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Microbial electrolysis cell (MEC) has emerged as the promising technology for
COD removal as well as bioenergy recovery during the treatment of bio-refractory
wastewaters. This study mainly focused on wood vinegar (the by-product from biomass
pyrolysis) treatment via MEC technology with two typical biochars (coconut shell
biochar and shrub biochar) as the carriers of microorganisms in anode chamber.
Results indicated that MECs with coconut shell biochar had an obvious beneficial
effect for treating wood vinegar, with COD removal reached up to 71.4%. GC-MS
analysis showed that furfurals present in the wood vinegar were thoroughly degraded
after MEC treatment. One interesting finding is that hydrocarbons accounted for a
large portion of the compounds in the effluent, which may be the comprehensive
result of complex organic reactions, including decarboxylation reactions, dehydration
reaction, etc. The dominant microbial populations in MEC with biochar anode mainly
included Geobacter, Macellibacteroides, Oscillibacter, Sedimentibacter, Comamonas,
and Lachnoclostridium. This study demonstrated that pyrolysis biochar could be
incorporated as a high-efficiency MEC anode material, and MECs with the inclusion
of biochar could provide a feasible way for the treatment of recalcitrant wood vinegar.

Keywords: microbial electrolysis cell, wood vinegar, biochar anode, recalcitrant wastewater treatment, microbial
diversity

INTRODUCTION

In recent years, pyrolysis has attracted a great amount of attention as a valuable waste treatment
method (Gascó et al., 2018). Pyrolysis is a thermochemical process which is normally performed
at high temperatures (300–700◦C and above) with an absence of oxygen. The main products of
pyrolysis are biochar and bio-oil (Chiaramonti et al., 2017). Meanwhile, a large amount of bio-
products are produced after the pyrolysis process; the major by-product is wood vinegar. Wood
vinegar is collected by separating the liquid product from the pyrolysis of wood biomass (Wu Q.
et al., 2015; Sun et al., 2018). The yield of wood vinegar is over 20% among the pyrolysis products.
This signifies that when 1000 kg of feedstock is treated, more than 200 kg of wood vinegar will be
produced (Ratanapisit et al., 2009; Wu Q. et al., 2015). Wood vinegar with its high concentration of
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organic compounds will pollute the environment when released
without any treatment; therefore, it is necessary to explore
pathways to treat the excess wood vinegar.

There are more than 200 kinds of compounds in wood vinegar
(Liu et al., 2018), and these compounds mainly consist of organic
acids, alcohols, phenols, ketones and other organics. Generally,
organic acids are easily biodegradable, while alcohols, phenols
and ketones are bio-refractory, so wood vinegar can be classified
as one kind of bio-refractory wastewater. Now, the application
of wood vinegar is very limited, only focused on agriculture and
industry field (Wang et al., 2010; Hagner et al., 2013; Wu Q. et al.,
2015; Nunkaew et al., 2018), while little attention has been paid
on how to treat this wastewater despite its considerable volume
produced post-pyrolysis. Microbial electrolysis cell (MEC) is an
emerging technique to degrade the bio-refractory wastewater
via a combination of microorganisms and electrochemistry
(Goglio et al., 2019). Recently, MEC showed a good performance
for the treatment of recalcitrant wastewaters like molasses
wastewater (Sevda et al., 2013), biodiesel wastewater (Feng et al.,
2011), textile wastewater (Nor et al., 2015), seafood processing
wastewater (Jayashree et al., 2016), etc. Moreover, when a
complex biorefinery (pyrolysis) stream or de-oiled wastewaters
were used as the substrates of MECs, the COD removal rate could
reach up to 79% (Ren et al., 2013; Lewis and Borole, 2016). More
detailed advancements on the breakdown of complex organic
pollutants via MECs can be found in recent reviews (Lu and Ren,
2016; Hua et al., 2019).

In this study, we investigate the feasibility of wood vinegar
treatment via MECs. Two typical biochars from pyrolysis
of waste biomass were used as microbial carrier materials
to improve the utilization and transfer of electrons due
to its abundant micropore structures and oxygen-containing
functional groups. Key parameters were investigated, including
substrate types, wood vinegar concentrations, and applied
voltages. The removal of chemical oxygen demand (COD) and
the degradation of organic compounds were explored before
and after MEC treatment. Additionally, the diversity of the
microbial community in MEC anode biofilm and inoculum
through Illumina Miseq sequencing was conducted. This study
not only provides a theoretical basis for refractory wood vinegar
treatment via MECs, but it also supplies a new utilization pathway
for widespread application of pyrolysis biochar as an MEC
electrode material.

