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 Mutual effect between EAB and azo
dye was comprehensively studied.
 EAB with electricity stimulation exhibits
high
activity
for
AYR
decolorization.
 EAB dominant by Geobacter decolorized AYR via extracellular electron
transfer.
 Azo dye stimulates the growth of
exoelectrogens (Geobacter) in a
mixed EAB.
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Herein, the mutual effect between azo dye and the performance of electrochemically active bacteria
(EAB) is investigated in detail, which is crucial to understand and control the bio-electrochemical systems (BESs) operation for azo dye containing wastewater treatment. EAB is enriched at controlled potential of 0.2 V vs Ag/AgCl in single-chamber BESs. Over 95% azo dye (alizarin yellow R (AYR)) was
decolorized regardless of the initial AYR concentration ranging from 30 to 120 mg/L within 24 h. The
fastest decolorization rate was obtained at AYR initial concentration of 70 mg/L, which was 4.25 times
greater in the closed circuit BESs than that in the open circuit one. 16S rRNA gene based microbial
community analysis showed that Geobacter was dominant in EAB with relative abundance increased
from 77.98% (0 mg/L AYR) to 92.22% (70 mg/L AYR), indicating that azo dye selectively boosts the growth
of exoelectrogens in electrode bioﬁlm communities. Under electricity stimulation, extracellular process
can be mutually conducted by azo dye compounds, which is favorable for accelerating reaction rate and
avoiding of signiﬁcant toxic effect on EAB.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Bio-electrochemical systems (BESs) have received speciﬁc attentions because of their versatile characteristics including
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pollutants degradation with energy recovery, less electron donor
requirements and lower greenhouse gas emissions (Logan and
Rabaey, 2012; Wang et al., 2015). Therefore, BESs have been
explored extensively for their innovative features and environmental beneﬁts, and studied intensively for many applications,
especially for pollutants removal from wastewaters (Liang et al.,
2019; Lin et al., 2019; Rozendal et al., 2008; Yang et al., 2019a,b).
Among the upsurge of BESs research on wastewater treatment,
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azo dye containing wastewater has obtained wide attentions (Cui
et al., 2017; He et al., 2015; Mu et al., 2009; Sun et al., 2011). Azo
dyes present about one-half of all the synthetic dyes in common use
and are employed as coloring agents in the textile, food, and pharmaceutical industries (Oon et al., 2017). Most of azo dyes vary in
their recalcitrance to biodegradation due to their complex structures and xenobiotic nature, in some cases are both mutagenic and
carcinogenic (Cartwright, 1983). The azo bonds with high bond
energy are difﬁcult to break by biological degradation (Chung et al.,
1978), while chemical bonds of C]N and azo double bonds (N]N)
are involved in reductive electron transfer reactions (Maruyama and
Kaizu, 1995). The rapid evolution of BESs research for decolorization
enhancement has led to a plethora of contents in describing the
technology and the underlying process. A number of azo dyes are
proved to be decolorized in BESs, such as alizarin yellow R (AYR) (Cui
et al., 2014a, 2014b), acid orange 7 (AO7) (Cui et al., 2018; Mu et al.,
2009), Congo Red (Sun et al., 2015b), methyl orange (MO) (Liu et al.,
2009) and New Coccine (NC) (Oon et al., 2018) et al. Most of azo dyes
as electron acceptors were reduced at cathode by cleavage of the
highly oxidized azo bond (-N]N-) (Liu et al., 2014). Endeavors in
this respect include the development of innovative reactor conﬁgurations (Cui et al., 2012; Sun et al., 2015c; Wang et al., 2017a),
optimization of operational conditions (Wang et al., 2017b), mechanism analysis of decolorization and electron transfer (Oon et al.,
2018; Thung et al., 2018; Yang et al., 2017). Azo dye is basically
known as electron acceptor for decolorization as well as detoxiﬁcation to bacteria, however, the role of azo compounds in electron
transfer is seldom investigated in electrode bioﬁlms.
It reported that, in membrane-less BESs, the electrons for azo dye
reduction, on the one hand, were directly from cathode, and on the
other hand were from co-substrate oxidized by electrochemically
active bacteria (EAB) at the anode (Sun et al., 2015b; Yang et al.,
2018). EAB are capable of exocellular transfer and respire depends
on either direct contact by outer membrane cytochromes or use of

