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ABSTRACT: Direct interspecies electron transfer (DIET) is a
breakthrough that can surpass the limitations of anaerobic
digestion. Conductive materials and polarized bioelectrodes are
known to induce DIET for methane production but are still
challenging to apply at a field scale. Herein, compared to polarized
bioelectrodes, electrostatic fields that promote DIET were
investigated in an anaerobic reactor with conductive materials.
As a conductive material, activated carbon enriched its surface with
electroactive microorganisms to induce DIET (cDIET). cDIET
improved the methane yield to 254.6 mL/g CODr, compared to
the control. However, polarized bioelectrodes induced electrode-
mediated DIET and biological DIET (bDIET), in addition to
cDIET, improving the methane yield to 310.7 mL/g CODr. Electrostatic fields selectively promoted bDIET and cDIET for further
methane production compared to the polarized bioelectrodes. As the contribution of DIET increased, the methane yield increased,
and the substrate residue decreased, resulting in a significant improvement in methane production.

■ INTRODUCTION

Anaerobic digestion is a series of microbial metabolic processes
that decompose and stabilize organic matter in an oxygen-free
environment and produce methane as a byproduct. In the
anaerobic metabolic processes, acidogenic bacteria break down
organic matter and transfer the electrons to the intermediates,
such as acetate and hydrogen. Then, methanogenic archaea
convert the electrons from the intermediates into methane.
Thus, anaerobic digestion is an indirect interspecies electron
transfer (IIET) process via intermediates from organic matter
to methane.1−3 However, methanogenic archaea have physio-
logical properties that are different from those of acidogenic
bacteria.4,5 Thereby, the intermediates in anaerobic digestions
can be quickly accumulated by disturbing the balance between
their production and consumption, even with minor changes in
environments such as pH and temperature.3,6 In addition, due
to thermodynamic limitations, the intermediates cannot be
entirely converted to methane, and some of the intermediates
with low solubility or high volatility can be released into the
gaseous phase.5 Acidogenesis and methanogenesis, in partic-
ular, are multiple enzymatic reactions with inevitable energy
losses.2,5,7 Therefore, the methane yield of organic matter is
generally lower than the theoretical value.
In recent years, direct interspecies electron transfer (DIET)

between electroactive microorganisms (EAM) has received
considerable attention as a key to overcoming the limitations
of anaerobic digestion.5,8 The microbial groups of EAM for
methane production include exoelectrogenic bacteria (EEB)

and electrotrophic methanogenic archaea (EMA). EEB is the
bacterial species that is capable of transferring electrons
directly outside the cells through C-type cytochromes or
conductive pili.2,4,7,9 EMA can produce methane by directly
accepting the electrons from EEB without the intermedi-
ates.8,10 In general, the types of DIET for methane production
are classified as follows: (i) conductive material-mediated
DIET (cDIET), (ii) electrode-mediated DIET (eDIET), and
biological DIET (bDIET) between EEB and EMA electrically
connected by physical contact.1,5,9 DIET is advantageous in
kinetics over IIET and conserves electrons better.2,7 Therefore,
the anaerobic digestion process can be more stable and robust,
as DIET contributes more to methane production.5,11 DIET
can be induced by enriching EAM, and providing the driving
force for the electron transfer. EAM can be naturally enriched
when insoluble electron acceptors are outside the cells in
anaerobic or nutrient-limited environments.12,13 However,
conductive materials and polarized bioelectrodes can also
enrich their surfaces with EAM in the anaerobic condition,
driving cDIET and eDIET, respectively.14,15 In anaerobic
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digestion, various conductive materials such as activated
carbon, metal oxide, carbon fiber, and metal-conductive
polymer composites significantly promoted methane produc-
tion through cDIET.16,17 It has been understood that cDIET
from EAM to EMA through conductive materials promotes
methane production by reducing carbon dioxide.4,8 However,
recent reports suggest that conductive materials also promote
acetate dismutation for methane production.17−19 The
conductive materials with electrochemical activity, such as
nanocarbon compounds based on a carbon nanotube and
graphene, metal−organic framework, and metal-polyelectrolyte
complexes, appear to have the potential to enhance methane
production further.20−24 Microbial electrolysis cells (MECs)
are examples of polarized bioelectrodes that enrich the
electrode surface with EAM, promoting eDIET for hydrogen
or methane production.25−27 However, the methane produc-
tion in the anaerobic digestion combined with MECs could
only be improved satisfactorily by providing polarized
bioelectrodes of a sufficient surface area.5

It is worth noting that electrostatic fields move electrons,
polar molecules, and charged ions by the Lorentz force.28 The
Lorentz force may promote DIET for methane production
under electrostatic fields. There are several reports that
electrostatic fields promote the redox reaction in the biological
process. The polarized bioelectrode installed in an upflow
anaerobic reactor significantly improved methane production,
while the eDIET contributed only a few percentage points.29,30

