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Methane-producing bioelectrochemical systems generate methane by using microorganisms to reduce carbon dioxide at the cathode with external electricity supply. This technology provides an innovative approach for renewable electricity conversion and storage. Two key factors that need further attention are production of methane at high rate, and stable performance under intermittent electricity supply. To study these key factors, we have used two electrode materials: granular activated carbon (GAC) and graphite granules (GG). Under galvanostatic control, the biocathodes achieved methane production rates of around 65 L CH4/m2catproj/d at 35 A/m2catproj, which is 3.8 times higher than reported so far. We also operated all biocathodes with intermittent current supply (time-ON/time-OFF: 4–2′, 3–3′, 2–4′). Current-to-methane efficiencies of all biocathodes were stable around 60% at 10 A/m2catproj and slightly decreased with increasing OFF time at 35 A/m2catproj, but original performance of all biocathodes was recovered soon after intermittent operation. Interestingly, the GAC biocathodes had a lower overpotential than the GG biocathodes, with methane generation occurring at −0.52 V vs. Ag/AgCl for GAC and at −0.92 V for GG at a current density of 10 A/m2catproj. 16S rRNA gene analysis showed that Methanobacterium was the dominant methanogen and that the GAC biocathodes experienced a higher abundance of proteobacteria than the GG biocathodes. Both cathode materials show promise for the practical application of methane-producing BESs.
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INTRODUCTION

The expansion of global energy demand results in an increasing utilization of fossil fuels, which leads to unwanted CO2 emissions (Rogelj et al., 2016). To mitigate CO2 emissions, the energy transition from fossil fuels to renewable energy is necessary. In the Energy Roadmap 2050 released by European Commission in 2011, the share of renewable energy in the final gross energy consumption will grow from 10% of today, to 30% in 2030, and at least 55% in 2050 (Commission, 2011). The substantial rise of renewable electricity demand requires new technologies for electricity storage, because the renewable electricity produced is fluctuating and intermittent due to the intermittent nature of wind and sun (Hu et al., 2018).

Power to Gas (PtG) technologies have been reported as a flexible option to convert and store excess renewable electricity from the power grid (electricity) into the gas grid (CH4) (Bailera et al., 2017). CH4 can be generated by reduction of CO2 through thermochemical or biological methanation. Methane-producing bioelectrochemical systems (BESs) are one form of biological methanation (Geppert et al., 2016). In methane-producing BESs, H2O is typically used as an electron donor, and oxidized at the anode (Van Eerten-Jansen et al., 2012). At the cathode, CO2 is reduced to CH4 by microorganisms. This assembly of cathode and microorganisms is called a biocathode.

Since the concept of methane-producing BESs has been shown in 2009 (Cheng et al., 2009), methane-producing BESs have mainly been studied at constant external electricity supply. The electricity generated by the renewable sources is, however, intermittent. So far, performance of biocathodes under intermittent electricity supply has not been studied. Intermittent operation has been performed with capacitive anode electrode materials in the form of activated carbon granules (GAC) for wastewater microbial fuel cells (MFCs) (Borsje et al., 2016; Santoro et al., 2017). These capacitive bioanodes can store electrons generated by electroactive microorganisms in the charging period (open circuit), and afterwards, these stored electrons could be harvested in the discharging cell (closed circuit) (Deeke et al., 2015). Use of granular electrodes with this capacitive property (storage of electrons) might benefit methane-producing BESs operated with intermittent electricity supply, so that the capacitance can act as an electron buffer when current peaks occur.

Besides the capacitance property of GAC, use of granular carbon-based electrodes is in general beneficial to the performance of biocathodes. The reason behind this may be that carbon-based materials have good biocompatibility, and the 3D granular structure can provide benefits for the attachment of microorganisms and increase mass transfer between the bulk solution and the electrode (Guo et al., 2015; Jourdin et al., 2015). In addition, GAC has been proven to stimulate methane production in anaerobic digestion, as it probably promotes direct interspecies electron transfer from Geobacter (Liu et al., 2012), Sporanaerobacter, and Enterococcus (Dang et al., 2016) species to methanogens. Addition of pre-acclimated GAC as inoculum has also been shown to enhance methane production and decrease startup time in the methane-producing BESs, although carbon brushes were used as cathode electrode (LaBarge et al., 2017).

In this paper, we report the use of GAC and graphite granules (GG) in a packed bed as the cathode electrode. Three intermittent current supply modes with time-ON/time-OFF (4–2′, 3–3′, and 2–4′) were performed at two different current densities (10 and 35 A/m2 catproj). The effect of intermittent current supply with different time intervals was studied. We tested both granule types in duplicate reactors for 137 days and assessed performance in terms of methane production rate and current-to-methane efficiency. We also analyzed the microbial community composition.

