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Recent advances in bio-electrochemical systems (BESs) for azo dye removal are gaining momentum due to
having electrode biocarrier and electro-active bacteria that could stimulate decolorization via extracellular
electron transfer. Enhanced decolorization performance is observed in most laboratory studies, indicating the
great potential of BESs as an alternative to the traditional biological processes or serving as a pre-/post-pro
cessing unit to improve the performance of biological processes. It is proven more competitive in environmental
friendly than physicochemical methods. While, the successful application of BESs to azo dye-containing
wastewater remediation requires a deeper evaluation of its performance, mechanism and typical attributes,
and a comprehensive potential evaluation of BESs practical application in terms of economic analysis and
technical optimizations. This review is organized to address BESs as a practical option for azo dye removal by
analyzing the decolorization mechanisms and involved functional microorganisms, followed by the comparisons
of device configurations, operational conditions, and economic evaluation. It further highlights the current
hurdles and prospects for the abatement of azo dyes via BES related techniques.

1. Introduction
Azo dyes are the most commonly used dye categories and account for
more than 60% of total dyestuffs and their relative importance may even
increase in the future (A. Gürses, 2016; Said Benkhaya, 2020). About
300,000 tons of various azo dyes are consumed each year for textile
dyeing operations (Philips, 1996). It is estimated that nearly 10-15% of
azo dyes are unutilized and discharged to the environment via waste
waters leading to serious pollution. Azo dyes are defined as two or more
aromatic rings connected with one or more azo bonds (-N=N-) (Fatima
et al., 2017). The chromophore of azo bond and associated auxochromes
(e.g., -NH2, -OH, -COOH, -SO3− ) give azo dyes apparent color and inhibit

light penetration. People have noticed long before that the structure is
very recalcitrant and it is this property, allied with the toxicity of azo
dyes and their breakdown products to microorganisms, that makes
biological treatment difficult. Azo dye elimination from textile discharge
is usually linked first with decolorization followed by mineralization of
colorless
compounds.
Nowadays,
high
efficiency,
environmental-friendly, and cost-effective technologies for azo dye
removal are urgently desired due to increasingly stringent environ
mental law requirements.
Against this background, versatile methods have been proposed
including physical, chemical, advanced oxidation, and electrochemical
processes. However, disadvantages such as high operating cost,

Abbreviation: ABR, anaerobic baffled reactor; ABR-BES, system integrating BESs with anaerobic baffled reactor; ABRX3, active brilliant red X-3B; AEM, anion
exchange membrane; AO7, acid orange 7; AOPs, advanced oxidation processes; AQDS, anthraquinone-2,6-disulphonic disodium salt; AYR, Alizarin Yellow R; BESs,
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incomplete azo dye degradation, possible secondary pollution, and high
energy consumption, impede the practical applications of these methods
in full-scale wastewater treatment facilities. There is no doubt that
biological methods have overcome the drawbacks of physicochemical
methods and are extensively used around the world. However, the dis
advantages of anaerobic biological process including slow rate, lower
electron utilization efficiency, more exogenous electron donors
requirement, result in the increase of investment, operation, and
maintenance costs (Der Zee and Villaverde, 2005; dos Santos et al.,
2005). Hence, it is meaningful to seek suitable approaches to improve
biological process for expanding its practicability.
Recent years, researchers found that the biodegradation process can
be enhanced by application of electric current, since some microor
ganisms (especially anaerobes) can directly participate in electrons
transfer in bio-electrochemical process (Carmona-Martinez et al., 2011;
Rosenbaum et al., 2011). The concept of electro assisted biodegradation
of organics has been proposed in 1991 by Potter M.C. et al. (Logan,
2012; Potter, 1911). But it was not until after the year 2000, the process
conducted in so-called bio-electrochemical systems (BESs) was explored
extensively in the field of wastewater treatment for their environmental
benefits (Rozendal et al., 2006). BESs use whole-cell biocatalysts to
drive oxidation and reduction reactions at solid-state electrodes, which
offers the unique ability to control two separated (bio-) chemical re
actions in two half-cells. BESs technology is involved in anaerobic
wastewater methods, because the anodic bacteria are inclined to grow
under anaerobic atmosphere to produce a higher power output with a
variety of organics serving as substrates. But it is also an aerobic system
due to oxygen could be used as electron acceptor at the cathode, and the
use of oxygen is not coupled to microbial respiration (Rabaey and
Rozendal, 2010). The unique characters make BESs a promising alter
native wastewater treatment technology for efficient removal of recal
citrant contaminants (e.g. azo dyes).
Using BESs for azo dye-containing wastewater treatment started in
2009 (Mu et al., 2009; Sun et al., 2009b). Mu et al. found that azo dye
could be decolorized quickly at the abiotic cathode with a small power
supply. Driven by anodic biological oxidation, the cathode acted as
direct electron donor for azo bond reduction at a suitable potential
control. In the same year, Liu et al. constructed a BES (Microbial fuel cell
(MFC) mode) using azo dyes as cathode oxidants instead of air and
obtained comparable performance at pH 3 of catholyte (Liu et al., 2009).
These findings have led to the rapid evolution of this research domain
and then aroused a plethora of contents in describing the technology, the
underlying processes, and the microorganisms involved. Nearly 20 kinds
of azo dyes have been studied in BESs (Table 1).
After more than ten years of development, the application of BESs on
azo dye wastewater remediation is well worth reviewing in retrospect
and summing up. So far, several reviews have focused on azo dye
degradation in BESs, especially in terms of decolorization performance
and power generation, however, the information is still limited and
unsystematic (Fatima et al., 2017; Solanki et al., 2013; Vikrant et al.,
2018). The present paper intends to systematically review the current
studies on azo dye removal in BESs, including the degradation mecha
nisms, the involved functional microorganisms, the device configura
tions, process control and economic analysis. It further highlights the
current hurdles for scale-up application and prospects for the abatement
of azo dyes via BES related techniques.