The performances of aerobic composting and biological
nitrogen removal processes were also improved under
electrostatic fields, and their bulk medium showed bioelec-
trochemical activities.31−33 Direct evidence that electrostatic
fields promote DIET for methane production was observed
from the conversion process of lignite to methane with
anaerobic microorganisms.34,35 It indicates that electrostatic
fields enrich the bulk medium with EAM, and drive bDIET for
methane production.36 The electrostatic field-driven DIET in
the bulk medium is not proportional to the electrode surface
area, with fewer electrode-related issues.
Interestingly, it was recently found that both polarized

bioelectrodes and electric fields promote DIET through
conductive materials in anaerobic reactors.26,27,37 This implies
that methane production can be maximized by adding a
conductive material to the anaerobic reactor and applying a
polarized bioelectrode or electrostatic field. Therefore, it is
necessary to elucidate the characteristics of DIET promoted by
polarization electrodes or electrostatic fields in anaerobic
reactors with conductive materials and discuss their advantages
and limitations.
In this study, in an anaerobic batch reactor with powdered

activated carbon as a conductive material, the characteristics of
methane production depending on the polarized bioelectrode
and electrostatic field were investigated based on the electron
transfer pathway, residual substrate, bioelectrochemical
activity, substrate conversion, and microbial community.

■ RESULTS AND DISCUSSION
Activated Carbon Mediated DIET for Methane

Production. Cumulative methane production in AC, an
anaerobic batch reactor with powdered activated carbon,
increased in the form of a sigmoidal curve with time (Figure
1). The methane production was saturated to 332.2 mL, higher
than the control without the activated carbon. In anaerobic
reactors, conductive materials, including activated carbon,

carbon cloth, carbon nanotube, graphene, and magnetite, can
enrich the surface with EAM and serve as a conduit for cDIET
for methane production.14,15,38 In AC, the initial lag time
required for substantial methane production was not
considerably different from that of the control (Table 1).
This suggests that anaerobic microorganisms quickly adhere to
the surface of activated carbon particles in AC, express their
electroactive genes for the thermodynamic benefits of cDIET
over IIET, and promote methane production through cDIET.
After repeating the batch cycle for AC, the methane yield was
approximately 254.6 mL/g CODr, 21.4% higher than the
control (Table 1). The percentages of electron conversion
from the substrate to methane for AC and control are 72.7 and
59.9%, respectively. In general, DIET improves methane yield
over IIET by conserving the electrons better.2,5,7 In methane
production through IIET, electron conversion efficiency can be
greatly affected by environmental factors such as temperature
and pH and intermediate products and inhibitors.4,6,8 In
mesophilic conventional anaerobic digestion, the electron
conversion from the substrate to methane ranged 35−75% in
previous studies.3,5 In control, the main electron transfer route
for methane production may be IIET via the intermediates.
Thus, the percentage of electron conversion for IIET can be
considered as about 59.9% obtained from the control. On the
other hand, the percentage of electron conversion between
EAMs ranged from 70 to 96%, estimated from the Coulombic
efficiency for methane production via the electrode in

Figure 1. (a) Cumulative methane production and (b) soluble COD.
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MECs.3,25 Thus, assuming that the contribution of DIET to
methane production was 96% of the electron conversion, the
percentage of cDIET contributing to methane production in
AC can be roughly estimated as 35.5% (96x + 59.9(100 − x) =
100 × 72.7, x = 35.5), based on the electron balance (eq 2).
However, the contribution of DIET to methane production
can increase further as the electron conversion (%) of DIET
decreases. In a previous study using 1 g/L of activated carbon,
the methane yield was 221.8 mL/g CODr, and the percentage
of cDIET was 7.8%, respectively, less than those in AC.37

It is well known that various conductive materials such as a
carbon nanotube, carbon fiber, and iron/PANI complex
improve methanogenesis by promoting extracellular electron
transfer.14,16 It seems that the contribution of cDIET to
methane production depends on the properties of the
conductive materials, such as specific surface area, electric
conductivity, shape, and dose.4,15,38 In AC, the maximum
methane production rate was 122.8 mL/d, faster than the
104.2 mL/d for the control (Table 1). The increased methane
production rate in AC appears to be related to more methane
production.4 Interestingly, at the end of each batch cycle, the
residual of soluble COD in AC was slightly lower than that in
control (Figure 1b), indicating that the substrate affinity of
cDIET is higher than that of the IIET in anaerobic digestion.
This confirms that cDIET is advantageous over IIET in
kinetics and thermodynamics for methane production.5,35,36

Polarized Bioelectrode-driven DIET. In ACPB, the
cumulative methane production increased over time in a
pattern similar to that in AC (Figure 1a). However, the
methane production increased to 432.8 mL, and the yield
reached 310.7 mL/g CODr, significantly higher than the AC
(Table 1). The percentage of electron conversion from the
substrate to methane in ACPB was 88.8%. The other fraction
of electrons appears to be lost in the transfer process from the
substrate to methane or used for microbial cell synthesis.31,36

