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The effective elimination of aromatic compounds from wastewater is imperative for safeguarding the
ecological environment. Bioelectrochemical processes that combine cathodic reduction and anodic oxida-
tion represent a promising approach for the biomineralization of aromatic compounds. However, conven-
tional direct current bioelectrochemical methods have intrinsic limitations. In this study, a low-frequency
and low-voltage alternating current (LFV-AC)-driven bioelectrode offering periodic in situ coupling of
reduction and oxidation processes was developed for the biomineralization of aromatic compounds, as
exemplified by the degradation of alizarin yellow R (AYR). LFV-AC stimulated biofilm demonstrated effi-
cient bidirectional electron transfer and oxidation–reduction bifunctionality, considerably boosting AYR
reduction (63.07% ± 1.91%) and subsequent mineralization of intermediate products (98.63% ± 0.37%).
LFV-AC stimulation facilitated the assembly of a collaborative microbiome dedicated to AYR metabolism,
characterized by an increased abundance of functional consortia proficient in azo dye reduction
(Stenotrophomonas and Bradyrhizobium), aromatic intermediate oxidation (Sphingopyxis and
Sphingomonas), and electron transfer (Geobacter and Pseudomonas). The collaborative microbiome
demonstrated a notable enrichment of functional genes encoding azo- and nitro-reductases, catechol
oxygenases, and redox mediator proteins. These findings highlight the effectiveness of LFV-AC stimula-
tion in boosting azo dye biomineralization, offering a novel and sustainable approach for the efficient
removal of refractory organic pollutants from wastewater.

� 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aromatic compounds are extensively utilized in a wide range of
industrial processes and products and are prevalent in wastewater,
particularly industrial effluents [1]. Their introduction into natural
ecosystems poses substantial environmental risks, including toxic-
ity, carcinogenicity, persistence, and bioaccumulation [2]. Aro-
matic compounds typically exhibit stable aromatic ring
structures with well-defined p-conjugated molecular configura-
tions, rendering them resistant to direct oxidation and degradation
in conventional biological wastewater treatment processes [3].
Therefore, implementing robust wastewater treatment protocols
for the efficient removal of aromatic compounds is imperative.

Hydroxylation and ring cleavage are pivotal prerequisites for
the biodegradation of aromatic compounds, and anaerobic biore-
duction is the preferred method to achieve these essential trans-
formations [4]. Recently, bioelectrochemical systems (BES)
featuring biocatalyzed cathodes have attracted increasing inter-
est in the reductive degradation of various aromatic compounds,
including azo dyes, nitrobenzene, and halogenated organic com-
pounds [5,6]. Compared to conventional anaerobic bioreduction
processes, biocathodes can enhance the reduction of aromatic
compounds by consistently supplying electrons and establishing
favorable redox conditions for functional bacteria. However,
biocathodes exhibit limited potential for achieving complete
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mineralization of reduction products, thereby impeding their
autonomous utilization as wastewater treatment units [7].
Therefore, consistent with the anaerobic reduction-aerobic oxi-
dation process, bioelectrochemical processes can integrate catho-
dic reduction and anodic oxidation (CR–AO) to achieve the
mineralization of aromatic compounds [7]. Various integrated
BES reactors, such as the membrane-free up-flow biocatalyzed
electrolysis reactor [8], hybrid anaerobic bioreactor with built-
in BES [9], and BES-assisted up-flow reduction–oxidation reactor
[10], have been demonstrated to couple the cathodic reduction
and anodic oxidation processes proficiently. These integrated
configurations confer the advantage of diminishing the spatial
footprint and procedural intricacy and enhancing pollutant
removal efficiency.

Direct current (DC) is the predominant form of the bioelectro-
chemical CR–AO process that maintains distinct cathode and
anode reactions. However, DC has substantial impediments that
limit its practical scalability. Cathodic and anodic biofilms differ
in their electron transfer and film-forming properties, which
require distinct culture conditions [10,11]. Second, DC-driven pro-
cesses consume high current densities and risk electrode losses
while generating harmful byproducts (�OH, O3, H2O2, Cl2, and SO4

��)
that can endanger microorganisms [12,13,14]. Finally, optimizing
the distance between the cathode and the anode is critical for
effective mass and electron transfer [15]. In recent developments,
alternating current (AC), particularly low-frequency and low-
voltage sinusoidal alternating current (LFV-AC), has emerged as
a novel driving approach for BES, offering the capability of alter-
nating oxidation and reduction processes on a single electrode
[16]. In principle, AC-driven polarity inversion can facilitate the
formation of bidirectional electron transfer biofilms [17], which
can significantly enhance extracellular electron transfer (EET)
between microbes and electrodes and promote the enrichment
of electroactive bacteria (EAB) [18,19]. Bidirectional EET biofilms
have the potential to realize in situ reduction and oxidation of
aromatic compounds. In addition, utilizing LFV-AC can enhance
the metabolic activity of electro-biofilms through a polarisation
process propelled by electrohydrodynamic forces [13,20]. Addi-
tionally, AC mitigates the production of undesirable byproducts
and corrosion of the electrode owing to the zero net charge for
a complete cycle [18,21]. Therefore, AC-driven electrochemical
processes are expected to overcome the limitations associated
with DC-driven processes, thereby enhancing the efficiency of
aromatic pollutant mineralization. To the best of our knowledge,
no prior studies exist regarding the application of LFV-AC on bio-
electrodes to establish periodic reduction–oxidation cycles for the
biomineralization of aromatic compounds. Furthermore, informa-
tion on the effects of LFV-AC stimulation on microbial community
composition and key functional genes is limited. Moreover, the
metabolic characteristics, electron transfer pathways, and electro-
chemical attributes of the LFV-AC-stimulated biofilms remain
poorly understood.

