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Bioelectrochemical systems (BESs) have been known as a promising technology for accelerating aromatic con
taminants degradation and energy recovery. However, most existing studies concentrate on aromatics metabo
lized through a benzoyl-CoA pathway while those metabolized through other pathways are limited. In this work,
resorcinol, a typical aromatic contaminant as well as a key central intermediate (other than benzoyl-CoA)
involved in aromatics anaerobic biodegradation, was studied in BESs. Unlike the general impression of the
relatively poor organic-to-current performance in the aromatics driven BESs, high efficiencies for resorcinol-fed
BESs were observed with a current density and coulombic efficiency of up to 0.26 ± 0.05 mA cm− 2 and 74.3 ±
10.7%, respectively. The higher performance likely correlates to the readily fermentable property of resorcinol.
Analysis of microbial communities in the biofilm suggests a syntrophic interaction between resorcinol-degrading
bacteria (RDB) and anode-respiring bacteria (ARB) was involved in current generation. Additional tests involving
the removal of accumulated acetate through fast resorcinol feeding indicates that a mechanism based on direct
utilization of resorcinol for current generation may also exist. This study extends the knowledge for the fate of
aromatics in BESs and indicates that aromatics entering into the resorcinol metabolic pathway can be treated
efficiently with good energy recovery efficiency in BESs.
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1. Introduction
Bioelectrochemical systems (BESs) are receiving increasing attention
for wastewater treatment as they can convert waste organics into en
ergy. This energy can be received either in the form of electricity (mi
crobial fuel cell mode) or internally utilized for other value-added
purposes, such as hydrogen production (microbial electrolysis cell
mode) and desalination (microbial desalination cells mode) (Kelly and
He, 2014; Wang et al., 2020). To date, a number of organics have been
tested in BESs. It is widely accepted that the efficiency of energy re
covery from simple organics (e.g., acetate) is much higher than that from
complex organics (e.g., aromatics) (Pant et al., 2010). This makes the
prospect of applying BESs for energy extraction from industrial waste
streams doubtful, as the organics involved usually in the form of com
plex structure.
Attempts to recover energy have been carried out for several

