst part of the start-up
period (Fig. S3†). At day 64, the NaHCO3 added to the medium
was removed, causing a slightly decrease of the medium pH
(from 6.7 � 0.5 to 5.4 � 0.2), which favoured inorganic carbon
speciation towards CO2. Up to day 75, neither gas nor organic
RSC Adv., 2015, 5, 52243–52251 | 52245
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compounds production was observed in the biocathode. The
average current demand from day 64 to day 75 was around 1.1 �
0.2 mA m�2. At day 75 the cathode potential was decreased to
�800 mV to increase the amount of reducing power supplied to
the biocathode. From that point on, the current demand
increased andmethane was detected as themain product. At day
159, when the current demand stabilised around 28.6 � 0.6 mA
m�2, batch tests were performed in the biocathode to charac-
terise and quantify the methane production.
Performance of the biocathode during operation

Aer the start-up period, different consecutive batch tests were
performed in the biocathode under the same conditions. The
tests were ordered chronologically and identied with a
number. The results obtained for the different tests are shown
in Table 1. Methane production rate, CE and hE for each test
were obtained from the linear plot between the mmol of
methane produced over time. The most representative tests are
presented in the ESI (Fig. S4†).

Analyses of the liquid phase revealed that compounds such
as VFA and alcohols were not produced in the biocathode.
Nevertheless, sulphate concentration in the inuent was 3.6 mg
L�1, and it was not detected in the effluent, so sulphates were
completely consumed in the biocathode. Qualitative analyses
demonstrated the presence of H2S in the off gas. Methane was
detected in the gas phase with a volumetric concentration of 65–
85%, being the rest CO2 (15–35%) and trace amount of oxygen
(1–8%) and H2S.

The overall performance of the biocathode from tests 1 to 5
was very similar. The pH in those tests was around 6. The
current demand ranged from 27.3 � 2.4 to 40.8 � 3.5 mA m�2,
and the production rate from 1.36 to 1.89 mmol m�2 per day
was obtained with associated CEs from 39.0 � 1.6 to 51.7 �
4.5%. Test 6 was performed in OCV mode. A 20-fold lower
amount of methane was produced and the pH decreased 1.4
units compared to the previous test, which was caused by the
lack of electrochemical activity in the biocathode. The BES was
negatively affected aer the OCV test.
Table 1 Tests with biogas as the sole carbon source. OCV: open cell vo

Test Operation mode
Current demand
(mA m�2) pH

1 Batch 32.0 � 2.4 6.1 � 0.1
2 Batch 40.8 � 3.5 5.9 � 0.3
3 Batch 31.1 � 6.8 6.3 � 0.1
4 Batch 32.8 � 5.2 6.1 � 0.2
5 Batch 27.3 � 2.4 6.0 � 0.1
6 Batch-OCV n/a 4.6 � 0.2
7 Batch 11.6 � 2.4 5.6 � 0.1
8 Batch 11.0 � 1.9 5.5 � 0.3
9 Batch 6.9 � 0.7 6.7 � 0.1
10 Batch 7.2 � 0.4 6.7 � 0.1
11 Batch 11.9 � 3.3 6.6 � 0.1
12 Batch 31.2 � 10.2 6.8 � 0.1
13 Batch 70.7 � 6.6 7.1 � 0.1
14 Continuous 201.7 � 18.1 7.1 � 0.2

52246 | RSC Adv., 2015, 5, 52243–52251
Subsequent tests (i.e. 7 to 9) showed a lower performance in
terms of current demand andmethane production rate. Biogas
was directly ushed to the biocathode once per day during test
10 and 11 to favour substrate availability, displace oxygen
diffused to the cathode, and promote the growth of meth-
anogenic microorganisms. The current demand was moni-
tored as a parameter indicating the activity of the biocathode.
By applying this strategy the system recovered, and aer 2
batch tests (i.e. test 12) the performance was similar to the
previous tests. Test 12 showed similar performance to tests 1
to 5 (Table 1). In the subsequent and last test, the activity
increased, obtaining a higher current demand of 70.7 � 6.6
mA m�2 and a production rate of 5.12 � 0.16 mmol m�2 per
day, with a CE of 75.3 � 5.2%, which coincided with the higher
pH (i.e. 7.1) of the biocathode. Comparative analysis (Fig. S5†)
showed that methane production rate was linearly related (r2¼
0.99) to the current demand of the biocathode. The higher the
current demand was, the higher the methane production rate.
No evidence of dependence between the production rate and
other parameters (i.e. pH and CE) was observed in this study
(Fig. S5†). Although it was not investigated in the present
study, previous studies suggested that other parameters, such
as temperature, inoculum source or electrode materials could
affect methane production.16,38,39 The hE during the rsts tests
(i.e. test 1 to test 5) were similar, ranging from 21.2 � 1.8 to
31.7� 2.1%, and increased to 39.7� 3.6% in the last batch test
(i.e. test 13).

