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Abstract: The bioelectrochemical methane production from acetate as a non-fermentable substrate,
glucose as a fermentable substrate, and their mixture were investigated in an anaerobic sequential batch
reactor exposed to an electric field. The electric field enriched the bulk solution with exoelectrogenic
bacteria (EEB) and electrotrophic methanogenic archaea, and promoted direct interspecies electron
transfer (DIET) for methane production. However, bioelectrochemical methane production was
dependent on the substrate characteristics. For acetate as the substrate, the main electron transfer
pathway for methane production was DIET, which significantly improved methane yield up to
305.1 mL/g chemical oxygen demand removed (CODr), 77.3% higher than that in control without
the electric field. For glucose, substrate competition between EEB and fermenting bacteria reduced
the contribution of DIET to methane production, resulting in the methane yield of 288.0 mL/g CODr,
slightly lower than that of acetate. In the mixture of acetate and glucose, the contribution of DIET to
methane production was less than that of the single substrate, acetate or glucose, due to the increase
in the electron equivalent for microbial growth. The findings provide a better understanding of
electron transfer pathways, biomass growth, and electron transfer losses depending on the properties
of substrates in bioelectrochemical methane production.

Keywords: direct interspecies electron transfer; fermentable substrate; non-fermentable substrate;
bioelectrochemical methane production

1. Introduction

Anaerobic digestion is a sustainable bioprocess that stabilizes organic waste, while recovering
methane as a useful by-product. In anaerobic digestion, extracellular hydrolytic enzymes first
break down complex organic matter into monomers. Acidogenic bacteria ferment the monomers
to intermediates, including acetate, hydrogen, and formic acid, and methanogenic archaea convert
the intermediates to methane [1–3]. Thus, anaerobic digestion is a kind of indirect interspecies
electron transfer (IIET) process, in which intermediates shuttle electrons between acidogenic bacteria
and methanogenic archaea [2–4]. However, the IIET involved in methane production is a series
of multi-step enzymatic reactions with significant electron losses [1,4–6]. The enzymatic reactions
cannot fully transfer electrons thermodynamically from the substrate to methane [4,6]. Therefore,
the methane yield that can be obtained from organic matter does not reach its theoretical value of
350 mL/g CODr. In addition, the physiological properties of acidogenic bacteria, such as their growth
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rate and susceptibility to environmental conditions, are different from those of the methanogenic
archaea [4,6,7]. Therefore, the anaerobic digestion process can easily be destabilized by the imbalance
between the IIET steps, even with a small external shock [7,8].

However, direct interspecies electron transfer (DIET), without any electron shuttle from a microbial
species to another species, can be more thermodynamically and kinetically advantageous over the
IIET [4,9]. DIET can be a breakthrough to address the limitations in the anaerobic digestion based
on IIET. The microbial species involved in DIET from organic matter to methane are electroactive
microorganisms, including exoelectrogenic bacteria (EEB) and electrotrophic methanogenic archaea
(EMA) [2,4,9]. The electroactive microorganisms are the microbial species with conductive proteins
including cytochrome C over-expressed to the outer membrane of the cell and conductive pili
as an appendage connecting microbial species [5,10,11]. EEB releases electrons derived from the
oxidation of low molecular organics, while EMA directly reduces carbon dioxide using those electrons
to produce methane [9,11]. In anaerobic digestion, electroactive microorganisms are generally
abundant in anaerobic microbial aggregates, conductive material surfaces, and polarized electrode
surfaces [7,9,12,13]. These microbial species can directly transfer electrons for their syntrophic
metabolism through the electrical connection by physical contact with each other (biological DIET),
or through the mediation by conductive materials (cDIET) or polarized electrodes (eDIET) [6,9,12,14].
In bioelectrochemical anaerobic digesters with polarized electrodes such as microbial electrolysis
cells, the potential difference between the electrode surface and the bulk solution causes the faradaic
current for methane production through eDIET. However, electrical energy is required in proportion to
the amount of methane produced through eDIET [2,4,7]. Interestingly, electroactive microorganisms
can also be abundant in the bulk solution of bioelectrochemical anaerobic digesters with polarized
electrodes, and improve methane production [4,15,16]. It is worth noting that the bulk solution around
the polarized electrode is exposed to an electric field. This indicates that the electric field formed by
polarized electrode enriches the bulk solution with electroactive microorganisms, and significantly
promotes biological DIET [16–18]. Meanwhile, the faradaic current for eDIET can be blocked by
insulating the electrode surface with a dielectric material. This indicates that polarizing the insulated
electrodes creates the electric field in the bulk solution, which improves methane production through
biological DIET without the consumption of electric energy.