In this study, LFV-AC-driven bioelectrodes were developed to
achieve in situ coupling of reduction and oxidation processes, aim-
ing for the efficient mineralization of refractory pollutants (azo
dye) in wastewater. This study aimed to ➀ Investigate the perfor-
mance of LFV-AC-driven periodic reduction and oxidation pro-
cesses on azo dye mineralization, ➁ demonstrate electron
transfer capabilities and pathways utilizing methods such as elec-
tron balancing analysis, cyclic voltammetry, and electrochemical
impedance spectroscopy, and➂ reveal the composition and distri-
bution of functional bacteria, key genes, and metabolic pathways
through metagenomic sequencing. This study offers a novel path-
way for the efficient mineralization of recalcitrant organic pollu-
tants in wastewater.
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2. Material and methods

2.1. Construction of LFV-AC-driven bioelectrodes

A schematic diagram of the LFV-AC-driven bioelectrode is
shown in Fig. S1 in Appendix A. The construction details of the
electrochemical reactor are provided in Appendix A. The working
electrode was constructed as an LFV-AC-driven bioelectrode based
on the basic framework of a dual-chamber reactor. A function gen-
erator (model-SDG2000X; Shenzhen Dingyang Technology Co.,
Ltd., China) provided stable alternating currents. A DC power sup-
ply (model-MS152D; Dongguan Maihao Electronic Technology Co.,
Ltd., China) provided a constant current. The working electrode,
counter electrode, reference electrode, and external resistor
(10 X) were connected with a data logger (Keithley 2700; Keithley
Co., Ltd., US) to record the voltages across the resistor and electrode
potentials every 10 min. A sealed aluminum foil bag (14 cm
wide � 20 cm long; Yancheng Puriqi Experimental Instrument
Co., Ltd., China) was fixed at the top of the working chamber to bal-
ance the gas pressure in the working chamber. All potentials are
reported for a saturated calomel electrode (SCE).

2.2. Acclimation and operation of LFV-AC-driven bioelectrodes

The seed sludge for electrode biofilm inoculation was obtained
from an activated sludge thickener (Cheng Dong wastewater treat-
ment plant, Yancheng, China). Before inoculation, the sludge was
screened using a Tyler mesh (0.2 mm) to remove inorganic parti-
cles and then sparged with pure N2 overnight. Alizarin yellow R
(AYR) is a model aromatic compound that is a common azo dye
extensively employed in the printing and dyeing industry [22].
The applied AYR concentration was set to 100 mg�L�1, aligned with
the concentrations found in actual wastewater and previous rele-
vant studies [10]. In the working chamber, an electrolyte solution
comprising AYR (9 mg), KCl (11.7 mg), NH4Cl (27.9 mg), NaH2PO4�
2H2O (249.3 mg), Na2HPO4�12H2O (1039.5 mg), Wolf’s vitamin
solution (0.09 mL), and Wolf trace element solution (0.09 mL)
was added to a volume of 90 mL. The initial electrolyte pH was
maintained at (7.0 ± 0.1) using 1 mol�L�1 HCl or NaOH solution.
The compositions of Wolf’s vitamin and trace element solutions
are presented in our previous study [10]. In the counter chamber,
an electrolyte solution comprising K3Fe(CN)6 (2962.8 mg),
K4Fe(CN)6 (3314.7 mg), NaH2PO4�2H2O (249.3 mg), and Na2HPO4�
12H2O (1039.5 mg) was added to a volume of 90 mL. Before filling
the chamber, the electrolyte solutions were purged with N2 for
10 min to eliminate dissolved oxygen. During the reduction phase,
the Fe2+ in K4Fe(CN)6 functioned as an electron donor, providing
electrons to the working electrode for AYR reduction. Conversely,
in the oxidation phase, the Fe3+ in K3Fe(CN)6 serves as an electron
acceptor, accepting electrons from the working electrode to facili-
tate the mineralization of intermediates.

Four groups of BES were operated under the parameters and
conditions shown in Fig. 1(a) and Table S1 in Appendix A. Three
BES reactors ran in parallel with sine wave AC stimulation (peak
voltage (Vpeak) = 0.7 and �0.7 V; frequency = 0.83 mHz, with polar-
ity changing every 10 min), whereas another set of three parallel
BES reactors utilized square wave AC stimulation (voltage = 0.5
and �0.5 V; frequency = 0.83 mHz, with polarity changing every
10 min). Additionally, three parallel BES biocathode reactors were
operated with DC stimulation at a voltage of �0.5 V, and three par-
allel BES bioanode reactors were operated with DC stimulation at a
voltage of 0.5 V. The effective value (root-mean-square voltage,
Vrms) of sine wave AC voltage was 0.5 V (Vpeak=

ffiffiffi
2

p
) [23], generating

equivalent power to a DC voltage of 0.5 V. DC voltages of �0.5 and
0.5 V were selected according to the potentials of AYR reduction
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and intermediate product oxidation [22,24]. All reactors under-
went parallel operations with consistent acclimation procedures
to maintain constant sludge inoculation. The working chamber
was initially incubated with 100 mL of fresh inoculum (seed
sludge, 10 mL; electrolyte solution, 90 mL) mixed with a magnetic
stir bar (250 r�min�1) for 5 d. Subsequently, the electrolyte solution
was replaced with fresh inoculum through three repeated inocula-
tions to continually develop the electrode biofilm. Subsequently,
with minimal planktonic biomass expected after sufficient liquid
exchange, the biofilm attached to the electrode stabilized. The
BES reactors were acclimated to the corresponding voltage modes,
and the electrolyte solutions were replaced every five days. Suc-
cessful start-up was confirmed by observing stable AYR and total
organic carbon (TOC) removal after several batch cycles. To further
understand the mechanisms facilitating enhanced AYR degrada-
tion, the following control groups were used: ➀ An abiotic DC
stimulation reactor where the DC was applied in parallel without
biofilm inoculation; ➁ an abiotic AC stimulation reactor where
the sine wave AC was applied in parallel without biofilm inocula-
tion; and ➂ an open-circuit BES reactor in which no voltage was
applied while the seed sludge was inoculated in parallel. All pre-
pared reactors under different conditions were performed in tripli-
cate at an ambient temperature of (25 ± 2) �C.