MATERIALS AND METHODS

Experimental Setup

We operated four bioelectrochemical reactors (see Figure S1 in the Supporting Information). Each reactor contained an anodic and cathodic chamber, each with a volume of 33 cm3 (11 × 2 × 1.5 cm). A cation exchange membrane (FumaTech GmbH, Ingbert, Germany) was used with a projected surface area of 22 cm2 (11 × 2 cm). As cathode materials, we used GAC with a specific surface area of 764 m2/g (Cabot Norit Nederland B.V., Zaandam, the Netherlands; 1–3 mm diameter) and GG with a specific surface area of 0.438 m2/g (Carbone Lorraine Benelux BV, Wemmel, Belgium; 3–5 mm), leading to a substantially higher capacitance property in GAC compared with GG (Borsje et al., 2016).

Two cathodic chambers were packed with GAC granules (GAC1 with 8.5 g and GAC2 with 8.4 g). The other two cathodic chambers were packed with GG granules (GG1 with 26 g and GG2 with 29.2 g). All the granules were washed by distilled water before use. The current collector at the cathode was a plain graphite plate. The projected cathode surface area was 22 cm2 (11 × 2 cm), and was equal to the membrane surface area. The granule bed was tightly packed to ensure good contact between granules and current collector. The anodic chambers contained a 22-cm2 platinum-iridium-coated titanium plate as electrode (Magneto Special Anodes BV, Schiedam, the Netherlands). The anodic chambers were filled with glass beads with a 7-mm diameter (Hecht-Assistent, Sondheim v. d. Rhön, Germany) to further ensure tight packing of the carbon granules. The reference electrodes (3 M KCl Ag/AgCl, QM710X, QIS, Oosterhout, the Netherlands, +0.205 V vs. standard hydrogen electrode) were connected to the anolyte and catholyte solutions. Throughout this paper, all potentials are expressed against Ag/AgCl reference electrode.

Each cathodic chamber was connected to a liquid-gas separation bottle (60 mL) with a gas bag of 2 L (Cali-5-BondTM). After the separation bottle, the catholyte was channeled into the recirculation bottle (500 mL), where CO2 was sparged. The excess CO2 went through a water lock and was released into the environment. All four anode chambers shared the same anolyte that was pumped via a recirculation bottle (5 L). Anolyte and catholyte flow rates were 7 mL/min.

Electrolytes and Microorganisms

The catholyte consisted of a 50 mM phosphate buffer (2.77 g/L NaH2PO4·2H2O and 4.58 g/L Na2HPO4) with 0.2 g/L NH4Cl, 0.13 g/L KCl, 10 mL/L Wolfe's vitamin solution and 10 mL/L Wolfe's modified mineral solution (Wolin et al., 1963). Catholyte pH was 7.1. The fresh catholyte was flushed with N2 gas for 30 min before each use. In order to keep the catholyte with sufficient CO2 and stable pH simultaneously, the catholyte in the recirculation bottle was sparged with CO2 for 2 h/day during weekdays. After day 71, the catholyte was sparged with CO2 continuously.

All cathode chambers were inoculated with 10 mL of an anaerobic mixed culture (volatile suspended solids = 12.9 ± 1.3 g/L), which contained 50% anaerobic granular sludge from the paper industry wastewater treatment facility in Eerbeek (the Netherlands) and 50% anaerobic sludge from the municipal wastewater treatment facility in Ede (the Netherlands).

The anolyte consisted of a 50 mM phosphate buffer at pH 7. The anolyte was continuously flushed with N2 gas in the recirculation bottle to keep O2 levels at a minimum.

System Operation

Experimental conditions are shown in Figure 1. All reactors were galvanostatically controlled (fixed current) by a potentiostat (Ivium n-Stat, Eindhoven, the Netherlands), which collected the cathode potential data from all reactors at intervals of 1 min. In this way, methane production rates can be regulated more directly than with cathode potential control, as the current determines the electrochemical reaction rate (Jörissen and Speiser, 2015). After inoculation, all reactors were operated at a fixed current of 5 A/m2catproj as startup period. The current of all reactors was increased from 5 to 10 A/m2catproj on day 37 and from 10 to 35 A/m2catproj on day 71. All cathodes were operated in batch. Half of the catholyte was replaced on days 31 and 70 to replenish buffer, nutrients and vitamins. The pH of each reactor was monitored daily by pH measurement of liquid samples (0.5 mL per sample) taken from anode and cathode chamber. All reactors were operated inside a temperature-controlled cabinet at 30°C.
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FIGURE 1. Overview of experimental conditions that were carried out for four methane-producing BES reactors. At day 0, all catholytes were inoculated. Days before inoculation are indicated as negative, days after inoculation are indicated as positive. During the phases of 10 and 35 A/m2catproj, both constant and intermittent current supply modes were performed.



For intermittent operation, a cycle time of 6 min (′) was used at three different current time-ON/time-OFF ratios: 4–2′, 3–3′, and 2–4′. Each ratio was tested for 20 h and was performed twice. After intermittent operation, all biocathodes were supplied with constant current for 20 h to investigate recovery after intermittent operation.