excreted mediators (Rabaey et al., 2005). More importantly, EAB
played critical role in overpotential decrease, reaction catalysis and
electron transfer in BESs (Rabaey and Rozendal, 2010). In this case,
EAB at the anode would be inevitably interfered by azo dyes, high
concentration of which would probably inhibit the activity of EAB
and deteriorate the performance of BESs (Sun et al., 2009). Thus,
evaluating the response of EAB to azo dye exposure is meaningful to
BESs stable operation and regulation. However, the effect of azo dye
on EAB is ambiguous (Solanki et al., 2013). Few researches indicated
the duration characteristics of EAB to the azo dyes, and the effect of
them on each other are not clear, such as the decolorization capacity
involving EAB, the activity alteration and microbial community shift
of EAB when they were exposed to azo dye solution, all of which
may be different from that observed in the traditional biological
process without electricity or micro electric ﬁeld stimulation.
In this study, we elucidate from a point of view the mutual
impact between EAB and azo dye decolorization BESs. Typical
anodic EAB was enriched at a constant potential of 0.2 V vs Ag/
AgCl feeding with acetate sodium. The effect of a model azo dye,
alizarin yellow R (AYR), on the activity of EAB was evaluated under a
series of AYR initial concentrations. The decolorization rate, products formation, electrochemical index including circuital current,
redox potential identiﬁed by cyclic voltammetry (CV), and the shift
of bioﬁlm morphology and microbial community structure over AYR
concentrations were comprehensively analyzed. This study provides
a deeper understanding of the capabilities exerted by EAB associated with azo dye decolorization and the effect of azo dye on EAB.
2. Material and methods
2.1. BES fabrication and operation
The BES is a membrane-less glass cylinder with working volume
of 100 mL and sealed with a top cap as shown in Fig. 1. The working

