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Abstract: Microbial electrosynthesis (MES) biogas upgrading is done via reduction of carbon dioxide
to methane through electroactive microbial catalysis. The baseline MES mode of operation showed
about a 39% increase in the methane production rate compared to the open circuit mode of operation.
MES is capable of producing acetic acid at relatively more negative potential (−0.80 to –0.90 V vs.
Standard Hydrogen Electrode (SHE)) than the potential at which it produces methane (−0.65 V vs.
SHE). The optimum pH for enhancing the electroactive acetogens is found to be around 6.8–7.0
while a pH of around 7.0–7.5 enhances the electroactive methanogens performance. The biocathode
adaptation test reveals that 45% of the methane was produced through the electrochemical pathway
with a coulombic efficiency of 100% while maintaining heterotrophic efficiency above 99%.
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1. Introduction

Anaerobic digestion (AD) is the most preferred method to treat communal sludge and other
organic waste worldwide. AD is used to reduce large quantities of pollutants for safe disposal of
organic waste generated from various domestic and industrial activities [1,2]. The main product of AD
is the methane-containing biogas, which is a renewable source of energy used for various applications
such as cooking, transport fuel, and to generate electricity [3–5]. The quality of biogas is determined
by its methane content, which can be increased either by increasing the waste treatment efficiency or
by reducing the carbon dioxide concentration.

Carbon capture utilisation and storage (CCUS) or carbon dioxide removal from industrial and
transport emissions has lately been a prime focus of researchers, politicians, and environmentalists [6].
CCUS technologies have also been used to increase the quality of biogas to make AD more of a
renewable energy technology than just as a waste treatment solution [7]. Several methods have been
researched and put into practice for the commercial use of CCUS [8–13]. However, many of the
methods have proven to be unsustainable or unprofitable in long term operational scenarios [14–16].
These studies reveal that standalone carbon capture and storage technologies are more expensive than
the ones combined with biogas upgradation using methanation (Scenario 3, [14]).

The other way to increase biogas or methane production from AD plants is by increasing the
efficiency of waste treatment. Currently, AD plants around the world are unable to retrieve the
maximum possible methane production from the chemical oxygen demand (COD) of the waste fed
into the plant. According to Dębowski et al. [17], the residual COD of effluent streams in many AD
plants ranges from 1000 to 8000 mg/L, depending on the type of feed and the mode of operation of the
biogas plant. In order to achieve lower residual COD levels in the effluent streams from AD plants,
a post-treatment of reject water or process water is necessitated.
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A microbial electrosynthesis system (MES), is one such technology that is able to act both as
a post-treatment system for AD plants and as a CCU for the biogas produced. MES are capable
of reducing carbon dioxide to various biochemicals (acetic acid, methane, etc.) of high industrial
value, depending the operating conditions [18]. Different methods of reducing carbon dioxide to
methane and the optimisation of such electrochemical operations has been previously discussed in
Reference [19,20]. In this article, we study different pathways involved in bioelectrochemical CO2

reduction to methane and dissect the operating conditions and activities involved in these pathways.
Additionally, the article presents a novel method to observe the transition in biocathode performance
from the heterotrophic dominant to the electrochemical dominant pathway. Listed below are the
different paths to methane production.

Acetoclastic (heterotrophic) methanogenesis;

CH3COOH → CH4 + CO2 ∆G = −33 kJ/mol (R1)

Hydrogenotrophic (autotrophic) methanogenesis;

4 H2 + CO2 → CH4 + 2 H2O ∆G = −135 kJ/mol. (R2)

Direct electron transfer (electrosynthesis reaction-bioelectrochemical methane);

4 H2O→ 2 O2 + 8 H+ + 8 e− E
◦

= +0.81 V vs. NHE, (R3)

CO2 + 8 H+ + 8 e− → CH4 + 2 H2O E
◦

= −0.244 V vs. NHE (R4)

(Electroactive hydrogenotrophic methanogens as biocatalysts)
Indirect electron transfer (electrolysis-methanation reaction);

4 H2O→ 2 O2 + 8 H+ + 8 e− E
◦

= +0.81 V vs. NHE (R3)