MATERIALS AND METHODS

MEC Reactor Design and Operation
Two-chamber fixed-bed MEC reactors were made of poly-
methyl-methacrylate and were operated in batch mode. The
detailed composition of MEC system is described in Figure 1.
For each reactor, the working volume of both the anode and
the cathode chamber was 600 mL. The biochar was used as the
microbial carrier of MEC anode chamber with a packed density
of 400 mL based on the anodic working volume. Each anode
consisted of a piece of carbon fiber brush (d× h = 6 cm× 14 cm)
embedded in biochar with a titanium wire (d = 0.8 mm)

used as a current collector. Two typical biochars were chosen,
including coconut shell biochar and shrub biochar. R1 and R2
were two parallel reactors with coconut shell biochar, while
R3 and R4 were two parallel reactors with shrub biochar. The
pretreatment processes of biochar included sifting (10 mesh),
washing with tap water (at least three times), in order to remove
the surface dust and carbon, and finally soaking overnight with
alcohol to kill its existing microbes. The cathode was a piece
of nickel foam (6 cm × 14 cm), which was reported to exhibit
excellent electrochemical activities for MEC (Patil et al., 2011).
A cation exchange membrane (CEM) (Beijing Fengxiang Science
& Technology Company) was used to separate the two chambers,
and a 10 � resistor was added between the anode and cathode for
current measurement.

The MEC reactors started with 1.64 g/L CH3COONa in
50 mM PBS buffer with the inoculum (v:v = 1:1). The inoculum
of MECs was the mixture of anaerobic sludge and MFC effluent,
which were obtained from an anaerobic digester at Xiaohongmen
Municipal Wastewater Treatment Plant (Beijing, China) and
from a working MFC at the Environment-Enhancing Energy
(E2-Energy) laboratory in the College of Water Resources and
Civil Engineering at University of China Agricultural University,
respectively. A 1.0 V external voltage was applied to the MEC.
The catholyte (50 mM PBS) was mixed using a magnetic stirrer
and exposed to nitrogen for 20 min to remove the dissolved
oxygen before use (Yang et al., 2017). After 2 months of
operation, when the current output became stable, the substrate
was changed to a 1:1 mixture of 1.64 g/L CH3COONa and
artificial wastewater (3 g glucose, 0.046 g KH2PO4, 0.054 g
MgSO4·7H2O, 0.004 g CaCl2·2H2O, 0.2 g NH4Cl, 0.32 g yeast/L)
without the addition of vitamins and trace elements. After
that, actual wood vinegar, with different concentrations adjusted
with deionized water, was used as the substrate of MECs. The
effects of substrates types (sodium acetate, artificial wastewater,
wood vinegar), organic loadings of wood vinegar (1.257–3.126 g
COD/L), and applied voltages (0.6–1.2 V) on the MEC reactor
performance were characterized. When changing the anolyte, the
catholyte was simultaneously changed using refresh 50 mM PBS
solution. All MEC reactors were operated at room temperature
(25± 2◦C) and a certain hydraulic retention time (48 h).

Analytical Methods
Wood Vinegar Analytical Methods
The wood vinegar generated from corn straw pyrolysis was
collected from the Center of Energy and Environmental
Protection, Chinese Academy of Agricultural Engineering
Planning & Design. Pyrolysis of corn straw was performed in
a biomass carbonization moving bed with internal heating set
to a temperature of 600

◦

C. ORP, TDS and pH were measured
with an ORP meter (SX-630, Shanghai Sanxin Instruments), a
TDS meter (SX-620, Shanghai Sanxin Instruments) and a pH
meter (SX-610, Shanghai Sanxin Instruments), respectively. Total
solids (TS) were measured following the standard method (Lu
et al., 2017). COD was analyzed using the kits provided by HACH
Company. TOC was measured using a TOC analyzer (TOC-4200,
Shimadzu Corporation). The concentrations of K, Ca, Mn, and Fe
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FIGURE 1 | Schematic diagram and physical picture of MEC system used in this study.

in wood vinegar were determined by Inductive Coupled Plasma
Emission Spectrometer (ICPE-9000, Shimadzu, Japan) analysis
method. An elemental analyzer was used to measure C, H, N, and
S mass percents (Series II CHNS/O Analyzer 2400, PerkinElmer).
The O content was calculated according to the following formula:

O(%) = 100− C(%)−H(%)−N(%)− S(%) (1)

The concentrations of volatile fatty acids (VFAs) were measured
using a gas chromatograph (Agilent 7820A, America). All the
samples were filtered with a filter membrane of 0.22 µm
before testing. Organic compounds in the wood vinegar were
identified by gas chromatography-mass spectrometry (GC-MS)
(Model QP2010, Shimadzu Company, Japan). The samples were
extracted with ether in a volume ratio of 1:3 prior to testing.