cultures. This process involved different decolorization mechanisms
probably related to enzymes, low molecular weight redox mediators,
chemical reduction by biogenic reductants like sulfide, or a combination
of these processes (Liu et al., 2015; Pant et al., 2010). In BESs, however,
the external circuitry and ion exchange membranes provide auxiliary
means of electron and proton transport to the azo dyes. Besides, the
electron donor and electron transfer pathway via solid electrode and
electro-active bacteria (EAB) differ from conventional biological re
actions. Bio-electrochemical decolorization can occur not only at anode
but also at cathode, however, the direct electron donors are different
leading to distinguish decolorization mechanisms of different
electrodes.
2.1. Anode stimulated decolorization
At the anode, azo dye decolorization is mainly attributed to biolog
ical reduction with organic matter as electron donor sources. Most
studies support that co-metabolism-independent biological reduction is
responsible for decolorization because unnoticeable decolorization was
observed at anode without an external carbon source and abiotic control
(Cao et al., 2010; Cui et al., 2012). Meanwhile, electricity is produced
during the co-metabolism process of co-substrates and azo dyes, which is
considered to be able to enhance decolorization (Cao et al., 2010;
Huang et al., 2011; Kalathil et al., 2012; Li et al., 2010; Sun et al., 2009b;
Zou and Wang, 2017). This is different from the electrochemical method
that requires high cell voltage application for simultaneous oxidation of
azo dyes and water to maintain the anode activity (Martinez-Huitle and
Brillas, 2009). In principle, however, it seems counterintuitive that using
anode to stimulate azo dye reduction, because both anode and azo dyes
are electron acceptors and they are assumed to be competitive in
consuming electrons (Chen et al., 2011a; Chen et al., 2012; Oon et al.,
2018; Solanki et al., 2013; Sun et al., 2011a; Yeruva et al., 2018). For
example, when glucose is oxidized at anode, the released electrons flow
to azo dyes and anode simultaniously. The reactions happened at anode
as shown in equation 1-2. As more and more azo dyes were efficiently
decolorized at the anodes, three possible mechanisms have been inter
preted by some literature.
Anode: Glucose: C6H12O6+12H2O→6HCO3− +30H++24e−
−

+

Azo dye: R-N=N-R’+4e (from glucose) +4H →R-NH2+NH2-R’

(1)
(2)