2.3. Analytical methods and calculations

The water samples collected from the working chambers of all
reactors were filtered by a filter (0.22 lm; Shanghai Xingya Mate-
rial Co., Ltd., China) and diluted three times for the following deter-
mination. Detailed measurement methods for AYR and
intermediate products (p-phenylenediamine (PPD) and 5-
aminosalicylic acid (5-ASA)) are presented in our previous study
[10]. The TOC concentration was determined using a TOC analyzer
(MultiN/C2100; Analytik Jena AG, Germany). Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were per-
formed to examine the electrochemical characteristics of the
enriched biofilms using an electrochemical workstation (CHI660D;
Chenhua Instruments Co., Ltd., China; V13.12 Electrochemical Soft-
ware). CV and EIS tests were conducted in a three-electrode config-
uration with SCE reference electrodes as the working and counter
electrodes. The voltage range for the CV tests of the working bio-
electrode was �0.8 to 0.6 V. Cyclic voltammograms were recorded
at various scanning rates (1–10 mV�s�1) to identify the main mech-
anism of electron transfer between the biofilm and electrode [17].
The EIS tests were presented as Nyquist plots and analyzed using a
Randles equivalent electrical circuit. Detailed information on the
EIS analysis is provided in Appendix A.

The AYR removal efficiency (REAYR), accumulation ratio of inter-
mediate products (AR, %), degradation efficiency of intermediate
products (CAR), and TOC removal efficiency (RETOC) were calcu-
lated using Eqs. (1)–(4), respectively: The AYR and TOC removal
kinetics were fitted using the apparent first-order reaction model
in Eq. (5).

REAYR ¼ C0 � Ct

C0
� 100% ð1Þ

AR ¼ CPPD þ C5-ASA

C0 � Ct
� 100% ð2Þ

CAR ¼ 100%� AR ð3Þ

RETOC ¼ C0-TOC � Ct-TOC

C0-TOC
� 100% ð4Þ

CtX ¼ C0Xe�kt ð5Þ
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where t represents the reaction time (h or d), C0 represents the ini-
tial AYR concentration (mg�L�1), Ct represents the AYR concentra-
tion (mg�L�1) at time t (h), CPPD represents the concentration
(mg�L�1) of PPD at time t (h), C5-ASA represents the concentration
(mg�L�1) of 5-ASA at time t (h), C0-TOC represents the initial TOC con-
centration (mg�L�1), Ct-TOC represents the TOC concentration
(mg�L�1) at time t (h), CtX represents the AYR/TOC concentrations
(mg�L�1) at time t (d), C0X represents the initial AYR/TOC concentra-
tions (mg�L�1), and k represents the rate constant (d�1). All data and
standard deviations were obtained based on the average of dupli-
cate reactors.

The effective AC value (IEV, mA) was calculated using Eq. (6)
[25].

IEV ¼ 1
T

Z T

0
iðtÞdt ð6Þ

where T is the time cycle (h) and iðtÞ is the input current at time t (h).
The calculation of electron utilization efficiency (EUE, %) is

available in Appendix A.

2.4. Microbial community structure and function analysis

The microbial community structure and function in sine-wave
AC stimulation, square-wave AC stimulation, biocathodes, and
bioanodes were investigated using 12 samples from three biologi-
cally replicated reactors. Samples were collected at the end of the
experiment for cryopreservation and metagenomic sequencing.
Details of the DNA extraction, PCR amplification, sequencing, and
taxonomic classification are available in Appendix A. Differences
in microbial community composition were explored and visualized
using non-metric multidimensional scaling (NMDS) and heatmap
based on the ‘‘Bray–Curtis” distance, which was completed using
the Lingbo MicroClassy. Metagenomic sequencing was performed
to analyze the microbial community structure, relative abundance
of functional genes, and microbial metabolic pathways. Normalized
abundance is presented in terms of transcripts per million (TPM).

3. Results and discussion

3.1. Performance of AC-driven periodic reduction and oxidation
process

3.1.1. AYR removal and intermediates mineralization
The stable removal of AYR and TOC was observed after seven

batch cycles (Fig. S2 in Appendix A), indicating the successful initia-
tion and stable maintenance of all the bioreactors under various
electrical modes. As shown in Fig. 1(b), AYR exhibited notable
removal under sine and square wave AC stimulations, achieving
the highest efficiency of (63.07% ± 1.91%) and (56.89% ± 0.71%), sur-
passing the removal efficiency observed at the biocathode (53.13%
± 1.15%) and the bioanode (40.61% ± 0.15%). These results suggest
that the periodic reduction–oxidation process is more effective for
AYR removal than independent reduction or oxidation processes.
This outcome aligns with the prevailing consensus that the inte-
gration of the reduction and oxidation processes constitutes a
more effective pathway for the biomineralization of AYR [7,10].
Furthermore, AYR removal in sine wave AC stimulation exceeded
that in square wave AC stimulation, which is consistent with a pre-
vious study that sinusoidal waveforms were more effective than
square waves in enhancing the efficiency of the heterotrophic–au
totrophic denitrification process [18]. This result was attributed
to the fact that continuous gradient voltage changes enhance the
metabolic activity of microorganisms more effectively than direct
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polarity reversal [26]. Gradient voltage changes can promote the
EET between microorganisms and electrodes. By gradually chang-
ing the voltage, the bioelectrode can determine the optimal points
for electron donation and acceptance, facilitating more efficient
microbial metabolism. The biocathode exhibited superior AYR
removal efficiency compared to the bioanode, affirming the ease
of cathodic reduction over direct anodic oxidation of azo dyes
[27,28]. Azo dyes, which are electron-deficient xenobiotics, are
resistant to degradation via azo oxidation [29]. Biocathodes facili-
tate reductive degradation by providing electrons to the electron-
deficient components. In the open circuit condition, the AYR
removal efficiency after 120 h was (19.82% ± 0.35%), which was sig-
nificantly lower than that observed in other bioelectrochemical
modes. This observation strongly suggests that electrical stimula-
tion can enhance the microbial degradation capability. Under abi-
otic DC/AC stimulation, the AYR removal efficiency was less than
7% within 120 h, which was significantly lower than that observed
in the BES mode. This outcome underscores the crucial role of
microbial catalysis in promoting AYR removal, consistent with pre-
vious findings that electroactive biofilms capture electrons from
the cathode for the bioreduction of refractory pollutants [11,30].
Considering reaction volume, duration, and initial concentration,
the AYR removal efficiency under sine wave AC stimulation was
Fig. 1. (a) Voltage waveforms for four electrical modes (VP: peak voltage; VEV: effective
accumulated concentrations of PPD and 5-ASA, AYR removal concentration and accum
removal efficiencies under different bioelectrochemical conditions.
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(62.41 ± 1.81) mg�L�1�d�1), closely aligning with the (66.51 ±
0.12) mg�L�1�d�1 removal efficiency achieved in a DC-stimulated
BES system with the addition of 500 mg�L�1 sodium acetate as co-
substrate [31]. As shown in Table 1 and Fig. 1(b), the AYR removal
in all operation modes fitted well with the first-order kinetic model
(0.930 � R2 � 0.988). k of the sine wave AC stimulation was 1.19–
14.57 times that of other electricalmodes, highlighting the excellent
AYR removal capacity of sine wave AC stimulation.