Fig. 1. Schematic of the membrane-less BES with multi-working electrodes.
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electrode was made of graphite rod with length of 60 mm and
diameter 5 mm, which was totally immersed in the liquid and
nearly 5 mm upper the bottom of the cylinder. The counter electrode was a small platinum net with aperture of 1 mm
(10 mm  10 mm). A counter and two working electrodes (series
connected) were arranged in an equilateral triangle (10 mm apart
to each other) in one reactor. The design equipped two identical
working electrodes was beneﬁcial to increase the surface area and
biomass. Due to the surface of working electrode (~1934 mm2) was
much greater than that of the counter one (100 mm2), the biomass
and the azo dye removal at the counter electrode were neglected.
An Ag/AgCl reference (3 M KCl, AgCl saturated, þ0.210 V versus
standard hydrogen electrode, 25  C) was set in the middle for potential control. All the materials were purchased from Tianmei
Technology Co. Ltd., Beijing, China. A multichannel potentiostat
(CHI 100C, CH Instrument, Shanghai, China) was connected to the
reactor and controlled the anode potential at 0.2 V vs. Ag/AgCl,
the potential of which was reported suitable for EAB growth (Hou
et al., 2016; Pierra et al., 2018; Sun et al., 2015a). Prior to use, the
electrodes were cleaned in 1 M HCl and then in acetone overnight
and rinsed with deionized water.
Seven series of reactors (two identical reactors for each series)
were inoculated with anaerobic sludge and the efﬂuent from a
single chamber microbial fuel cell operating for more than 1 year.
The reactors were operated in parallel with batch mode. The substrate was consisted of a 50 mM phosphate buffer solution (NaH2PO4$2H2O, 2.77 g/L; Na2HPO4$12H2O, 11.55 g/L; NH4Cl: 0.31 g/L;
KCl, 0.13 g/L; vitamin solution, 1 ml/L; trace minerals, 1 mL/L) and
0.5 g/L acetate sodium (Lovley and Phillips, 1988; Wolin et al., 1963).
All the reactors were started-up with the above electrolyte without
alizarin yellow R (AYR) addition. When the cycle current was
repeated and the peak current kept at about 2.0 mA, it indicted that
the EAB bioﬁlm was enriched. After stable operated for at least 6
cycles, AYR was added to the substrate to reach ﬁnal concentrations
of 30, 60, 70, 90, 100e120 mg/L, respectively. A reactor without AYR
addition (0 mg/L) was operated as control. Before connecting the
circuit, the substrate was ﬂushed with N2 for 30 min to remove
dissolved oxygen. All reactors were operated at 25 ± 1  C.
2.2. Electrochemical characterization
The circuital current monitor and cyclic voltammetry (CV) were
both performed using an electrochemical workstation (CHI 1000C,
Chenhua Co. Ltd., China). CV tests were conducted in BES reactor
that used graphite rods as working electrode, Pt as counter electrode and Ag/AgCl reference electrode. CV scanned from 0.6 V
to þ0.2 V at a scan rate of 5 mV/s.
2.3. Chemical analysis and calculation
Liquid samples taken from the reactor were immediately
ﬁltered through a 0.22 mm ﬁlter (Xingya Material Co., Shanghai,
China) and diluted six times for the following measurements. AYR
was measured using a UVeVis spectrophotometer (Shimadzu
UV2550, Japan) at wavelength of 374 nm. The decolorized products
of AYR including phenylenediamine (PPD) and 5-aminosalicylic
acid (5-ASA), were detected using a high performance liquid
chromatography (HPLC, DGU 20A3R, Shimadzu, Japan) equipped
with a C18 column (5 mm; 150  4.6 mm, Waters Co. Ltd., USA) and a
photo-diode array (PDA) detector (DGU 20A3R, Shimadzu, Japan)
according to literature (Cui et al., 2012). Brieﬂy describing, the
mobile phase was methanol solution and 0.03% acetic acid solution
with 1:9 ratio (vol/vol) at a ﬂow rate of 1 mL min1. The detection
was performed at 288 nm.
AYR decolorization efﬁciency (DE, %) and decolorization rate
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(DR, g/m3$h) were calculated based on the difference between
inﬂuent and efﬂuent concentrations.
2.4. Bioﬁlm observation
Scanning electron microscopy (SEM) was used to investigate the
morphology of bioﬁlm. The method was referred to the reference
published elsewhere (Cheng et al., 2017). Brieﬂy, the samples were
ﬁxed overnight in 2.5% glutaraldehyde amended PBS, dehydrated in
a graded series of ethanol (50, 70, 80, 90, and 3  100% with 15 min
for each level), then sequentially displaced by 50% isoamyl acetate
in ethanol and 100% isoamyl acetate for 15 min each, and ﬁnally
dried in a desiccator for 12 h. Subsequently, the prepared samples
were observed by the SEM (SU8000 Hitachi, Ltd, Japan).
The live and dead bacteria at the bioelectrode was examined
with a confocal laser scanning microscope (CLSM) (LSM710 NLO,
ZEISS) with a water objective (LD LCI Plan-Apochromat 25 0.8
Imm Korr DIC). The samples were stained using a LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen, CA) (Sun et al., 2015a,b,c).
2.5. Microbial community analysis
The microbial communities of EAB under open and close circuit
operational conditions were compared studied. 16S rRNA gene
Illumina MiSeq sequencing was conducted after DNA extraction
from samples using EZNA Soil DNA Kit (Omega Bio-Tek Inc., USA).
Amplicon libraries were constructed by Illumina Miseq 2000 using
bacterial universal primers 341F and 805R for the V3-V4 region, and
349F and 806R for archaea. Both forward and reverse primers were
added with barcode. Procedures for DNA extraction, measurement
of DNA purity and quantity refers to the literature (Qu et al., 2015).
PCR products puriﬁcation and quantiﬁcation, and DNA sequencing
were conducted by JiMei Biotech Co., Ltd, China.
3. Results and discussion
3.1. Dynamic analysis of azo dye removal in membrane-less BESs
After repeat operated for 6 cycles, the performance of BESs were
examined over a range of initial azo dye concentrations in a substrate with 0.5 g/L acetate sodium. As shown in Fig. 2 AeC, over 95%
AYR was decolorized within 24 h regardless of the AYR initial
concentration ranging from 30 to 120 mg/L. Meanwhile, two
decolorized products including PPD and 5-ASA were continuously
accumulated, the recovery efﬁciencies of which were both higher
than 80%. This conﬁrmed that AYR decolorization was due to the
reduction of azo bond (-N]N-) and nitro (-NO2), but not adsorption. It also seemed that AYR and the products of aromatic amines
did not provoke signiﬁcant adverse effect, such as cytotoxicity, to
inhibit EAB activity for decolorization. As reported, it required a
potential of lower than 0.7 V vs Ag/AgCl for AYR decolorization
using electrode as electron donor (Cui et al., 2012). AYR unlikely
directly captured electrons from electrode at potential of 0.2 V vs
Ag/AgCl. Therefore, AYR reductive decolorization was mainly
attributed to the anaerobic respiration of EAB via intracellular azo
reductase system or exclusive extracellular process depending on
the azo dye molecular mass and the microbe class (Chen et al.,
2010; Fang et al., 2019; Liu et al., 2017). In other words, the
simultaneous reduction of azo dye and bioelectricity generation
were both driven by acetate oxidation. And the two processes were
competitive to each other as both reactions partially consumed the
electrons released from EAB oxidation of co-substrates (e.g.
acetate).
In addition, it observed that fast AYR reduction happened within
the initial 12 h. The decolorization rate accorded with the ﬁrst-
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Fig. 2. (A) AYR decolorization, (B) PPD and (C) 5-ASA formation variations with time at different initial AYR concentrations, (D) the variation of k with AYR concentration.