Electrochemical Analysis

Polarization curves were recorded before inoculation and on day 30 and day 90 after inoculation. For the polarization curve before inoculation, the cathode potential was controlled from −0.5 to −1.0 V with steps of 0.1 V; for the polarization curve after inoculation, the cathode potential was controlled from −0.1 to −0.7 V with steps of 0.05 V. Each potential step lasted 600 s for the GAC biocathodes, and 300 s for the GG biocathodes, as the latter required a shorter equilibrium time.

Chemical Analyses

The liquid and gas samples were taken from each reactor twice a week. Volatile fatty acids (VFAs), including formate, acetate and lactate, were determined in the liquid phase by high-performance liquid chromatography (HPLC) (Lindeboom et al., 2016), whereas the gas composition was measured by gas chromatography (GC) (Liu et al., 2016). The gas volume was quantified by emptying the gas bags with a syringe. The methane production rate was calculated and normalized to the projected surface area of the cathode (Equation 1) and the volume of the cathodic chamber (Equation 2), as follows:
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Here, γCH4−A (L CH4/m2 catproj /d) and γCH4−V(L CH4/m3 cat /d) represent methane production rates; VT (L) is the total volume by summing up the volume of the gas bag and the headspace (0.015 L); CCH4(%) is the methane fraction in the headspace; [image: image] is the projected surface area of the graphite plate current collector and membrane; [image: image] is the cathodic chamber volume; t (d) is the experimental time between each headspace measurement (d).

Current-to-Methane Efficiency

This indicates which percentage of the electrons ended up in the form of methane and is calculated as Equation 3.

[image: image]

F is the Faraday constant (96485 C/mol e−); nCH4 (mol) is total moles of CH4 produced; zCH4 is moles of electrons per mole of CH4 (8); I (A) is the current.

Microbial Community Analysis

After operation at a current density of 35 A/m2catproj, all reactors were disassembled inside an anaerobic chamber, and 0.5 g (wet weight) of the granules was taken from each cathode. In addition, 300 mL of the catholyte was taken from each reactor and filtered it over a 0.22 μm MF-MilliPore filter. Genomic DNA was extracted from each reactor samples with a Mo Bio PowerSoil DNA isolation kit for 0.5 g of the granular electrode and a Mo Bio PowerWater DNA isolation kit for the filter, according to the manufacturer's instructions. To investigate both bacteria and archaea, firstly amplification of 16S rRNA gene fragments was carried out by using a two-step PCR protocol, and then DNA was quantified using a Qubit® dsDNA BR Assay Kit and a DeNovix DS-11 FX spectrophotometer/fluorometer (DENovix Inc., Wilmington, DE, USA), finally the 16S rRNA gene Miseq sequencing data were analyzed using Galaxy/NG-Tax, an in-house pipeline (see detailed information in Supportive Information, under B). Bray-Curtis similarities were calculated between reactors (biocathodes and used catholytes) from the microbial community relative abundance data with Primer-E software, version 7 (LaBarge et al., 2017).

RESULTS AND DISCUSSION

High Methane Production Rates Directly Linked to Current Density

We determined methane production rates at two different current densities of 10 and 35 A/m2catproj. At the current density of 35 A/m2catproj, the methane production rates were around 65 L CH4 /m2catporj/d for both cathode materials (Figure 2A). As methane production rates were directly related to current density, they were almost four times higher than at 10 A/m2catproj. The current-to-methane efficiencies for the GAC and GG reactors (Figure 2B increased from 55% at 10 A/m2catproj to 67% at 35 A/m2catproj. No H2 and volatile fatty acids were detected in any of the reactors at these two current densities, which suggests that during the stable performance period, the methanogenic activity was high enough to utilize these components if they were produced. Possible other electron sinks are biomass growth (Geppert et al., 2016), or loss of methane via membrane, tubes, and connections within the reactor (Skovsgaard and Jacobsen, 2017), especially considering our relatively long sampling intervals (3–4 days). Also, reduction of oxygen generated at the anode could play a role (Van Eerten-Jansen et al., 2012). The methane production rates achieved with GAC and GG at constant current in this study were compared with similar carbon-based electrodes in other studies (Geppert et al., 2016; Table 1). One the one hand, methane production rate at 35 A/m2 were several times higher than those in other studies. On the other hand, methane production rate at 10 was similar with other studies, but it is interesting to note that the cathode potentials of GAC biocathodes were quite different in this case, −0.55 V for GAC biocathodes compared to −1.1 V for biocathodes, i.e., Villano et al.
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FIGURE 2. Methane production rates (A) and current-to-methane efficiencies (B) at current densities of 10 A/m2catproj and 35 A/m2catproj for GAC and GG biocathodes. Data were collected throughout a period of 2 weeks with stable performance for every reactor. Shown are the average value and standard deviation of four samples for each reactor and current density.