aromatics, such as benzene, toluene, phenol, aniline, benzoate, and 4hydroxybenzoic acid, etc. (Lin et al., 2014; Pant et al., 2010; Zhang
et al., 2017). When BESs are operated as a microbial fuel cell (MFC), the
maximum power densities reported using such aromatics as the sole
electron donor range from 2.1 mW m− 2 to 49.8 mW m− 2 (Buitron and
Moreno-Andrade, 2014; Wu et al., 2013), which is over one order of
magnitude lower than that normally observed using simple organics.
Additionally, the coulombic efficiencies (CE) in the case of using aro
matic organics are usually low (< 20%), which indicates that only a
minor fraction of the electrons generated from the decomposition of
these aromatic organics can flow to the electrochemical process. This
means the overall performance of such a system is limited when
coupling the degradation of aromatics with the value-added purposes
mentioned above. However, recently, Zeng et al. found that the CE for a
BES using a phenolic compound syringic acid (SA) as the sole electron
donor could reach 50%, a value that is even higher than that obtained
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using glucose as the electron donor. In addition, the current density in
this case was reported to be approximately 0.35 mA cm− 2 (Zeng et al.,
2017), which is comparable to that found for BESs fed with many simple
organics (Kiely et al., 2011; Logan et al., 2007). The superior perfor
mance obtained by using SA as the electron donor compared to other
aromatics was explained as its disparate biodegradation strategy
employed under anaerobic conditions, in which the degradation of SA
entered the phloroglucinol (1,3,5-trihydroxybenzene) metabolic
pathway. In contrast, other reported aromatics are degraded though the
benzoyl-CoA pathway, which is far less thermodynamically favorable
for the aromatic ring cleavage process (Fuchs et al., 2011; Zeng et al.,
2017).
In addition to benzoyl-CoA and phloroglucinol, resorcinol (1,3dihydroxybenzene) is another central intermediate by which mono
nuclear aromatic compounds are channeled (Schink et al., 2000).
Additionally, resorcinol itself is also a contaminant that is widely found
in a number of manufacturing industries, such as leather, textile, paper,
pharmaceutical, steel, cosmetics, and petrochemicals (Jablonski et al.,
1996). In particular, coal gasification industries are the major source of
resorcinol emission in wastewater with the concentration up to 1000
mg L− 1 (Rajkumar et al., 2001). The toxicity of resorcinol has been
reported to be higher than phenol (Subramanyam and Mishra, 2008).
Direct and indirect exposure to resorcinol can affect the biological
functions of living organisms regulated by endocrine systems (Pardeshi
and Patil, 2009). Similar to phloroglucinol, the fermentative degrada
tion of resorcinol is more thermodynamically favorable compared to the
aromatics involved in the benzoyl-CoA metabolic pathway. Acetate has
been known as the fermentation product of resorcinol (Schink et al.,
2000), which is also a direct substrate for powerful anode-respiring
bacteria (ARB), such as Geobacter sp. (Kato, 2017). Therefore, we hy
pothesize that BESs driven by resorcinol may also achieve a high per
formance. To the best of our knowledge, nowadays, studies reported
about aromatics degradation in BESs most metabolized through a
benzoyl-CoA or phloroglucinol pathway, and the performance of BESs
with resorcinol as electron donor as well as the fate of resorcinol have
not been reported yet. Therefore, the present study for resorcinol in BES
will extend the knowledge for the fate of aromatics in BESs.
Furthermore, a few studies have paid attention to the relationship
between functional bacteria and current production with aromatic
compounds degradation in BESs. It is reported that ARB, that mainly
include Geobacter sp. and Shewanella sp. (Kato, 2017; Sanchez et al.,
2015), commonly utilize easily degradable compounds (e.g., acetate and
glucose) for current generation. Therefore, it is generally accepted that a
syntrophic process is required for current generation when the substrate
is a complex organic compound (e.g., aromatics). This means that
fermentation is required to convert such compounds to small molecular
organics, which can then be used by ARB to produce current (Zeng et al.,
2016). In spite of that a direct conversion of aromatics to current is also
possible if the function bacteria hold both capabilities for aromatics
degradation and anode respiration. The evidence has been given by
Geobacter metallireducens pure culture and its predominant culture for
the current generation from benzoate, toluene and phenol (Zhang et al.,
2017). Therefore, it is also interesting to explore which mechanism
governs the current production from resorcinol.
In this work, BESs were constructed in a two-chamber configuration
and fed with resorcinol as the sole electron donor. The BESs were first
operated in a microbial fuel cell mode for acclimation and current
production. Then, the resorcinol feeding BESs were operated by setting a
constant anode potential and their performance compared with that
found under open circuit conditions to understand the fate of resorcinol
in the bioanode system. To explore whether the process of resorcinol to
current is governed by a syntrophic interaction mechanism or by a direct
utilization mechanism, the BESs were further operated in a continuous
feeding mode by setting either a longer hydraulic retention time (HRT)
to allow for the accumulation of intermediates or a shorter HRT to
washout the intermediates. For obtaining insight into the microbial role