In general, both DIET and IIET can simultaneously contribute to methane production in
bioelectrochemical anaerobic digesters with polarized electrodes [4]. As the relative contribution of
DIET increases, the anaerobic digestion process becomes more robust, and methane production from
organic matter further increases, improving the performance of anaerobic digestion [2,4,9]. In the
electric power supply sector, the share of renewable energy such as wind and solar power is increasing
significantly. However, wind and solar power are fluctuating and intermittent energies have to be
balanced through long-term storage and reserve production to stabilize the power grid [19,20]. Power to
gas (PtG) technology that converts excess renewable energy to hydrogen or methane might contribute to
mitigating the fluctuation and intermittence of renewable energy [19,20]. Bioelectrochemical anaerobic
digestion that improves methane production with small electric power has great potential as a PtG
technology for intermittent renewable energy in the near future.

However, DIET and IIET can compete for electrons to produce methane in bioelectrochemical
anaerobic digesters with polarized electrodes [16,18,21]. In thermodynamics, the equilibrium constant
(K) for the interspecies electron transfers, including IIET and DIET, depends on the free energy
change (∆G = −RT ln K) [22,23]. The free energy (G) is a function of the enthalpy (H), entropy
(S), and temperature (G = H−TS) [23]. This indicates that the substrate type can affect the relative
contribution of DIET and IIET to methane production in anaerobic digesters with polarized electrodes.
Among organic substrates, acetate is a simple and non-fermentable substrate. Acetate can be easily
converted to methane by mainly acetoclastic or syntrophic acetate oxidation pathway in anaerobic
digestion [1,18,24]. Acetate is also a suitable substrate for EEB [21,25]. In anaerobic digesters with
polarized electrodes, this implies that acetate can be converted to methane in the bulk solution by
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biological DIET between EEB and EMA. However, as of yet, there is little information reporting the
transfer rate and conservation of electrons associated with DIET for methane production from acetate.
Unlike acetate, glucose is a fermentable substrate [21]. In anaerobic digestion, one of the main pathways
for electron transfer that produces methane from glucose is IIET between acidogenic bacteria and
methanogenic archaea through the intermediates, such as acetate and hydrogen. However, EEB can
metabolize glucose, as well as acetate, and release electrons outside the cell [25–27]. In anaerobic
reactors with polarized electrodes, it seems that DIET and IIET can compete or cooperate to produce
methane from glucose. In the case of a substrate mixture of acetate and glucose, the routes for the
electron transfer for methane production would be similar to those of glucose. However, it is believed
that the contribution of DIET and IIET to methane production depends on the relative fraction of
acetate to glucose in the mixture. The characteristics of methane production from the mixture of acetate
and glucose would be slightly different from those of the acetate or the glucose alone.

The purpose of this study was to investigate the bioelectrochemical methane production depending
on the substrate type, including non-fermentable, fermentable, and mixed substrates, in the anaerobic
batch reactor in which the bulk solution was exposed to an electric field. For this, the yield and
production rate of methane from acetate were compared with those of glucose and their mixture and
also discussed based on the electron balance and the contribution of DIET to methane production.
In addition, the microbial community and electrochemical activity of the bulk solution depending on
the substrate type were analyzed.

2. Materials and Methods

2.1. Anaerobic Medium, Seed Sludge and Electrode

Anaerobic medium containing NaH2PO4·2H2O 15.7 mM (2.45 g/L) (Daejung chemical and metals
Co., Ltd., Gyeonggi, Korea), Na2HPO4·12H2O 12.8 mM (4.58 g/L) (Daejung chemical and metals Co.,
Ltd., Gyeonggi, Korea), NH4Cl 2.4 mM (0.13 g/L) (Junsei chemical Co., Ltd., Tokyo, Japan), KCl 4.16 mM
(0.31 g/L) (Junsei chemical Co., Ltd., Tokyo, Japan), NaHCO3 50 mM (4.2 g/L) (Junsei chemical Co.,
Ltd., Tokyo, Japan), and small amounts of vitamins and trace metals were prepared according to
previous studies [4,28]. Analytical grade sodium acetate (CH3COONa·12H2O) and glucose (C6H12O6)
were used to prepare three types of substrates of acetate, glucose, and their mixture. Anaerobic
sludge was collected from an anaerobic digester at a sewage treatment plant (S WWTP, Busan, Korea).
The anaerobic sludge was sieved with a screen (1 mm opening) to remove the impurities, and placed
in a refrigerator (4 ◦C) for 24 h to settle down. The settled anaerobic sludge was used as the inoculum.
The initial pH of the inoculum was 7.17–7.32, and the alkalinity and volatile suspended solids (VSS)
were 3450–3849 mg/L as CaCO3 and 12.5–14.2 g/L, respectively. For the electrodes, a thin copper plate
(0.3 T, copper 99.9 %, KDI Co., Korea) was cut into two different sizes (small size, 5.5 cm × 7 cm;
large size, 26 cm × 9 cm). The copper plates were coated with a dielectric polymer (alkyd enamel,
VOC 470 g/L, Noroo Paint Co., Korea) to insulate their surface.