Electrochemical Analytical Methods
The power source (PS-305DM, Hong Kong Longwei Company,
China) was used to supply the suitable and small voltages for
the MECs. For each MEC test, the voltage (U) across a 10 �
resistor was measured continuously by a data acquisition system
(model 2700, Keithley). The voltage of the external resistance
was monitored every 60 s in order to calculate the current of
the electric circuit, in which the equation I = U/R was used.
The internal resistance of MEC system was measured using
the electrochemical impedance spectroscopy (EIS) method
through an electrochemical workstation (CHI660E, Shanghai
Chenghua Company, China). EIS was tested at the established
frequency, amplitude, and quiet time (0.01–100000 Hz,
0.01 V, and 2 s).

Microbial Analytical Methods
The diversity of the microbial community was analyzed using
Illumina MiSeq sequencing. The microbial samples included
the inoculum and the anodic biofilms attached to biochar in
the MEC at its steady state. The main procedure included the
extraction of DNA and the amplification of the specified gene
regions by PCR. Primer 515F (5′-GTGCCAGCMGCCGCGG-3′)
and primer 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) were
used to amplify the V3-V4 region of the 16 S rRNA gene of
the bacteria. The raw sequence data were deposited into the
Sequence Read Archive (SRA1) database of National Center for
Biotechnology Information (NCBI) data center. And the SRA
accession number was SRP223408. The phylogenetic affiliation
was analyzed by Silva 1282 against the RDP Classifier3 using a
confidence threshold of 70%.

RESULTS

Characteristics of the Wood Vinegar
Generated From Biomass Pyrolysis
Process
Table 1 shows the characteristics of the wood vinegar, which had
a high concentration of organics (TCOD = 103.8± 0.95 g/L) and
consisted of the following VFAs: acetic acid (26.52 g/L), propionic

1http://www.ncbi.nlm.nih.gov/Traces/sra
2http://www.arb-silva.de
3http://rdp.cme.msu.edu/
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TABLE 1 | The main characteristics of wood vinegar from corn straw pyrolysis.

Indexes Values Indexes Values

pH 3.30 ± 0.26 N (%) 0.07 ± 0.02

COD (g/L) 103.80 ± 0.95 S (%) 1.05 ± 0.13

ORP (mV) 139.67 ± 1.15 O (%)a 76.75 ± 2.85

TDS (g/L) 35.0 ± 0.10 Acetic acid (g/L) 26.52

Conductivity (ms/cm) 49.5 ± 1.7 Propionic acid (g/L) 6.30

TS (%) 8.23 ± 0.22 Isobutyric acid (g/L) 3.54

VS (%, dry weight) 0.42 ± 0.01 N-pentanoic acid (g/L) 2.07

TC (g/L) 133.35 ± 0.47 K concentration (g/L) 1.643

IC (g/L) 2.15 ± 0.04 Ca concentration (g/L) 0.276

TOC (g/L) 131.21 ± 0.51 Mn concentration (g/L) 0.033

C (%) 11.21 ± 0.34 Fe concentration (g/L) 0.001

H (%) 10.92 ± 2.39

aO (%) = 100-C (%)-H (%)-N (%)-S (%).

acid (6.30 g/L), isobutyric acid (3.54 g/L), and n-pentanoic acid
(2.07 g/L), all which amounted to 38.43 g COD/L. In addition,
the TC of wood vinegar was 133.35 g/L, and the TOC content
was 131.21 g/L, accounting for 98.4% of the TC. Because the
original wood vinegar had an acidic pH of 3.3, it was adjusted to
pH = 7.0 with 1M NaOH before being used as the MEC substrate,
which was conducted in order to satisfy the normal growth needs

for electroactive microorganisms (Lu et al., 2015, 2016). The
positive ORP value of wood vinegar (139.67 mV) showed its
high oxidation capability. The majority of the substances in wood
vinegar were organic acids and other organic compounds. These
compounds were predominantly covalent (non-conductive), and
only a few organic acids had a weak conductivity, so the
conductivity of these compounds was assumed to be negligible.
Therefore, only the presence of a few ions in wood vinegar led to
the TDS value of 35.0 g/L. In wood vinegar, the concentrations
of K, Ca, Mn, and Fe were 1.643, 0.276, 0.033, and 0.001 g/L,
respectively. In addition, organic elemental analysis showed that
wood vinegar consisted of 11.21% C, 10.92% H, 0.07% N, 76.75%
O and 1.05% S (based on mass). The high oxygen content in
wood vinegar was due to the presence of numerous organic
acids and abundant oxygen-containing heterocyclic compounds.
Therefore, this wastewater has a high degree of unsaturation and
is relatively unstable, making it easy to precipitate during the
storage process.