Firstly, the role of EAB enriched at the anode is crucial to accelerate
azo dye reduction. Most EAB are pure anaerobe also called exoelec
trogens having potential to shuttle electrons from the oxidation product
to the electrodes by mechanisms of projected nanowires, specific pro
teins or mediators. EAB transfer the electrons subsequent from the
organic co-substrates to the electrode through extracellular electron
transfer (EET). Their EET ability perfectly fits the demands of the
extracellular reduction pathway of azo dyes. Thus, EAB with a strong
EET ability should also be efficient reducers of azo dyes. Geobacter sul
furreducens PCA as a model EAB has been investigated to decolorize azo
dyes and the results indicate that Geobacter sulfurreducens PCA is capable
of exclusive extracellular biodecolorization of azo dyes depending on
the role of extracellular cytochrome c. OmcB, OmcC and OmcE are
identified as the key outer-membrane proteins for the extracellular azo
dye reduction (Pathway 1 in Fig. 1) (Liu et al., 2017). Compared with
intracellular decolorization that common in conventional biological
reactions, extracellular decolorization can be completely catalyzed by
outer-membrane proteins directly, which can protect bacteria from toxic
effects by keeping azo dyes and their decolorized products out of cells,
resulting in the superior decolorization efficiency of EAB at the anode
(Liu et al., 2017). However, the decolorization mechanisms of EAB may
be various due to the wide range of exoelectrogens and the associated
versatility in electron transfer strategies, which should be studied
further.
Secondly, the co-enriched versatile bacteria beyond EAB (non-EAB)

2. Decolorization mechanisms in BESs
The chromophoric linkage of the azo dyes generally resist aerobic
degradation due to the electron-withdrawing nature of azo linkages
(Donlon et al., 1997), but it is thermodynamically preferable to be
reduced due to its high redox potential, leaving colorless and biode
gradable aromatic amines (Donlon et al., 1997; van der Zee et al., 2003).
Thus, biological decolorization has been widely reported in anaerobic
sludges, anaerobic sediments, and anaerobic bacterial enrichment
2
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Table 1
List of azo dyes decolorized in BESs.
Azo dye

Chemical structure

Molecular
weight

Chemical formula/CAS*

Characteristic
absorbent
wavelength

Ref.

350.3243

C16H11N2O4SNa
633-96-5

374nm
493nm
484nm

(Cui et al., 2018; Fernando et al., 2014;
Mu et al., 2009; Yang et al., 2018)

615.33

C19H10Cl2N6O7S2Na2
17804-49-8

540nm

(Cao et al., 2017; Cao et al., 2019; Long
et al., 2019a; Long et al., 2019b; Sun
et al., 2009b; Sun et al., 2011b)

287.20

C13H9N3O5
66676-71-9

274nm

(Cui et al., 2017a; Cui et al., 2012; Cui
et al., 2014a; Cui et al., 2016a)

Congo red

696.68

C32H22N6Na2O6S2
573-58-0

497nm

Methyl orange

327.33

C14H14N3NaO3S
547-58-0

463nm

Orange I

350.32

C16H11N2NaO4S
523-44-4

484nm

(Dai et al., 2020; Hou et al., 2011; Huang
et al., 2017; Huang et al., 2018; Sun
et al., 2011a; Sun et al., 2013a; Sun et al.,
2012; Sun et al., 2013b; Sun et al.,
2015a)
(Han et al., 2017; Li et al., 2010; Liu
et al., 2009; Liu et al., 2017;
Narayanasamy and Jayaprakash, 2018;
Wang et al., 2019)
(Liu et al., 2009)

Orange G (OG)

452.37

C16H10N2Na2O7S2
1936-96-5

475nm

(Niu et al., 2012)

Amido black
10B

616.49

C22H14N6Na2O9S2
1064-48-8

690nm

(Yeruva et al., 2018)

Acid navy blue
R (ANB)

695.58

C26H16N3Na3O10S3
3861-73-2

550nm

(Khan et al., 2015)

Acid Red B

502.428

C20H12N2Na2S2O7
3567-69-9

514nm

(Yuan et al., 2019)

New Coccine
(NC)

604.47

C20H11N2Na3O10S3
2611-82-7

617nm

(Oon et al., 2018)

Amaranth

604.47

C20H11N2Na3O10S3
915-67-3

524nm

(Fu et al., 2010)

Acid Orange 7
(Orange II)

N

SO3Na

N

OH

Active brilliant
red X-3B
(ABRX3B)

Alizarin Yellow
R (AYR)

OH
NO3

N

N

COOH

(continued on next page)

3

M.-H. Cui et al.

Water Research 203 (2021) 117512

Table 1 (continued )
Azo dye

Molecular
weight

Chemical formula/CAS*

Characteristic
absorbent
wavelength

Ref.