Table 1. Comparison of methane production rates for similar 3D carbon-based electrodes in methane-producing BESs when water was used as electron donor.
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Methane Production Was Related to Total Charge Also in Intermittent Mode

After all the biocathodes achieved a stable methane production rates at a constant current supply of 10 A/m2catproj, intermittent current (at the same current density) was supplied to all biocathodes with three different time intervals: 4–2′, 3–3′, and 2–4′. Methane production rate of each biocathode is shown in Figure 4A, calculations based on the 20 h period for each time interval. Higher current time-ON/time-OFF interval supplied to the biocathodes resulted in higher methane production rates, with 9.5 L CH4/m2 catproj/d at 4–2′, 5.5 L CH4/m2 catproj/d at 3–3′ and 4.0 L CH4/m2 catproj/d at 2–4′, meaning that charge provided during ON-time was used to generate methane.

When the current density was increased from 10 to 35 A/m2catproj, the methane production rate at continuous current supply increased from 15 L CH4/m2 catproj/d at 10 A/m2 (Figure 3A) to 90 L CH4/m2 catproj/d at 35 A/m2 (Figure 3B). Again, an increase in methane production rate was observed along with increasing time-ON/time-OFF ratios. Moreover, we compared our experimental data with the theoretical methane production calculated for the different current time-ON/time-OFF ratios (Figure S4 in Supporting Information, under D). The close fit between measured and calculated data shows that methane generation is closely linked to the charge provided to the biocathode, for both GG and GAC.
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FIGURE 3. Methane production rates for all biocathodes when they were supplied with constant current and intermittent current. Three different current time-ON/time-OFF intervals (4–2′, 3–3′, and 2–4′) were carried out. The current density during the current time-ON was 10 A/m2catproj (A) and 35 A/m2catproj (B). For each operational condition, duplicate experiments were performed. The standard deviations are shown as an error bar, whereas the average value is shown as a column.



Intermittent Current Operation Does Not Influence Biocathode Activity

Studies on bioanodes have shown that GAC can store charge in the electric double layer when used in Microbial Fuel Cells (Deeke et al., 2015; Lu et al., 2015), whereas GG with low capacitance does not show this charge storage behavior. This higher capacitance of GAC biocathodes was expected to result in smaller fluctuations in cathode potential, and as a possible electron buffer, compared to GG biocathodes during intermittent operation (Borsje et al., 2016). As shown in Figure S5, the cathode potentials of GAC biocathodes during intermittent current indeed kept stable around −0.5 V, whereas the cathode potentials of GG biocathodes changed in the range from −0.6 to −1.0 V. These results might indicate that intermittent current operation would affect GAC biocathodes less than GG biocathodes. However, at a current density of 10 A/m2catproj, all biocathodes, operated under different current time-ON/time-OFF intervals, had a similar current-to-methane efficiency of 50–60% (Figure 4A). When the current density was increased from 10 to 35 A/m2catproj, the current-to-methane efficiency was also constant with a slight decrease along with the longer time-OFF intervals (Figure 4B). After these intermittent operations, an additional constant current supply for 20 h was operated for all biocathodes to verify if the initial activity was restored after intermittent operation. As shown in Figure 4, the current-to-methane efficiencies of all biocathodes after intermittent operations were similar to those at constant current supply, indicating that biocathodes were not affected by the intermittent operation at these two current densities of 10 and 35 A/m2catproj, for both materials. In addition, the methane production rate of all biocathodes in our study kept stable, even though all biocathodes had experienced around 60 min of open circuit period during each headspace and pH sampling time. Our results are, however, different from those results found in the previous study that the methane production rate decreased by 87% after an open circuit period of 45 min, and it took 4 months before performance was back at the original level (Bretschger et al., 2015). The discrepancy could be due to that the quantity and/or bioactivity of biofilm growth on our granular carbon-based electrodes is higher than those on the carbon cloth electrode used in that study, as higher current density was found on our biocathodes (5 A/m2) compared with their biocathodes (0.06 A/m2). To conclude, current-to-methane efficiency (%) remained quite stable under the different current supply modes at 10 A/m2, and showed a slight decrease with increasing OFF-time at 35 A/m2.
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FIGURE 4. Current-to-methane efficiencies (%) for all reactors when they were supplied with constant and intermittent current. Three different current time-ON/time-OFF ratios (4–2′, 3–3′ and 2–4′) were carried out. The current density during the current time-ON was 10 A/m2catproj (A) and 35 A/m2catproj (B). For each operational condition, duplicate operations were performed. The maximum and minimum values are shown as an error bar, whereas the average value is shown as a column.



It is worth notifying that current-to-methane efficiencies obtained at continuous current density of 35 A/m2catproj in Figure 4B, are even higher than those achieved at the same current density reported in Figure 2B. This discrepancy could be due to the different durations between headspace sampling: 20 h for Figure 5 and 3–4 days for Figure 3. Shorter duration between headspace sampling could mitigate losses via H2 or O2 leakage from the joints of the experimental set-up.