2.2. Set-up for Bioelectrochemical Anaerobic Batch Reactor

A cylindrical anaerobic batch reactor (effective volume 0.5 L, diameter 8.5 cm, height 10 cm) was
prepared using acrylic resin (Figure 1). The upper part of the reactor was covered with an acrylic plate
to seal, and a mixing blade was installed inside the reactor. The blade was connected to a DC motor
installed on the cover plate using a vertical steel shaft. Sampling ports to collect liquid and biogas
and a valve to vent biogas were installed in the cover plate. The sampling ports were covered with
n-butyl rubber stoppers. In the cover plate, the sampling port for liquid and the hole for the steel
shaft were sealed by attaching their bottoms with sealing tubes that extended into the liquid inside.
The biogas venting valve was connected with a rubber tube to a floating type gas collector. The gas
collector was filled with an acidic solution saturated with NaCl to avoid biogas dissolution. The small
and large electrodes were rolled into annular form, and installed on the outer wall of the sealing tube
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for the steel shaft, and the inner wall of the main body of the reactor, respectively. The electrodes
were connected to the terminals of a DC voltage source (OPM series, ODA Technologies Co., Korea)
with titanium wire. For the experiment, the anaerobic medium of 0.25 L and inoculum of 0.25 L
were added into three anaerobic batch reactors, respectively, and one of acetate, glucose, or their
mixture was fed into each reactor to be 3.0 g/L, based on chemical oxygen demand (COD). In order to
expose the bulk solution to the electric field, the electrodes in the anaerobic reactor were polarized
by applying a DC voltage. The electric field exposed to the bulk solution was 0.33 V/cm, which was
selected based on previous studies [4,15–18]. The anaerobic batch reactors exposed to the electric
field were referred to as AcEF, GluEF, and MixEF, depending on the substrate type. An anaerobic
reactor without electrodes with acetate as the substrate was prepared separately, to use as the control.
Another anaerobic blank reactor without any substrate was used to correct methane production from
the inoculum. The prepared reactors were flushed with nitrogen gas to remove oxygen inside and
placed in a closed room. The temperature inside the reactor was maintained to 35 ± 2 ◦C by controlling
the room temperature with a PID controller. The anaerobic batch reactors began to operate by mixing
the anaerobic medium using the blade. When the biogas production in each batch cycle was not
observed because of substrate depletion, the anaerobic batch experiment was repeated in sequential
batch mode by stopping the mixing for 30 min to precipitate the suspended sludge, and replacing the
supernatant (ca. 0.25 L) with fresh medium.
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(b) photograph.

2.3. Analysis and Calculations

The liquid sample in the anaerobic batch reactor was collected from the bulk solution at the start
and end of each batch cycle, and the physicochemical properties, such as the total COD (TCOD),
soluble COD (SCOD), VSS, and alkalinity, were analyzed according to Standard Methods [29]. The pH
was measured with a pH meter (YSI pH1200 laboratory pH meter 115–230 V (T1)). Biogas production
of the anaerobic batch reactors was monitored daily from the gas collector, and the composition of the
biogas was also analyzed by gas chromatography (Gow-Mac series 580, Bethlehem, PA, USA; TCD
detector; Porapak-Q, 6 ft × 1/8 in SS). Methane production was estimated by biogas production and its
methane content, and then converted to the value at STP after correcting the methane production from
the inoculum, as described in previous studies [4,16,28]. The cumulative methane production during
the third and fourth batch cycles where biogas production was stabilized was fitted into the Modified
Gompertz equation, as shown in Equation (1), to obtain the initial lag phase (λ, day), the maximum
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production rate (µm, mL/d), and the ultimate methane production (Pu, mL), using the nlstools package
in R [30].