Reactive blue
160 (RB 160)

1309.8521

C38H23Cl2N14Na5O18S5
71872-76-9

616nm

(Chen et al., 2010c)

Reactive Blue19 (RB19)

626.5438

C22H16N2Na2O11S3
2580-78-1

592nm

(Holkar et al., 2018)

Reactive red
120 (RR120)

1469.98

C44H30Cl2N14O20S6
61951-82-4

521nm

(Oon et al., 2017)

Reactive green
19 (RG19)

1418.9343

C40H23Cl2N15Na6O19S6
68110-31-6

638nm

(Oon et al., 2017)

Reactive
Orange 16
(RO16)

617.537

C20H17N3Na2O11S3
20262-58-2

490nm

(Ilamathi et al., 2019)

Reactive Black
5 (RB5)

991.8161

C26H21N5Na4O19S6
17095-24-8

597nm

(Ilamathi et al., 2019)

Direct Red 80
(DR80)

1373.071

C45H26N10Na6O21S6
2610-10-8

540nm

(Miran et al., 2015a)

/
/

/
/

/
/

(Fernando et al., 2013)
(Kalathil et al., 2011; 2012)

Mixed azo dyes
Real azo dyecontaining
wastewater
*

Chemical structure

/
_/

collected from Chemical Book website: https://www.chemicalbook.com/

Fig. 1. Three possible decolorization mechanisms at the anode.
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at bioanode might also contribute to the higher decolorization rate
(Pathway 2 in Fig. 1) (Yang et al., 2018). It is more obviously observed in
hybrid systems that integrating BESs with other biological processes (e.
g. ABR, continuous stirred tank reactor) (Cui et al., 2017a; Cui et al.,
2014b). The co-enriched bacteria with other respirations (e.g. fumarate
and nitrate respiration) might have abundant functional reductase
(cytoplasmic enzyme) including azo reductase, nitrate reductase,
dehalogenase reductase etc., which are involved in azo dye decolor
ization. It is often assumed that the electron carriers (coenzymes) flavin
nucleotides [flavin mononucleotide (FMN); flavin adenine dinucleotide
(FAD)] as cofactors (Liu et al., 2015a; Yoo et al., 2001). Azo dyes are
reduced intracellular by reduced coenzymes (flavin nucleotides
(FADH2), FMNH2), which depend on cytoplasmic reducing enzymes to
supply electrons, and the soluble flavin is regarded as an electron shuttle
between a dye and a NADH-dependent azo reductase (Wuhrmann et al.,
1980).
Thirdly, the direct or indirect introduction of redox mediators is
another reason to enhance simultaneous decolorization and
bioelectricity production at the anode (Pathway 3 in Fig. 1). Redox
mediators could decrease the anode charge transfer resistance and
kinetically promote EET between bacteria, anode, and azo dyes (dos
Santos et al., 2005; Oon et al., 2018; van der Zee et al., 2003), also, they
could change the composition of microbial community and stimulate the
growth of some dominant species (Sun et al., 2013a; Thygesen et al.,
2009). Addition of artificial or natural redox mediators, such as
anthraquinone-2,6-disulphonic disodium salt (AQDS), riboflavin (RF),
and humic acid (HA) showed 36%, 26%, and 15% increase in maximum
power density along with 394%, 450%, and 258% increase in decolor
ization rates of Congo red, respectively (Sun et al., 2013a). Another
possible situation is that the decolorized products such as aminophenol,
phenazine, and naphthol can play as electron mediators in electricity
generation (van der Zee et al., 2000). Chen et al. have identified that the
decolorized metabolites (e.g. aromatic amines) acting as redox media
tors played a crucial role to stimulate the decolorization of electricity
generation (ca. 40–70% increases in electron transfer capabilities of
BESs) (Chen et al., 2013; Chen et al., 2011a). Moreover, to prevent redox
mediators lost in vain when placing substrate, the redox mediators can
be modified on the anode by electro-positing. Huang et al. indicated that
the BESs in MFCs mode that being modified RF and HA on the anode
surface, respectively, exhibited excellent electrocatalysis activity and
showed 31% to 49% decrease in internal resistance along with 20% to
66% increase in maximum power density, which further proved that the
redox mediators benefit both bioelectricity generation and decoloriza
tion (Huang et al., 2017).