2 H+ + 2 e− → H2 E
◦

= −0.414 V vs. NHE (R5)

4 H2 + CO2 → CH4 + 2 H2O ∆G = −135 kJ/mol (R2)

(Hydrogenotrophic bacteria as biocatalysts)
Direct electron transfer (electrochemical acetate production);

4 H2O→ 2 O2 + 8 H+ + 8 e− E
◦

= +0.81 V vs. NHE (R3)

2CO2 + 8 H+ + 8 e− → CH3COOH + 2 H2O E
◦

= −0.280 V vs. NHE (R6)

(Electroactive acetogens as biocatalysts.)
Methane that is produced by acetoclastic methanogens (Reaction (R1)) is called heterotrophic

methane as the electron donor (acetate) is organic [20]. Methane that is produced from CO2 reduction
with the help of hydrogen as an electron donor (Reaction (R2)) is called hydrogenotrophic methane [20].
The aforementioned pathways of methane production have been extensively studied for decades [21–23].
Methane that is produced through CO2 reduction directly via electron and proton transfer with the
help of hydrogenotrophic bacteria as biocatalysts is here called bioelectrochemical methane (Reactions
(R2), (R3), and (R4)). Methane production pathways in electrochemical reactors have been theoretically
established and are termed indirect and direct (interspecies) electron transfer (DIET: Reactions (R3)
and (R6)) [24].

In DIET methane production, the electrons are transferred through methanogenic archaea with
the help of electrically conductive pili (hair-like appendage found on the surface of many bacteria and
archaea) [25]. DIET is an efficient electron transfer mechanism that occurs at lower standard reduction
potentials as compared to indirect electron transfer (Reactions (R2), (R3), and (R5)). DIET can lead
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to product diversity that depends on both applied cathode potential and the microbial species in the
electrode-attached biofilm. However, the margin for applied cathode potential is quite small and the
biofilm selectivity is sensitive to physicochemical characteristics such as pH, temperature, and ion
concentrations. Indirect electron transfer occurs when the electrons from an external power source are
transferred indirectly via hydrogen gas or other mediator molecules, followed by hydrogenotrophic
methanogenesis, to produce methane (Reactions (R2), (R3), and (R5)).

Research on DIET is at its initial stages and it is important to conduct a number of different studies
that are able to provide deeper insight into the electron transfer mechanism. This article is one such
work that lays out different pathways and parameters that influence DIET and, thereby, electrochemical
CO2 reduction. The study involves electrochemical treatment of reject water under different cathode
potentials and feed conditions and parameters such as pH, COD, volatile fatty acids, (VFA), alkalinity,
biogas production, and biogas quality are evaluated.

2. Results and Discussion

The reactor studied has been used continuously before [19] and after the tests presented here for
more than a year, showing stability of such biological catalysts as it is self-replicating and rejuvenating.

2.1. Open Circuit and Blank Operation

Figure 1a shows the methane production rate (MPR) during open circuit and blank experiments,
which were operated for 10 days each. It is observed that MPR was in the range of 13.0 to 16.0 mmol/L-d
in open circuit and quickly came down to 0 in the absence of acetic acid. The effluent pH during open
circuit (OC) operation was around 8.35, suggesting that CO2 produced via acetate fermentation is in the
form of bicarbonate (since pKa of [CO2]/[HCO3

−] = 6.35 [26,27]). CO2 can exist in three different forms
depending on the pH of the electrolyte. At a pH range of 8.00 to 8.53 (which is commonly found in the
effluent of the experiments described in the present article) the equilibrium between CO2 and HCO3

−

tends to be towards HCO3
−. The changes in alkalinity can be represented as equivalent (not absolute)

changes in HCO3
− concentration, since the alkalinity of wastewater comprises of many other dissolved

mineral salts that do not necessarily contribute to methane production. These experiments form the
basis for the following experiments as control experiments.
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COD consumed during the 10 day open circuit experiment produced methane with a heterotrophic 
efficiency of approximately 77%. The blank experiments show negligible VFA and COD consumption 
and work as a negative control. The low MPR and alkalinity values observed could be the residual 
methane and alkalinity from the open circuit experiments (MPR dropping with time (Figure 1a). The 
effluent pH, in both OC and blank experiments, remained between 8.20 and 8.35, increased from the 

Figure 1. (a) Methane production rates in open circuit and blank operating modes. (b) Rate of different
parameters and pH in open circuit and blank operating modes.