However, a small amount of methane dissolved in the liquid
medium that was not recovered in a gaseous form may also be
included in the lost electrons. The high methane yield in
ACPB led to the improved maximum methane production rate
of 157.3 mL/d, higher than the AC. The DIET fraction in
methane production was estimated at up to 80.1% or more
(96x + 59.9(100 − x) = 100 × 88.8, x = 80.1), significantly
higher than 35.5% of the cDIET alone in AC (Table 1). This
suggests that DIET significantly contributed to improving
methane production in ACPB. ACPB is a kind of single-
chamber MECs containing activated carbon. In MECs, the
electric potential on polarized electrodes drives eDIET for
methane production by enriching the electrode surface with
EAM.15,25 Herein, it is noted that the polarized electrode
potentials in MECs create an electrostatic field in the bulk

solution. The electrostatic field may enrich the bulk solution
with EAM.5,32−37 Thus, it is believed that bDIET in the bulk
solution also contributed to methane production in ACPB.5

However, in ACPB, the methane yield of 310.7 mL/g CODr
was slightly higher than that of MECs without activated carbon
in the previous study.5 This indicates that the powdered
activated carbon in ACPB has played an essential role in
improving the methane yield. Conductive materials have been
found to promote cDIET in MECs.15 It seems that the
electrostatic fields can polarize the surface of activated carbon
particles, transforming them into small bipolar electrodes.39,40

The polarized potentials on the bipolar activated carbon
particles in ACPB may have enriched the surface with EAM
and promoted the cDIET. Although it is still necessary to study
further to estimate the individual DIET contributed to
methane production in ACPB, at least three DIET types,
namely, eDIET, cDIET, and bDIET appear to improve the
methane production of ACPB, compared to that of the AC. In
addition, at the end of each batch cycle, the residual of soluble
COD in ACPB was lower than in AC (Figure 1b). This
suggests that the more methane production in ACPB than in
AC was due to higher methane yield and more substrate
conversion.

Electrostatic Field-Driven DIET. In ACEF, the methane
production was more interesting than in AC or ACPB.
Cumulative methane production in ACEF was gradually
saturated at 462.5 mL over time, higher than the ACPB
(Figure 1a). ACEF is an anaerobic reactor that is similar to
ACPB with powdered activated carbon and polarized
bioelectrodes. However, the electrodes in ACEF were
electrically insulated by coating their surface with a dielectric
polymer film. The dielectric film on the electrode surface
blocks the eDIET from transferring electrons for methane
production. Nevertheless, the methane yield of ACEF was
317.3 mL/g CODr, slightly higher than that of the ACPB, and
the electron conversion from the substrate to methane was as
high as 90.7% (Table 1). In ACEF, although the eDIET was
excluded, the activated carbon and the electrostatic field were
still involved in the electron transfer for methane production.
Based on the electron balance, the contribution of DIET for
methane production in ACEF was estimated as 85.3% or more
(96x + 59.9(100 − x) = 90.7 × 100, x = 85.3), higher than the
AC or the ACPB. Compared to in AC, this can be direct
evidence that the electrostatic field promoted bDIET and
cDIET for methane production in ACEF. Also, in ACEF, the
contribution of DIET being higher than in ACPB provides
detailed information on the electron transfer for methane
production. First, the electron transfer loss for eDIET is higher
than that for bDIET or cDIET. Second, when eDIET is
blocked, the electric field further improves bDIET and cDIET.

Table 1. Features of Methane Productions Promoted by Activated Carbon and the Polarized Electrode

content control AC ACPB ACEF

λ (d) 0.60 ± 0.03 0.67 ± 0.01 0.74 ± 0.01 0.98 ± 0.01
μm (mL CH4/d) 104.2 ± 0.6 122.8 ± 0.3 157.3 ± 1.2 196.4 ± 0.9
Pu (mL CH4) 278.4 ± 0.1 337.8 ± 0.2 432.8 ± 0.1 462.5 ± 0.7
removed COD (g) 1.32 ± 0.02 1.32 ± 0.02 1.39 ± 0.01 1.45 ± 0.01
CH4 yield (mL/g CODr) 209.8 ± 0.1 254.6 ± 0.1 310.7 ± 0.1 317.3 ± 0.4
electron conversion (%) 59.9 72.7 88.8 90.7
DIET (%) - ≤35.5 ≤80.1 ≤85.3
DIET rate (10−7 e− moles/s) 0 1.80 5.21 6.93
remained soluble COD (mg/L) 1753 ± 108.5 1583.7 ± 55.0 1344.0 ± 101 1238.5 ± 84.7
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The electron transfer losses in the bioelectrochemical system
are generally due to activation, ohmic, and concentration
overpotentials.5,35,41,42 The activation overpotential is the
potential to overcome the activation energy for electron
transfer. The overpotentials for bDIET are primarily related to
the ability of EAM species to engage in extracellular electron
transfer. The ohmic resistance of conductive materials,
electrodes, or the electrode−wire interface may also interfere
with the electron transfer, especially eDIET or cDIET.5,41,42

The concentration overpotential is related to the mass transfer
limiting the electron transfer. The higher electron losses in
ACPB than in ACEF are likely due to the high ohmic
resistances related to the electrode or the electrode−wire
interface. There seems to be a difference in the thermodynamic
potential to induce electron transfer between each DIET. The
residual soluble COD in ACEF at the end of each batch cycle
was 1238.3 mg/L, slightly lower than in ACPB (Figure 1b). As
the contribution of DIET increases, the methane yield and
substrate conversion appear to increase. It can be concluded
that surface insulated electrodes, rather than polarized
bioelectrode, selectively promote bDIET and cDIET by
providing an electrostatic field to the bulk solution, thereby
improving methane production.
Bioelectrochemical Activities in the Bulk Solution.

