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ABSTRACT

Realization of CO2 resource utilization is the main development direction of CO2 reduction. The CO2 methana-
tion technology based on microbial electrolysis cell (MEC) has the characteristics of ambient temperature and
pressure, green and low-carbon, which meets the need of low-carbon energy transition. However, the lack of
the system such as the change of applied voltage and the reactor amplification will affect the methane production
efficiency. In this research, the efficiency of methane production with different applied voltages and different types
of reactors was carried out. The results were concluded that the maximum methane production rate of the H-type
two-chamber microbial electrolysis cells (MECs) at an applied voltage of 0.8 V was obtained to be 1.15 times
higher than that of 0.5 V; under the same conditions of inoculated sludge, the reactor was amplified 2.5 times
and the cumulative amount of methane production was 1.04 times higher than the original. This research can
provide a theoretical basis and technical reference for the early industrial application of CO2 methanation tech-
nology based on MEC.
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1 Introduction

Energy decarbonization transition is a matter of human future [1,2]. In order to mitigate the serious
impact of the greenhouse effect caused by greenhouse gases represented by CO2 on the survival of the
planet, China has committed to peak its carbon emissions by 2030 and achieve carbon neutrality by 2060
(“double carbon” goal of China) [3,4]. The essence of carbon neutrality is to achieve green use of carbon
and circular economy. Before the complete withdrawal of fossil fuels from the energy sector, the
combination of carbon capture, utilization and storage (CCUS) technologies [5–7] for CO2 resource
utilization is one of the important ways to achieve the “double carbon” goal. CO2 hydromethanation is
the synthesis of methane from CO2 and hydrogen in the presence of a catalyst [8–10], On the one hand,
it can achieve carbon emission reduction and resource utilization of CO2; on the other hand, it can solve
the shortage of natural gas supply and explore the commercial value of CCUS downstream utilization
technology [11,12]. Therefore, the technology of converting CO2 to methane has a broad development
prospect and is of great significance to the transition of energy to low-carbon. Catalyst development is the
top priority for CO2 methanation [13–15]. At present, the catalyst active components are mainly
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transition metals, especially Ni has been studied most frequently [16–18]. Compared with metal catalysts,
which are expensive, have high reaction temperature and rapid catalyst degradation [19], biocatalysts
have the advantages of low cost, sustainability [20,21], green and low carbon, and environmental
friendliness [22]. The development and utilization of CO2 biomethanation technology to promote the
carbon cycle in nature will be a great boost to the transition to cleaner and lower carbon energy.

Microbial electrolytic cell (MEC) has great promise for energy production and recovery [23–25]. MEC
is a bioelectrochemical reactor that uses electroactive microorganisms enriched on the electrode surface as
catalysts for anodic oxidation or cathodic reduction under the action of applied voltage [26–28]. The
reduction of CO2 to methane using MEC cathode functional microorganisms (methanogens) is a new
technology that balances environmental and energy issues. Cheng et al. first used a biocathode containing
methanogenic bacteria in a two-chamber microbial electrolysis cells (MECs) to reduce CO2 to methane
[27]. Villano et al. [29] demonstrated the feasibility of CO2 reduction to methane using a biocathode
(graphite rods as electron donors and Hydrophilic methanogens as catalysts) at a coulombic efficiency of
more than 80%. Jiang et al. [30] confirmed that certain strains of electrochemically active mixed culture
can directly obtain electrons from the cathode to reduce CO2 to synthesize methane. In order to minimize
the operating cost of methane production, Siegert et al. [31] studied the methane production efficiency of
several different cathode electrode materials in methanogenic microbial electrolysis cells (MMCs). Guo
et al. [32] demonstrated that increasing the cathode/anode ratio significantly increased the yield of
methane in membraneless MECs. Different applied voltages have a significant effect on the composition
of the dominant strain in the cathode chamber of the microbial electrolyzer [29], the type of product, and
the ratio. For example, Jiang et al. [30] showed that when the cathodic potential was set in the interval of
−850 to −950 mV (vs. Ag/AgCl), the cathodic gas products were methane and hydrogen; when the
cathodic potential was less than −950 mV, the cathodic products were acetic acid, methane, and hydrogen
[30]. Villano et al. [29] showed that when the cathode potential is greater than −650 mV, methanogenic
bacteria can directly obtain electrons from the surface of the cathode electrode to reduce CO2 to produce
methane, while when the cathode potential is less than −650 mV, methanogenic bacteria can not only
directly obtain electrons from the surface of the cathode electrode to reduce CO2 to produce methane, but
also use the hydrogen produced at the surface of the cathode to reduce CO2 to produce methane. This
suggests that the methane production in the cathode chamber [33] and the metabolic pathways of
methanogenic bacteria are closely related to the applied voltage. In addition, the application of MEC
technology is still in its infancy [34,35]. The amplified MEC is very different from the small-scale MEC
in reducing CO2 to produce methane, and in-depth study of the relationship between the two to find the
optimal amplification of MEC methane production efficiency is necessary for the industrial application of
this technology Therefore, three groups of H-type two-chamber microbial electrolysis cells (MECs) have
been constructed in this paper. Anaerobic activated sludge from Shanghai Bailonggang Wastewater
Treatment Plant was used as inoculated sludge for the cathode chamber of MECs, the required carbon
source is provided by a CO2 storage cylinder (99.99% purity). The efficiency of methane production by
different applied voltages and different types of reactors was systematically studied, including methane
yield and methane production rate, pH of the cathode chamber solution, magnitude of current density in
the circuit, and cyclic voltammetric curves. It aims to reveal the influence of applied voltage and reactor
model on the performance of CO2 biomethanation, so as to provide theoretical basis and technical
reference for the application of CO2 methanation engineering based on microbial electrolytic cells.