It can be observed in Figure 1b that both COD and VFA were consumed at a similar rate in the open
circuit experiment corresponding to the production of methane. Since the initial VFA concentration
was about 50% of the total initial COD concentration, the similar consumption rates imply that the
biocathodes were not able to oxidize any extra COD in the absence of current. The COD consumed



Catalysts 2019, 9, 683 4 of 12

during the 10 day open circuit experiment produced methane with a heterotrophic efficiency of
approximately 77%. The blank experiments show negligible VFA and COD consumption and work
as a negative control. The low MPR and alkalinity values observed could be the residual methane
and alkalinity from the open circuit experiments (MPR dropping with time (Figure 1a). The effluent
pH, in both OC and blank experiments, remained between 8.20 and 8.35, increased from the feed
pH of about 7.00. This pH in the OC mode supports solubilisation of bicarbonate, which is released
heterotrophically, within the reactor and is represented through the increased value in alkalinity
(Open Circuit, Figure 1b).

2.2. MES at High Cathode Potentials

The open circuit and blank experiments were followed by an MES operation to observe methane
and acetic acid production at higher potentials. In Nelabhotla and Dinamarca [19], it was suggested that
the optimum potential for methane production is around −0.65 V and at potentials more negative than
−0.65 V the MES system supports simultaneous acetic acid and methane production. In Figure 2a,b
the MPR and volatile fatty acid production rates (VFAPR) are presented in a time series plot at two
different feed pH values. It can be observed that at a cathode potential of −0.80 V both MPR and
VFAPR remained at low levels. This could be due to the need for incubation period after 10 days
of blank operation. The cathode potential was then increased to −0.90 V and a sudden surge was
observed in the methane production rate within 1 day, but it dropped gradually to ca. zero in 5 d,
navigating the reaction towards acetic acid production.
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The MPR increased to approximately 15.2 mmol/L-d and decreased to 7.6 mmol/L-d in one day,
to 2.5 mmol/L-d in three days, and to 0.0 within a week (Figure 2a). On a molar basis, the methane
production was approximately completely replaced by the acetic acid production (VFAPR). This VFAPR
was also sustained at −0.80 V SHE cathode potentials. The transformation of MES from producing
methane to producing acetic acid could be due to inhibition of methane-forming hydrogenotrophic
bacteria (due to ‘electro-shock’). A more likely reason could be that the applied potential favours
acetic acid production under the given conditions. Reaction (R6) shows that electrochemical acetic acid
production theoretically occurs at a standard potential of −0.280 V vs. Normal Hydrogen Electrode
(NHE), which is slightly higher than the standard potential for methane production, which occurs at
−0.244 V vs. NHE (Reaction (R4)).

When the feed pH is changed to 7.7 keeping the cathode potential constant at -0.80 V an immediate
drop in acetic acid production is observed with a slight increase in methane production. This could be
due to the effect of pH on the electroactive acetogens (acetate producing bacteria) that are known to be
efficient at lower pH ranges. Electroactive acetogen, Clostridium ljungdahlii produces volatile fatty acids
in a range of pH from about 6.0 to 7.0 [28]. Many other studies show feed pH in the range of 6.8 to 7.0
for electrochemical acetic acid production using Clostridium ljungdahlii [29] and Sporumusa spp. [30,31].
The methanogens on the other hand seem to be more resilient to the higher pH conditions, as increased
methane production rates (low level MPRs of about 2.0-4.0 mmol/L-d, from days 18 to 27) are observed
(Figure 2b). This methane may partly be from the consumption of acetic acid previously produced and
via the electrochemical pathway, leading to a decline in the MPRs from days 28 to 33 as the acetic acid
was depleted. The optimum value of pH for methanogens is observed to be around 7.2 [32] while its
range can be 6.5 – 8.0 [33] which supports tolerance for higher pH observed in the experiment.