in current generation from resorcinol, high-throughput 16S rRNA genebased Illumina MiSeq sequencing was employed to analyze the micro
bial community structures of the bioanode biofilm. In addition, a hybrid
pathway including syntrophic interaction and direct utilization was
proposed to feature the process of resorcinol to current in a BES.
2. Material and methods
2.1. BES construction and operation
In this study, an H-type dual chamber reactor was developed using
two identical glass bottles (140 mL for each bottle), which were sepa
rated by a cation exchange membrane (Ultrex CMI-7000, Membranes
International, U.S.) with a working area of 7.1 cm2. Carbon brushes,
previously described in detail (Cheng et al., 2015) were punctured
through the rubber stopper and deployed into both chambers as anode
and cathode. A saturated Ag/AgCl electrode (+ 0.197 V vs standard
hydrogen electrode, SHE, Shanghai Precision Scientific Instruments Co.,
Ltd., China) was inserted into the anode chamber and used as a reference
electrode. A data acquisition system (Model 2700, Keithley Instruments
Inc., U.S.), which automatically converted the measured voltage to
current based on Ohm’s law, was installed to record the generated
current.
During the bioanode biofilm acclimation stage, a mixture of 10 mL
anaerobic sludge and 30 mL effluent from an MFC reactor was inocu
lated into the anode chamber. The sludge was obtained from a secondary
clarifier in the coking wastewater treatment plant (Taiyuan, Shanxi,
China), which was stored for 1 week at 4 ◦ C in fridge, and the MFC
reactor was feeding by acetate (500 mg/L acetate and 50 mmol PBS),
which has been operated for 1 year. The remaining 100 mL of volume
was filled with resorcinol amended (100 mg L− 1, as sole electron donor)
nutrient medium (50 mM PBS, 0.31 g L− 1 NH4Cl, 0.13 g L− 1 KCl, 10
mL L− 1 Wolf’s vitamins, 10 mL L− 1 Wolf’s trace elements, pH 7). The
cathode chamber was then filled with 140 mL PBS (50 mM, pH 7)
amended with potassium ferricyanide (100 mM) as electron acceptor.
The experiments carried out for this study were divided into three
phases. First was the current production phase, where the reactors were
operated in an MFC mode and the anolyte was completely replaced by
140 mL resorcinol amended nutrient medium once the current
decreased below 0.1 mA. The anode and cathode of the reactors were
connected via a constant 100 Ω resistor. The fate of the resorcinol was
studied in the second phase, where the reactor already showing the
ability of current production was maintained at a constant anode po
tential of − 0.1 V vs. Ag/AgCl by an electrochemical working station
(model-660D, CHI Instruments Inc. Shanghai, China). Another reactor,
in which the bioanode potential was maintained at − 0.1 V but with no
microorganisms (E-reactor), was used as an abiotic control. The third
phase was further to explore the process of resorcinol to current. In this
stage, 100 mg L− 1 resorcinol solution was continuously pumped into
the anode chamber with either a longer HRT of 15 h or a shorter HRT of
just 10 min. All the tests were performed with replicate reactors.
2.2. Analytical method
Polarization tests were performed when the maximum current
output was observed in each experiment. The BES reactors were oper
ated under open circuit conditions for 2 h prior to the test, and then
sequentially connected to various resistances with decreasing order
(each for 15 min) until the maximum power density was attained ac
cording to a calculation based on the external resistance and the
detected output voltage. The power density curves were obtained across
a variable external resistance ranging from 20 Ω to 30,000 Ω.
Samples taken from the anode chamber of the reactors were filtered
through 0.22 µm filters (Xingya Material Co., Shanghai, China). Resor
cinol was analyzed by high-performance liquid chromatography (HPLC,
DGU 20A3R, Shimadzu, Japan) equipped with a photodiode array (PDA)
2
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Fig. 2. Power density curve and cell potentials with resorcinol as sub
strate (n = 3).

Fig. 1. Current profiles for the bioanode acclimation period. Arrows show the
renewing anolyte with resorcinol as the sole electron donor (resorcinol con
centration was 100 mg L− 1).

profiles were observed when the anolyte was completely refilled with
resorcinol solution, and the peak current value increased as time went
on. The maximum current reached up to 1.15 mA during the acclimation
phase at approximately 550 h. For the abiotic anode, the recorded
current was only 0.03 mA, which means, literally no current production.
These results indicate that the current generation can be attributed to
the microbial activity and that the bioanode was successfully developed.
Power density was obtained by measuring stabilized voltages at
external resistances ranging from 20 Ω to 30,000 Ω. The maximum
power density was determined from a polarization curve to be
13.3 ± 1.9 W m− 3 with a current density of 40.0 ± 3.1 A m− 3 at a
resorcinol concentration of 100 mg L− 1 (Fig. 2, n = 3).

detector (wavelength of 274 nm) and a C18 column (5 µm; 150 × 4.6
mm, Waters Ltd. Co., USA). The sample injection loop was 10 µL. The
mobile phase was methanol solution and 0.2% acetic acid solution in a
55:45 ratio (vol:vol) at a flow rate of 1 mL min− 1. Acetate was quanti
fied with an HPLC (DGU 20A3R, Shimadzu, Japan) equipped with an
Animex column (300 mm × 7.8 mm, Aminex HPX-87H Ion Exclusion
Column, USA) and a PDA detector operating at a wavelength of 210 nm.
The mobile phase was 0.5% H2SO4 (volume ratio) at a flow rate of 0.6
mL min− 1 with a temperature of 60 ◦ C and the injection volume was 50
µL. The concentration of COD was measured using a DR/600 colorimeter
(HACH Co., Ltd., USA) according to the manufacturer’s instruction.
Bioanode biofilm genomic DNA were extracted using the protocol of
the FastDNA SPIN Kit for soil (Sangon Biotech Co., Ltd., Shanghai,
China) according to a previous method (Cai et al., 2016). Based on the
V4 hypervariable region of bacterial 16S rRNA genes, the following PCR
primers were selected: 515F (GTGCCAGCMGCCGCGG) and 806R
(GGACTACHVGGGTWTCTAAT). All primers were synthesized by San
gon Biotech (Shanghai, China). The raw sequencing data were generated
with a MiSeq sequencing machine in the FASTQ format. All sequencings
were clustered at a 97% similarity level, and taxonomic assignments
were made online by analyzing the MiSeq data on the Usearch 7.0
platform (https://www.i-sanger.com/). Two replicated samples were
tested for analysis.