2 Experimental Materials and Methods

2.1 Construction of Reactor
The reactor used in this experiment is an H-type two-chamber reactor, and the main body of the reactor is

made of organic glass material, and its physical diagram is shown in Fig. 1. Three sets of control experiments
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were set up in this experiment. Among them, two sets of single-chamber model 100 mL H-type two-chamber
reactors, the effective volume of the cathode and anode chambers are both 155 mL, the cathode and anode
chambers are respectively filled with 110 and 120 mL of electrolyte solution (PH = 7), each connected to a set
of constant potential instrument (DJS-292B, Shanghai Xinrui Instrument Co., Ltd., China) provides 0.5 and
0.8 V external voltages; A set of single-chamber model 250 mL H-type two-chamber reactors, the effective
volume of both cathode and anode chambers was 300 mL, and 250 mL of electrolyte solution (PH = 7) was
added to both cathode and anode chambers, and a set of constant potential instrument (DJS-292B, Shanghai
Xinrui Instruments Co., Ltd., China) was connected to provide 0.8 V applied voltage. These three groups of
H-type two-chamber MEC reactor cathode chambers were all inoculated with 28 g of activated sludge
centrifuged by a centrifuge. The anode is made of platinum sheet electrode (Φ 10 mm × 10 mm ×
0.1 mm), the reference electrode is Agcl electrode (model CHI111). The cathode is made of 1 mm
diameter titanium wire connected with high purity graphite felt (Φ 4 mm × 4 mm × 0.1 mm). The cathode
and anode chambers are separated by a DuPont proton exchange membrane (model N117), the distance
between cathode and anode is 11 cm. The reference electrode is inserted through the hole diagonally
above the cathode chamber, and the remaining orifices are sealed with sealing skin gaskets and coated
with AB glue to ensure a strictly anaerobic environment in the cathode chamber.

2.2 Electrolyte Solution Formulation
The formulations of electrolyte solutions required for the cathode and anode chambers and the

formulations of trace metals required in the electrolyte solutions in this experiment are shown in Tables 1
and 2.