The negative impact of higher feed pH is reflected even on the source, as consumption of
bicarbonate (alkalinity) is less than half of what was consumed at the lower feed pH (Figure 2c). It is
also interesting to compare the rates of CODs and VFA as COD is produced at a rate of 4.0 mmol/L-d,
which is significantly more than the production rate of VFA (0.5 mmol/L-d). At the higher feed
pH, the VFA production rate is approximately 0.0 mmol/L-d, whereas the rate of increase in COD is
approximately 3.0 mmol/L-d (Figure 2b). These higher COD concentrations in the effluent, that are
not VFA, appear to belong to biomass and were probably caused by biofilm detachment, implying
a reduced electrode biofilm biomass. This may explain the lower MPRs during the second half of
the experiments. The biofilm may contain less electroactive hydrogenotrophic methanogens. It is
not obvious what may have caused such biofilm deterioration but microorganisms can be sensitive
to abrupt environmental changes, such as in pH, perhaps enhanced by cathode potential changes in
this case.

Analysing the reactants, it is clear that the source of both acetic acid and methane in this experiment
was bicarbonate (decrease in alkalinity; Figure 2c). It was also observed that the average reduction in
alkalinity is more significant when the pH of feed was maintained at 7.0 than at 7.7, reinforcing the
low electrocatalytic activity at higher feed pH. With these experiments it is concluded that a sudden
change in either pH or in cathode potential could significantly affect the biofilm structure and function.
The next set of experiments were carried out to establish baseline parameters for bioelectrochemical
methane production and how a biocathode can be adapted to methane production via CO2 reduction.

2.3. Open Circuit and Baseline MES Operation

The average MPR during open circuit mode was measured to be around 14.0 mmol/L-d whereas
for MES mode it was around 19.5 mmol/L-d (Figure 3), which is an increase of 39% in terms of MPR.
Further observations made regarding the change in alkalinity from feed to effluent, wherein the
MES mode shows only one-third of what the increase in alkalinity was for the open circuit mode.
This denotes the consumption of bicarbonate as it is being released in the reactor via heterotrophic
methanogenesis through the consumption of VFAs.
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In the open circuit mode, the COD and VFA reduction rates were very similar to each other
whereas in the MES mode the COD reduction rate is approximately 15% more than VFA reduction rate.
This implies that the oxygen produced via electrochemical activity (Reaction 5) may include oxidation
at the anode of some part of soluble COD that is not VFA. Some studies have reported electrochemical
processes capable of utilising chloride and hypochlorite ions for oxidising ammonia-nitrogen and
COD present in wastewater [34–36]. Therefore, it can be said that the 39% increase in MPR could
be due to a combination of electrochemical CO2 reduction and electrochemical oxidation of COD
followed by heterotrophic methane production. Further investigations are required to establish the
latter. Such oxidation of organic matter present in the effluent of a wastewater treatment plant would
be beneficial by reduced organic output to the environment and enhanced methane production.

2.4. Biocathode Adaptation

To further explore the shares of heterotrophic methane and electrochemical methane, a series
of biocathode adaptation experiments were carried out, targeted on the reject water feed that was
supplemented with sodium bicarbonate (85 mM) and decreasing concentrations of acetic acid, designed
to adapt the biocathode towards CO2 reduction to methane as a primary product.

In Figure 4a, it can be observed that the methane production rates dropped with feed concentrations
of acetic acid. The average methane percentage remained about 92% over the course of 49 days.
It is important to note that the methane percentages were around 90% during days 22 through 49
when the acetic acid concentrations in the feed were low, indicating reduced heterotrophic methane
and a reduced amount of heterotrophic bicarbonate being released. During the same time, it was
observed that the alkalinity within the reactor suddenly stopped increasing and was followed by a
significant reduction (Figure 4b). This suggests that the biocatalysts switch to utilize bicarbonate to
produce methane when acetic acid becomes limited. The gas analysis during days 40 to 49 revealed
4.0 mmol/L-d and 0.3 mmol/L-d of methane and CO2 production rates respectively. Correspondingly,
the alkalinity reduction rate was about 9.8 mmol/L-d, whereas the COD and VFA reduction rates were
only 2.0 mmol/L-d (Figure 4a). It implies that most of the methane was produced via electrochemical
reduction/consumption of bicarbonate for methane production.
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It was also observed that when the feed acetic acid concentration was decreased by about
90% (19.5 to 2.0 mM), the methane production rate was decreased by only 79% (19.0 mmol/L-d to
4.0 mmol/L-d). The additional methane production can be accounted to have produced via the
bicarbonate based electrochemical pathway. Figure 4c shows the contribution of methane through two
available pathways, heterotrophic (COD) and electrochemical (HCO3