Aer batch tests, the BES was operated in continuous ow
under the same conditions than the start-up period (Fig. S2†).
Fig. 1 shows the evolution of the current demand and the
production rate during this period. The average methane
production rate during the rst days was 3.99 � 0.06 mmol m�2

per day, which increased and stabilised at 15.35 mmol m�2 per
day aer 43 days of continuous operation. The results regarding
the continuous operation are included in Table 1 (test 14) and
correspond to the results obtained at the end of the period,
when current demand and production rate were stable. The CE
and the hE obtained during the continuous operation were
68.9 � 0.8% and 39.7 � 1.3%, respectively, which were close to
ltage; n/a: not available

r2
Production rate
(mmol CH4 m

�2 per day) CE (%) hE (%)

0.998 1.63 � 0.01 45.3 � 1.9 26.4 � 2.0
0.979 1.66 � 0.05 39.0 � 1.6 21.2 � 1.8
0.996 1.36 � 0.02 47.9 � 5.8 23.7 � 5.8
0.981 1.89 � 0.05 45.9 � 3.6 30.3 � 4.5
0.999 1.67 � 0.02 51.7 � 4.5 31.7 � 2.1
0.891 0.09 � 0.02 n/a n/a
0.976 0.14 � 0.01 11.6 � 0.9 6.4 � 1.0
0.992 0.30 � 0.01 25.1 � 4.7 14.5 � 2.7
0.952 0.19 � 0.01 25.1 � 2.3 14.5 � 1.3
n/a n/a n/a n/a
n/a n/a n/a n/a
0.975 1.38 � 0.05 54.2 � 8.3 25.3 � 7.8
0.989 5.12 � 0.16 75.3 � 5.2 39.7 � 3.6
0.999 15.35 � 0.00 68.9 � 0.8 39.7 � 1.3

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Current demand and methane production rate of the bio-
cathode during the continuous operation after the batch tests.

Fig. 3 Cyclic voltammetry tests performed under abiotic (grey) and in
turnover conditions before (black) and after (dark grey) medium
exchange in the presence of microorganisms from the biocathode (A),
and first derivative of the respective CVs (B). Previously to the elec-
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the last batch test, whilst the current demand and the methane
production rate were triplicated.
trochemical experiments the microorganisms were grown on CO2 at a
cathode potential of �800 mV for 120 hours. The scan rate was of
10 mV s�1.
Biocathode microbial community

Preliminary observations using scanning electron microscopy
suggested that the biocathode consisted of a dense microbial
community (Fig. S6†). Results of the specic microbial
community analysis through pyrosequencing for archaea and
bacteria are shown in Fig. 2. More detailed results of the pyro-
sequencing analyses are shown in Fig. S7.† Archaea and
bacteria community analysis showed abundances of 3.36 � 106

DNA copies per ggraphite and 2.77 � 106 DNA copies per ggraphite,
respectively, whichmeans that the biocathode was composed by
55% of archaea and 45% of bacteria. Methanobacterium sp.
dominated the archaea community (Fig. 2A). Methanobacterium
subterraneum composed 10% of the Methanobacterium genus,
which was identied with a similarity of 99% among other non-
identied species.

Bacteria community presented higher diversity of phylums
than archaea (Fig. 2B). Proteobacteria composed 51% of the
Fig. 2 Results of the microbial community analysis of archaea (A) and b

This journal is © The Royal Society of Chemistry 2015
sample, more concretely Alphaproteobacteria (32%). The domi-
nant genus of the Alphaproteobacteria was identied as Meth-
ylocystis sp. (20%). The rest of the community was divided in
several phylums, highlighting the presence of Firmicutes (Clos-
tridium sp. 12.0%) and Bacteroidetes (Anaerophaga sp. 5.6%).
Electrochemical characterisation

CVs were performed in microcosms using the effluent of the
biocathode to gure out which was the predominant methane
production mechanism. The results of the CVs and its rst
derivatives are presented in Fig. 3. Abiotic CVs showed a plain
shape, demonstrating that redox active species were not present
in the synthetic medium. Current density was low, and
acteria (B) present the biocathode.