electrode materials and operational conditions. Generally speaking,
there are three transformation pathways of azo dye at the abiotic cath
ode. (i) When using carbon-based electrode materials (e.g. carbon felt)
and pH is neutral, azo bond cleavage happens at cathode potential lower
than − 0.3V vs. SCE (Pathway 1 shown Fig. 2A) (Liu et al., 2009; Mu
et al., 2009). Some associated auxochromes (e.g. -NO3) may be reduced
at a lower potential of − 0.8V vs SCE (Cui et al., 2012). Thus, at least
− 0.3V vs SCE cathode potential should be controlled for decolorization
given that the anode potential would be stable at about − 0.3 to − 0.5 V
vs. SCE (Logan et al., 2006; Mu et al., 2009). (ii) When the operational
pH is not neutral but also carbon-based electrode is used, the redox
potential of azo dyes will change with various pH values (Pathway 2 in
Fig. 2A). It observed that the reductive potential of azo bond to the
corresponding amine moved forward with the decrease of pH value and
the ratio of anodic current peak (Ia) to cathodic current peak (Ic) heavily
relied on pH, indicating that the electron transfer is more kinetically
favored at acidic condition (e.g. pH=3.0) (Liu et al., 2009). (iii) When a
cathode with catalytic activity is used, azo dyes can be removed by
means of advanced oxidation processes (AOPs), such as Fenton reaction
(Fu et al., 2010), semiconductor TiO2-mediated photocatalysis (Ding
et al., 2010; Yu et al., 2008; Zita et al., 2009) and other oxidative re
actions using persulfate with ferrous ion (Niu et al., 2012) (Pathway 3 in
Fig. 2A). For example, Fu et al. reported that amaranth could be
decomposed in the system that coupling BESs with Fenton, in which
in-situ production of H2O2 through two-electron reduction of oxygen in
neutral catholyte (Fu et al., 2010). Ding et al. achieved methyl orange
(MO) decolorization by capturing photoelectrons at the irradiated
rutile-cathode and concurrently enhanced electricity generation (Ding
et al., 2010).
2.2.2. Mechanism involved in bio-cathode
Despite decolorization at the abiotic cathode is thermodynamically
favorable, another consideration is that the rate should be kinetically
fast with less addition of chemicals. The biocathode in which electro
chemically active microorganisms act as catalysts to assist in electron
transfer shows advantages over abiotic cathode in terms of low cost,
elimination of electron mediators, and decrease of overpotential (Chen
et al., 2018; Clauwaert et al., 2007; Wang et al., 2011; Yun et al., 2017).
The biocathode here is defined as living microorganisms consume part
of the electrical energy from the cathodic electron flow that goes
through their respiratory chain with concomitant ATP production,
which can be autotrophic or heterotrophic. They are classified into
aerobic and anaerobic ones depending on the terminal electron accep
tors in the cathode (Clauwaert et al., 2007; Liang et al., 2019; Sun et al.,
2011b; Wang et al., 2011). The anaerobic biocathode is widely used for
decolorization by using cathode as electron donor and azo dye as ter
minal electron acceptors (Cui et al., 2017a; Kong et al., 2018). The
process is related to the direct cathodic EET, in which c-type cyto
chromes or hydrogenases or both involved (Pathway 1 in Fig. 2B)
(Rosenbaum et al., 2011). It’s remarkable that when organics are used as
co-substrates (e.g. glucose), a part of azo dyes will be reduced by
non-EAB by capturing some electrons from organics but not cathode
(Pathway 2 in Fig. 2B) (Cui et al., 2017a). In the cases of Congo Red and
amido Black 10B, decolorization rate acceleration along with charge
transfer resistance decrease was observed during the co-metabolism of
dye molecules and glucose (Wang et al., 2013). The aerobic biocathode
is capable of degrading the decolorized intermediates (Pathway 3 in
Fig. 2B). The intermediates, which are prone to be aerobic biodegra
dation, can serve as redox mediators for facilitating electrons transfer
from the cathode to the oxygen. For instance, the products of active
brilliant red X-3B (ABRX3) were removed in an aerobic biocathode BES
along with the increased power production (Sun et al., 2011b). Similar
results have been observed in single-chamber BESs using granular
activated carbon (GAC)-biocathodes for the simultaneous decolorization
of real dye wastewater and electricity generation (8 W∙m− 3) (Kalathil
et al., 2012).