MEC Performance on COD/TOC
Removal of Wood Vinegar
Intuitively, the MEC influent (wood vinegar) was dark brown,
while the MEC effluent was light yellow (Figure 2), therefore
it could be inferred that organic compounds in wood vinegar

FIGURE 2 | GC-MS analysis and physical pictures of the influent, effluent A, and effluent B. (Effluent A: under an influent concentration of 1.257 g COD/L; Effluent B:
under an influent concentration of 2.316 g COD/L).
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TABLE 2 | Performances of COD and TOC removal for MECs with
different substrates.

Influent
concentration

(g COD/L)

Effluent
concentration

(g COD/L)

COD
removal
rate (%)

TOC
removal
rate (%)

R1-sodium acetate 2.100 0.134 93.64 84.15

4.079 0.559 86.31 82.12

6.280 0.886 85.90 76.86

R1-artificial wastewater 0.204 0.020 90.44 80.47

0.533 0.093 82.63 80.28

0.886 0.211 76.24 73.98

R2-sodium acetate 2.100 0.025 98.81 77.02

4.079 0.220 94.62 73.44

6.280 0.607 90.34 72.87

R2-artificial wastewater 0.204 0.019 90.69 76.79

0.533 0.116 78.22 74.59

0.886 0.223 74.89 73.54

R1-wood vinegar 1.257 0.366 70.92 71.03

2.316 0.843 63.60 68.60

3.126 1.174 62.46 67.81

R2-wood vinegar 1.257 0.359 71.44 73.18

2.316 0.733 68.37 71.62

3.126 1.108 64.56 67.78

R3-wood vinegar 1.257 0.506 59.79 63.38

2.316 1.261 45.57 53.64

3.126 2.459 21.35 50.19

R4-wood vinegar 1.257 0.528 58.04 55.54

2.316 1.255 45.83 54.52

3.126 2.409 22.95 51.73

were well degraded via MECs. In fact, according to Table 2
and Figure 3, it was feasible to treat a wood vinegar solution
via MECs. Even, the MEC performance with coconut shell
biochar was better than that with shrub biochar in terms of the
processing capacity of wood vinegar. For instance, at the same

substrate (wood vinegar) concentration, a shrub biochar MEC
was significantly less effective at enhancing the COD removal
rate in comparison to a coconut shell biochar MEC (59.79% vs.
71.44%). The MEC with coconut shell biochar utilized as the
anode had a better treatment effect on the low-concentration
wood vinegar, and the removal rate of COD was 71.4%, the
effluent COD was 0.359 g COD/L, which conformed to the
third-level sewage discharge standard of China. However, if
the technology was used into potential practical application, it
appeared a high dilution of the original wood vinegar is needed?
Based on the disadvantage or limitation, we consider a better
way should be adopted, namely other low COD-concentration
wastewaters like domestic wastewater, beer wastewater, etc.
could be mixed with wood vinegar, which make high-efficiency
treatment of different types of wastewaters come true.

When coconut shell biochar was used as the anode, the
COD removal rate ranged from 52.90 to 71.20% under different
auxiliary voltages. When shrub biochar was used as the anode
material, the COD removal rate ranged from 28.52 to 59.64%
under different applied voltages. The COD removal rate in this
study was positively correlated with applied voltages only within
a certain range (0.6–1.0 V in this study). According to Figure 3,
MECs showed different performances under different applied
voltages, but higher applied voltages do not necessarily lead to a
better MEC performance. When the applied voltage was 1.0 V,
the highest COD removal rate was 71.20%. While the applied
voltage was 1.2 V, the COD removal rate slightly decreased.
Therefore, we believed that the optimal applied voltage in this
system was 1.0 V.

The above results may be attributed to the characteristics of
the biochar itself. The specific surface area of the coconut shell
biochar was much larger than the shrub biochar (774.479 m2/g
vs. 14.669 m2/g). As for the proportion of the different pore
structures, the micropore structure of the coconut shell biochar
accounted for 85.702%, which was higher than that of the
shrub biochar (68.971%). More characteristics about the coconut

FIGURE 3 | Changes of COD removal rate under different applied voltages for MEC.
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shell biochar and the shrub biochar have been introduced in
our previous study (Shen et al., 2020). A multi-microporous
structure of biochar is more advantageous to microbial adhesion,
and is therefore more conducive to the formation of a
microbial biofilm.

However, compared with other substrates for MECs with
coconut biochar, degradation performances of wood vinegar was
inferior to the sodium acetate and artificial wastewater, and
the degradation efficiency followed the order: sodium acetate
(98.81%) > artificial wastewater (90.69%) > wood vinegar
(71.44%). In addition, the absolute dominance of organic carbon
in these substrates, so the TOC value and COD value showed
a positive correlation, similarly the degradation rate of TOC

was consistent with the degradation rate of COD, which was
also verified by the data in Table 2. In the study, a good
COD removal performance can be speculated to be due to the
combined mechanism of microbial electrochemical degradation
and adsorption of the initial anode biochar electrode.