−/CO2 and electrons), based on
such mass balance analysis. The blue bars represent methane produced through degradation of COD
and the orange bars represent the methane produced via bicarbonate. To distinguish bio-electrochemical
and heterotrophic methane production it is assumed that the electrochemical pathway is 100% efficient
in terms of electrons converting to methane and heterotrophic methane is calculated by subtracting
the electrochemical methane from total methane measured. At 19.5 mM acetic acid conc. (Figure 4c)
92.5% of methane was by heterotrophic production and 7.5% was produced via the bio-electrochemical
pathway. A gradual increase in the contribution of the bio-electrochemical pathway is observed with
reduction feed acetate (45% at 2.0 mM acetic acid conc.).

In Figure 4d, it can be observed that the heterotrophic methane efficiency at 19.5 and 17.0 mM
acetic acid feeds was approximately 90%. This implies that not all the COD consumed was utilised
for methane production and that 10% of the consumed COD was utilised for biofilm growth and
maintenance instead of methane production. The heterotrophic methane efficiency was > 98% for
the lower feed acetic acid concentrations tested. This would imply that the concentration of COD
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required to support biomass growth and maintenance became limited at feed acetic acid concentration
of approximately 8.3 mM. Correspondingly, the electrochemical pathway contributions increased from
7.5, to 45.0% of the total methane production with the step drops in feed acetate (Figure 4d). On the
other hand, acetic acid feed concentration of about 17.0 mM and above would not only support biofilm
growth and maintenance, but also promote heterotrophic methane production over electrochemical
activity. This shows the sensitivity of the biofilm in utilising carbon dioxide for methane production
when acetic acid is freely available and the importance of biocathode adaptation. Further improvements
can be made to the electrochemical activity when the pH within the reactor can be brought down
to less than 8.0, increasing the activity of electroactive hydrogenotrophic methanogens. This can be
done, probably most easily, by increasing the feed flowrate, in other words, decreasing the hydraulic
retention time (HRT) to maintain a higher level of un-reacted reactants in the MES.

3. Materials and Methods

3.1. Reactor and Feed Preparation

The experiments were performed in a 135 mL reactor, a modified version of a standard 135 mL
Duran glass bottle with a 3-port Teflon screw cap, used as a continuous-flow stirred tank reactor,
with ports for feed inlet, outlet, and electrodes. The cathode was a Carbon felt (20 mm × 20 mm
× 3 mm; Alfa Aesar, Thermo Fisher GmbH, Karlsruhe, Germany) while the anode was a Graphite
rod (L: 152 mm × D: 6.15 mm; Alfa Aesar, Thermo Fisher GmbH, Karlsruhe, Germany). The two
biocathodes were tied together using a titanium wire, which also acted as the electrode terminal and
was connected to the potentiostat. The graphite rod electrode was used as the anode and an Ag/AgCl
electrode (+0.209 V vs. SHE; 3 M NaCl, QVMF2052, ProSense, BB Oosterhout, The Netherlands)
was used as the reference electrode. All the potentials mentioned in this article are presented as vs
Standard Hydrogen Electrode (SHE). The electrode selection criteria has been carried out using a cyclic
voltammetry study previously published in Nelabhotla and Dinamarca [37].

The continuous flow stirred tank reactor was operated for a total of 150 days at 1-day hydraulic
retention time (HRT) and at 35 ◦C. The feed was prepared using reject water from AD treated sewage
sludge (separated by centrifugation) obtained from the Knarrdalstrand wastewater treatment plant,
Porsgrunn, Norway. The basic reactor setup was used to carry out tests of different experimental
conditions, such as open circuit, blank, high, and low cathode potential operations (Table 1). The MES
feed was prepared by supplementing the reject water with 17 mM acetic acid (most of the time) and
85 mM sodium bicarbonate (all the time). 1M HCl solution was used to adjust the pH of the feed to 7.0
wherever mentioned.