The cyclic voltammogram (CV) for the bulk solution shows
one oxidation and two reduction peaks under non-turnover
conditions, similar to all anaerobic reactors (Figure 2a). The
redox peaks of the CV indicate electrochemically active

substances that include biotic and abiotic redox substan-
ces.32,36,37,43 EEB and EMA belong to the biotic redox
substances, and there are several types of abiotic substances,
including flavins, quinones, and humic substances.5,31 The
redox peak potentials for EEB and EMA are known to be in the
range −0.20 to 0.41 V versus Ag/AgCl and −0.07 to −0.41 V
versus Ag/AgCl, respectively.5,34,36 For AC, the oxidation peak
was 0.01 V versus Ag/AgCl, and there were two reduction
peaks at 0.17 and −0.38 V versus Ag/AgCl. The oxidation
peak and the second reduction peak appeared to be the
activities of EEB and EMA, based on their reported potential
ranges (Figure 2a). The peak potentials for ACPB and ACEF
were similar to those of AC. These similar bioelectrochemical
properties in the anaerobic reactors appear to be caused by the
activated carbon. In control, the redox peaks may be due to
abiotic substances that are unable to mediate DIET. For AC,
the peak heights for the oxidation and reduction were 0.50 and
0.57 mA, respectively. The peak heights for ACPB were higher
than those for AC, and further for ACEF (Table 2). The peak
height of CV indicates the abundance of EAM in the bulk
solution.5,34 This indicates that in AC, ACPB, and ACEF,
EAM improved methane production by promoting DIET.
The biotic and abiotic redox substances are known to be

electrically conductive.1,34,37 Thus, the conductivity or
resistance of the bulk solution of bioelectrochemical reactors
can be another indicator of the abundance of redox
substances.37 The solution resistance estimated from the
electrochemical impedance spectrum (EIS) data was 21.5 Ω
for control, and slightly decreased in the order AC > ACPB >
ACEF (Table 2). The solution resistances were well matched
with the redox peak heights in the CV. The activation
overpotential for DIET can be informed from the charge
transfer resistance of EAM. In control, the charge transfer
resistance was very high at 3626.0 Ω (Table 2). This clearly
shows the absence of EAM in control, and that even abiotic
substances cannot mediate DIET.
The charge transfer resistance for the AC was 61.0 Ω,

significantly smaller than for control. This means that the
activated carbon surface was enriched with EAM in AC, and
then methane production was promoted by cDIET. It is
known that conductive materials could replace the pili or c-
type cytochrome required for DIET in anaerobic digestion.4,38

However, the force driving cDIET between EEB and EMA on
conductive materials is still unclear. One hypothesis that could
explain the driving mechanisms of cDIET is a local polarization
of conductive materials. EEB transfers electrons to conductive
materials for thermodynamic benefits. The electrons trans-
ferred from EEB can locally polarize the conductive materials.
In addition, the electric potential of conductive materials can
be locally positive by donating electrons to EMA for methane
production. These local polarizations of conductive materials
may induce direct electron transfer from EEB to EMA.
However, further studies are needed to prove the hypothesis to
describe the mechanisms of cDIET induction. The charge
transfer resistances for ACPB and ACEF were further reduced
to 51.9 and 47.5 Ω, respectively, compared to AC. ACPB and
ACEF are the anaerobic reactors exposed to the electrostatic
field. It can be concluded that the electrostatic field of ACPB
and ACEF further enriches the bulk solution and activated
carbon surface with EAM, promoting bDIET and cDIET for
methane production.

Microbial Communities. The microbial samples collected
from the bulk solution were taxonomically profiled based on

Figure 2. Electrochemical properties of the bulk solution: (a) CVs
and (b) EIS curves.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04108
ACS Omega 2021, 6, 29703−29712

29706

https://pubs.acs.org/doi/10.1021/acsomega.1c04108?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04108?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04108?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04108?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the NGS platform. The valid reads for the archaea were
significantly higher than that for the bacteria, but the
operational taxonomic units (OTUs) were higher in bacteria
(Table 3). For archaeal species, the richness (ACE, Chao1)
and evenness (NPShannon, Simpson) in AC were significantly
higher than in the control, but slightly lower in ACPB than the
AC, further in ACEF (Table 3). It seems that activated carbon
enriches the bulk solution or its surface with the archaeal
species, and the polarized bioelectrodes and the electric field
select the species. The effect of activated carbon, the polarized
electrode, and the electric field on the richness of bacterial
species was weaker than that of archaea, but it was not evident
in the species evenness.
Of the OTUs identified bacterial taxa, Streptococcus and