MEC Performance on Organic
Compounds Removal of Wood Vinegar
GC-MS analysis was performed to characterize the compounds
present in the wood vinegar before and after MEC treatment
(Figure 2). The detailed compounds detected via GC-MS are
illustrated in Table 3. With respect to the compound carbon

TABLE 3 | Degradation of organic compounds between the influent and the effluent via MEC treatment.

Influent Effluent

Compound name Formula Peak area
(%)

Compound name Formula Peak area of
Effluent A (%)

Peak area of
Effluent B (%)

Ketones, acids and esters 14.6 Ketones, acids and esters 2.56 2.80

1-Hydroxy-2-butanone C4H8O2 1.28 Hexanedioic acid, bis(2-ethylhexyl)
ester

C22H42O4 2.56 2.80

1H-Indene-1,5(6H)-dione,
2,3,7,7a-tetrahydro-7a-methyl-

C10H12O2 0.67 Hydrocarbons 42.4 43.6

2-Propanone, 1-(acetyloxy)- C5H8O3 1.02 Toluene C7H8 9.00 8.60

2-Cyclopenten-1-one, 2-methyl- C6H8O 1.23 Decane, 3,7-dimethyl- C12H26 2.58 4.19

2-Cyclopenten-1-one, 3-methyl- C6H8O 1.18 Decane, 2,6,7-trimethyl- C13H28 – 0.81

1,2-Cyclopentanedione, 3-methyl- C6H8O2 4.95 Dodecane, 2,6,11-trimethyl- C15H32 1.21 –

2-Cyclopenten-1-one, 2,3-dimethyl- C7H10O 0.75 Decane, 2,3,4-trimethyl- C13H28 – 0.96

2-Cyclopenten-1-one,
3-ethyl-2-hydroxy-

C7H10O2 1.34 Dodecane, 4,6-dimethyl- C14H30 3.71 3.85

Butyrolactone C4H6O2 1.49 Dodecane C12H26 2.09 1.56

Methacrylic acid, ethyl ester C6H10O2 0.73 Dodecane, 4-methyl- C13H28 - 0.87

Furfurals 8.10 Eicosane C20H42 1.50 1.53

Ethanone, 1-(2-furanyl)- C6H6O2 0.53 Hexadecane C16H34 11.5 6.01

2-Furancarboxaldehyde, 5-methyl- C6H6O2 0.64 Heptadecane C17H36 2.87 5.95

5-Hydroxymethylfurfural C6H6O3 0.81 Tetradecane, 5-methyl- C15H32 2.65 2.11

Furfural C5H4O2 6.12 Tetradecane C14H30 2.73 2.86

Phenols 76.1 Pentadecane C15H32 - 0.69

Phenol C6H6O 16.1 Nonane, 5-(2-methylpropyl)- C13H28 - 2.99

Phenol, 2-methyl- C7H8O 4.10 Octane, 3,3-dimethyl- C10H22 - 0.66

p-Cresol C7H8O 6.89 Undecane, 2,5-dimethyl- C13H28 0.78 -

Phenol, 2-methoxy- C7H8O2 1.76 Undecane, 3,8-dimethyl- C13H28 0.90 -

Phenol, 2,4-dimethyl- C8H10O 0.84 Pentadecane, 7-methyl- C16H34 0.90 -

Phenol, 4-ethyl- C8H10O 2.02 Phenols 50.5 49.7

Creosol C8H10O2 0.41 Phenol, 2,4-bis(1,1-dimethylethyl)- C15H24O 2.52 4.63

Catechol C6H6O2 28.0 Butylated Hydroxytoluene C15H24O 48.0 45.0

1,2-Benzenediol, 3-methoxy- C7H8O3 0.60 Ethers 4.53 2.89

1,2-Benzenediol, 3-methyl- C7H8O2 2.84 Ethane, 1,1-diethoxy- C6H14O2 0.95 1.01

Hydroquinone C6H6O2 3.60 Pentane, 1-ethoxy- C7H16O 1.99 1.88

1,2-Benzenediol, 4-methyl- C7H8O2 5.91 Octane, 1-(1-ethoxyethoxy)- C12H26O2 1.59 –

Phenol, 2,6-dimethoxy- C8H10O3 1.35 Alcohols – 1.00

1,4-Benzenediol, 2-methyl- C7H8O2 1.63 1-Hexanol, 5-methyl-2-(1-methylethyl)- C10H22O – 1.00