2.2. Cathode enhanced decolorization
At the cathode, decolorization is expectable as azo dyes serving as
electron acceptors with cathode as electron donors directly (Cui et al.,
2012; Mu et al., 2009; Solanki et al., 2013). Notably, the decolorization
process can occur at either abiotic or biotic cathode. In addition to
reductive decolorization, azo dyes can be mineralized through advanced
oxidation that happened at the modified cathode. Possible cathodic re
actions are shown as equation 3-4.
Cathode: R-N=N-R’+4e− (from cathode or co-substrate)+4H+→RNH2+NH2-R’

(3)

R-N=N-R’→CO2+H2O+N2

(4)

2.2.1. Mechanism involved at the abiotic cathode
Azo dye removal at the abiotic cathode is relatively pellucid to be
explained and implemented due to its nature of the electrochemical
reaction. However, whether this process consumes or generates elec
tricity depends on thermodynamically feasibility, which is related to
5
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Fig. 2. Mechanisms related with (A) abiotic cathode and (B) bio-cathode.

2.3. Microorganisms involved and electron transfer mechanism

the capability of simultaneous decolorization and bioelectricity gener
ation in BESs (Chen et al., 2013; Chen et al., 2010c). While, their per
formance may depend on the mediators and maybe affected by the
chemical structures of azo dyes (Chen et al., 2013; Chen et al., 2012). For
example, addition of diazo dye reactive blue 160 (RBu160) stimulated
simultaneous dye decolorization and bioelectricity generation of Proteus
hauseri ZMd44, comparing with addition of azo-free dye-reactive blue
198 (RBu198) and diazo-dyes–acid yellow 42 (AY42) (Chen et al.,
2012). The decolorized intermediates of RBu160-sphenyl methadiamine
and 5-sulfoanthranilic acid as electron shuttles might mediate electron
transport for current generation (Chen et al., 2010b).
In the cases using mixed consortia, both anode and cathode biofilm
at the phylum level are dominated by Proteobacteria (maximum up to
67.3%) including α-Proteobacteria, β-Proteobacteria, δ-Proteobacteria, and
followed by Bacteroidetes, Firmicutes, Actinobacteria and Chlorobi (Miran
et al., 2015a; Sun et al., 2013b; Sun et al., 2015a). At the genus level, the
sulfate-reducing bacteria of the family Desulfovibrionaceae, e.g. Desul
fovibrio and Desulfobulbus, are usually dominant at both bioanode and
biocathode in either BESs or hybrid system that coupling BESs with
traditional anaerobic reactor. These bacteria have been demonstrated to
contribute to power generation (Cui et al., 2016a; Ryckelynck et al.,
2005) as well as decolorization of azo dyes by enhancing electron
transfer to the anode via outer membrane cytochrome c (Kang et al.,
2014; Rasool et al., 2013). At the bioanode, Ignavibacterium (17.6%),
Acidobacteria_G3 (13.0%), Thauera (11.6%) and Comamonas (5.2%) are