order reaction dynamic model (C(t) ¼ C0e(kt)). The relationship of
constant k and initial AYR concentration ﬁt a quadratic function
k ¼ 0.11665 þ 0.000123C0þ(-8.8003e-6)C20 (R2 ¼ 0.98) as shown in
Fig. 2D. The maximum kinetic constant k (0.17 h1) was obtained at
AYR concentration of 70 mg/L according to the simulated equation.
The parabola trend of decolorization rate could be explained from
two views of (i) co-substrate (acetate sodium) competition between electrode and AYR at lower initial AYR concentrations, and
(ii) temporary inhibition by azo dye at higher initial AYR concentrations, which may be gradually released with AYR removal and
toxic-less products accumulation. The toxicity of AYR (measured by
50% inhibitory concentration) was more than 200 times higher
than that of 5-ASA and PPD in anaerobic toxicity assays (Donlon
et al., 1997; Fatima et al., 2017). In two-chamber BESs (power
generation mode, no power supply or potential control), when the
sole EAB bioﬁlm was exposure in AYR culture, our results implied
that EAB could employ AYR as electron acceptor and showed
adaptive response at lower AYR concentration (Figs. S1AeB). Besides, the 5-ASA and PPD did not exhibit negative effect on the
current generation performance of EAB at concentration as high as
150 and 40 mg/L, respectively (Figs. S2AeB and S3 AeB). However,
the EAB activity was seriously inhibited at AYR concentration of
40 mg/L (Fig. S1 AeB). Therefore, the decolorization rate was faster
at low AYR concentration than that at high concentration.

3.2. Electrochemical activity response of EAB to azo dye
concentration
At different initial AYR concentrations, cycle current output was
observed. The highest cycle current peak was obtained feeding
with acetate sodium without AYR addition (0 mg/L), which was
stable at 2.33 ± 0.04 mA (Fig. 3A). Increasing AYR dosage to 30, 60
and 70 mg/L in order, the cycle peak current showed a slightly
decline, but still kept stable and repeated every cycle. The average
current peak values at AYR concentrations of 30, 60 and 70 were
1.93 ± 0.04, 1.98 ± 0.02 and 1.76 ± 0.04 mA, respectively (Fig. 3A).
Further increasing AYR concentration to 90, 100 and 120 mg/L, the