Ethers 1.18

Benzofuran, 2,3-dihydro- C8H8O 0.69

1,2,4-Trimethoxybenzene C9H12O3 0.49
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numbers, the short-chain compounds (<C6) and middle-chain
compounds (C6–C12) in the influent occupied 67.68 and
32.32% of the total composition, respectively. However, the
long-chain compounds (>C12) in the effluent (Effluent A)
accounted for 88.06% and middle-chain compounds (C6,
C7) constituted 11.94% of the total composition. Specifically,
middle-chain compounds mainly included 48.0% Butylated
Hydroxytoluene, 10.59% Hexadecane, 3.71% Dodecane, 4,6-
dimethyl-, 2.56% Hexanedioic acid, bis(2-ethylhexyl) ester,
2.52% Phenol, 2,4-bis(1,1-dimethylethyl)-, 2.58% Decane, 3,7-
dimethyl-, 2.09% Dodecane, etc. Thus, it can be concluded
that short-chain compounds were completely degraded
and middle-chain compounds were degraded efficiently.
However, long-chain compounds were not effectively degraded,
which led to a high-proportion of long-chain compounds
in the effluent.

In addition, it was indicated that phenols (76.1%) were the
dominant compounds present within the influent, and there
was also small a small fraction of ketones, acids, esters (14.6%)
and furfural derivatives (8.10%) present in the substrate. The
existence of these compounds was corroborated by a previous
study which emphasized the properties of wood vinegar, but there
were some differences in the individual relative contents (Wu Q.
et al., 2015). After MEC treatment, furfurals in the influent were
thoroughly degraded. Ketones, acids, and esters were significantly
degraded from 14.6% in the influent to 2.68% in the effluent.
Phenols were also degraded to a certain extent from 76.1% in
the influent to 50.1% in the effluent. In addition, the proportion
of ethers increased a little bit compared with the influent.
One interesting finding is that the hydrocarbons occupied 42.4
and 43.6% of the peak area in Effluent A and Effluent B,
respectively. Hydrocarbons accounted for a large portion of the
compounds in the effluent, which may be the result of complex
organic reactions occurring during the transformation of organic
compounds, including but not limited to the decarboxylation
reaction, dehydration reaction, etc.

Electrochemical Properties of MECs
With Different Substrate Types Under
Applied Voltages
The electrochemical microorganisms in the anode chamber of
the MEC were gradually enriched after the startup of the reactor,
and the current value in the MEC system demonstrated a rising
trend. As shown in Figure 4, the maximum current reached
∼20 mA when the MEC entered the stable period (2 months after
startup of the MEC reactor). R1 and R2 were two parallel reactors
using coconut shell biochar as MEC anode. The operation of
the two reactors was stable and their performance was similar.
The total internal resistances of both MEC reactors were small,
amounting to 66 � and 72 � for R1 and R2, respectively
(Supplementary Figure S1).

At the beginning of batch reactions, upon the addition
of substrates, the substrates were rapidly degraded by
microorganisms and the system current reached a maximum
value in a short time, which was consistent with a previous MEC
study (Luo et al., 2019). This signified that MEC demonstrated

good sensitivity to the addition of the substrate. Subsequently,
with the continuous consumption of the substrates, the system
current demonstrated a declining trend until the current reached
close to 0 mA. The substrate and the applied voltage have
great influence on the system current. At an applied voltage
of 1.0 V, when the substrate was sodium acetate and artificial
wastewater, the maximum current values of the system were
13.1 and 12.6 mA, respectively. However, when the substrate
was wood vinegar, the maximum current value of the system
was 8.65 mA (Figure 4). It can be seen that sodium acetate was
the ideal substrate for the MEC using coconut shell biochar as
the MEC anode. As the chemical complexity of the substrate
composition increased, the degradation performance of organic
compounds in the substrate became worse. In other words, some
components of the complex substrate cannot be degraded and
utilized by electrochemical flora. In addition, as the applied
voltage decreased (ranging from 1.2 to 0.8 V), the maximum
current value in the two parallel MEC systems demonstrated a
decreasing trend (decreasing from 16.6 to 12.3 mA). In particular,
there was a significant decrease in current when the applied
voltage changed from 1.0 to 0.8 V. Therefore, the appropriate
applied voltage in the system was 1.0 V.