The microorganisms including pure strain and mixed microbial
populations involved in BESs decolorization show a phylogenetic di
versity and the community shows obviously varied under different
operational conditions, enrichment procedures, and substrates (Hou
et al., 2011).
Most studies on pure culture are conducted at bioanode. The isolated
pure strains are used to investigate whether simultaneous bioelectricity
production and color removal in BESs is due to characteristics of pure
strains or synergistic interactions among strains. The electroactive mi
croorganisms including Geobacter sulfurreducens, Shewanella, Pseudo
monas species (Pseudomonas aeruginosa and Pseudomonas fluorescens),
and the newly isolated electrogenic bacterium Klebsiella sp. C have been
identified as electrogenic species with abilities to accelerate azo dyes
reduction, e.g. Reactive Blue-19, mono-azo Reactive Orange 16, and a
diazo dye Reactive Black 5, and increase power generation as well as
decrease internal resistance due to their bio-adhesion capability on the
electrode (Holkar et al., 2018; Ilamathi et al., 2019; Liu et al., 2017).
These exoelectrogens show potential to shuttle electrons from the
oxidation product to the anode by mechanisms of projected nanowires,
specific respiratory proteins or mediators. Besides, the indigenous de
colorizers including K. pneumoniae ZMd31, Proteus hauseri ZMd44, E.
cancerogenus BYm30, and A. johnsonii NIUx72, Aeromonas sp. C78 are
predominantly isolated from natural environments, which also exhibit
6
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found abundant in the azo dye-fed biofilm. Azospirillum, Rhodobacter,
and Methylobacterium in α-Proteobacteria also accounted for a relatively
large proportion due to oxygen intrusion, which may contribute to
further degradation of azo dyes (Sun et al., 2013b). Notably, the ratio of
well-recognized exoelectrogens, i.e., Geobacter, Shewanella, Pseudo
monas, etc. are relatively low in the presence of azo dyes (their relative
abundance is usually lower than 10%), but their existence was respon
sible for higher power generation and ultimately influence the decol
orization rate (Cui et al., 2017a; Hou et al., 2011; Kong et al., 2018; Liu
et al., 2017; Miran et al., 2015a). At the biocathode, Enterobacte (>30%)
and Syntrophus (>10%) are found to have high abundance in the elec
trode biofilms in addition to Desulfobulbus and Desulfovibrio (Cao et al.,
2019; Cui et al., 2016a). Besides, Geobacter and Kosmotoga with relative
lower abundance are also identified on the cathode biofilm and under
went syntrophic interactions. Analysis of the microbial communities
illustrated that the mechanism of azo dye degradation was dependent on
bioelectrochemistry rather than microbial degradation (Cao et al.,
2019).
The reductive decolorization is strongly related to the bacterial
capability of electron transfer (e.g., reduced coenzyme NADH as an
electron donor). Chen et al. summarized three proposed mechanisms to
elucidate electron transfer among bacteria, electrode and azo dyes: (i)
membrane-bound redox proteins (e.g., cytochromes) to transfer elec
trons to the electrode biofilm; (ii) cell-secreting redox mediators (e.g.,
phenazine, quinones) or artificial redox mediators or byproducts of
decolorization as electron shuttles; and (iii) nanowires (or conductive
pili) of EAB for exocellular transport of electrons. Quantitative analysis
revealed that electrons extracted from this electron-transport chain of
bacterial decolorizer via respiratory complexes were provided for either
bioelectricity generation or color removal (Chen et al., 2011a).

3. Operational manners of BESs for azo dye remediation
3.1. Reactor configuration and process design
3.1.1. Single-chamber BESs
The single-chamber BESs without membrane separation are widely
used and usually operated for simultaneous decolorization and
bioelectricity generation. It utilizes an air cathode that substantially
reduced the internal resistance and additional energy consumption and
is shown to represent a simpler design with cost savings (Fig. 3A). The
reactor is usually constructed in cylindrical tubes or rectangular frames
made by transparent polymethyl methacrylate (PMMA) with working
volume ranging from dozens of milliliters to several liters (Dai et al.,
2020; Hou et al., 2011; Huang et al., 2018; Kumru et al., 2012; Solanki
et al., 2013; Sun et al., 2011a; Sun et al., 2012; Sun et al., 2013b; Yeruva
et al., 2018). The anodes are made of carbon materials and enriched
with biofilm. Most of the cathodes are prepared by coating Pt on a wet
proofing carbon paper following a published procedure (Liu and Logan,
2004). The first report about azo dye decolorization (ABRX3) accom
panied by bioelectricity generation is demonstrated by Sun et al. in 2009
using single-chamber BESs with a microfiltration membrane air-cathode
and a working volume of 1 L (Sun et al., 2009b). Over 90% ABRX3 was
removed with glucose as the optimal co-substrate. Similar results were
also obtained by Cao et al. in an air-cathode MFC for Congo Red
degradation. The highest decolorization efficiency of 98% and the
maximum power densities of 103 mW∙m− 2 were both achieved using
glucose as a co-substrate (Cao et al., 2010). Although the completely
mixing single chamber design is simple and relatively high efficient,
however, the electrons recovered from co-substrate are preferentially
transferred to azo dyes rather than the bioanode and azo dye decolor
ization is prior to electricity generation (Sun et al., 2011a). Besides,
higher azo dye concentration will inhibit the activity of EAB and thus
increase the resistance of bioanode, which limits its application.
Considering the above drawbacks and the noble metal requirement
in air-cathode MFC, an up-flow continuous single chamber BES named
UBER is developed by our team since 2012 (Cui et al., 2012; Cui et al.,