BBZD_g were commonly abundant bacteria at the genus level
in all reactors (Figure 3a). However, Porphyromonadaceae_uc,
AJ009469_g, and Cloacamonas were more abundant in AC,
ACPB, and ACEF, than in control. The biplot obtained from
principal component analysis (PCA) shows that the bacterial
communities have similarities in AC, ACPB, and ACEF
containing the activated carbon (Figure 4a). The species
Streptococcus henryi and uncultured species GQ458215_s,
BBZD_g_uc, and AB234269_s were the most abundant in
control.
However, Porphyromonadaceae_uc and Cloacamonas acid-

aminovorans were more abundant bacterial species in AC,
ACPB, and ACEF than control. The family Porphyromonada-
ceae is an obligately anaerobic fermenter producing acetate.43

C. acidaminovorans is a synergistic species in an anaerobic
digester degrading the acetate and propionate.3 The species
Porphyromonadaceae_uc and C. acidaminovorans are likely to be
the EEB mediating DIET, which is frequently observed in
bioelectrochemical systems.5,43 S. henryi and CU921187_s
were more abundant species in ACEF than the others. S. henryi
is a facultative anaerobic fermenter, but appears to be an

electroactive species that is commonly observed in bioelec-
trochemical systems.5,44 CU921187_s is an uncultured
bacterial species isolated from a mesophilic anaerobic digester
for municipal wastewater sludge, abundant in the bioelec-
trochemical system for the methane conversion of coal.35,45 It
seems that S. henryi and CU921187_s are also EEB species that
promote DIET in the electrostatic field. Clostridium quinii was
an abundant bacterial species in AC and ACEF and is a
commonly observed EEB species in bioelectrochemical
systems.5,36

In archaeal groups, a clear difference in the dominant groups
appeared at the genus level. Genus Methanocorpusculum was
the predominant group in control. However, genera Meth-
anobacterium, Methanosaeta, LNJC_g, and Methanomassiliicoc-
cus were abundant in AC, and more in ACPB and ACEF
(Figure 3b). As in the bacterial community, the archaeal
community in AC was similar to those in ACPB and ACEF,
but significantly different from that in control (Figure 4b). At
the species level, Methanocorpusculum_uc and Methanocorpusc-
ulum labreanum were the predominant archaea in control.
However, the five archaeal species, includingMethanobacterium
palustre, Methanomassiliicoccus_uc, Methanosaeta concilii,
LNJC_s, and Methanobacterium subterraneum, were abundant
in common in AC, ACPB, and ACEF. It is well known that M.
concilii is an acetoclastic methanogen, and the other archaeal
species are hydrogenotrophic methanogens.5,10 However, these
five archaeal species seem to be EMAs or syntrophic microbes
involved in DIET commonly observed in bioelectrochemical
anaerobic systems.5,10,35,36,45 This suggests that the activated
carbon enriches its surface with EMA, and the electrostatic
field selects the microbial species to drive DIET for methane
production.

Implications. The performance and stability of anaerobic
digestion for organic matter significantly depend on the IIET,
such as IIET and DIET, between acidogenic bacteria and

Table 2. Electrochemical Properties in CV and EIS for the Bulk Solution

content control AC ACPB ACEF

Ep,ox/Ip,ox (V/mA) −0.04/0.51 0.01/0.53 0.01/0.54 0.01/0.60
Ep,red1/Ip,red (V/mA) 0.13/0.13 0.17/0.10 0.15/0.12 0.16/0.10
Ep,red2/Ip,red (V/mA) −0.42/0.53 −0.38/0.57 −0.39/0.60 −0.39/0.61
equivalent circuit for EIS Rs (Ω) 21.5 21.1 19.1 18.1
Rs−Q|(Rct−W)−C|R Qy 6.14 × 10−4 3.33 × 10−4 3.03 × 10−4 3.40 × 10−4

Qa 7.08 × 10−1 8.24 × 10−1 8.17 × 10−1 8.18 × 10−1

Rct (Ω) 3626.0 61.0 51.9 47.5
W (Ω/√s) 2.21 × 10−5 1.61 × 10−4 2.05 × 10−4 2.31 × 10−4

C (F) 6.80 × 10−4 7.38 × 10−5 8.20 × 10−5 9.44 × 10−5

R (Ω) 19,950.9 3.2 3.5 3.3
r2 0.9998 0.9998 0.9997 0.9995

Table 3. Valid Reads, OTUs, and Diversity Indices for the Microbial Samples Collected from the Bulk Solution (Control, AC,
ACPB, and ACEF)

indices valid reads OTUs Ace Chao1 NPShannon Simpson

control bacteria 33,237 1674 1807.9 1724.4 4.72 0.045
archaea 73,546 95 104.3 98.9 1.32 0.446

AC bacteria 31,301 1771 1913.2 1820.3 4.97 0.033
archaea 80,177 171 182.2 173.8 2.64 0.101

ACPB bacteria 29,191 1733 1893.1 1791.0 5.22 0.023
archaea 73,372 174 178.8 175.1 2.63 0.106