Microbial Diversity Characteristics in
MEC Anode and Inoculum
Here, Group A included A1 and A2, which represented MEC
anode biofilm with coconut shell biochar filling. Group B
included B1 and B2, which represented MEC anode biofilm with
shrub biochar anode filling. Group C was the initial inoculum
(anaerobic digestion sludge). Group D was a planktonic
microorganism which existed on the surface of MEC anode. The
gentle rarefaction curves demonstrated that the Illumina MiSeq
sequencing data was reasonable (Supplementary Figure S2).
Biological information including the statistical analysis of
operational taxonomic units (OTUs) was carried out at a
similarity level of 97%. The OTUs in the inoculum (913) were
higher than the MEC anodic biofilm (613–695) (Table 4),
revealing the lower species richness of bacteria in MEC, which
was further supported by higher Shannon and Chao indexes.
The phenomenon for this may be explained by the fact that
under electrochemical acclimatization conditions, the superior
electrochemical microorganisms were greatly enriched and other
microbes acted on the principle of “survival of the fittest,” thus
causing the microbial diversity to weaken.

To better characterize the common and unique OTU numbers
and compare the overlap of these microorganisms, a Venn
diagram was constructed (Supplementary Figure S3). Out of
613 microbial OTUs found in A1, 501 (81.7%) were shared
with the A2 in Group A. This signified the existence of
parallelism between two MEC reactors with coconut shell biochar
utilized as the anode from a microbial diversity perspective.
Similarly, in Group B with shrub biochar used the MEC anode,
85.2% of B1 was shared with B2. Conversely, common OTU
numbers were lower between the inoculum and MEC anode
biofilm. The reason for this similarity is the same as the
aforementioned rationale.
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FIGURE 4 | Current changes of MEC system with different substrates under applied voltages (R1 and R2 were two parallel reactors with coconut shell biochar
incorporated as the anode).

The NMDS analysis at the OTU level indicated that A1 and
A2 (Group A) were in one region, so the difference of the
inter-group was not obvious. Similarly, B1 and B2 (Group B)
were also in one region, so the difference of the inter-group was
also not obvious (Figure 5). Further, there was no significant
interior-group difference between Group A and Group B. Thus,

TABLE 4 | Alpha diversity statistics of the inoculum and MEC anodic biofilm.

Sample name OTUs Chao PD-whole-tree Shannon

A1 613 723.47 60.18 5.88

A2 615 766.21 61.67 5.49

B1 675 793.88 64.54 5.50

B2 695 795.08 67.46 6.38

C 913 964.62 84.88 6.53

D 236 281.00 28.25 4.44

it could be concluded that biochar type had no significant impact
on the microbial community of MEC anode. On the contrary,
Group C (the inoculum) was in another region compared with
Group A and Group B, so there was a big difference among
them. This was caused by the enrichment of the electrochemical
microbes, which was in concert with previous explanations. This
conclusion was also confirmed by a Cluster histogram, in which
the left side is the gradation cluster analysis, the right side was
a histogram of the community structure, the abscissa was the
relative abundance of the species, and the ordinate was the sample
name (Supplementary Figure S4).

Taxonomic analysis showed the phylogenetic differences
between the inoculum and biofilm in MEC. A significantly
different microbial diversity was observed based on genus-
level classification between the groups. In this study, the
microorganisms of MEC anode with coconut shell biochar (A1)
mainly included Geobacter (10.78%), Macellibacteroides (9.47%),
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FIGURE 5 | NMDS analysis at the OTU level of the inoculum and the MEC
anodic biofilm. A1 and A2 represented MEC with coconut shell biochar; B1
and B2 represented MEC with shrub biochar; C was the initial inoculum.

Oscillibacter (8.12%), Sedimentibacter (6.48%), Comamonas
(4.35%), Clostridium (3.42%), and Lachnoclostridium (3.34%)
(Figure 6). In addition, the proportion of unidentified and
uncultured microbes decreased significantly from 58.89% (in
inoculum) to 23.62% (in MEC anode). However, considerable
unclassified microorganisms in the microbial community were
not known, among which some new exoelectrogens may
be present which have the ability to produce electrical
current in MECs. For the shrub biochar anode MEC, the
dominant microorganisms were similar to the MEC with
coconut shell biochar.

Specifically, the content of Geobacter in the inoculum was
0.21%, and it dramatically increased to 10.78% in MEC anode
biofilm. This phenomenon was reasonable because the Geobacter
genus is well known for its excellent electrochemical properties
which often exist in MEC fed with acetate and other complex
organics (Call et al., 2009; Zakaria et al., 2019). A previous study
found that the proportions of Geobacter, Macellibacteroides, and
Oscillibacter in MECs was 3.55, 1.52, and 1.80%, respectively,
which were much lower than this study (10.78, 9.47, and
8.12%). This could be attributed to different niches in the
diverse environment of a particular system (Lu et al., 2012;
Wang et al., 2017). Except for Geobacter, Macellibacteroides,
Oscillibacter, Sedimentibacter, and Comamonas were greatly
enriched after MEC acclimatization. As previously reported, it
has been confirmed that Comamonas can produce current in
microbial electrochemical systems with acetate (Xing et al., 2010).
In contrast to the above analysis, the contents of Smithella
decreased significantly from 3.19% (in inoculum) to 0.71% (in
MEC anode). Specifically, Sterolibacterium was not detected in
MEC compared with having a content of 2.44% in the inoculum.
The diversity of the microbial community in MEC anodic biofilm
was associated with MEC substrate type (electron donor), i.e.,
sodium acetate, artificial wastewater, wood vinegar, etc.