The accumulation of key intermediate products of AYR (5-ASA
and PPD) is governed by the rate differential between the initial
reduction and subsequent oxidation reactions. As shown in
Fig. 1(c), the intermediate product accumulation ratio, represented
by the accumulation of 5-ASA and PPD to the AYR removal concen-
tration, was less than 10% at 120 h for both the sine- and square-
wave AC stimulations. Notably, these values were significantly
lower than those observed for the bioanode (> 30%) and biocathode
(> 40%). Additionally, the TOC removal efficiency in the sine- and
square-wave AC stimulation was much higher than that of the
bioanode and biocathode. These findings confirm that, compared
to the individual oxidation or reduction processes of the biocath-
ode and bioanode, the periodic switching of the reduction and oxi-
dation processes in the AC stimulation mode efficiently facilitates
the deep degradation of AYR, ultimately leading to mineralization.
voltage); (b) time-course concentration changes of AYR and removal efficiency; (c)
ulated ratio of PPD and 5-ASA; (d) time-course concentration changes of TOC and



Table 1
The simulation results with apparent first-order reaction kinetics (k and R2) during AYR and TOC degradation under different electrical modes.

Operation modes Simulation with first-order kinetics
during AYR degradation

Simulation with first-order kinetics
during TOC degradation

k (d�1) R2 k (d�1) R2

Sine wave AC stimulation 0.204 ± 0.032 0.988 0.128 ± 0.012 0.971
Square wave AC stimulation 0.171 ± 0.034 0.984 0.116 ± 0.007 0.996
Biocathode 0.150 ± 0.017 0.985 0.028 ± 0.011 0.992
Bioanode 0.107 ± 0.009 0.988 0.039 ± 0.009 0.976
Open circuit 0.045 ± 0.008 0.978 0.004 ± 0.009 0.978
Abiotic DC stimulation 0.014 ± 0.001 0.970 — —
Abiotic AC stimulation 0.014 ± 0.001 0.930 — —
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Despite the similarity in the intermediate product accumulation
ratios between sine- and square-wave AC stimulations, the total
amount of AYR removal in sine wave AC stimulation was signifi-
cantly higher, indicating that sine wave AC stimulation exhibited
an enhanced capability to degrade the initial substrate and inter-
mediate products. The LFV-AC stimulated process exhibited a sub-
sequent mineralization rate of (98.63% ± 0.37%) for intermediate
products, surpassing the previously reported high value of (89.01%
± 1.32%) in the intermittent electric field-stimulated reduction-
oxidation coupled process [10]. While many studies have used car-
bon sources to enhance AYR degradation, AC-driven bioelectrodes
effectively couple reduction degradation and mineralization of
intermediate products without the need for additional carbon
sources. As shown in Table 1 and Fig. 1(d), TOC removal in all opera-
tion modes fitted well with the first-order kinetic model (0.971 � R2

� 0.996). The k value for sine wave AC stimulation was 1.10–32.00
times that of the other electrical modes, showing a superior capacity
for intermediate product degradation in sine wave AC stimulation.
These results can be attributed to the efficient coupling of the
biocathode reduction of AYR to 5-ASA and PPD, along with the
oxidation of 5-ASA and PPD to CO2 in the AC-stimulated mode
[10,24].
3.1.2. Current variation and electron utilization efficiency
Current, a crucial parameter characterizing electron transfer

capacity was employed to assess sine- and square-wave AC stimu-
lations (Figs. 2(a) and (b)). The current in both modes exhibited
periodic alternation between negative and positive values, indicat-
ing stable switching between the reduction and oxidation pro-
cesses. Notably, the effective value of an AC generates the same
heating effect as an equivalent DC [25]. The effective value of the
sine wave AC stimulation (IEVA = ±1.05 mA) was 1.36-fold higher
than that of square wave AC stimulation (IEVB = ±0.77 mA).
Square-wave AC stimulation induces instantaneous electrode
polarity reversals, potentially leading to ohmic losses and ion
transmission [32]. Consequently, this can result in a reduction in
the current amplitude. Electroactive biofilms are specially adapted
to flourish in electrochemically active environments where high
current conditions offer a substantial energy source, resulting in
increased growth and activity [33]. Generally, the higher current
observed in the sine wave AC mode offers a favorable environment
for enhancing the enrichment of EAB and boosting the catalytic
capacity of biofilms [34].