Figure 1: Physical diagram of H-type two-chamber MECs

Table 1: Electrolyte solution formulation

Chemical name Content

Yeast powder 0.5 g

Cysteine 0.25 g

NaHCO3 1.25 g

MgCl2⋅6H2O 0.5 g

CaCl2⋅2H2O 0.1875 g

NH4Cl 0.625 g
(Continued)

JRM, 2023, vol.11, no.1 199



2.3 Experimental Operating Conditions
In this experiment, the activated sludge inoculated in the cathode chamber was obtained from Shanghai

Bailonggang Wastewater Treatment Plant, and the electrolyte solution injected in the cathode and anode
chambers was pH = 7. The assembled three groups of H-type two-chamber reactors were put into an
electric thermostatic water bath (DK-S26 type, Shanghai Jinghong Experimental Equipment Co., Ltd.,
China) at a temperature of 37°C, and CO2 with a flow rate of 0.3 L/min was passed into the cathode
chamber for aeration, in which the aeration time was 30 min, and the period was 48 h. Domestication of
cathodically functional microorganisms and start-up of the reactor.

2.4 Experimental Test Items and Methods

2.4.1 Detection of Methane
After the MEC reactor entered the stable operation stage, 1 ml of the gas produced in the cathode

chamber was taken out with a sample injector every 48 h and injected into a gas chromatograph
(GC9800, Shanghai Sci-Tech Chromatography Instruments Co., Ltd., China) for detection. The different
gases were distinguished according to the peak time of each gas (the peak times of hydrogen, methane
and CO2 are 2.5, 14 and 23 min, respectively), and the yield of each gas component was calculated by
the peak area.

2.4.2 Detection of pH of Cathode Chamber Solution
During the experiment, the pH value of the cathode chamber solution was checked every 48 h with a pH

meter (PHS-3E type, Shanghai Yidian Scientific Instruments Co., Ltd., China). The specific method is to
draw out a small amount of cathode chamber solution with a needle tube before CO2 aeration at the end

Table 1 (continued)

Chemical name Content

K2HPO4 1.09 g

KH2PO4 0.85 g

Na2S⋅9H2O (0.25 g/L) 1 mL

Trace metals 1 mL

Dilute sulfuric acid (2 mol/L) Right amount

Table 2: Trace metal formulations/100 mL

Chemical name Content

MnCl2⋅2H2O 0.125 g

NiCl2⋅6H2O 0.01 g

CuCl2⋅2H2O 0.0068 g

NaMoO4⋅2H2O 0.0063 g

FeCl2⋅4H2O 0.5 g

CoCl2⋅6H2O 0.0425 g

ZnCl2 0.0175 g

H3BO3 0.015 g
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of each experiment cycle, then measure and record with a pH meter, and then re-inject the drawn solution into
the cathode chamber after the measurement.

2.4.3 Acquisition of Current
During the operation of the H-type two-chamber reactor, the changes of current were recorded in real

time with a recording paperless recorder (4 channels, Hangzhou Miko Sensing Technology Co., Ltd.,
China), and the current was retrieved from the recorder at the end of the experiment. In microbial
electrochemical systems, the magnitude of the current density responds to the rate of electron transfer
between the cathode and the methanogenic bacteria [36], the current density IA calculation formula is as
follows (1):

IAðA=m2Þ ¼ I

A
(1)

Among them, I is the circuit current (A), and A is the surface area of the cathode graphite felt (m2).

2.4.4 Cyclic Voltammetric Scan
In this experiment, the electrochemical workstation (CHI660E, Shanghai Chenhua Instruments Co.,

Ltd., China) was used for cyclic voltammetric (CV) scanning of the reactor to study the electrochemical
activity of cathodically inoculated microorganisms. Before the start of the experiment, the CV scan was
performed for each of the three groups of reactors that had been inoculated with activated sludge using a
three-electrode system. Among them, the cathode was connected to the working electrode, the anode was
connected to the counter electrode, and AgCl was used as the reference electrode. The scanning potential
range was −1.2∼0.6 V, and the scanning rate was 0.05 V/s. At the end of the experiment, the CV scan
was performed again for the three groups of reactors using the same method.