cycle peak currents showed much decay and the peak current
repressed by 39.0%, 56.5% and 60.9%, which were 1.51, 1.19 and
1.04 mA after three cycles, respectively. The stable circuital current
implied that EAB exhibited activity with bioelectricity generation
and decolorization simultaneously. The lower peak current than
the BES without AYR addition might explain that the two reactions
were competitive to each other as both of them utilized electrons
released from bacterial oxidation of organic matter. But higher
initial AYR concentrations (>70 mg/L) showed inhibition for electricity recovery. The peak current decline was probably due to the
toxic effect of AYR on the activity of EAB.
Turnover CV tests of bio-electrode were further carried out to
investigate the electroactivity of bioﬁlm shocked by different AYR
concentrations. Typical sigmoidal catalytic waves of EAB were
observed in all turnover CVs, indicating that all the bioﬁlm followed
a similar electron transfer model. However, the peak height
declined with AYR addition, further demonstrating that AYR
potentially inhibited the electroactivity of EAB. When AYR concentration was lower than 90 mg/L, as shown in Fig. 3B, the CV plots
displayed the same shape that showed a plateau centered at potential of 0.28 V vs Ag/AgCl, which was consistent with acetate
oxidation. It was interesting to note that the peak current sharply
decreased from 1.71 (0 mg/L) to 1.14 mA at AYR concentration of
30 mg/L, but it was higher at AYR concentration of 60 (1.40 mA) and
70 mg/L (1.44 mA). Compared with lower AYR concentration,
higher initial AYR concentration showed stronger inhibition of
bacterial electrochemical activity. With AYR concentration reaching
up to 90, 100 and 120 mg/L, the current peaks in CV plots declined
by 49.1%, 44.0% and 74.3%, and the midpoint potential slightly
shifted from 0.28 to 0.32 V vs. Ag/AgCl, implying that the electron transfer way may be altered (Fig. 3C). The variation of CV peak
height was in accordance to that of kinetic constant k of AYR
decolorization, demonstrating that the toxic effect of AYR on EAB
related to the synergy effect of AYR reduction and products accumulation. The faster removal of toxic AYR, the less the inhibition of
EAB activity. Besides, the azo dye and the amino decolorized intermediates probably acted as mediators to stimulate electron
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Fig. 3. (A) Current variations with different AYR concentrations, (B) CV plots at low
AYR concentrations and (C) at high AYR concentrations.

transfer through the conductive bioﬁlm matrix, which was favorable for sustainable bioelectricity generation and EAB activity
maintenance.
3.3. Enhanced effect of EAB on AYR decolorization
As illustrated above, 70 mg/L AYR resulted in the minimal
impact on the decolorization performance and electroactivity of
EAB. Conversely, to further investigate the effect of EAB on AYR
decolorization, a series of BESs were operated from closed circuit to
open circuit mode under AYR concentration of 70 mg/L. Fig. 4AeB
compared the AYR removal in open and closed circuit BESs. It
showed that AYR was slightly decolorized in the open circuit BES
with the efﬁciency of 67.59 ± 1.03% at 24 h, which was much lower
than that in the closed circuit one (98.0 ± 0.13%). The ﬁrst-order
kinetic constant of AYR decolorization in the closed circuit BES
(0.17 h1) was 4.25 times greater than that in the open circuit one
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Fig. 4. (A) AYR concentration, (B) AYR decolorization efﬁciency variations with time
and (C) CV plots in the BESs of closed and closed-open-closed circuit at initial concentration of 70 mg/L.