P = Pu × exp[− exp
(
µm × exp(1)

Pu
(λ− t) + 1

)
(1)

The methane yield for the substrate was estimated by dividing the ultimate methane production
(mL) by the amount of COD removal (g CODr) during the batch cycle. The electron balance between
the substrates and products was estimated from the electron equivalents for COD removed, methane
production, and grown biomass. However, hydrogen was excluded in the electron balance because it
was not observed during the third and fourth batch cycles. The electron equivalents were obtained by
multiplying the moles of removed COD, produced methane, and grown biomass by their stoichiometric
electron equivalent factors. The stoichiometric electron equivalent factors were 4 e− eq/mole for
COD, 8 e− eq/mole for methane, and 20 e− eq/mole of biomass (C5H7O2N). The difference in electron
equivalents between the removed COD and the products was considered as electron loss during the
conversion process from the substrate to methane. The methane fraction dissolved in the liquid was
considered as a part of losses. The cyclic voltammetry (CV) was performed for the bulk solution within
the potential range of –1.0 to 1.0 V using a potentiostat (ZIVE SP1, WonA Tech, Korea). The scan
rate was 10 mV/sec, which was a value in the range used in previous studies [15,30–32]. For the
CV, small pieces of stainless steel mesh (1 cm × 1 cm) were used as the working electrode and the
counter electrode, respectively, and Ag/AgCl electrode (ALS Co., Ltd., Japan) was used as the reference
electrode. Smart manager software (Zive Lab, WonATech, Korea) was used to estimate the redox peak
and the peak height from the voltammograms to estimate the electrochemical activity of electroactive
microorganisms, including the EEB and the EMA.

2.4. Microbial Community Analysis

The suspended sludge was sampled from the bulk solution for the anaerobic batch reactors at
the end of the experiment and then used for the microbial community analysis, based on 16S rRNA.
The DNA was extracted from the suspended sludge sample using Power soil DNA isolation kit,
according to the kit protocol (MO BIO laboratories, Inc., San Diego, CA, USA). The variable region
(V3V4 for bacteria, V1V9 for archaea) of the 16S rRNA in the metagenomic DNA was amplified with
fusion primers (bacteria: 27F/1492R, archaea: A25F/U1492R). The 16S rRNA was pooled, and sequenced
on the MiSeq Personal Sequencer (Illumina, San Diego, CA, USA). The amplification, construction of
the sequencing library, and bioinformatic analysis were performed as described in previous study [33].
Chimera was checked, and taxonomic assignments of the readings were the obtained from the
EzBioCloud (http://ezbiocloud.net/). Microbial community and the statistical taxonomical assignments
were obtained based on the operational taxonomic units (OTUs). The bioinformatic analysis for
species-level classification of microbes was conducted by the EzBiocloud (Chunlab, Inc., Seoul, Korea).

3. Results and Discussion

3.1. Bioelectrocemical Methane Production

In the anaerobic batch reactors, cumulative methane production increased in the form of sigmoid
type curves; and then as the batch cycle repeated, the production features stabilized. The methane
production in the anaerobic reactors exposed to the electric field was dependent on the substrate type,
but significantly higher than the control without the electric field. However, hydrogen production
from all of the reactors was very small as less than 0.2 mL, observed only at the start of the first
batch cycle. The initial and final pH values for each batch cycle were around 7.2–7.4 and 7.2–7.6,
respectively. In the control, the ultimate methane production from acetate was only 156.7 mL, and the
maximum methane production rate was 44.9 mL/d (Figure 2). However, in AcEF, the ultimate methane
production from acetate was 407.1 mL, which was 2.6 times more than that of the control. The SCOD
residual in AcEF at the end of batch cycles was 922 mg/L, which was less than the 1574 mg/L of the
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control (Table 1). This implies that the electron transfer for methane production from acetate in AcEF is
thermodynamically advantageous over that in the control. However, the greater methane production in
AcEF was not explained only by more COD removal than the control. It is well known that DIET between
electroactive microorganisms, including EEB and EMA, better conserves electrons [4–6]. In AcEF,
the main electron transfer route for methane production is likely to be biological DIET, considering
that its ultimate methane production was significantly higher than that of the control. This indicates
that the electric field enriches the bulk solution with electroactive microorganisms, and promotes
biological DIET for methane production [15–18]. On the other hand, in anaerobic digestion, acetate
can be converted to methane by acetoclastic methanogenesis, or hydrogenotrophic methanogenesis
through syntrophic acetate oxidation pathway [1,24]. The acetoclastic methanogenesis is a biochemical
reaction in which acetate is first converted to acetyl-CoA with ATP and coenzyme A (CoA) [1,34].
Subsequently, the methyl group is transferred to tetrahydromethanopterin (CH3-H4M(S)TP), and then
to coenzyme M (HS-CoM). The methyl-CoM is finally reduced to methane with coenzyme B (HS-CoB).
However, the hydrogenotrophic methanogenesis through syntrophic acetate oxidation pathway is
a niche mechanism that produces methane from acetate occurring at high temperature or inhibitory
conditions [24]. This indicates that the acetoclastic- and hydrogenotrophic methanogenesis from
acetate are biochemical reactions with high energy loss, based on the low methane production in
the control [5,6]. Interestingly, the maximum methane production rate in AcEF was only 1.7 times
higher than that of the control (Table 1). The ultimate amount and rate of methane production are
related to the thermodynamic and kinetic properties of the electron transfer pathway, respectively,
in methane production. This indicates that, compared to acetoclastic methanogenesis, biological DIET
further improves the ultimate methane production from acetate, rather than the methane production
rate. It is revealed that the electric field alters the free energy change for redox reaction by changing
the molecular polarity of the reactant, bridging the charged particles, or oscillating the permanent
dipole [23,35]. It seems that, compared to acetoclastic methanogenesis, biological DIET improves
methane production from acetate kinetically, and further, thermodynamically.
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Figure 2. Cumulative methane production depending on the substrate type of the anaerobic reactor
exposed to an electric field.