3 Experimental Results and Discussion

3.1 Analysis of the Efficiency of Methane Production under Different Conditions
As shown in the solid line in Fig. 2a, the methane production increased in all three groups of experiments

before the second day, indicating that the microbial ecology of the cathode chamber had been formed and the
strains started to produce methane. However, the cumulative methane production of all three groups of
experiments decreased on the fourth day, and the proportion of CO2 in the gas fraction was about 40% on
the second day as well as the fourth day, indicating that the CO2 was not fully utilized during the reaction
process in the first four days, and the anaerobic digestion of the strain was the main part of the
cumulative methane production, and the reactor was in the start-up stage. From the fourth day, the
cumulative methane production of all three experiments was in the increasing stage, and the proportion of
CO2 in the gas fraction was very small, indicating that the methanogenic bacteria had become the
dominant species, and the methane production through bioelectrochemical reduction of CO2 was
the main part of the cumulative methane production, and the reactor was in the stable operation stage.
The variation of the content of hydrogen as the main by-product is shown in Fig. 2a dashed line. The
hydrogen content of the three groups of experiments is extremely low, which may be because
the methanogens in the three experiments can directly obtain electrons from the surface of the cathode to
reduce CO2 to produce methane (no hydrogen is produced) or the methanogenic bacteria have a very
high efficiency in using and converting hydrogen [29]. As shown in Fig. 2b, the CO2 consumption in
each cycle of the three groups of experiments was higher than the amount of methane produced during
the stable operation phase of the reactor. This may be because the metabolism of the strain itself required
a portion of CO2 consumption [37].
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In the stable operation stage of the reactor, by comparing the cumulative methane production and
methane production rate of the two experiments at 100 mL – 0.5 V and 100 mL – 0.8 V, the latter group
outperformed the former group, indicating that under the same conditions, an increase in the applied
voltage within a certain range is beneficial to enhance the activity of methanogenic bacteria and increase
the methane production. When the applied voltage is too high, it can damage the cell membrane of
microorganisms and affect the activity of methanogenic bacteria, resulting in lower methane
production [38]. By comparing the cumulative methane production and methane production rate of
100 mL – 0.8 V and 250 mL – 0.8 V experiments in the stable operation stage of the reactor, the latter
group outperformed the former group, indicating that 2.5 times amplification of the reactor can increase
the efficiency of CO2 reduction and methane production by methanogenic bacteria under the same
inoculated sludge conditions. By comparing these three sets of experiments, it is shown that the applied
voltage as well as the reactor volume can affect the efficiency of methane production from the cathode of
the MEC reactor.

3.2 Analysis of pH of Cathode Chamber Solution under Different Conditions
The change of pH has a great influence on the activity of the strain, and either too acidic or too alkaline

solution in the cathode chamber may kill the strain and make the system unbalanced, leading to the failure of
the experiment. Phosphate buffer saline (PBS) has the function of buffering solution pH and adding PBS to
the electrolyte can maintain the stable pH of strain survival environment, which is conducive to the stable
operation of MEC methanogenesis process. Therefore, the pH fluctuations during the three sets of
experimental reactions as shown in Fig. 3 were very small (6.12–7.70). Despite the addition of PBS to
the electrolyte, the pH of the cathode solution has been dynamically changing due to the continuous gain
and loss of hydrogen ions at the cathode. As shown in Fig. 3, the pH decreased in the first four days for
all three groups of experiments, and the proportion of hydrogen in the gas fraction was very small,
indicating that the hydrogen ions produced by the anode were not utilized in time after passing to the

Figure 2: (a) Cumulative yield of methane and hydrogen for three groups of experiments. (b) Methane
production and CO2 consumption per cycle (temperature 37°C, initial pH 7)
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cathode, and the accumulation of hydrogen ions led to the enhancement of the acidity of the cathode solution.
Combined with the cumulative methane production in the first four days of Fig. 2a, it further verified that
anaerobic digestion of the strain was the main way to produce methane during the first four days of the
reaction, and the reactor was in the start-up period. From the fourth to the twelfth day, the pH of all three
experimental groups gradually approached to 7. Combined with Fig. 2a, the methanogenic rate also
became faster from the fourth to the twelfth day, further verifying that the methanogenic bacteria were
producing methane through bioelectrochemical reduction of CO2 at this stage, and the activity of
methanogenic bacteria was increasing with the increase of pH. From the fourteenth day, the pH of the
cathode chamber solution increased to 7.50 and still rising, and the methane production as well as the
methanogenic rate slowed down, indicating that when the pH > 7.50, the activity of methanogenic
bacteria decreased and was not conducive to methane production.