3.2. Fate of resorcinol in the bioanode system
To assess the fate of resorcinol in BESs, the potential of the bioanode
was set at − 0.1 V and the corresponding current density was
0.26 ± 0.05 mA cm− 2 or 48.5 ± 8.9 A cm− 3 (Fig. S1, n = 3). As shown
in Fig. 3 (n = 3), under closed-circuit condition, resorcinol was
degraded fast with a removal efficiency of 96.6 ± 3.6% obtained at the
end of the batch run, while the resorcinol removal efficiency was only
47.7 ± 8.7% under the open-circuit condition. The kinetics of resorcinol
degradation under both closed- and open-circuit conditions can be
described by the half-order kinetics model (dc/dt = − kc0.5) (Table S1,
n = 3). The fitted kinetic constant (k) for the resorcinol degradation
under the closed-circuit condition was 0.25 ± 0.03 mg0.5 L− 0.5 h− 1,
which is 2.27 times higher than that obtained under the open-circuit
condition (0.11 mg0.5 L− 0.5 h− 1). These results clearly show that the
anode as an electron acceptor can substantially promote resorcinol
degradation.
The concentration of chemical oxygen demand (COD) was also
measured at the end of the batch runs (Fig. 3b, n = 3). For the set of runs
carried out under closed-circuit condition, a COD removal of
91.2 ± 2.4% was observed. Since this value is close to the resorcinol
removal efficiency (96.6 ± 3.6%), these data suggest that almost all the
removed resorcinol was converted to inorganic carbon. In addition, by
taking the removed COD (0.75 ± 0.07 mmol, n = 3) and the recorded
charge transfer from the bioanode (214.4 ± 14.7C, Fig. S1) for calcu
lation, a high coulombic efficiency of up to 74.3 ± 10.7% (n = 3) was
obtained. In the case of the open-circuit assay, the COD removal effi
ciency was only 28.4 ± 2.5%, giving a big gap of approximately 19.3%
when compared with the corresponding resorcinol removal efficiency
(47.7 ± 8.7%). This result indicates that a fraction of the removed
resorcinol under the open-circuit condition was not mineralized but
transformed into certain organic intermediates.
As suggested by the anaerobic degradation pathway of resorcinol

2.3. Calculations
The power densities were calculated by the following equation: P =
UI/V, where V is the volume of the anode electrode (37.68 * 10− 6 m3)
and U and I are the sustainable cell voltage and current, respectively.
The coulombic efficiency was the ratio of the electron equivalents
recovered as electrical current to degraded resorcinol, which was
calculated according to Cheng et al. (2015). The current density was
normalized to either the volume of the bioanode electrode for compar
ison with single-chamber BESs or the projected surface area of the
Nafion membrane (7.1 cm2), assuming that the membrane surface area
of the H-type reactor was limiting (Zeng et al., 2017).
3. Results
3.1. Start-up and power generation of resorcinol-fed BESs operated in an
MFC mode
After 70 h of inoculation, the current started to increase and reached
to a peak value of 0.672 mA (Fig. 1) at 104 h. Similar current generation
3
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Fig. 4. Current production and acetate accumulation in continuous mode with
different HRTs.

4.4 ± 1.6 mg L− 1 at 36 h) under the closed-circuit condition. In addi
tion, the accumulation-consumption behavior of the acetate implies a
syntrophic process is involved in the degradation of resorcinol in the
bioanode system (Sun et al., 2012).
3.3. Current generation in response to fast washing out of the intermediate
acetate
To provide further evidence to support the hypothesis that the

Fig. 3. Resorcinol degradation (A); Resorcinol mineralization (B); acetic acid
production (C) under different conditions (n = 3).