ACEF bacteria 28,520 1571 1714.4 1620.8 4.71 0.049
archaea 70,969 153 163.5 156.3 2.59 0.110
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methanogenic archaea.1,2 In conventional anaerobic digestion,
the main electron transfer pathway for methane production is
IIET, in which various enzymatic reactions are involved.2,5,29

Control is a conventional anaerobic digestion reactor. The
methane yield of control based on the removed COD was as
small as 209.8 mL/g CODr. This indicates that during IIET for
methane production, a significant amount of electrons are
lost.2,5,7

It is well known that compared to IIET, DIET between EEB
and EMA better conserves electrons and produces more
methane.7,29,36 Conductive materials, polarized electrodes, and
direct electrical connection between EEB and EMA have been

found to induce DIET.5,25,38 In AC, the methane yield was
254.6 mL/g CODr, which was higher than in control. AC is an
anaerobic reactor that contains powdered activated carbon as a
conductive material. This indicates that the activated carbon
enriched EAM on its surface and mediated cDIET, consistent
with the previous studies.37,38 The contribution of DIET to
methane production in AC was 35.5% or more depending on
the electron conversion (%) of DIET, but the electron loss in
AC was still high at 27.3% (Table 1). In anaerobic digestion, it
has been thought that EMA improves methane production by
reducing carbon dioxide with electrons transferred through
conductive materials.8,26,38 However, it revealed that the
exoelectrogenic activity of microorganisms also contributes
significantly to acetate dismutation for methane production in
anaerobic digestion with conductive materials.17−19 It is
believed that the methane yield in AC could be further
improved by understanding the cDIET mechanism for
methane production. However, how conductive materials
enrich EAM and mediate cDIET is still not well explained.
Herein, a local polarization of conductive materials was
proposed to describe the driving mechanism of cDIET.
In MECs, EEB oxidizes low molecular organics on the

polarized bioanode surface.5,15,25 The electrons move to the
biocathode through the external circuit and combine with
carbon dioxide to produce methane. ACPB is a kind of single-

Figure 3. Abundance of microbial species (a) bacteria and (b)
archaeal.

Figure 4. (a) Biplot for the bacterial communities and (b) Biplot for
the archaeal communities.
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chamber MECs with activated carbon in the bulk solution. In
ACPB, the methane yield was 310.7 mL/g CODr, significantly
higher than that of AC, and the contribution of DIET to
methane production was 80.1% or more (Table 1). It is
considered that activated carbon-induced cDIET and polarized
bioelectrodes-driven eDIET in ACPB have improved the
methane yield. However, in the anaerobic reactor with
polarized electrodes, EAMs, including EEB and EMA, were
abundant in the bulk solution and the polarized electrode
surface.5,29 bDIET also appears to have contributed to the high
DIET in ACPB. However, MECs, including ACPB, have some
limitations in their practical applications.36 First, the polarized
bioelectrode continuously consumes electric power to maintain
the Faradaic current for methane production. Second, organic
matter oxidation and carbon dioxide reduction for methane
production are expected only on the bioanode and biocathode
surfaces, respectively. This indicates that the DIET for
methane production depends on the surface area of polarized
bioelectrodes. However, the electrode with sufficient area can
interfere with agitation and increase the initial capital cost for
bioelectrochemical systems. Third, polarized bioelectrodes can
quickly deteriorate in the anaerobic digestion environment,
increasing the maintenance cost to replace the electrode
periodically.
In the case of ACEF, the electrodes were insulated by

coating the surface with a dielectric material. Thus, the
electrode polarization creates the electrostatic field in the bulk
solution, but there is no Faradaic current through the electrode
surface. The only DIETs that can be expected in ACEF are
cDIET and bDIET. Interestingly, the methane yield in ACEF
was 317.3 mL/g CODr, higher than that in ACPB, and the
contribution of DIET to methane production was 85.3% or
more (Table 1). The electron transfer loss of eDIET appears
to have been more significant than that of cDIET or bDIET. In
the case of ACPB, the electrode or wire connection part
involved in eDIET may have high ohmic resistance.41 This
means that the electrostatic field further improved cDIET and
bDIET selectively in the bulk solution, consistent with the
previous studies.35−37 The electrostatic field-driven DIET can
be explained by the Lorentz force that moves electrons, polar
molecules, and charged ions.28 However, in redox reactions,

the electron transfer under electrostatic fields can also be
described based on thermodynamics.46 The equilibrium
constant (K) for a redox reaction depends on the free energy
change (ΔG = −RT × lnK, where R is the ideal gas constant,
and T is the absolute temperature). The free energy (G) is a
function of enthalpy (H), entropy (S), and temperature (T) (G
= H − TS). The electrostatic field changes the enthalpy and
entropy by changing the molecular polarity, bridging the
charged particles, or oscillating the permanent dipole.46−48

This suggests that the electrostatic field reduces the activation
energy required to be the transient state, providing the kinetic
advantages to the electron transfer for the redox reaction,
promoting DIET.48,49