However, the electron utilization efficiency (EUE) in sine wave
AC stimulation (22.26% ± 1.67%) was 1.83 times higher than that
in square wave AC stimulation (12.16% ± 0.23%) at 120 h (Figs.
2(c) and (d)). The enhancement of the EUE suggests that the elec-
trode exhibited enhanced electron transfer capability during the
AYR degradation process [35]. Furthermore, during the reduction
period (Figs. 2(e) and (f)), the EUE of sine wave AC stimulation
averaged (8.34 ± 1.86%), significantly exceeding that of square
wave AC stimulation (4.54% ± 0.46%). Meanwhile, the total electron
fluxes in the sine-wave AC stimulation were less than those in the
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square-wave AC stimulation, but the electron fluxes used for AYR
reduction in the two modes were almost equivalent (1.62 vs 1.54
mmol�L�1). This indicates that sine-wave AC-stimulated biofilms
have a higher efficiency in providing electrons for AYR reduction.
During the oxidation period (Figs. 2(g) and (h)), the EUE of sine
wave AC stimulation (37.07% ± 0.31%) was evidently higher than
that of square wave AC stimulation (19.57% ± 1.21%). Moreover,
compared to square-wave AC stimulation, the total electron fluxes
in sine wave AC were significantly lower, but the electron fluxes
available for PPD and 5-ASA oxidation in the two modes were
almost equivalent (7.87 vs 6.93 mmol�L�1). This suggests that sine
wave AC-stimulated biofilms obtain more electrons from interme-
diate (5-ASA and PPD) oxidation. Electroactive biofilms are
involved in intricate electron transfer and storage mechanisms
and are characterized by transient electron storage proficiency.
Consequently, these biofilms exhibit pseudocapacitive characteris-
tics during oxidative and reductive degradation [30]. The pseudo-
capacitive property represents dynamically controlled electron
transfer and plays a crucial role in the current generation and sub-
strate degradation processes [17]. Sine-wave AC stimulation exhibi-
ted excellent pseudocapacitive behavior, efficiently regulated
biological reactions, and facilitated the reduction of AYR and
oxidation of intermediate products.
3.1.3. Electrochemical characterizations of biofilms
To study the interactions between the electrode biofilm and

AYR under different electrical modes, we conducted further elec-
trochemical characterizations. The CV spectra of sine and square
wave AC stimulations exhibited two distinct pairs of redox peaks
centered at E1a = �115 mV and E1b = 895 mV and E2a = �136 mV
and E2b = 665 mV, respectively (Figs. 3(a) and (b)). The centers of
the reduction and oxidation peaks stimulated by AC were close
to the biocathode (E3 = �98 mV) and bioanode (E4 = 634 mV),
respectively (Figs. 3(c) and (d)), indicating that the AC-stimulated
biofilm integrates efficient reduction and oxidation functions dur-
ing the degradation process of AYR. Moreover, the two redox peak
centers (E1a and E1b) of sine wave AC stimulation exhibited positive
shifts of 21 and 230 mV, respectively, compared to square-wave AC
stimulation (E2a and E2b). This result implies that compared with
square-wave AC stimulation, sine-wave AC stimulation can
improve the catalytic activity of the electrode biofilm and increase
the electron transfer rate during the degradation process of AYR
[11]. The sine and square wave AC stimulations considerably
improved AYR removal efficiency compared to biocathode and
bioanode, as evidenced by extraction rates of (63.07% ± 1.91%),
(56.89% ± 0.71%), (53.13% ± 1.15%), and (40.61% ± 0.15%) at
120 h, respectively (Fig. 1(b)). This corresponded to specific AYR
removal rates per unit electrode area of (249.04 ± 7.64), (242.00 ±
2.84), (210.08 ± 4.60), and (159.08 ± 0.60) mg�L�1�m�2. As the scan-
ning rate increased from 1 to 10 mV�s�1, the reduction and oxida-
tion peak currents increased linearly with the square root of the
scanning rate (Figs. 3(a)–(d)), suggesting that the reduction and
oxidation periods are diffusion-controlled reactions [36].



Fig. 2. Current responses over time under (a) sine wave AC stimulation and (b) square wave AC stimulation with corresponding effective values (IEVA and IEVB). (c–h) Electron
transfer performance during the entire period, cathode period, and anode period for both (c, e, g) sine wave AC stimulation and (d, f, h) square wave AC stimulation.
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Moreover, EIS was employed to assess variations in the internal
resistance composition across distinct electrical modes (Fig. 3(e)).
The three primary sources of electrode voltage loss are the solution
130
resistance (Rs), charge transfer resistance (Rct), and finite diffusion
resistance (Rd), which can be identified and quantified through
EIS analysis [37]. Correspondingly, with the fitted curve of EIS and



Fig. 3. Electrochemical analysis of bioelectrodes driven by different electrical modes. (a–d) depict CV at various scan rates (1, 3, 5, and 10 mV�s�1) for bioelectrodes subjected
to sine wave AC stimulation, square wave AC stimulation, biocathode, and bioanode (E1, E2, E3, and E4 represent the mid-point potentials of redox peak pairs in different
modes, and two sets of redox pairs under AC stimulation are denoted as a and b, respectively). Insets illustrate the linear relationship of peak current with scan rate or the
square root of the scan rate (RE: Reduction peak current; OX: Oxidation peak current); (e) presents Nyquist plots obtained via electrochemical impedance spectroscopy, with
an inset detailing the equivalent circuit for different electrical modes (Z’ represents the real part of the complex impedance, while Z’’ represents the imaginary part of the
complex impedance; W represents Warburg element, while CPE represents constant phase element); (f) displays total internal resistances derived from fitting to the
equivalent circuit, where Rs, Rct, and Rd signify ohmic resistance, charge transfer resistance, and finite diffusion resistance, respectively.
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the equivalent circuit, the Rs, Rct, and Rd of the sine wave AC stimu-
lation achieved 0.28, 0.24, and 0.06X (Fig. 3(f)), respectively, appar-
ently lower than that of square wave AC, biocathode, and bioanode.
The lower Rs values indicate that the sine wave AC-stimulated bio-
film has better electron conductivity [38], which is consistent with
better AYR removal and higher current in the sine wave AC mode.

Rct can be affected by two parameters:➀ electron transfer between
the electrode and the electron acceptor (AYR) during the reductive
period and ➁ the electrode and electron donor (PPD and 5-ASA)
during the oxidative period [24]. The lower Rct indicated that sine
131
wave AC-stimulated biofilms exhibited better pseudocapacitive
behavior throughout the reductive and oxidative degradation pro-
cesses. The capacitive arc in the low-frequency range can be attrib-
uted to the finite diffusion process caused bymass transport within
the solution diffusion layers and electrodes. The lower Rd demon-
strated that sine-wave AC stimulation might promote diffusion
across the biofilm layers and bioelectrodes [38]. Consequently,
AYR degradation under sinusoidal AC stimulation has the potential
to maximize the efficiency of electronic utilization and minimize
apparent resistance.
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3.2. Microbial community composition and function

3.2.1. Microbial community diversity and differentiation
TheShannon indices of thebiosamples across the various electrical

modes exhibited comparable values (Table S2 in Appendix A), reflect-
ing a statistically insignificant level ofmicrobial community diversity.
Additionally, the low Simpson indices for all biosamples suggested a
generally low diversity. This observation may be attributed to the
enrichment of specific functional microbial species in the selective
environments of electrical stimulation and pollutant exposure. The
heatmap generated using the Bray–Curtis distance metric revealed
substantial variations in the microbial community among samples
subjected to different electrical modes. Specifically, sine AC exhibited
a high degree of similarity to square AC (Fig. 4(a)) while showing sig-
nificant differences from bioanode (BA) and biocathode (BC).