(Schink et al., 2000), acetate was monitored during the batch tests. As
shown in Fig. 3C (n = 3), acetate was continuously accumulated under
the open-circuit condition with a maximum concentration of
28.1 ± 5.5 mg L− 1 attained at the end of the batch runs. Theoretically,
this value is equal to a COD concentration of about 30 mg L− 1, which
could explain approximately 80% of the gap (38 mg L− 1) observed
between the measured residual COD and the calculated COD according
to the residual resorcinol, indicating that the acetate is the main inter
mediate during resorcinol degradation. Since acetate is known as a
typical substrate for the anode respiration process, as expected, much
less acetate was accumulated (with a maximum value of

Fig. 5. Taxonomic classification of 16S rRNA gene sequences from bacterial
communities in the bioanode biofilm at the phylum levels (A) and genus levels
(B) (relative abundance ≥ 0.5%) (n = 2).
4
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Table 1
Comparison of the maximum current density and CE for resorcinol with some compounds reported from other studies.
Compound

Maximum current densitya

Phenol

21.3
0.029

A m− 3
mA cm−

27.7
0.012
1.2

A m− 3
mA cm−
A m− 3

4.0

A m−

Aniline
Benzene
Toluene
Syringic acid
Succinic
Formic
Glucose
Resorcinol
a
b
c
d

2

2

3

Coulombic efficiency
(%)

Experimental conditions

Reference

1.5%
12 ± 4%

Granular graphiteb/Dual-chamberc
Carbon paper as anode/single-chamber

–
22.7%
15.2%

Carbon felt as anode/single-chamber
Graphite rods as anode/dual-chamber
Graphite fiber as anode/dual-chamber/
~0.1 Vd
Graphite fiber as anode/dual-chamber/~
− 0.2 V
Carbon cloth as anode/dual-chamber
Carbon cloth as anode/dual-chamber
Carbon cloth as anode/dual-chamber/~ 0.1 V
Carbon felt as anode/dual-chamber/~
− 0.25 V
Graphite fiber as anode/single-chamber
Graphite fiber as anode/single-chamber
Carbon fiber as anode/single-chamber
Carbon cloth as anode/single-chamber
Carbon fiber as anode/dual-chamber/− 0.1 V

(Luo et al., 2009)
(Buitron and Moreno-Andrade,
2014)
(Huang et al., 2011)
(Zhang et al., 2017)
(Yang et al., 2018)

11.9 ± 0.5%
− 2

0.008
0.006
0.004
0.35

mA
mA
mA
mA

cm
cm−
cm−
cm−

56.9
22.8
7.15
0.21
0.26 ± 0.05
(48.5 ± 8.9)

A m− 3
A m− 3
A m− 3
mA cm− 2
mA cm− 2
(A m− 3)

2
2
2

7.10%
–
1.0 ± 0.1%
50%
12%
4%
–
–
74.3 ± 10.7%

(Cheng et al., 2015)
(Wu et al., 2013)
(Lin et al., 2014)
(Li et al., 2013)
(Zeng et al., 2017)
(Kiely et al., 2011)
(Kiely et al., 2011)
(Logan et al., 2007)
(Karthick and Haribabu, 2020)
This study

The maximum current density values shown in the table are either reported directly or calculated according to the highest voltage given in the references.
Anode materials
Reactor configuration
Anode potential.

syntrophic interaction via acetate played a role in the current generation
from resorcinol, further experiments were conducted in a continuous
flow mode to allow washing out of the produced acetate by controlling
the hydraulic retention time (HRT). As shown in Fig. 4, at a relatively
longer HRT (15 h), the BES produced a current of 1.65 mA with a
resorcinol removal efficiency of 74%. In this case, acetate was detected
in the effluents at a concentration of 13 mg L− 1. To wash out the
accumulated acetate, the flow rate was then increased by 90 times
(HRT = 10 min). Under this condition, the concentration difference
between the influent and effluent was just 0.72 ± 0.12 mg/L (n = 3).
The concentration of acetate in the effluent was below the detection
limit, indicating that the accumulation of acetate in the bioanode system
is negligible. As a result, the measured current output (0.64 ± 0.01 mA)
was approximately 38% of that obtained at an HRT of 15 h. Subse
quently, a recovery in the current output was observed following the
addition of acetate (30 mg L− 1) into the influent. According to the
Nernst–Monod model, current is positively correlated to the concen
tration of electron donors (Torres et al., 2008). The behavior of current
output as a function of the accumulated acetate concentration, as shown
in Fig. 4, clearly indicates that acetate, produced from resorcinol
degradation, does then participate in the anode-respiring process.
Notably, some current was still present when controlling the acetate
concentration close to zero, implying that direct utilization of resorcinol
for current generation may also occur in the bioanode system. However,
since the output current was only 38% of that observed under the acetate
accumulation condition, the data suggest that compared to the syntro
phic mechanism via acetate, this direct resorcinol utilization mechanism
plays a minor role in current generation.