In AC, the DIET rate, estimated from the maximum
methane production rate, was 1.80 × 10−7 e− moles/s (Table
1). However, the polarized bioelectrode increased the DIET
rate by 2.89 times compared to AC, and the electric field in
ACEF further improved by 3.85 times. In anaerobic digestion,
the electrostatic field-promoted cDIET and bDIET have
several advantages over eDIET via polarized bioelectrode.
First, the electrostatic field can be created with relatively small
surface areas of polarized electrodes. Second, the electrode
surface can be coated with a durable dielectric polymer to
extend its life. This means that the electrostatic field in the bulk
solution can be somewhat free from the limitations due to
electrode size or electrode material. Third, the surface-coated
electrodes do not directly consume DC electric power to
create the electrostatic field. However, electrostatic fields
further increase the contribution of DIET to methane
production compared to polarized bioelectrodes. It is noted
that as the DIET contribution for methane production
increases, the methane yield and substrate conversion increase,
significantly improving the overall methane production.
Therefore, the electrostatic field-promoted DIET can be a
new bioelectrochemical platform that economically improves
anaerobic digestion performance.

■ CONCLUSIONS
Activated carbon in anaerobic reactors enriches the surface
with EAMs, improving methane production through cDIET. In
anaerobic reactors with activated carbon, polarized electrodes

Figure 5. (a) Schematic diagram of the bioelectrochemical anaerobic batch reactor. (b) Prepared electrodes. (c) Electrode arrangement.
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enrich EAMs on the surfaces of the electrode and activated
carbon and in the bulk solution, improving methane
production by eDIET, cDIET, and bDIET. The surface
insulation of the electrode blocks eDIET, but the electrostatic
field further promotes cDIET and bDIET selectively in the
bulk solution to improve methane production. When applied
to large-scale anaerobic reactors, the electrostatic field has
many advantages over polarized bioelectrodes in promoting
DIET for methane production. Thus, the anaerobic digestion,
combined with an electrostatic field, is a viable bioelec-
trochemical platform that can apply to field-scale anaerobic
digestion.

■ MATERIALS AND METHODS
Anaerobic Medium and Seed Sludge. An artificial

anaerobic medium containing 6.0 g/L glucose, 8.4 g/L
NaHCO3, 4.9 g/L NaH2PO4, 9.16 g/L Na2HPO4, 0.62 g/L
NH4Cl, 0.62 g/L KCl, 20 mL/L vitamins, and 10.0 mL/L trace
minerals was prepared, as described in previous studies.5,35,36

Powdered activated carbon as a conductive material was
obtained from a local provider (Power Carbon Technology
Co., Ltd., Korea, size 5−10 μm, surface area 1600−2200 m2/g,
ash content <0.1%, electric conductivity <600 μS/cm). The
anaerobic digestion sludge was collected from a mesophilic
anaerobic digester for a waste-activated sludge in a municipal
wastewater reclamation center (S-MWTP, Busan, Korea), then
used as the seed sludge after screening with 1.0 mm sieve to
remove impurities. The initial values of pH, alkalinity, and
volatile suspended solids (VSSs) of the seed sludge were 7.63,
5,133 mg/L as CaCO3, and 17,880 mg/L, respectively.
Anaerobic Batch Reactor. An anaerobic batch reactor

(effective volume, 0.5 L; diameter, 8.5 cm) was prepared with a
tube of cylindrical acrylic resin (Figure 5a). The reactor was
sealed with an acrylic cover plate, and a blade was installed
inside the reactor to mix the anaerobic medium. The blade was
connected to a DC motor located on the cover plate using a
steel shaft. Three ports for biogas sampling, biogas venting, and
liquid medium sampling were placed at the cover plate,
respectively. The biogas sampling ports were sealed with an n-
butyl rubber stopper. Two sealing tubes extended to inside the
liquid medium were attached to the port bottoms for liquid
sampling and steel shaft passage to block the gas flow between
inside and outside the reactor. The biogas venting port was
connected to a floating-type gas collector using a rubber tube.
The electrodes were prepared by cutting a titanium foil

(BJHYD Nonferrous Metal Materials Co., China) into small
(17.3 × 7 cm) and large (81.6 × 9 cm) sizes (Figure 5b). The
small and large electrodes were installed in an annular shape on
the steel-shaft tube outer wall and the reactor-inner wall,
respectively (Figure 1a,c). Powdered activated carbon was
added to be 3.0 g/L into the reactor with the electrodes, and
called ACPB. The surface-insulated electrodes were also
prepared by coating the titanium foil electrode surfaces with
a dielectric polymer (Alkyd enamel, NOROO Paint &
Coatings Co., Ltd., Korea). The surface-insulated electrodes
were installed in another anaerobic reactor called ACEF in the
same way as ACPB. The electrodes installed in the reactors,
ACPB and ACEF, were connected to an external DC voltage
source (OPM series, ODA Technologies Co., Incheon, Korea)
using titanium wires. The anaerobic medium (0.25 L), the
inoculum (0.25 L), and powdered activated carbon (1.5 g)
were added into the reactors, and then flushed with nitrogen
gas to remove oxygen from the anaerobic reactor. The

electrodes were polarized by applying 0.5 V between the
anode and cathode using the DC voltage source. The
electrostatic field exposed to the bulk solution averaged 0.17
V/cm. The anaerobic medium in the reactor was mixed with
the blade in a temperature-controlled room at 35 ± 2 °C.
The anaerobic batch reactor called AC containing the

activated carbon (3 g/L) was also prepared in the same
procedure as ACPB, except for the electrode-related parts.
Another anaerobic batch reactor without the activated carbon
and the electrodes was prepared separately as the control. A
blank anaerobic batch reactor without the substrate was also
prepared to correct the biogas production from the seed
sludge. All anaerobic batch reactors were operated in
sequential batch mode over three batch cycles by precipitating
suspended microorganisms when no biogas production was
observed, and replacing the supernatant with a fresh medium.