3.3 Analysis of Current Density under Different Conditions
As shown in Fig. 4, the current density increased slowly in the first four days for all three groups of

experiments, which was because the electroactive microorganisms were adsorbing on the surface of the
cathodic graphite felt after the activated sludge was injected into the cathode chamber, and the reactor
was in the start-up phase, and the biofilm on the surface of the cathodic graphite felt had not been fully
formed. The current density increased rapidly in all three experimental groups from the fourth to the sixth
day, reaching a peak on the sixth day and then stabilizing, indicating that the biofilm had formed on the
surface of the cathode graphite felt and the reactor was in a stable gas production stage. When the reactor
was operated for twelve days, the current density decreased rapidly in all three experimental groups, and
then decreased slowly and finally stabilized. In this experiment, the applied voltage is constant, and the
current decreases because the internal resistance of the MEC system increases. Combined with Fig. 3, it
is possible that the increase in internal resistance is related to the increase in pH of the cathode chamber
solution. On days six to twelve, when the reactor was in stable operation, IA = 3.59 A/m2 for the 100 mL
– 0.5 V group, IA = 4.21 A/m2 for the 100 mL – 0.8 V group, and IA = 4.33 A/m2 for the 250 mL
– 0.8 V group. By comparing these three experiments, it was shown that the rate of electron transfer
between the cathode and the methanogenic bacteria at an applied voltage of 0.8 V was better than 0.5 V,
and the current density increased by 1.03 times when the reactor model was increased by 2.5 times.

Figure 3: Solution pH of cathode chamber for three groups of experiments
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3.4 Analysis of CV Curves under Different Conditions
As shown in the CV scan curve in Fig. 5, the redox current generated during the scan is very low. The

results of cyclic voltammetric scanning showed that the solution in the cathode chamber at the end of the
experiment had stronger redox activity compared with that before the start of the experiment, indicating
that the cathode microorganisms have good bioelectrochemical activity and that the methanogenic
bacteria inoculated in the MEC cathode can reduce CO2 to produce methane under a certain applied
voltage. In the CV diagram of the experimental group, there is no obvious redox peak, probably because
the composition of the solution in the cathode chamber is more complex, the background current is
larger, and the redox current is smaller, so the redox peak cannot be seen in this case.

4 Conclusions

In this experiment, the H-type two-chamber MEC reaction system with anaerobic activated sludge from
Shanghai Bailonggang Wastewater Treatment Plant as the inoculum sludge and CO2 storage cylinders as the

Figure 4: Variation of current density in three groups of experiments (temperature 37°C, initial pH 7)

Figure 5: MEC CV curves before and after the experiments under different conditions
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sole carbon source was constructed, and the effects of 0.5, 0.8 Vapplied voltage and 100, 250 mL reactors on
the performance of CO2 methanation based on microbial electrolysis cells were investigated. Research
indicates:

1. The operation of the reactor is divided into a start-up phase and a stable operation phase. In the start-
up phase, the cathode biofilm is not yet formed, and the anaerobic digestion of the strain is the main
formation of methane production; in the stable operation phase, the cathode biofilm has been formed,
and at this time, methane production through the bioelectrochemical reduction of CO2 by
methanogenic bacteria accounts for a major part of methane production.

2. Both the applied voltage as well as the reactor volume can affect the effectiveness of the MEC reactor
cathode function microorganisms to produce methane from CO2. Under the same conditions, an
increase in the applied voltage of MEC within a certain range is beneficial for enhancing the
activity of methanogenic bacteria, increasing CO2 utilization and improving methane production.
In this experiment, the amount of methane accumulated substance is 5.43, 6.18 and 6.44 mmol for
the experimental 100 mL – 0.5 V group, experimental 100 mL – 0.8 V group and experimental
250 mL – 0.8 V group, respectively.

3. Maintaining the pH of the cathode chamber solution within the range of strong methanogen activity is
essential for the stable operation of the MEC reactor and the continuous reduction of CO2 to produce
methanogenesis. In this experiment, when the pH is around 7, the methanogenic bacteria activity is
the strongest and the methanogenic efficiency is the best; when the pH > 7.50, the methanogenic
bacteria activity is obviously reduced, which is not conducive to methane production.
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