microbial community established in the biofilm are summarized in
Fig. 5B (n = 2). The dominant genus was Geobacter, which was also
dominant genus in the bioanode of aromatic-fed BESs reported previ
ously (Cheng et al., 2015; Zeng et al., 2017), with the proportion of
44.1 ± 10.2%. The subdominant group were Pseudomonas (6.3 ± 2.5%),
Syntrophomonas (3.7 ± 1.4%), Bosea (1.7 ± 1.3%) and vadinCA02
(1.4 ± 0.3%). In addition, the genera of Desulfomonile, Zoogloea, Hyle
monella and B-42 were also abundant in the bioanode biofilm, ac
counting for 0.82 ± 0.89%, 0.82 ± 0.19%, 0.63 ± 0.14% and
0.55 ± 0.45%, respectively.
4. Discussion
4.1. Resorcinol as a highly efficient aromatic electron donor in the
bioanode
The maximum current density (0.26 ± 0.05 mA cm− 2 or
48.5 ± 8.9 A cm− 3) in this study is higher than that found in most
previously reported BESs with aromatics in mixed-culture BESs
(Table 1). Even more, the current density is comparable to that obtained
for some simple organics such as formic and glucose (Kiely et al., 2011;
Logan et al., 2007), which indicate that resorcinol is a highly efficient
aromatic electron donor. Compared with aniline and phenol, which
were done under similar experimental conditions by our research group
previously, the maximum current density for resorcinol is ~12 and 40
times higher, respectively (Cheng et al., 2015; Yang et al., 2018). The
higher current density here might be related to resorcinol disparate
biodegradation pathway. Phenol, aniline, certain cresols and the hy
drocarbon toluene are degraded through the benzoyl-CoA pathway with
carboxylation and dehydroxylated reduction (Schink et al., 2000),
which is energy intensive (Fuchs et al., 2011). For example, the △G′ for
phenol fermentation is + 8.46 kJ mol− 1 (Zeng et al., 2017). While the
′
is calculated to be − 15.86 kJ mol− 1 for resorcinol fermentation
(Joback and Reid, 2007; Kleerebezem and Van Loosdrecht, 2010). The
positive value of △G′ for phenol means that a very low concentration of
fermented product (acetate) should be kept in the system, otherwise, the
fermentation process could not happen. Consequently, a lower current
density is obtained as less substrate for ARB utilization according to the
Nernst–Monod model (Torres et al., 2008). Therefore, it can be