(0.04 h1). These results indicated that (i) the bioﬁlm at electrode
could decolorize azo dye without power supply, which further
conﬁrmed the previous inference that the enriched bacteria could
reduce AYR with acetate as electron donor, (ii) under the closed
circuit operation, the EAB with electricity simulation could notably
enhance AYR decolorization probably due to the faster electron
transfer. After 10 cycles, the open circuit BES was switched to the
closed circuit operation again (70mg/L-open-closed). The AYR
removal performance was further recovered (kinetic constant
k ¼ 0.14 h1), which was closed to, but a little lower than that in the
closed circuit BES (k ¼ 0.17 h1). However, CV test of the open and
then closed circuit BES showed a great current decrease (Fig. 4C),
implying the electrochemical activity of bioﬁlm was negative
affected by long time exposure to AYR solution. These results suggested that bioelectricity was a kind of driven force to stimulate the
activity of EAB and then improve the AYR reduction.
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Furthermore, SEM was conducted at initial AYR concentration of
70 mg/L to monitor the morphology of electrode bioﬁlm in the BESs
under closed and open circuit operation. As shown in Fig. 5A, in the
closed circuit reactor, the rod-shape bacterial cells were uniform
growing on the electrode surface with nanowires connection
(Fig. 5A). In the open circuit one that operating for 10 cycles, the
bacterial cells clumped together and no nanowires were observed.
The shapes of cells were varieties and some were shriveled (Fig. 5B).
It interestingly noticed that some cells stretched longer under open
circuit (Fig. 5B), which was related to the abnormal cell division
under toxic stress of azo dye and its decolorized products. It reported that, under anaerobic condition with azo dye as extracellular
electron acceptor, ﬁlamentous shift may occur due to the aromatics
penetrated the cytoplasmic membrane and accumulated inside the
cytosol (Fang et al., 2019; Liu et al., 2015). The live and dead cells
were further distinguished via CLSM observation. As shown in
Fig. 5CeD, comparing to the bioﬁlm of the closed circuit BES, more
dead cells appeared in that of the open circuit reactor. The
destroyed bioﬁlm matrix suggested that AYR was toxic to bacteria.
But, under closed circuit operation, the micro electric ﬁeld could
simulate the activity of EAB and accelerate AYR removal. Thus, EAB
showed a robust decolorization ability and strong tolerance to azo
dye threshold.

population in each sample, the abundance of which was 92.34% and
95.08% in the samples without and with AYR addition, respectively
(Fig. 6). After AYR introduction, the relative abundance of Chlorobi
increased from to 1.16e1.25%, but that of Synergistetes, Bacteroidete
and Firmicutes decreased. The dominant Phyla were consistent with
those observed in other researches (Cui et al., 2017). At the genus
level, as shown in Fig. 6B, Geobacter were dominant in all the bioﬁlms. It noticed that the relative abundance of Geobacter increased
from 77.98% in the control to 92.22% when 70 mg/L AYR addition,
indicating that AYR selectively stimulated the growth of exoelectrogens such as Geobacter in a mixed EAB. Remarkably, Geobacter as
a kind of model EAB usually respires involving an extracellular
process and some members (e.g. Geobacter sulfurreducens PCA) do
not have azo reductase (Liu et al., 2017; Logan, 2009; Methe et al.,
2003; Richter et al., 2009). However, Geobacter showed robust
decolorization ability. This conﬁrmed that AYR decolorization in
our system was mainly achieved via extracellular electron transfer
by EAB. The extracellular decolorization can be completed catalyzed by the outer-membrane cytochromes directly, which avoids
the diffusion process of azo dyes across the cell membrane,
consequently, leads to much faster decolorization rate (Richter
et al., 2009). Furthermore, azo dyes could be kept out of cells,
which will protect bacteria from the toxic effects of azo dyes, and
sustain microbial metabolic activity (Liu et al., 2017).

3.4. Microbial community analysis
4. Conclusions
The microbial communities of bioﬁlm without (0 mg/L) and
with AYR (70 mg/L) addition were compared analyzed. 16S rRNA
gene Illumina sequencing results showed that AYR addition inﬂuenced the EAB microbial community structure. The phylogenetic
analysis showed that Proteobacteria accounting for the highest

The directional enriched EAB at the controlled potential
of 0.2 V vs Ag/AgCl was dominated by Geobacter, which exhibited
robust electricity production and azo dye decolorization ability
through extracellular electron transfer. It proved that electricity

Fig. 5. SEM observations of bioﬁlm in (A) closed circuit BES, (B) open circuit BES; CLSM observation of bioﬁlm in (C) closed circuit BES, (D) open circuit BES.
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Fig. 6. Microbial community showing anodic bioﬁlms at the phylum level (A) and the
genus level (B) without (inner circle) and with AYR (outer circle) addition.

stimulation could increase the activity of EAB, and AYR addition
boosted the growth of exoelectrogens such as Geobacter in a mixed
EAB. This work provides a new insight into the mutual effect between EAB and azo dye in BESs.
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