RSC Adv., 2015, 5, 52243–52251 | 52247
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hydrogen reductive wave appeared at very negative potentials,
such as �640 mV. Aer a growth phase of 120 hours, the CVs
performed with microorganism from the biocathode showed a
higher current density. One cathodic catalytic wave was
observed at a midpoint potential of�190mV. Similarly, another
catalytic wave, typically related to hydrogen production,12 was
also observed, which started at a potential of �440 mV. In the
CV performed aer the medium exchange the reductive wave
allocated at �190 mV disappeared, whereas hydrogen reductive
wave remained.
Discussion
Methane production

The methane production rate was directly related to the current
demand of the biocathode. The low quantity of methane
detected during the OCV test conrmed that methane produc-
tion mostly relied on the electricity provided to the biocathode,
and previous studies demonstrated that methane was not
abiotically produced at such cathode potential.11,12 Thus,
methane production in the biocathode was bioelectrochemi-
cally driven.

The lower current demand andmethane production aer the
OCV test were likely caused by the lack of available reducing
power for a period of about 70 hours. Thus, non-
electrochemical microorganisms present in the biocathode,
such as Methylocystis sp. were favoured over methanogens
during the OCV test. Another hypothesis was that the lack of
activity caused the pH inside the biocathode being similar to
the inuent pH, which was close to 5. At such low pH values, the
methanogenic metabolism could be inhibited,40 so that, aer
the OCV test it took time to recover the previous performance.
Otherwise, the increased activity of the last batch test could
have been caused by a higher pH of the biocathode. While
previous tests had not signicant differences of pH, being its
value around 6, in test 13 it increased to 7.1, likely due to the
higher current demand and the increase of the bio-
electrochemical activity. Although substrate availability is lower
at high pH values,20 some microorganisms from Meth-
anobacterium sp. have been reported to grow better at pH higher
than 6.5, with optimum growth values even higher than 7.41

Thus, the pH conditions were more favourable for the metha-
nogens. The effect of the pH in the electromethanogenic bio-
cathode cannot be contrasted to other studies because it has not
been reported yet.

The results regarding the continuous operation (i.e. test 14)
were similar to the last batch tests in terms of pH, CE and hE.
However, the current demand and the methane production
rate, were triplicated, likely because the higher substrate avail-
ability caused by the continuous CO2 supply in the form of a
saturated solution.
Microbial activity of the biocathode

The presence of only one genus of archaea responds to the
specic conditions applied to the biocathode. Meth-
anobacterium genus was described as an hydrogenotrophic
52248 | RSC Adv., 2015, 5, 52243–52251
methanogen by Kotelnikova and co-workers.41 This genus was
responsible for methane production in the studied biocathode.
Previous studies already reported the dominance of Meth-
anobacterium sp. in methane-producing biocathodes, with high
similarities toMethanobacterium palustre.6,9,11,42 Both, direct and
hydrogen mediated production, were observed in biocathodes
dominated by Methanobacterium sp.

In contrast, the bacterial community was highly-diversied.
The most abundant species which could play a role in the bio-
cathode were examined. Methylocystis sp. is especially common
near environments where methane is produced. The presence
of methane in the biocathode favoured this microorganism. It
has been described in previous articles that Methylocystis sp. is
able to transform methane to CO2 under aerobic conditions.43

Its activity could advantage the archaea activity, removing the
oxygen diffused from the anode to the biocathode, and creating
an anaerobic environment.20 However, this reaction decreased
the efficiency of the process due to the methane consumption,
as suggested by other authors.42

Firmicutes members, such as Clostridium sp. have several
environmental roles. Hydrogen production from organic
compounds was demonstrated by six mesophilic Clostridia.44

Recently, Firmicutes were identied in an autotrophic hydrogen
producing biocathode.45