[image: image]

FIGURE 5. Average daily cathode potentials of all the reactors after inoculation. Both GAC biocathodes showed a steep increase in cathode potential, whereas the cathode potential for both GG biocathodes remained constant, and decreased with increased current density.



Biocathodes With Granular Activated Carbon Produced Methane at Low Overpotentials

Although there is no difference between GAC and GG biocathodes during constant and intermittent operation in terms of methane production rate (Figures 2A, 3) and current-to-methane efficiency (Figures 2B, 4). Interestingly, the cathode potentials of the GAC biocathodes were different from the GG biocathodes.

Directly after inoculation, all the reactors had similar cathode potentials of about −0.90 V (Figure 5). The cathode potential of GAC1 changed from −0.90 to −0.52 V between day 7 and 10, whereas the cathode potential of GAC2 changed from −0.80 to −0.52 V between day 30 and 37. The cathode potentials of the GG reactors remained stable around −0.92 V long after inoculation and became slightly more negative around day 37 and day 70 due to the increases in current density. These potential differences between GAC and GG biocathodes were also seen in the polarization curves at day 30 (Figure S2B in the Supporting Information, under C) and day 90 (Figure S2C in the Supporting Information, under C). These polarization curves show that the onset of current for GAC biocathodes occurred at a more positive potential from −0.5 V to even −0.4 V, whereas the current densities of GG biocathodes were negligible in the whole range of cathode potentials tested (−0.7 to −0.3 V). For the current obtained in GAC at −0.5 V during the polarization experiment, other possible secondary reactions, e.g., hydrogen, acetate or formate, could play a role. As with these intermediates, quick consumption by methanogens could lead to undetectable levels of these intermediates. Nevertheless, the onset potentials of the bare GAC electrodes (Figure S2A in the Supporting Information, under C) were around −0.7 V, the difference indicating the catalytic effect of the cathodic microorganisms growth on the GAC electrodes.

To exclude that the measurement of cathode potential was influenced by the fact that the reference electrode was placed outside the cathode compartment, we inserted a new Ag/AgCl reference electrode into one of GAC cathodic chamber as close as possible to the granular bed. The cathode potential was around −0.43 V, which was 100 mV less negative than the cathode potential (−0.52 V) measured outside the cathode chamber, pointing out that the actual cathode potential was even less negative than that was measured. To our knowledge, these cathode potentials for GAC are the least negative ones (i.e., lowest overpotential) reported in the literature for methane-producing BESs (Geppert et al., 2016). It is likely that methane production at a cathode potential of −0.52 V has not been reported before due to the fact that all methane-producing biocathodes in other studies were operated at a constant potential rather than at a constant current. Actually, most of the studies have used cathode potentials more negative than −0.7 V vs. Ag/AgCl to supply a sufficiently high overpotential for methane generation (Siegert et al., 2014; Villano et al., 2016; LaBarge et al., 2017). Switching from galvanostatic control to potentiostatic control with an active biocathode resulted in similar rates and efficiencies (results are shown as Figure S6 in the Supporting Information, under F). Galvanostatic control is thus useful to achieve methane production at low overpotential, but can be changed to potentiostatic control once an active biocathode is present, without loss in activity.

At this point, it is unclear why the cathode potential of GAC changed to −0.52 V, while cathode potential of GG remained at −0.90 V. The high specific surface area and average smaller size of GAC (764 m2/g, 1–3 mm) relative to GG (0.438 m2/g, 3–5 mm) may have played a role, but does not explain the mechanism of methane formation. It is worth notifying that similar phenomenon had been shown in a previous study where the presence of GAC in anaerobic digestion stimulated methane production rate, whereas graphite electrode did not affect the performance, for reasons not yet understood (Dang et al., 2016). In our study, the cathode potential of −0.52 V is 0.1 V more positive than the thermodynamic equilibrium potential for hydrogen evolution (−0.62 V) under the biological conditions (T = 30°C, P = 1 bar, pH = 7) (Beese-Vasbender et al., 2015). Such less negative cathode potential and the undetectable hydrogen in GAC biocathodes suggests that the change in potential for methane production on GAC biocathodes observed here could be related to direct electron transfer. However, hydrogen as an intermediate for methane production at GAC biocathode cannot be excluded as the local hydrogen pressures and local pH values are not known. Additional research is needed to measure the actual values of local pH and hydrogen pressure on the biocathode by using microsensor, and therefore, providing insight into the relationship between mechanisms of electron transfer and different conductive materials.