3.4. Microbial communities of the bioanode biofilm
The 16S rRNA gene-based Illumina MiSeq sequencing was employed
to analyze the microbial community structures in the bioanode biofilm
and the result of phylum level was shown in Fig. 5A (n = 2). Proteo
bacteria was the predominant phylum, accounting for 63.5 ± 3.9%.
Bacteroidetes, Chlorobi and Firmicutes were the subdominant groups, with
a relative abundance of 15.5 ± 2.0%, 10.2 ± 0.3% and 5.1 ± 0.7%,
respectively. Analysis at the genus level enables one to further infer the
functions of the microbial community. The main constituents of the
5
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concluded that the superior bioelectrochemical performance of resor
cinol as electron donor compared to those aromatics involved benzoylCoA pathway is due to the readily fermentable nature of resorcinol.
Similarly, higher current density was also observed in the case of BESs
fed by syringic acid (SA), which was degraded with phloroglucinol as the
intermediate, another type of fermentable aromatic (Fuchs et al., 2011).
In addition to the higher current density, a coulombic efficiency (CE)
for resorcinol (74.3 ± 10.7%) is also higher than those other aromatics
BESs in mixed-culture (Table 1). Those aromatic compounds with low
CE are degraded through benzoyl-CoA pathway. Formation of benzoylCoA consumed 2 ATP equivalents (Zeng et al., 2017) and the subsequent
ring reduction consumes another 2 ATP equivalents (Unciuleac and Boll,
2001), which means that the benzoyl-CoA pathway is energy intensive.
For resorcinol, the hydroxyl groups in the meta-position to each other
allow for tautomerization to the enol form and generate an isolated
double bond, without the need of ATP for ring dearomatizing (Boll,
2005). Therefore, aromatics degradation via the benzoyl-CoA metabolic
pathway needs more ATP compared with resorcinol. ATP was synthe
sized along with the electron transfer process through the oxidation/
reduction of NADH/NAD+. The more ATP need, the more NADH was
consumed (Corr et al., 1984). Consequently, a larger loss of electrons
during the degradation process and less electrons was obtained by the
bioanode. Likewise, other studies also reported that more electrons was
lost from some compounds degradation process whose anaerobic
degradation via benzoyl-CoA metabolic pathway (Milligan and
Häggblom, 1998; Schnell et al., 1989). It was said that less electron was
recovered from aniline and catechol to electron acceptors (sulfate or
nitrate) compared to resorcinol. The electrons from resorcinol oxidation
can directly enter the denitrification process and allow energy conser
vation by proton translocation that lead to more electrons used for ni
trate reduction (Philipp and Schink, 1998). Therefore, more electrons
can be recovered with nitrate as electron acceptors. In summary, it is
quite possible to recover more electrons from resorcinol to the bioanode
and a higher CE is obtained.

conditions, where methanogens are inhibited or there is a lack of
effective electron acceptors.
4.3. Possible mechanism of current generation from resorcinol in BESs
The anaerobic degradation pathway of resorcinol has been studied
for decades. To date, two pathways have been confirmed including the
reductive pathway through fermentation to produce acetate and buty
rate and the oxidative pathway in which resorcinol is converted to
hydroxyhydroquinone (HHQ) and further oxidized with nitrate as the
terminal electron acceptor.
The detection of acetate accumulation during resorcinol degradation
under open-circuit condition (Fig. 3C) confirmed the existence of the
reductive pathway in our system. As shown in Fig. 4, the current
decreased by about 2/3 when acetate concentration was controlled at a
negligible level by fast feeding resorcinol-containing solution, which
was then recovered by adding acetate. This result further showed that
the current generation largely depended on the existence of acetate and
clearly suggested that a syntrophic interaction between resorcinoldegrading bacteria (RDB) and anode respirating bacteria (ARB) was
involved into the current generation from resorcinol and played the
main role. From the microbial community analysis (Fig. 5), Geobacter
was found predominating the community with the abundance up to
44.1 ± 10.0%. This is not surprise, as the current generation from ace
tate by Geobacter has been well documented (Torres et al., 2010). Vadin
CA02 was found to be the dominate genus in an anode biofilm com
munity with acetate and propionate as the substrates (Ruiz et al., 2014),
indicating that Vadin CA02 might also play the role as the anode res
pirating bacteria here. Regarding the fermentative conversion of resor
cinol to acetate, we did not find those bacteria with pure-culture
evidence to implement this function, such as Clostridium.sp and Pseu
domonas. putida (Chapman and Ribbons, 1976; Schink, 1985). However,
previously reported mix-culture study might shed some light on this
issue., Pseudomonas was found to be one of the dominate genus (24% in
abundance) in a fermentative culture of converting syringic acid to ac
etate via phloroglucinol as the central intermediate. As bacteria is
known to use similar strategies to degrade phloroglucinol and resor
cinol, Pseudomonas (6.3 ± 2.5% in abundance in this work) might be a
candidate genus to transform resorcinol to acetate here. Unlike
fermentative degradation of phloroglucinol with 3 acetate residues,
resorcinol degradation was reported to also produce butyrate. We did
not detect the butyrate in our experiments, likely because it was rapidly
converted to acetate by some fermenting bacteria, such as Syntropho
monas (3.7 ± 1.4% in abundance here) which can transform butyrate,
caproate and caprylate to acetate. Further study by employing fluores
cence in situ hybridization (FISH) technology is warranted, which could
provide the additional information that how these function bacteria
distribute in the anodic biofilm and may help to better understand the
role of RDB and ARB in the proposed syntrophic process.
It should be noted that the complete degradation of resorcinol to CO2
is not always relies on a syntrophic interaction but can be done by single
bacteria. Evidence was given by a strain belong to Desulfobacterium with
sulfate as the electron acceptor through an unidentified pathway
(Schnell et al., 1989) and the Azoarcus anaerobius with nitrate as the
electron acceptor through the HHQ pathway (Philipp and Schink, 1998).
In the present study, with the electrode (anode) as the electron acceptor,
we found there was still some current output (~0.6 mA) when washing
out the intermediate acetate (Fig. 4), indicating the current generation
does not only rely on the syntrophic process but may be via a direct
manner by certain unknown bacteria with both function of resorcinol
degradation and anode respiration. From thermodynamic viewpoint,
the potential of electrode as the electron acceptor here was controlled at
− 0.1 V vs Ag/AgCl (~0.1 V vs SHE) which is higher than that of sulfate
reduction (− 0.218 V vs SHE) (Schink, 2005), implying the direct
resorcinol to current could be thermodynamically favorable. Since very
limited literature was reported on the single bacteria involved resorcinol