Anaerophaga sp. was identied in consortium of sulphate-
reducing bacteria in biolms used to analyse the corrosion
behavior.46 It was detected also in electricity producing bio-
anodes and its activity decreased in the long term because of the
lack of dissolved electron acceptors,47 such as sulphate.
Bioelectrochemical methane production

According to the results obtained in the present study, the main
reactions that took place inside the biocathode were repre-
sented in Fig. 4. Given the operational conditions, the relatively
high methane production rates, and the biocathode microbial
community composition, hydrogen was most likely used as
intermediate for methane production. Liquid phase analyses
did not reveal the presence of acetate, even at very low
concentrations (<5 mg L�1), and formate production is unlikely
at the poised cathode potential.14 Although hydrogen was not
detected in the gas phase, previous studies demonstrated that it
was produced not only electrochemically, but also by microor-
ganisms of the biocathode community, such as Clostridium sp.,
that were able to catalyse its production.45 The CVs presented in
this study supported the evolution of the hydrogen reductive
wave towards lower current densities. Hydrogen catalytic wave
increased in the CVs in presence of microorganisms, and
remained aer the medium exchange. Thus, it was suggested
the ability of some microorganisms present in the biocathode,
such as Clostridium sp., to attach to the electrode surface and
catalyse hydrogen production at low cathode potentials.
Hydrogenotrophic methanogens, such asMethanobacterium sp.,
have been reported to grow very rapidly in microbial electrolysis
cells.48 Interspecies hydrogen transfer occurred between Clos-
tridium sp. and Methanobacterium sp., which combined the
hydrogen produced with CO2 to obtain methane, according to
This journal is © The Royal Society of Chemistry 2015
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eqn (1). Although this was likely the predominant methane
production mechanism, the combination of CO2 with protons
and electrons according to eqn (2), could not be discarded as it
likely occurred to a minor extent. In this sense, it was not clear
whether the cathodic catalytic wave observed at �190 mV could
be related to methanogens or sulphate-reducing bacteria,
because both reactions occurred at similar theoretical poten-
tials.13,49 According to Su et al., 2012 the presence of the cathodic
catalytic wave at the potential of �190 mV could be related to
sulphate reduction.50 Otherwise, Fu et al., 2015 demonstrated
similar behaviour of a biocathode methanogenic community.15

In that study, the cathodic catalytic wave remained aer the
medium exchange, contrarily, in the present study the cathodic
catalytic wave disappeared, which suggested that the metha-
nogens of the present study were not attached to the electrode
surface and likely used a mediator to deal with reducing power.

The relatively low CE observed during the operation of the
BES was caused by the presence of cross-over reactions (Fig. 4).
Some of these cross-over reactions were suggested and sup-
ported by the microbial community identication. The rela-
tively high abundance of Methylocystis sp. suggested the
presence of oxygen in the cathode. Since water oxidation
occurred in the anode chamber, the oxygen generated in this
reaction can diffuse to the cathode through the membrane.10 In
the cathode it was partly electrochemically reduced to water,
due to the reducing conditions, and partly used byMethylocystis
sp. to consume methane, which decreased the CE (see ESI,
Table S1†). The presence of sulphate in the inuent promoted
the growth of sulphate reducing bacteria. This was suggested by
the presence of Anaerophaga sp. which reduced SO4

2� in the
liquid phase to H2S. Since sulphate reducers and methanogens
are direct competitors for hydrogen, the activity of the metha-
nogens, and therefore the CE, decreased due to the presence of
this microorganisms in the biocathode (Table S1†).51 Although
oxygen was the main electron sink, sulphate reduction was
Fig. 4 Schematic representation of the methane producing (solid
lines), and cross-over (dashed lines) reactions that took place in the
biocathode.

This journal is © The Royal Society of Chemistry 2015
another cross-over reaction that decreased the CE of the
process. However, the effect of sulphate reduction on the CE
compared to oxygen was 100 and 10 times lower during batch
and continuous operation, respectively (Table S1†). Another
potential electron sink is the production of hydrogen as inter-
mediate. At such low cathode potential, hydrogen was used as
mediator to produce methane through hydrogenotrophic
methanogenesis.10,11 Gas quantication, especially when
hydrogen is present, is not accurate as it may diffuse out of the
reactor through the connectors, the tubes, or the membrane,
therefore part of the CE losses could have been caused by these
reasons.52–54
Perspectives

The present study demonstrated that the main methane
production mechanism of the studied BES was hydrogen
mediated. Hydrogenotrophic methanogens, such as Meth-
anobacterium sp. drove methane production. It was suggested
that syntrophic interactions between bacteria and archaea
species present in the microbial community sustained the
development of the biocathode and allowed for the production
of methane. However, some of these interactions decreased the
efficiency of the process. Understanding of the microbial
community involved in methane production in BES and its
interaction with the cathode electrode could lead to the devel-
opment of practical applications for BES as a biogas upgrading
process.