The changes in the biocathode potentials of the GAC reactors occurred on different days (Figure 5). The reason for that may be that in GAC1, which had been operated and adjusted during 2 months before inoculation to perform electrochemical measurements, the catholyte and/or electrode may already have contained methanogens before inoculation. Indeed, a minor amount of CH4 was already detected in the headspace of GAC1 during the phase before inoculation (data not shown). The fluctuations of the cathode potentials, especially at current densities of 5 A/m2catproj and 10 A/m2catproj, were probably the result of fluctuations in catholyte pH due to intermittent CO2 supply (Jourdin et al., 2015). After changing to continuous CO2 supply and a current density of 35 A/m2catproj on day 71, the pH of the catholyte and the cathode potentials remained more stable (Figure S3, supporting information, under C).

Microbial Community Analysis Revealed Methanobacterium as Dominant Species

Microbial communities of biofilm and catholyte were characterized for all reactors to investigate whether different microbial communities developed on the two cathode materials. Table S1 in the Supporting Information shows the community similarity results for all granules. All cathodic communities (both in biofilm and catholyte) were dominated by hydrogenotrophic methanogens (Methanobacterium), which has been found in many other studies (Van Eerten-Jansen et al., 2013; Cai et al., 2016; LaBarge et al., 2017) regardless of electrode material and inoculum source (Figure 6). Another hydrogenotrophic methanogen, namely Mthanocorposculum, was detected 21% in the catholyte of GG1. The GAC electrode samples showed a greater relative abundance of Proteobacteria (Deltaproteobacteria and Betaproteobacteria) with 14% for GAC1 and 47% for GAC2, relative to 8.7% for GG1 and 3.4% for GG2, As exoelectrogens like Geobacter sp. belong to the proteobacteria, the most common phylum of bacteria found on the anode of microbial fuel cells (Hasany et al., 2016), this may be related to the lower overpotentials measured for GAC.
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FIGURE 6. Taxonomic distribution of microbial populations with >2% relative abundance by 16S rRNA gene sequences. Samples from all four reactors were taken from: (A) biofilm on granular biocathodes (GAC1-E, GAC2-E, GG1-E, GG2-E); (B) suspended cells within the catholyte (GAC1-S, GAC2-S, GG1-S, GG2-S).



CONCLUSION

In this paper, we have shown that both GAC and GG are suitable cathode materials for high methane production rates in methane-producing BESs. Intermittent current operation resulted in stable methane production for both materials, and original performance was restored directly after intermittent operation. GAC biocathodes showed lower overpotentials than GG; the mechanism behind this needs to be further investigated. Granular biocathodes thus hold promise for the practical application of methane-producing BESs for renewable electricity storage.

AUTHOR CONTRIBUTIONS

AtH conceived the original idea and together with CB supervised the project. DL and MR-P carried out the experiment. DL wrote the manuscript with support from MR-P, SN. LC-J, and FG, helped supervise the project. SN helped conducted the microbial community analysis.

ACKNOWLEDGMENTS

The authors thank Nurul Azyyati Sabri for her help with DNA extraction, and Caroline Plugge for facilitating the microbial community analyses. The authors are also grateful for financial support from Dutch companies (Alliander, DMT Environmental Technology), the Chinese Scholarship Council (File No. 201306120043) and the Cluster of Excellence RESOLV (EXC 1069), which is funded by the Deutsche Forschungsgemeinschaft.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2018.00078/full#supplementary-material

REFERENCES

 Bailera, M., Lisbona, P., Romeo, L. M., and Espatolero, S. (2017). Power to gas projects review: lab, pilot and demo plants for storing renewable energy and CO2. Renew. Sustain. Energy Rev. 69, 292–312. doi: 10.1016/j.rser.2016.11.130

 Beese-Vasbender, P. F., Grote, J.-P., Garrelfs, J., Stratmann, M., and Mayrhofer, K. J. J. (2015). Selective microbial electrosynthesis of methane by a pure culture of a marine lithoautotrophic archaeon. Bioelectrochem. 102, 50–55. doi: 10.1016/j.bioelechem.2014.11.004

 Borsje, C., Liu, D., Sleutels, T. H. J. A., Buisman, C. J. N., and ter Heijne, A. (2016). Performance of single carbon granules as perspective for larger scale capacitive bioanodes. J. Power Sources 325, 690–696. doi: 10.1016/j.jpowsour.2016.06.092

 Bretschger, O., Carpenter, K., Phan, T., Suzuki, S., Ishii, S. I., Grossi-Soyster, E., et al. (2015). Functional and taxonomic dynamics of an electricity-consuming methane-producing microbial community. Bioresour. Technol. 195, 254–264. doi: 10.1016/j.biortech.2015.06.129

 Cai, W., Liu, W., Yang, C., Wang, L., Liang, B., Thangavel, S., et al. (2016). Biocathodic methanogenic community in an integrated anaerobic digestion and microbial electrolysis system for enhancement of me thane production from waste sludge. ACS Sustain. Chem. Eng. 4, 4913–4921. doi: 10.1021/acssuschemeng.6b01221

 Cheng, S., Xing, D., Call, D. F., and Logan, B. E. (2009). Direct biological conversion of electrical current into methane by electromethanogenesis. Environ. Sci. Technol. 43, 3953–3958. doi: 10.1021/es803531g

 Commission, E. E. (2011). Energy Roadmap 2050. COM 885:15. Luxembourg: Publications Office of the European Union.