In the cases of glucose and the mixture of acetate and glucose, the methane productions in
the anaerobic reactors exposed to the electric field were slightly different from those of the acetate.
The ultimate methane production in GluEF and MixEF was 345.6 and 325.7 mL, respectively, less than
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the AcEF. This indicates that when the substrate is glucose, the electrons captured to methane are
smaller than the acetate; and when it is a mixture of acetate and glucose, are smaller again. However,
the maximum methane production rate in GluEF was 58.0 mL/d, which was slightly lower than that in
MixEF. This suggests that compared to only glucose, the mixture of acetate and glucose as the substrate
has better kinetics.

Table 1. Summary of methane production, physicochemical properties, and electron balance in the
repeated sequential batch cycle.

Contents AcEF GluEF MixEF Control

Pu (mL CH4) 407.1 ± 3.7 345.6 ± 1.1 325.7 ± 1.0 156.7 ± 1.2
µm (mL CH4/d) 74.9 ± 0.8 58.0 ± 1.3 64.4 ± 1.2 44.9 ± 1.9

λ (d) 0.23 ± 0.03 0.02± 0.01 0.05 ± 0.05 0.32 ± 0.04
CH4 yield (mL/gCODr) 305.1 ± 6.2 288.0 ± 4.9 276.1 ± 4.2 172.1 ± 5.1

SCOD (mg/L) Initial 3392 ± 24 3787 ± 33 3565 ± 50 3643 ± 11
Final 922 ± 51 1467 ± 17 1345 ± 29 1574 ± 35

TCOD (mg/L) Initial 9473 ± 48 9398 ± 38 9184 ± 67 9426 ± 53
Final 6276 ± 37 6452 ± 43 6175 ± 56 6675 ± 105

VSS (mg/L) Initial 8578 ± 176 8764 ± 69 8755 ± 191 8560 ± 121
Final 9235 ± 29 9157 ± 97 9328 ± 143 8732 ± 46

Electron
Balance

CH4 (%) 87.2 ± 1.8 82.3 ± 1.4 78.9 ± 1.2 49.2 ± 1.5
Biomass (%) 9.8 ± 4.0 7.5 ± 0.8 11.0 ± 1.4 4.7 ± 2.1
Losses (%) 3.1 ± 2.3 10.2 ± 2.2 10.1 ± 2.6 46.1 ± 0.6

3.2. Methane Yield and Electron Balance

In anaerobic digestion, the final sinks of electrons derived from the substrate are mainly methane,
hydrogen, and biomass. However, some of the electrons are lost in the process of transfer from the
substrate to methane. Thus, the electron balance provides details of the electron transfer pathway for
methane production that varies with the substrate type. In control, the methane yield from acetate was
172.1 mL/g CODr (Table 1). The electrons transferred from acetate to methane and biomass were 49.2%
and 4.7%, respectively, while the electron loss was high at 46.1%. In previous studies, the methane
yield for acetate in anaerobic digestion ranged from 185.5 to 220.5 mL/g CODr, and the biomass yield
was 0.040 to 0.108 g VSS/g CODr [36–38]. The yields of methane and biomass in control are slightly
lower than those of previous studies. It seems that the percentages of electrons captured to methane
and biomass during the anaerobic conversion of acetate into methane are dependent on the relative
contribution of the acetoclastic pathway to the syntrophic acetate oxidation pathway. The significant
electron loss in control implies that in terms of electron conservation, the processes of enzymatic
conversion from acetate to methane in anaerobic digestion are inefficient.