Nowadays, the methane content of the biogas can be
increased through water scrubbing, releasing CO2 to the
atmosphere in a stripping unit according to Fig. 5A. However,
this study has shown the potential of BES in the eld of biogas
upgrading. The replacement of the stripping unit by a BES
according to Fig. 5B could increase the yield of the process in
terms of carbon utilisation, and therefore reduce the CO2

emissions, especially when renewable energy is used to drive
the process. Typically, the effluent from an absorption tower for
biogas upgrading has a CO2 and methane content in the solu-
tion of around 96% and 4%, respectively, when this effluent was
treated with the BES, an additional amount of biogas was
produced, which was composed by 65–85% CH4, 15–35% CO2

and 1–8% O2. The present study demonstrated the robustness
of the operation at long term (i.e. more than 420 days) of a BES
using CO2 absorbed from biogas and producing methane. The
methane production rate obtained during continuous opera-
tion was 15.35 mmol m�2 per day with a CE of 68.9 � 0.8%,
which was three times higher compared to the best results
obtained during batch tests. A recent study by Siegert and co-
workers suggested that the production rate could be even
more increased by choosing a good combination of anode and
cathode materials.16

The energy efficiency of the process was found in this study
as the key bottleneck for scalability and applicability of BES for
biogas upgrading. The kWh recovered in the form of methane
represented 39.7 � 1.3% of the kW h supplied to the BES.
Accordingly, the actual energy efficiency could restrict the
potential application of this technology to the energy storage
RSC Adv., 2015, 5, 52243–52251 | 52249
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Fig. 5 Schematic representation of a typical water scrubbing-like biogas upgrading process (A), and the proposedmodification of the process by
the use of a BES instead of a stripping tower (B).
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during off-peak energy production periods,55 or renewable
energy harvesting and storage in the form of methane, which is
easier handled than electricity and can be distributed through
the existing gas grid.2 Regarding the energy efficiency, the
oxidative conditions of the anode could be used to carry out
protable reactions to increasing the overall energy efficiency
and the value of the process. In a study carried out by Luo and
colleagues, the authors demonstrated the production of
methane obtaining the electrons from a salinity gradient in the
anode by reverse electrodialysis.56 This process avoided part of
the energy consumption and the presence of oxygen, which
allowed for the production of nearly pure methane in the bio-
cathode, with relatively high CE. Thus, avoiding oxygen in the
anode could be a useful strategy to increase the efficiency in
future applications.

Finally, an exhaustive cost-benet analysis needs to be per-
formed to discern whether the application of the technology
proposed in the present study would be economically feasible to
replace a stripping tower.
Conclusions

This study demonstrated the production of methane using the
simulated effluent of a biogas scrubbing-like unit as the sole
carbon source in a BES. Methane obtained from the biocathode
increased linearly with time and was directly dependent on the
current demand of the BES. The viability and robustness of the
system at long term was demonstrated, obtaining the maximum
production rate of 15.35 mmolm�2 per day operating the BES in
continuous ow. The microbial community from the bio-
cathode was identied, being the archaeaMethanobacterium the
dominant genus. The reactions that took place in the bio-
cathode were elucidated. The methane production mechanism
was found to be mainly hydrogenotrophic methanogenesis
using hydrogen that was bioelectrochemically produced in the
biocathode. Cross-over reactions, such as oxygen and sulphate
reduction, and methane oxidation were found to decrease the
CE of the process.
52250 | RSC Adv., 2015, 5, 52243–52251
The results presented in this study highlight the application
of BES in the eld of biogas upgrading technologies, to increase
the overall yield of the process and to reduce CO2 emissions.
These results open the door to further applications such as
energy storage or production of biomethane to inject into the
gas grid or use as a vehicle fuel.
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