Moreover, non-metric multidimensional scale (NMDS) analysis
showed that the electrical stimulation mode significantly shaped
the microbial community structure, leading to the formation of four
distinct clusters (Fig. 4(b)). Along the NMDS 1 dimension, sine/square
AC (Cluster 1/Cluster 2) was located far from BC/BA (Cluster 3/Cluster
4), indicating that the microbial communities stimulated by AC were
significantly different from those on the bioanode and biocathode dri-
ven by DC. Analysis along the NMDS2 dimension revealed distinct dif-
ferentiation within the microbial clusters. Notably, BC and BA
exhibited a more dispersed distribution, whereas sine- and square-
wave AC formed tighter and more cohesive clusters. This observation
implies that AC demonstrated a greater capacity to promote a more
stable and homogeneous microbial community structure than DC.
Additionally, stochastic events, including microbial migration, muta-
tions, and environmental interactions, likely occurred independently
in each reactor, shaping their unique microbial landscapes. These
stochastic events could contribute to nondeterministic outcomes,
even under comparable operational conditions, explaining the
observed variations in the NMDS dimensions [39]. Future research
can elaborate extensively on the specific factors underlying these dif-
ferences by comparing operational histories, microbial community
compositions, and environmental variables across reactors.

3.2.2. Microbial community structure and potential functions
The microbial community structures of the electrode biofilms at

the phylum and class levels under different electrical modes are
shown in Fig. S3 in Appendix A. Proteobacteria, Chlorofexi, and
Fig. 4. Bray-Curtis (a) distance heatmap and (b) NMDS analysis of biosamples in four elec
are represented. The non-redundant gene catalog encapsulates comprehensive informat
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Bacteroidetes were the dominant phyla under all electrical stimu-
lation conditions, with a substantial presence of electroactive and
AYR-degrading bacteria within these phyla [40]. Moreover, differ-
ences in electrical stimulation modes resulted in significant varia-
tions at the phylum level. Notably, the abundance ranking of the
Proteobacteria phylum was as follows: sine wave AC stimulation
(68.75% ± 3.51%) > square wave AC stimulation (63.17% ± 0.42%)
> biocathode (53.10% ± 5.52%) > bioanode (52.81% ± 0.32%)
(Fig. S3(a)). At the class level, Alphaproteobacteria, a prominent
subclass within the Proteobacteria phylum, exhibited dominance
across various electrical stimulation modes, with abundance rank-
ings as follows: sine wave AC stimulation (46.53% ± 4.30%) > square
wave AC stimulation (41.4% ± 3.70%) > bioanode (31.01% ± 5.70%) >
biocathode (29.97% ± 10.00%) [41] (Fig. S3(b)).

At the genus level, the combined influence of electrical stimu-
lation and pollutant selection led to the enrichment of a substan-
tial population of azo dye-reducing bacteria, aromatic-oxidizing
bacteria, and EAB within the electrode biofilms. However, the
abundance of these functional bacteria varied significantly owing
to differences in the electrical stimulation modes (Figs. 5(a) and
(b)). Sphingopyxis was the dominant genus under all electrical
stimulation modes, with the following abundance: sine AC wave
stimulation (17.99% ± 2.01%) > square wave AC stimulation
(17.12% ± 2.50%) > bioanode (9.55% ± 4.21%) > biocathode (8.30%
± 3.30%). Sphingopyxis is a typical aromatic pollutant-degrading
bacterium with robust abilities in hydroxylation, ring cleavage,
and secondary metabolite degradation, which shows excellent
versatility in the degradation of azo dyes [42,43]. Notably, Geobac-
ter, a typical EAB with bidirectional EET and robust pollutant
transformation abilities [40], was significantly more abundant
under AC stimulation than under DC stimulation. Specifically,
the abundance was as follows: sine wave AC stimulation (3.30%
± 0.94%) > square wave AC stimulation (2.79% ± 1.10%) > bioanode
(1.69% ± 1.34%) > biocathode (1.37% ± 0.78%). Stenotrophomonas, a
typical azo dye-reducing bacterium known for its proficiency in
azo bond destruction and nitro-group reduction [44], demon-
strated varying abundances under different electrical stimulation
modes. Specifically, under sine wave AC stimulation, the abun-
dance of Stenotrophomonas (3.00% ± 0.33%) was 2.03 times that
of square wave AC stimulation (1.48% ± 0.34%), 3.26 times that
of the biocathode (0.92% ± 0.03%), and 4.11 times that of the
bioanode (0.73% ± 0.01%).
trical modes: sine AC, square AC, BC, and BA. Results from three parallel experiments
ion on all genes across different electrical modes.



Fig. 5. Abundance of genera in bioelectrode biofilms driven by different electrical modes. (a) Dominant bacterial genera with a relative abundance over 1%; (b) specific
functional genera subdivided into three categories: azo dye-reducing bacteria, aromatic-oxidizing bacteria, and EAB; (c) collection of specific functional genera.
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Based on the reported functionalities of the genera, the predom-
inant genera in the electrode biofilms were classified into three
clusters: azo dye-reducing bacteria, aromatic-oxidizing bacteria,
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and EAB (Fig. 5(c)). The abundance of azo dye-reducing bacteria,
including Bradyrhizobium [41], Stenotrophomonas [44], and Chlorella
[45], under sine wave AC stimulation was (5.24% ± 0.34%), which