In AcEF, there are possibly substrate competitions between electron transfer pathways for methane
production. The stoichiometric Reactions (2)–(4) show acetoclastic and syntrophic acetate oxidation
pathways for methane production [38–40]:

CH3COO− + H2O→ CH4 + HCO3
−, G0′ = −30.96 kJ/mole (2)

CH3COO− + 3H2O → 4H2 + HCO−3 + CO2, G0′ = +99.76 kJ/mole (3)

4H2 + HCO−3 + H+
→ CH4 + 3H2O, G0′ = −130.72 kJ/mole (4)

The value ∆G0′ represents the free energy change released under standard conditions and at
pH 7. However, EEB oxidizes acetate directly into electrons, protons, and carbon dioxide Reaction (5),
and hydrogen to electrons and protons Reaction (6) [25,40–42]. EMA reduces the carbon dioxide with
those electrons to methane Reaction (7):

CH3COO− + 3H2O→ CO2 + HCO3
− + 8H+ + 8e−, G0′ = −219.20 kJ/mole (5)
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H2 → 2H+ + 2e−, G0′ = −79.74 kL/mole (6)

CO2 + 8H+ + 8e− → CH4 + 2H2O, G0′ = 188.24 kJ/mole (7)

Interestingly, the free energy change in DIET pathway for methane production is the same as for
the acetoclastic or syntrophic acetate oxidation pathways. However, the loss of electrons derived from
acetate was only 3.1% in AcEF, much lower than the control (Table 1). In previous studies, electrons
captured in methane through DIET ranged 70 to 96% in microbial electrolysis cells [43,44]. The methane
yield for acetate in AcEF was as high as 305.1 mL/g CODr, which was 87.2% of the theoretical value
of 350 mL/g CODr (Table 1). Considering that the percentage of electrons captured in control was
49.2%, the DIET contribution to methane production in AcEF can be estimated as up to 81.2% from the
electron balance (96× x + 49.2× (100− x) = 100× 87.2, x = 81.2). This suggests that the electric field
in AcEF improved methane production from acetate by promoting DIET [15,16,30].

The electron transfer pathways for methane production from glucose can be more complex than
the non-fermentable acetate. In GluEF, the methane yield was 288.0 mL CH4/g CODr, which was
less than the AcEF. Glucose in GluEF can be fermented by acidogenic fermentation bacteria (AFB) to
produce the intermediates, such as acetate and hydrogen Reactions (8) and (9). The intermediates can be
converted to methane by acetoclastic or syntrophic acetate oxidation pathways and hydrogenotrophic
methanogens Reactions (2)–(4):

C6H12O6 + 3HCO3
−
→ 3CH3COO− + 3CO2 + 3H2O, G0′ = −334.8 kJ/mole (8)

C6H12O6 + 6H2O→ 6CO2 + 12H2, G0′ = −35.52 kJ/mole (9)

However, EEB can also directly oxidize glucose, as well as acetate and hydrogen, to produce
electrons, protons, and carbon dioxide Reactions (5), (6), and (10), and then EMA can reduce carbon
dioxide with the electrons to produce methane Reaction (7) [25,42].

C6H12O6 + 6H2O→ 6CO2 + 24H+ + 24e−, G0′ = −992.4 kJ/mole (10)

In the electron balance for GluEF, the percentage of electrons converted from glucose to methane
decreased slightly to 82.3%, compared to the AcEF, but the electron loss increased to 10.2% (Table 1).
In GluEF, the DIET contribution to methane production can be estimated as up to 70.7% from the
electron balance (96 × x + 49.2 × (100− x) = 100 × 82.3, x = 70.7). The enzymatic IIET with higher
transfer losses of electrons might be more contributed to methane production from fermentable
substrate than from the non-fermentable acetate [4–6]. Likely, the substrate competition between
exoelectrogenic- and acidogenic fermentation bacteria for the fermentable substrate decreased the
contribution of biological DIET to methane production.

In MixEF, both IIET and DIET can be involved in methane production from the mixture of glucose
and acetate, as in GluEF. However, the methane yield for MixEF was 276.1 mL CH4/g CODr, which was
slightly lower than that in GluEF (Table 1). In the electron balance, the electrons captured to methane
for MixEF was 78.9%, less than for the GluEF, while the electrons for the microbial growth increased to
11.0%. In MixEF, the DIET contribution to methane production can be estimated from the electron
balance (96× x + 49.2× (100− x) = 100× 78.9, x = 63.5) as up to 63.5%. This suggests that complex
mixed substrates stimulate the growth of various microbial species and significantly change the electron
transfer pathways for methane production [25,42].