Table 1. Experimental and feed conditions used in the current study.

Experiments Duration
(days)

Bicarbonate
(mM)

Acetic Acid
(mM)

Inlet COD
(mg/L)

Inlet Acetate
(mg/L) Feed pH Cathode Potential

(V vs. SHE)

Open Circuit 10 85 17 2700–2800 1200–1300 7.0 -
Blank 10 85 0 1400–1500 3–5 7.2 -

MES for Acetic Acid 34 85 0 1300–1600 2–8.5 7.0 (HCl) &
7.7 (No HCl) −0.8 to −0.9

Baseline Methane
Production 9 85 17 2500–2700 1150–1200 7.0 −0.65

Biocathode
Adaptation 49 * 85 17 to 0

(gradual) 2700–1500 1200–110 7.0
(AA and HCl) −0.65

AA= acetic acid; * includes 9 days of baseline operation used as baseline for the adaptation experiments.

3.2. Open Circuit and Blank Operations

A series of open circuit (OC) and blank (B) experiments were run in a continuous flow stirred
tank reactor at 1-day HRT, at 35 ◦C, and with no applied potential. Prior to this experiment, the reactor
was operated electrochemically at a cathode potential of −0.65 V vs. SHE for 120 days until a stable
biofilm was established. The OC was carried out with reject water feed that was supplemented with
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17 mM acetic acid and 85 mM sodium bicarbonate, whereas the blank experiment used a feed with
only 85 mM sodium bicarbonate. A total of 1M HCl was used to adjust the feed pH to the same level
as open circuit feed pH, i.e., 7.0.

3.3. MES at High Cathode Potentials

The experiments were carried out at cathode potentials of −0.8 and −0.9 V vs. SHE, both at two
different feed pH levels (feed pH was adjusted to 7.0 with addition of 1M HCl, while 7.7 was the pH
of the feed without adding HCl). The feed was supplemented with 85 mM NaHCO3 but was not
provided with any acetic acid to avoid endogenous heterotrophic methane production and to identify
electrochemical acetic acid production.

3.4. Open Circuit and Baseline Operation

The baseline MES mode of operation in this article is defined as an electrosynthesis operation of
the feed supplemented with both acetic acid (17 mM) and sodium bicarbonate (85 mM) at a cathode
potential of −0.65 V vs. SHE, 1-day HRT, and at 35 ◦C. The reactor was operated in baseline mode for
35 days prior to recording the data for 9 days. This data was compared to the open circuit mode of
operation, discussed in Sections 2.2 and 3.1.

3.5. Biocathode Adaptation

This test followed the baseline experiment that contained a similar concentration of HCO3
− and,

initially, with 80% of the previously supplemented concentration of acetic acid. The reactor was
continually operated for a week and similar sets of experiments were continued every week with 60%,
40%, 20%, and 0% acetic acid supplemented to the reject water as feed. The unmodified reject water had
a native concentration of about 2.0–2.5 mM of acetic acid (included as part of the VFA concentrations
in all mass balances of all the experiments). All the experiments were carried out at −0.65 V vs. SHE,
1-day HRT, and at 35 ◦C. The feed pH was maintained at 7.0 by replacing acetic acid with 1M HCl.

3.6. Analytical Methods and Calculations

COD was analysed using Merck COD cell test kit 110047 which follows the standard method
APHA SMWW 5220. VFA was analysed using the standard method APHA SMWW 6200B [38] and
a Gas Chromatograph Hewlett-Packard 6890 where the carrier gas helium and hydrogen at 4 KPa
pressure are passed through the DB-FFAP GC column (30 m, 0.25 mm, 0.50 µm, 7 inch cage) and
are detected using a Flame Ionisation Detector (FID). Alkalinity was measured using the Merck cell
test kit 11009 following the standard method APHA SMWW 2320 [38]. The voltage and current
were both set and measured using Gamry 1000B potentiostat and the Gamry Framework v7.06
(Gamry Instruments, Warminster, PA, USA) respectively. Biogas was analysed using the 8610C gas
chromatograph (SRI Instruments, Torrance, CA, USA) equipped with a thermal conductivity detector
and with a Haysep-D (HD) and MoleSieve (MS13X) column which separates oxygen, nitrogen, methane
and carbon dioxide. The carrier gas was Helium at 4 bar pressure and the oven temperature was kept
constant at 80 ◦C.