4.2. Bioanode as an efficient electron acceptor for accelerating resorcinol
degradation
The resorcinol degradation rate and mineralization efficiency
increased by 2.27-fold and 3.21-fold, respectively, with introducing the
electrode as electron acceptor. The higher removal is attributed to the
rapid consumption of intermediates (acetate) under closed-circuit as the
degradation rate for parent compounds will be decreased following the
accumulation of the intermediates. Nevertheless, we know that acetate
is easily mineralized to carbon dioxide and methane by methanogens
under anaerobic condition. The acetate accumulation in this work might
be related to the batch operation mode, which introduced tiny amounts
of oxygen into the reactor, and inhibited methanogens enrichment those
are strictly anaerobic bacteria. Therefore, this study indicates that effi
cient anaerobic degradation of resorcinol can be ensured with the anode
introduction when methanogens are inhibited. In reality, resorcinol
mainly comes from industrial wastewater, especially coal chemical
wastewater that containing large amount of ammonia and cyanide,
which would pose serious inhibition on methanogens. Thus the anaer
obic degradation of resorcinol will be influenced due to the inhibition of
methanogens by these chemicals. Conversely, ARB is not substantially
influenced under such conditions compared with methanogens. They
are more tolerant than methanogens to elevated ammonia concentra
tions at a certain range of nitrogen (Nam et al., 2010; Wang et al., 2009).
High cyanide levels do not have any detrimental effects on the ability of
MFCs (Kaewkannetra et al., 2011) to operate, and even the current in
such devices can slightly increase with cyanide at low concentrations
(up to 1.5 mM) (Kim et al., 2004). As we know that electron acceptors (e.
g., NO−3 , SO2−
4 ) are necessary for aromatics degradation under anaerobic
conditions, so this study also suggests that one can enhance aromatics
anaerobic degradation by introducing an electrode in negative
6

L.-H. Yang et al.

Journal of Hazardous Materials 408 (2021) 124416

Fig. 6. Proposed overall pathway for the current generation from resorcinol degradation in BESs.

degradation, we still cannot explain our microbial community at this
stage.
In summary, taking together the observations of the different acetate
accumulation behavior under close- and open-circuit conditions, the
current profile in response to washing out the intermediate and the
microbial community analysis, we proposed a preliminary pathway of
resorcinol to current as shown in Fig. 6. Pathway (i) illustrates the
syntrophic interaction between RDB and ARB, which plays the major
role. Pathway (ii) illustrates the direct conversion of resorcinol to cur
rent by certain bacteria with both functions of resorcinol degradation
and anode respiration. This pathway plays minor role compared with
the syntrophic pathway. More researches especially focusing on the
microbial aspects should be carried out in future to detail this proposed
pathway.
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Resorcinol, an aromatic pollutant as well as a key central interme
diate during anaerobic aromatics biodegradation, was studied in BESs.
The resorcinol to current performance in terms of current density and
coulombic efficiency was found much superior to those aromatics
degraded though the benzoyl-CoA pathway and even comparable to
some small molecular organics. A syntrophic interaction between
resorcinol degrading bacterial and anode respiring bacteria was sug
gested playing the major role for current generation from resorcinol.
Acetate was confirmed as the intermediate. In spite of that, a direct
conversion of resorcinol to current may be also involved but play the
minor role. This study indicates resorcinol is a highly efficient aromatic
electron donor in bioelectrochemical system and extends the knowledge
of the fate of aromatics in this technology.
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