 Dang, Y., Holmes, D. E., Zhao, Z., Woodard, T. L., Zhang, Y., Sun, D., et al. (2016). Enhancing anaerobic digestion of complex organic waste with carbon-based conductive materials. Bioresour. Technol. 220, 516–522. doi: 10.1016/j.biortech.2016.08.114

 Deeke, A., Sleutels, T. H. J. A., Donkers, T. F. W., Hamelers, H. V. M., Buisman, C. J. N., and Ter Heijne, A. (2015). Fluidized capacitive bioanode as a novel reactor concept for the microbial fuel cell. Environ. Sci. Technol. 49, 1929–1935. doi: 10.1021/es503063n

 Geppert, F., Liu, D., van Eerten-Jansen, M., Weidner, E., Buisman, C., and ter Heijne, A. (2016). Bioelectrochemical power-to-gas: state of the art and future perspectives. Trends Biotechnol. 34, 879–894. doi: 10.1016/j.tibtech.2016.08.010

 Guo, K., Prévoteau, A., Patil, S. A., and Rabaey, K. (2015). Engineering electrodes for microbial electrocatalysis. Curr. Opin. Biotechnol. 33, 149–156. doi: 10.1016/j.copbio.2015.02.014

 Hasany, M., Mardanpour, M. M., and Yaghmaei, S. (2016). Biocatalysts in microbial electrolysis cells: a review. Int. J. Hydrogen Energy 41, 1477–1493. doi: 10.1016/j.ijhydene.2015.10.097

 Hu, J., Harmsen, R., Crijns-Graus, W., Worrell, E., and van den Broek, M. (2018). Identifying barriers to large-scale integration of variable renewable electricity into the electricity market: a literature review of market design. Renew. Sustain. Energy Rev. 81, 2181–2195. doi: 10.1016/j.rser.2017.06.028

 Jörissen, J., and Speiser, B. (2015). Organic Electrochemistry, 5th Edn. Boca Raton, FL: CRC Press.

 Jourdin, L., Grieger, T., Monetti, J., Flexer, V., Freguia, S., Lu, Y., et al. (2015). High acetic acid production rate obtained by microbial electrosynthesis from carbon dioxide. Environ. Sci. Technol. 49, 13566–13574. doi: 10.1021/acs.est.5b03821

 LaBarge, N., Yilmazel, Y. D., Hong, P.-Y., and Logan, B. E. (2017). Effect of pre-acclimation of granular activated carbon on microbial electrolysis cell startup and performance. Bioelectrochemistry 113, 20–25. doi: 10.1016/j.bioelechem.2016.08.003

 Lindeboom, R. E. F., Shin, S. G., Weijma, J., van Lier, J. B., and Plugge, C. M. (2016). Piezo-tolerant natural gas-producing microbes under accumulating pCO2. Biotechnol. Biofuels 9:236. doi: 10.1186/s13068-016-0634-7

 Liu, D., Zhang, L., Chen, S., Buisman, C., and ter Heijne, A. (2016). Bioelectrochemical enhancement of methane production in low temperature anaerobic digestion at 10°C. Water Res. 99, 281–287. doi: 10.1016/j.watres.2016.04.020

 Liu, D., Zheng, T., Buisman, C., and ter Heijne, A. (2017). Heat-treated stainless steel felt as a new cathode material in a methane-producing bioelectrochemical system. ACS Sustain. Chem. Eng. 5, 11346–11353. doi: 10.1021/acssuschemeng.7b02367

 Liu, F., Rotaru, A.-E., Shrestha, P. M., Malvankar, N. S., Nevin, K. P., and Lovley, D. R. (2012). Promoting direct interspecies electron transfer with activated carbon. Energy Environ. Sci. 5, 8982–8989. doi: 10.1039/c2ee22459c

 Lu, Z., Girguis, P., Liang, P., Shi, H., Huang, G., Cai, L., et al. (2015). Biological capacitance studies of anodes in microbial fuel cells using electrochemical impedance spectroscopy. Bioprocess Biosyst. Eng. 38, 1325–1333. doi: 10.1007/s00449-015-1373-z

 Rogelj, J., den Elzen, M., Höhne, N., Fransen, T., Fekete, H., Winkler, H., et al. (2016). Paris Agreement climate proposals need a boost to keep warming well below 2°C. Nature 534, 631–639. doi: 10.1038/nature18307

 Santoro, C., Arbizzani, C., Erable, B., and Ieropoulos, I. (2017). Microbial fuel cells: from fundamentals to applications. a review. J. Pow. Sources 356, 225–244. doi: 10.1016/j.jpowsour.2017.03.109