Several parameters were analysed and compared amongst to achieve material balance and
conversion efficiency. These are defined as follows:

Methane production rate
(
MPR,

mmol
L− d

)
=

Measured methane (mL)
(24450 mL×Volume of feed fed (L− d)

Rate of change in alkalinity
(mmol

L− d

)
=

[
Alkalinityeff(mmol) −Alkalinityfeed (mmol)

]
Volume of feed fed (L− d)
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Rate of COD to methane conversion∗
(

mmol
L− day

)
=

[
CODeff

(mg
L

)
−CODfeed

(mg
L

)]
64

( mg
mmol

)
× duration (day)

Rate of change in VFA
(mmol

L− d

)
=

[
AAeff(

mg
L )−AAfeed(

mg
L )

60(mg
L )

+
PAeff(

mg
L )−PAfeed (

mg
L )

74 (mg
L )

]
Volume of feed fed (L− d)

Heterotrophic methane efficiency (%) =
[MethaneMeasured(mL) −MethaneElectrochem(mL)]

MethaneCOD
× 100

where MethaneMeasured the actual amount of methane is produced and MethaneCOD is the amount of
methane calculated by converting 100% of the COD consumed and MethaneElectrochem is the amount
methane calculated by converting 8 electrons transferred to 1 mole of methane.

MethaneCOD (mL) =
COD consumed(mg) ∗ 24450(mL)

64
( mg

mmol

)
MethaneElectrochem (mL) =

ne (C) × 24450(mL)
8× F (C)

where, 24450 mL = standard volume of a gas at RT; 64 mg/L = maximum theoretical conversion of
COD to methane; AA = Acetic acid; PA = Propionic acid; eff = effluent; ne is the amount electrons
consumed; F is the Faradaic constant 96845 C/mol e−; * Ignoring COD expenses for biomass growth
and inorganic COD contributions.

The current article addresses a multitude of aspects of bioelectrochemical CO2 reduction, discussed
previously. This study started with a set of blank and open circuit operations carried out for 10 days
each. This was followed by a set of experiments differentiating between two different ranges of feed pH
and its effect on bioelectrochemical acetate production, which occurs at a higher cathode potential than
required by bioelectrochemical methane production. A second run of open circuit and a baseline MES
operation at −0.65 V were used as control experiments for the biocathode adaptation experiment that
followed. These experiments were designed to differentiate how the heterotrophic activity dominates
electrochemical activity to evaluate methods of improving electrochemical CO2 reduction efficiency.

4. Conclusions

The current article analyses the performance of MES at different cathode potentials and feed
conditions and evaluates how the biocatalysts perform under excess and limited acetic acid availability,
with the help of control and blank experiments. An increased amount of methane production rate (39%)
was observed in the baseline electrochemical operation when compared to the open circuit and blank
operations. The performance analysis also showed how multiple parameters, such as pH and cathode
potential, strongly influence the MES end product distribution. It is concluded that the optimum pH for
electrochemical acetic acid production is around 6.8–7.0 and the optimum cathode potential is between
−0.8 and −0.9 V vs. SHE. The optimum pH range for electroactive methanogens is wider and the
optimum cathode potential is−0.65 V vs. SHE. Both heterotrophic and autotrophic methane production
can be enhanced and their relative contributions depend on the feed composition. The biocathode
adaptation experiments showed about 99%–99.5% heterotrophic methane efficiency when the acetic
acid concentrations were lower than or equal to 12.0 mM in the feed assuming coulombic efficiency to
be 100%. 45% of methane production was obtained via the electrochemical pathway when feed acetic
acid concentration was brought down to 2.0 mM.
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