Y. Yuan, J. Zhang, W. Yin et al. Engineering 43 (2024) 125–138
was 1.78 fold higher than that under square wave AC stimula-
tion (2.94% ± 0.33%), 2.17 fold higher than that of the biocathode
(2.41% ± 0.01%), and 2.59 fold higher than that of the bioanode
(2.02% ± 0.02%). Besides, AC, particularly sinusoidal AC, promoted
the enrichment of aromatic-oxidizing bacteria, including Sphin-
gopyxis, Sphingomonas, Sphingobium, and Afipia [43,46,47], which
was confirmed by respective abundances under sine wave AC
stimulation (24.52% ± 2.71%), square wave AC stimulation
(22.51% ± 2.63%), biocathode (12.25% ± 1.23%), and bioanode
(14.72% ± 1.21%). The enrichment of EAB, including Geobacter
[40], Pseudomonas [22], and Shinella [44], exhibited a trend sim-
ilar to that of azo dye-reducing and aromatic-oxidizing bacteria,
with the order of sine wave AC stimulation (6.39% ± 0.20%) >
square wave AC stimulation (5.24% ± 0.11%) > bioanode (2.71%
± 0.11%) > biocathode (2.61% ± 0.72%). Moreover, Pseudomonas
demonstrated versatile reduction capabilities beyond AYR,
including the reduction of various heavy metals, such as vana-
dium, owing to its notable EET proficiency [48,49]. These results
indicated that AC stimulation promoted the enrichment of azo
dye-reducing bacteria, aromatic-oxidizing bacteria, and EAB at
the bioelectrode. Furthermore, the abundance of azo dye-
reducing bacteria, aromatic-oxidizing bacteria, and EAB were
significantly and positively correlated with the removal of AYR,
oxidation of intermediate products, and EUE, respectively.
Notably, ammonia-oxidizing bacteria, such as Nitrosomonas, were
significantly enriched under sine wave AC stimulation (Fig. 5(a)).
This observation may be attributed to the removal of ammonia
released during azo dye degradation. This indicates that the effi-
cient composition of functional bacterial clusters in the electrode
biofilm under the AC stimulation mode served as the biological
foundation supporting the in situ high-efficiency mineralization
of the AYR.

3.3. Key functional genes and metabolic pathways

Metagenomic sequencing was performed to determine the
genomic potential of the electrode microbiomes subjected to vari-
ous stimulation modes (Fig. 6). Azoreductase can catalyze the
reductive cleavage of azo bonds into the corresponding aromatic
amines by utilizing nicotinamide adenine dinucleotide (NADH)
and/or nicotinamide adenine dinucleotide phosphate (NAD(P)H)
as electron donors [50]. Under various electrical stimulation
modes, sinusoidal AC stimulation exhibited the highest enrich-
ment of azoreductase genes (K01118) and NAD(P)H dehydroge-
nase genes (K00355, K03809, and K19267) (Fig. 6(a)). Meanwhile,
the nitroreductase gene (K10679) showed a relatively high TPM
in sine-wave AC stimulation, which can utilize NAD(P)H as an elec-
tron donor to catalyze nitro group reduction [51]. Azoreductases
and nitroreductases, which possibly originate from common geno-
mic reductases, were involved in the bioreduction of azo dyes and
nitro groups. Catechol oxygenases, which are implicated in the
oxidative cleavage of aromatic rings during the degradation of aro-
matic compounds [52,53], potentially play a crucial role in the
mineralization of AYR reduction intermediates. Notably, the total
TPM of catechol oxygenases (K00446, K03381, and K21726) under
sine wave AC stimulation surpassed those of the other modes. Cor-
respondingly, the abundance of typical host bacteria for azoreduc-
tase (Stenotrophomonas) [54], nitroreductase (Bradyrhizobium)
[55], and catechol oxygenase genes (Sphingopyxis, Sphingomonas,
and Sphingobium) [56] was significantly higher under sine wave
AC stimulation compared to other modes (Fig. 6(a)). These results
confirm that sine wave AC stimulation can significantly enrich key
genes and functional bacteria involved in AYR reduction and oxida-
tion of intermediate products.

The EET between the EAB and electrode plays a crucial role in
AYR degradation. Direct EET occurs through interactions between
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electrodes and microbes via C-type cytochromes and e-pili,
whereas indirect EET involves electron transfer facilitated by redox
mediators such as riboflavin and phenazine. No significant varia-
tions were observed in the abundance of genes encoding riboflavin
(K00793), phenazine (K20940), and e-pili (K02651) across diverse
experimental conditions (Fig. 6(b)) [36,57,58]. However, sine wave
AC stimulation specifically led to a higher enrichment of genes
encoding cytochrome C than square-wave AC stimulation, biocath-
ode, and bioanode conditions. The noticeable increase in cyto-
chromes with sine wave AC stimulation compared with square
wave AC stimulation, biocathode, and bioanode suggested that sine
wave AC prominently enhanced the direct EET pathways between
microbes and electrodes. Functional bacterial genera (Geobacter
and Pseudomonas) harboring these genes exhibited a similar
enrichment trend, supporting the notion that biofilms cultivated
under sine wave AC stimulation show increased electroactivity
efficiency.

Analysis of microbial KEGG metabolic pathways showed that
the relative abundance of functional genes associated with KEGG
(Level 2) categories, including signal transduction, amino acid
metabolism, and global and overview maps, was higher under sine
wave AC stimulation than under other modes (Fig. 6(c)). Specifi-
cally, at KEGG Level 3, the two-component system was a predomi-
nant functional pathway in sine wave AC stimulation, associated
with signal transduction, and played a crucial role in enhancing
bacterial survival and azo dye degradation [59]. Simultaneously,
the increased relative abundance of pathways such as lysine degra-
dation; valine, leucine, and isoleucine biosynthesis; lysine biosyn-
thesis; and arginine and proline metabolism associated with amino
acid metabolism in sine wave AC stimulation suggested that bacte-
ria adapted to azo dye degradation products, and their intracellular
metabolic activity was more pronounced compared to other modes
[60,61]. The elevated abundance of fatty acid metabolism in sine
wave AC stimulation indicated enhanced energy and carbon provi-
sioning through fatty acid degradation during azo dye degradation
[62].