3.3. Bioelectrochemical Activity of the Suspended Microorganisms

The cyclic voltammogram obtained from the bulk solution visualizes the electrochemical activity of
suspended anaerobic microorganisms related to the ability of biological DIET for methane production.
In the voltammogram, the peak and formal potentials generally depend on the types of redox
substances [45–47]. In the AcEF, the peak potentials for oxidation and reduction were 0.17 V vs.
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Ag/AgCl, and –0.23 V vs. Ag/AgCl, respectively (Figure 3). In previous studies, the peak potential in
bioelectrochemical reactors was observed in the range −0.20 to −0.01 V vs. Ag/AgCl for EEB, and −0.23
to −0.41 V vs. Ag/AgCl for EMA, slightly different from those of the AcEF [4,46,47]. However,
the formal potential of the AcEF was −0.03 V vs. Ag/AgCl, which was close to the cytochrome C-550 of
−0.02 ± 0.01 V vs. Ag/AgCl in the membrane of Bacillus subtilis or the new exoelectrogens of SCS5 [47].
It seems that the redox peaks in the AcEF were primarily expressed by electroactive microorganisms,
including EEB and EMA. This means that the peak heights obtained from the voltammogram are
mainly related to the electrochemical activities of EEB and EMA. The peak heights in AcEF were as
high as 0.41 mA for both oxidation and reduction, higher than the others (Table 2). This suggests that
the bulk solution in AcEF was enriched with electroactive microorganisms by the electric field; thus,
DIET contributed more to methane production from acetate.
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Table 2. Redox peaks for the bulk solution depending on the substrate type in the anaerobic reactor
exposed to an electric field.

AcEF GluEF MixEF Control

Ep,o (V) vs. Ag/AgCl 0.17 0.41 0.40 0.07
Ep,r (V) vs. Ag/AgCl −0.23 −0.08 −0.07 −0.35
Ef(V) vs. Ag/AgCl −0.03 0.17 0.17 −0.14

Ip,o (mA) 0.41 0.29 0.21 0.19
Ip,r (mA) 0.41 0.29 0.23 0.20

(Ep,o/r: peak potentials for oxidation and reduction, Ef: formal potential, Ip,o/r: peak heights for oxidation and
reduction).

In GluEF, the redox peak potentials were observed at 0.41 V vs. Ag/AgCl and −0.08 V vs. Ag/AgCl,
which were shifted to the positive direction, compared to those in the AcEF (Figure 3). It seems that EEB
and EMA species enriched from glucose were different from the AcEF. In addition, the peak heights
were 0.29 mA for both oxidation and reduction, which were smaller than those in the AcEF. It is likely
that EEB competes with AFB for glucose as a substrate, and some portion of methane is produced from
the intermediates, such as acetate and hydrogen, via IIET. Thus, the contribution of DIET to methane
production in the GluEF was possibly less than in the AcEF. This is the reason why in the GluEF,
the electron transfer loss was higher than in the AcEF, and the methane yield was smaller (Table 1).
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In the MixEF, the oxidation and reduction peaks in the voltammogram were observed at 0.40 V
vs. Ag/AgCl and −0.07 V vs. Ag/AgCl (Table 2), similar to those in the GluEF. However, the peak
heights were less than those in the GluEF. In the MixEF, the electron equivalent for the biomass growth
was higher than in the GluEF (Table 1), and the contribution of DIET to methane production was less.
This suggests that the contribution of DIET to methane production in the MixEF might be further
decreased compared to the GluEF by the growth of non-electroactive microorganisms.

3.4. Microbial Communities

The contribution of biological DIET to methane production depending on the substrate type,
which characterizes bioelectrochemical methane production, could be well supported by not only in the
electrochemical activity of the bulk solution but also in the microbial community. The dominant bacterial
groups at the phylum level were commonly Bacteroidetes, Firmicutes, Chloroflexi, and Proteobacteria
in all of the anaerobic reactors (Figure 4). However, Actinobacteria was a bacterial group that is
abundant in the control and AcEF containing acetate as the substrate, while Verrucomicrobia was
abundant in the GluEF and MixEF with glucose as the substrate. In the archaeal group, Euryarchaeota
was the most dominant phylum, at over 97% in all of the anaerobic reactors.
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Figure 4. Microbial communities depending on the substrate type in the anaerobic reactor exposed to
the electric field: (a) bacterial species, and (b) archaeal species.