Analysis and Calculation. The biogas production was
intermittently monitored with a floating-type gas collector. The
biogas composition was analyzed by gas chromatography
(Gow-Mac Instrument Co., PA, USA), which was equipped
with a Porapak-Q column (6 ft × 1/8 in, SS) and thermal
conductivity detector. The methane production between
monitoring time intervals was estimated from the total biogas
volume and methane content, as described in previous
studies.35,36 The methane production was converted to the
value at standard temperature and pressure, after correcting
methane production from the seed sludge. The cumulative
methane production over time was fitted to the modified
Gompertz equation (eq 1) using the nlstool package in R, and
the parameters, including initial lag time (λ, days), maximum
methane production rate (μm, mL/d), and ultimate methane
production (Pu, mL), were obtained5,36,37
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The methane yield was calculated by dividing the ultimate
methane production (Pu, mL CH4) by the COD removal (g).
The percentage of electron conversion to methane from the
substrate was obtained by dividing the methane yield by the
theoretical value (350 mL/g CODr). The contribution of
DIET to methane production was estimated based on a simple
electron balance equation (eq 2), as described in a previous
study36

+ = + =ax by c x y100 and 100 (2)

where, x and y are the percentages (%) of DIET and IIET
contributing to methane production, respectively. The
constants, a and b, are the electron conversions (%) from
the substrate to methane for DIET and IIET, and c is the
overall electron conversion (%). Assuming that carbon dioxide
is reduced with electrons transferred through DIET to produce
methane, the number of electron moles (n) transferred to
produce 1 mol of methane is 8. Therefore, the electron transfer
rate (ETR, e− moles/s) for DIET was estimated from the
maximum methane production rate (μm), the DIET percentage
(x), and the number (n) of electron moles. The changes in
chemical properties, including pH, alkalinity, COD, and VSS,
were also measured at the beginning and end of each batch
cycle. For the bulk solution, the CV was obtained at the
potential range −1.0 to 1.0 V (relative to the Ag/AgCl
reference electrode) at the scanning rate 10 mV/s. A pair of
small stainless-steel mesh pieces (1 × 1 cm) were used as the
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working and counter electrodes.36 Smart Manager (ZIVE BP2
series, WonATech Co., Ltd., Korea) was used to obtain the
peak height and potential from the CV. The EIS was also
obtained with an alternating current signal amplitude of 25 mV
in the frequency band of 0.01−1000 Hz using the electro-
chemical instrument (ZIVE SP1, WonATech Co., Ltd.,
Korea).5 The EIS data were fitted into an equivalent circuit
model using software (ZMAN 2.4, ZIVE LAB, WonATech
Co., Ltd., Korea). The equivalent circuit model consisting of
three components of the impedances connected in series, (Rs−
Q|(Rct−W)−C|R), was used. The impedance components were
(i) a solution resistance (Rs), (ii) a constant phase element
(Q) in parallel with a series of charge transfer resistance (Rct)
and the Warburg element (W), and (iii) a double-layer
capacitor (C) in parallel with an ohmic resistance (R) of the
electrode.
Microbial Taxonomic Profiling. Taxonomic profiling of

metagenomic samples for the anaerobic batch reactors was
performed to investigate the 16S rRNA of microbial
communities at the end of the experiment. According to the
kit protocol (MO BIO Laboratories, Inc., CA, USA), the DNA
was extracted from the suspended microorganisms in the bulk
solution using the Power Soil DNA isolation kit. The fusion
primer was used to amplify the variable region (V3V4 for
bacteria, V1V9 for archaea) of the 16S rRNA gene in the
metagenomic DNA. 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 bioinformatics analysis were performed as
described in previous studies.32,36 Chimera was checked, and
taxonomic assignments of these readings were conducted using
the EzBioCloud database (http://ezbiocloud.net/). The
microbial community and the statistical taxonomical assign-
ments were obtained through the OTUs. Comprehensive
bioinformatics analysis, such as species-level classification of
microbes, cluster analysis, microbial origin tracking, hierarch-
ical clustering, and various species diversity indicators, was
conducted by the EZ Biocloud (Chunlab, Inc., Seoul, Korea).
The microbial community data for the samples were
statistically analyzed with PCA using the factoextra package
in R. The properties of the bacterial and archaeal communities
in the anaerobic reactors were estimated from the biplot in
PCA.
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