3.4. A concept model for the working mechanism of AC-driven
bioelectrodes

By leveraging the AYR mineralization efficiency, degradation
pathways, and associatedmicrobial information, theworkingmech-
anism of AC-driven bioelectrodes for AYR biomineralization was
proposed, as shown in Fig. 7. Alternating reduction and oxidation
stages were observed during the AC-stimulated AYR degradation
cycle. During reduction, electrons from the electrode facilitated
the destruction of azo bonds and the reduction of nitro-groups. Cor-
respondingly, AYR removal in sine-wave AC stimu-
lation exceeded that in the other modes by 1.12–1.57 times.
Selective enrichment of azo dye-reducing bacteria occurred in the
sine-waveAC stimulationbiofilm,with abundances1.78–2.59 times
higher than other modes. The increased presence of azoreductase
and nitroreductase genes in the sine-wave AC stimulation biofilm
substantiated its superior AYR removal efficiency. In the oxidation
phase, the primary intermediate products of the AYR reduction,
PPD, and 5-ASA, underwent further degradation. In sine wave AC
stimulation, the removal of PPD and 5-ASA surpassed other modes
by 1.03–4.15 times based on accumulated intermediate product
ratios. Based on the chemical structures of the metabolites (Fig. S4
and Table S3 inAppendixA), PPD and5-ASA exhibitedmore efficient
catabolism into simpler and less toxic metabolites (3-amino-
catechol, 3-oxoadipate, and succinate) under sine-wave AC stimula-
tion. The sine wave AC stimulation biofilms exhibited significant
enrichment of aromatic-oxidizing bacteria and the corresponding
catechol oxygenase genes, facilitating the degradation of PPD and
5-ASA. Notably, EAB abundance (Geobacter and Pseudomonas) with



Fig. 6. Functional gene abundance under different electrical stimulation modes. (a) Genes encoding for azoreductase, nitroreductase, NAD(P)H dehydrogenase, and catechol
oxygenases related to AYR degradation; (b) genes encoding for cytochromes biosynthesis, riboflavin biosynthesis, phenazine biosynthesis, and e-pili (pilA) biosynthesis
related to electron transfer; (c) functional categories (Level 3 for KEGG) belonging to main microbial metabolic pathways (Level 2 for KEGG).
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bidirectional electron transfer functionality selectively increased in
the sine-wave AC stimulation biofilm, surpassing other modes by
1.26–2.90 times. This augmented the presence of genes associated
with EAB, including cytochromes, phenazine biosynthesis, ribofla-
vin, and e-pili biosynthesis genes in the sine-wave AC stimulation
biofilm. Therefore, the synergistic effects of multi-pathway interac-
tions involving reduction, oxidation, and bidirectional electron
transfer under sinusoidal AC stimulation facilitatedAYRbiomineral-
ization. The essential mechanism for achieving high TOC removal
duringAC stimulation is the efficient in situ coupling of the reduction
and oxidation processes on a single bioelectrode.

This study facilitates promising opportunities for the efficient
biomineralization of aromatic compounds using an autonomous
bioelectrode. Intermediate product degradation generates small
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organic molecules that fulfill the metabolic requirements of the
electrode biofilm [63], eliminating the need for external carbon
sources in AC-stimulated bioelectrodes. AC stimulation enhanced
the enrichment of functional bacteria and genes while regulating
interspecific cooperation within the electrode biofilm. The configu-
ration of the reactor and operational parameters, including the
applied voltage, electrode materials, and AC frequency, exerted a
pivotal influence on the efficacy of AYR removal. Further fine-
tuning of these parameters holds promise for enhanced perfor-
mance in AYR elimination. Frequency is a crucial parameter for
AC-driven bioelectrodes, as it determines the number and duration
of polarity reversals, thereby further affecting the coupling efficacy
between the reduction and oxidation processes. High frequencies
can harm microbial metabolism and cell membranes, whereas



Fig. 7. A concept model for the working mechanism of AYR bio-mineralization with the AC-driven bioelectrodes.
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overly low frequencies can reduce the efficacy of microbial group
selection via electrical stimulation [20]. In addition, research on
electrode spatial distribution, modification, module design, power
management systems, and reactor configuration is crucial. Further
exploration of the efficacy of AC stimulation in the treatment of
other aromatic compounds (nitrobenzene and antibiotics) is war-
ranted. During the alternating reduction and oxidation biodegrada-
tion processes of AYR, nitrogen may undergo a complex
transformation process. This process begins with the cleavage of
the azo bonds in the AYR molecule and the release of nitrogen-
containing intermediates (aromatic amines). These intermediates
were reduced to simpler compounds like NH3 during the bio-
reduction phase, while NH3 was oxidized to NO2

� and NO3
� during

the bio-oxidation phase. Further, NO2
� and NO3

� could be reduced
to N2 via denitrification. Notably, nitrogen transformation during
AYR biodegradation involves additional intermediate reactions
depending on the conditions and microbial communities. Further
research is crucial to comprehensively understand this process
and its environmental implications. The economic viability of the
AC stimulation process is notable because it avoids the need for
additional treatment units and organic carbon supplementation.

4. Conclusions

The LFV-AC-driven bioelectrodes offering periodic reduction–
oxidation cycles achieved efficient biomineralization of aromatic
compounds (azo dye AYR), as evidenced by the enhanced AYR
reduction and intermediate product oxidation compared to the
biocathode, bioanode, and DC polarity reversal. The increased min-
eralization efficiency, enhanced production of redox-active media-
tors, and improved electron utilization and transfer towards the
LFV-AC-stimulated biofilm resulted in integrated biocatalytic oxi-
dation and reduction functions, bidirectional electron transfer
characteristics, and pseudocapacitive properties. LFV-AC stimula-
tion facilitated the assembly of a collaborative microbiome dedi-
cated to AYR metabolism, characterized by an increased
abundance of functional consortia proficient in azo dye reduction
(Stenotrophomonas and Bradyrhizobium), aromatic intermediate
oxidation (Sphingopyxis and Sphingomonas), and electron transfer
136
(Geobacter and Pseudomonas). The collaborative microbiome
demonstrated a notable enrichment of functional genes encoding
azo- and nitro-reductases, catechol oxygenases, and redox media-
tor proteins. Addressing the efficiency constraints of AC-driven
bioelectrodes and elucidating the transformation pathways of
accompanying components are crucial steps towards advancing
their practical applications.
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