In microbial communities, the number of bacterial species that were abundant over 3% was greater
in GluEF and MixEF than those of in the control and AcEF. As a fermentable substrate, glucose is
believed to increase bacterial species diversity by the growth of fermentation bacteria, compared to the
acetate. The commonly abundant species in all of the samples were BBZD_g_uc and AJ009469_g_uc.
Syntrophic acetate oxidation is the only intersection of bacterial metabolic pathways for methane
production from acetate and glucose in all of the anaerobic reactors. It seems that BBZD_g_uc and
AJ009469_g_uc are the bacterial species that are involved in the acetate oxidation to hydrogen and
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carbon dioxide. The species CU921187_s was abundant in AcEF, GluEF, and control, and AB603812_s
was abundant in AcEF and GluEF. However, CU921187_s and AB603812_s were minorities in MixEF.
CU921187_s and AB603812_s are uncultured species belong to Bacteroidetes phylum, which were
isolated from the anaerobic digester for sewage sludge and observed also in the bioelectrochemical
conversion of coal to methane [15,48]. It seems that while CU921187_s and AB603812_s are involved
in the syntrophic acetate oxidation or hydrogen-oxidizing EEB. Interestingly, Clostridium quinii and
Z94009_s were abundant in GluEF and MixEF. C. quinii is a species isolated from anaerobic granular
sludge, which produces hydrogen, carbon dioxide, formate, acetate, ethanol, and butyrate from glucose
fermentation [49]. C. quinii is also known as a species that is involved in biological DIET for methane
production from glucose in the bioelectrochemical anaerobic reactor [4]. Z94009_s is an uncultured
species isolated from activated sludge [50]. C. quinii and Z94009_s are likely to be glucose-oxidizing EEB.
DQ415754_g_uc and HQ183937_s were abundant in both GluEF and control. It seems that these species
are involved in syntrophic acetate oxidation, but are not electroactive bacterial species. AY949856_s,
GU127739_g_uc, Acetoanaerobium noterae group, and Porphyromnadaceae_uc_s were abundant in MixEF
only. In MixEF, the acetate fraction of the substrate was higher than that in the GluEF. These bacterial
species are likely to be the bacterial species that are involved in syntrophic acetate oxidation, or are
acetate-oxidizing EEB.

In the control, the predominant archaeal species was Methanosarcina_uc, followed by
Methanosaeta concilii, Methanomassiliicoccus_uc, LNJC_g, LNJC_s, Methanobacterium palustre, and
Methanobacterium subterraneum. The routes for methane production in the control can be acetoclastic-
and hydrogenotrophic methanogenesis through syntrophic acetate oxidation. It is well known
that acetoclastic methanogens include Methanosarcina_uc and M. concilii, and hydrogenotrophic
methanogens are the other archaeal species. In AcEF, the abundances of archaeal species M. concilii, L.
LNJC_s, Methanobacterium harundinacea, and Methanosaeta JN397687_s increased, compared to the control,
while Methanosarcina_uc decreased. In the anaerobic reactor exposed to an electric field, methane can be
produced through biological DIET. The archaeal species that increased in AcEF compared to the control
are likely EMA. In previous studies, M. concilii was observed in the bioelectrochemical anaerobic
reactor that fed with glucose as the substrate [4]. The archaeal species L. LNJC_s, M. harundinacea, and
M. JN397687_s were observed in the bioelectrochemical reactor for coal conversion to methane [15].
Surprisingly, Methanosarcina_uc was not observed in GluEF or MixEF, indicating that acetoclastic
methanogenesis is not an important route in GluEF or MixEF. However, the abundances of M. concilii, L.
LNJC_s, and M. subterraneum were significantly high in both GluEF and MixEF. It seems that L. LNJC_s
and M. subterraneum are EMA species that are involved in methane production from fermentable
substrate, like glucose.

4. Conclusions

The contribution of DIET to methane production in the anaerobic reactor exposed to an electric
field depends on the substrate characteristics and affects the yield and production rate of methane.
In anaerobic digestion without an electric field, the main pathways for the production of methane from
acetate as a non-fermentable substrate are the acetoclastic process and syntrophic acetate oxidation
that have significant electron transfer losses. However, the electric field in the anaerobic digestion
promotes biological DIET pathway that is a primary electron transfer route for methane production
from acetate. The DIET significantly improves the yield and production rate of methane from acetate.
In the case of glucose, a fermentable substrate, the substrate competition between exoelectrogenic
bacteria and acidogenic fermentation bacteria under the electric field decreases the contribution of
biological DIET to methane production, which decreases the yield and production rate of methane
compared to the acetate by increasing the electron transfer loss. The mixture of acetate and glucose
further decreases the methane yield by stimulating microbial growth. These findings provide a better
understanding of the biological DIET for methane production under an electric field, which is of great
importance in designing the high-rate bioelectrochemical anaerobic process.
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