 Siegert, M., Yates, M. D., Call, D. F., Zhu, X., Spormann, A., and Logan, B. E. (2014). Comparison of nonprecious metal cathode materials for methane production by electromethanogenesis. ACS Sustain. Chem. Eng. 2, 910–917. doi: 10.1021/sc400520x

 Skovsgaard, L., and Jacobsen, H. K. (2017). Economies of scale in biogas production and the significance of flexible regulation. Energy Policy 101, 77–89. doi: 10.1016/j.enpol.2016.11.021

 Van Eerten-Jansen, M. C. A. A., Heijne, A. T., Buisman, C. J. N., and Hamelers, H. V. M. (2012). Microbial electrolysis cells for production of methane from CO2: long-term performance and perspectives. Int. J. Energy Res. 36, 809–819. doi: 10.1002/er.1954

 van Eerten-Jansen, M. C. A. A., Jansen, N. C., Plugge, C. M., de Wilde, V., Buisman, C. J. N., and ter Heijne, A. (2015). Analysis of the mechanisms of bioelectrochemical methane production by mixed cultures. J. Chem. Technol. Biotechn. 90, 963–970. doi: 10.1002/jctb.4413

 Van Eerten-Jansen, M. C. A. A., Veldhoen, A. B., Plugge, C. M., Stams, A. J. M., Buisman, C. J. N., and Ter Heijne, A. (2013). Microbial community analysis of a methane-producing biocathode in a bioelectrochemical system. Archaea 2013:12. doi: 10.1155/2013/481784

 Villano, M., Ralo, C., Zeppilli, M., Aulenta, F., and Majone, M. (2016). Influence of the set anode potential on the performance and internal energy losses of a methane-producing microbial electrolysis cell. Bioelectrochemistry 107, 1–6. doi: 10.1016/j.bioelechem.2015.07.008

 Villano, M., Scardala, S., Aulenta, F., and Majone, M. (2013). Carbon and nitrogen removal and enhanced methane production in a microbial electrolysis cell. Bioresour. Technol. 130, 366–371. doi: 10.1016/j.biortech.2012.11.080

 Wolin, E. A., Wolin, M. J., and Wolfe, R. S. (1963). Formation of methane by bacterial extracts. J. Biol. Chem. 238, 2882–2886.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Liu, Roca-Puigros, Geppert, Caizán-Juanarena, Na Ayudthaya, Buisman and ter Heijne. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fbioe-06-00078-g005.gif





OPS/images/fbioe-06-00078-g006.gif
Rabativn alnindssee)

100

sssszes

o538558388%

GACLE GAGLE GOLE GG2E GACLS GACZS GGLS

s
=
[—
[Erens—





OPS/images/fbioe-06-00078-g003.gif
AL (78 10 o

E Hﬂﬂ% [l |

)





OPS/images/fbioe-06-00078-g004.gif
5 ATTTITIINNNNNY
H C
¢ C
1 [
E -
£
[
:
£ 2 =
€
s . |} =
g £ ¥l £
FI g
: ko s |2«
] £ & |z ¥
5 £ K

grarsssance
Py ———

srsrsasaaze
Py S——





OPS/images/inline_2.gif
Vrsecrode (P1°)





OPS/images/fbioe-06-00078-t001.jpg
Electrode material  Current density Methane production rate Current-to-CH;  Cathode potential (V. Reference

Efficiency (%) vs. Ag/AgCl)
(A/m?2catyr;) (kA/mPcat) (LCHg/m2catpgi/d) (mCHg/m3cat/d)

aAC 10 067 15 10 54 052 This study

aAc 35 23 3 43 3 058 This study

GF 021 0.070 0.13 0.045 23 -0.75 Van Eerten-Jansen et al.
2012

GF 29 097 54 17 73 09 van Eerten-Jansen et al.,
2015

GF 71 25 88 34 6 Liu etal., 2017

6 10 067 15 097 52 This study

G 3 23 62 4 7 This study

ca 38 013 17 056 79 Villano et al,, 2013






OPS/images/inline_1.gif
A,
s 1)





OPS/images/math_3.gif
©)






OPS/images/fbioe-06-00078-g001.gif
6 S s 1087t s

6Ac, S s 1087 35l

6, SAm sam 1onm: Al

oA SNmi sAm 10! sl
S

Gonston & Intermitent Constant & Itermiten
SO cathobmerehshed  SO%cathotaroreshed





OPS/images/fbioe-06-00078-g002.gif
i
é






OPS/images/math_2.gif
@





OPS/images/math_1.gif
yes-a

V1 x bony
p——

[®





OPS/images/cover.jpg
’ frontiers

in Bioengineering and Biotechnology

Granular Carbon-Based Electrodes
as Cathodes in Methane-Producing
Bioelectrochemical Systems









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
' frontiers

in Bioengineering and Biotechnology