DISCUSSION

Microbial electrochemical reactors can effectively degrade
refractory compounds, such as phenols or mixed hydrocarbons.
Similar to previous studies (Luo et al., 2009; Wu S. et al.,
2015; Wu et al., 2016), in this study the biochar selected as the
anode material can also facilitate adsorption and promote the
degradation of substances. For MEC treatment of wood vinegar,
the COD removal of 71.4% in this study was higher than the
reported value in a previous study (48%), in which MECs were
fed with a pyrolysis stream derived from switchgrass (Lewis et al.,
2015). This difference may be caused by multiple effects like
substrate types, electrode materials, etc. However, as can be seen
from Table 2, MEC degradation efficiency decreases with an
increase of the wood vinegar concentration. When using high-
concentration wood vinegar as MEC substrate, the removal rate
of COD was less than 50%, and the effluent COD was more
than 1 g COD/L. Thus, further work is needed to improve the
endurance of exoelectrogens in MEC anode for wood vinegar
through optimizing MEC configuration, etc.

Microbial growth requires appropriate applied voltages, and
too high or too low voltages will affect its performance. In
particular, a high applied voltage can not only increase the
operating cost, but it can also affect the cell structure of
microorganisms and even lead to the death of exoelectrogens.
In addition, the optimal applied voltage for MECs is beneficial
to the degradation of organic matter in the substrate, which
depends on many factors, such as MEC configuration, substrate
characteristics, key factors, microbial community diversity, etc.
(Liu et al., 2010).

Generally, the internal resistance in the two-chamber MECs
was higher than that of the single-chamber MEC because most
of the protons were transferred through the exchange membrane
in the middle of the two chambers (Lu and Ren, 2016; Hua
et al., 2019). In addition, a higher internal resistance might be
due to the poor electrical connection between the anode filling
materials and the current collector (He et al., 2015). However,
the internal resistance of the two-chamber MECs was much
lower than that of typical single-chamber MECs with carbon
cloth electrodes (∼200 �) (Miller et al., 2019). This may be
due to the contribution of biochar addition in MEC anode,
which greatly accelerated the transfer and utilization of electrons
and organic matters, so the resistance of the MEC system was
subsequently reduced.

Except for Lachnoclostridium, main microbes of MEC anode
(Geobacter, Macellibacteroides, Oscillibacter, Sedimentibacter,
Comamonas, and Clostridium) in this study are known to possess
an exoelectrogenic activity, as demonstrated in previous studies
(Call et al., 2009; Xing et al., 2010; Lu et al., 2012; Hari et al.,
2016; Wang et al., 2017; Fujinawa et al., 2019; Zakaria et al., 2019).
Substrate properties of MECs have important effect on microbial
community structure. For instance, when propionate was used as
MEC substrate, the content of Sedimentibacter was 4% (6.48% in
the study) (Hari et al., 2016), and when waste activated sludge
was used as MEC substrate, the content of Comamonas was
3% (4.35% in the study) (Lu et al., 2012). When wood vinegar
was used as the MEC substrate, Lachnoclostridium (3.34%) was
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FIGURE 6 | Taxonomic classification of microbial communities in both the inoculum and anodic biofilm in MEC at the genus level. All components less than 1% were
classified as “others.” (A1) and (A2) represented MEC with coconut shell biochar; (B1) and (B2) represented MEC with shrub biochar; (C) represented the initial
inoculum; (D) represented a planktonic microorganism which existed on the surface of MEC anode.

enriched, which has not been previously discovered in other
MEC studies. Thus, it can be proposed that Lachnoclostridium
might contributed to the degradation of wood vinegar, while its
pathways and mechanism of extracellular electron transfer need
to be further investigated.

CONCLUSION

It was feasible to treat recalcitrant wood vinegar from biomass
pyrolysis via MEC technology with a high-efficiency. When wood
vinegar was used as the substrate and the anode chamber of
MECs were filled with coconut shell biochar, high COD removal
was obtained (71.4%), and furfurals were thoroughly degraded.
The dominant microbial populations in MEC anode with biochar
were mainly Geobacter, Macellibacteroides, etc. Specifically,
Lachnoclostridium may be correlated with the degradation of

wood vinegar. Further work is needed to improve the endurance
of exoelectrogens for treating wood vinegar.
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