Fig. 3. Schematics of (A) air-cathode single-chamber BES (MFC mode) (Sun et al., 2009a; b); (B) up-flow bio-catalyzed electrolysis reactor (UBER) (Cui et al., 2014a);
(C) granular activated carbon-based single chamber microbial fuel cell (GACB-SCMFC) (Kalathil et al., 2012).
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2014a; Cui et al., 2016a; Cui et al., 2016c; Wang et al., 2012) (Fig. 3B).
The electrodes are ranged vertically with the anode on the top and the
cathode at the bottom. The anode is enriched with EAB biofilm to
oxidize organics and the cathode can be biological or abiotic without
modification. The influent containing azo dyes flow throw the bottom to
be decolorized at the cathode firstly and then to the bioanode. With 0.5
V external power supply, azo dye (Alizarin Yellow R, AYR) was effi
ciently removed (94.8±1.5%) in a short HRT of 2 h with the AYR loading
rate of 780 g∙m− 3 TV∙d− 1. Electron recovery efficiency based on AYR
removal in cathode zone was nearly 100% indicating that decolorization
was mainly due to electrochemical reduction at the cathode (Cui et al.,
2012). The volume ratio of anode and cathode can be adjusted as
required and currently the ratio of 1:2 presents the best performance
with the lowest electron transfer resistance (Cui et al., 2014a). Similarly,
Kalathil et al. developed an up-flow MFC using GAC as electrodes
without using any expensive materials for the simultaneous decolor
ization of real dye wastewater (>70% COD removal) and electricity
generation (8 W∙m− 3) (Fig. 3C) (Kalathil et al., 2012). The up-flow
membrane-less design not only reduces the internal resistance of the
reactor, but also greatly decreases the footprint and cost.

3.1.2. Dual-chamber BESs
Dual-chamber BESs consist of two chambers that are separated by an
ion-exchange membrane is more versatile in design and operation mode.
The reactors can be assembled into horizontal or sleeve configuration
(Fig. 4A-F). “H’ shape and cylindrical shape are common used with total
volume ranging from a few milliliters to dozens of liters. The electrodes
are filled in the chamber as much as possible to increase the biomass,
reaction interface and power density. Comparing to single-chamber
design, it is more suitable for studying the mechanism of dye degrada
tion by single electrode (Fernando et al., 2013; Kalathil et al., 2011;
Mani et al., 2019; Miran et al., 2015a; Niu et al., 2012; Sun et al., 2011b).
The azo dyes can be added to the anolyte as co-substrate (Holkar et al.,
2018; Miran et al., 2015b; Oon et al., 2018) (Fig. 4A) or fed in the
catholyte as sole or co-electron acceptors (Fig. 4B-F). Thus, two different
kinds of wastewaters can be treated in anode and cathode chambers,
separately.
The dual-chamber BESs can be operated without or with power
supply. In the former case, azo dyes are decolorized and electricity is
harvested from wastewater simultaneously (Fig. 4A-D). In abioticcathode-based BESs, the power density calculated according to P=V2/
R is heavily sensitive to the pH value and highly dependent on the dye
structure. It showed that the maximum power density reached 34.77

Fig. 4. Schematics of two-chamber BESs (A) with azo dye fed in the anolyte (Holkar et al., 2018), (B) with azo dye fed in the catholyte (Oon et al., 2017); (C) using
the PNT/RMs/CP cathodes (Xu et al., 2017); (D) using an electricigen-colonized anode and a Pd-modified silicon nanowire (Pd-SiNW) photocathode (Han et al.,
2017), (E) using the cathode with rGO modification (Cui et al., 2018), (F) using the sleeve type chambers (Kong et al., 2018).
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mW m− 2 at pH=3 with MO feeding abiotic cathode (Liu et al., 2009).
Besides, the decolorization and electricity generation can be improved
with AOP at abiotic-cathode such as Fenton reaction, perox
ymonosulfate (PMS) activation et al. (Fu et al., 2010; Wang et al., 2019;
Xu et al., 2019). For the MFC-electrochemical Fenton system with 0.5
mmol/L Fe3+ addition, the removal efficiency of amaranth (75 mg∙L− 1)
reached 76.43% and a maximum power density of 28.3 W∙m− 3 was
obtained. In the system with MnFe2O4 cathode (MFC-MnFe2O4/PMS),
the azo dye (Orange II) was completely mineralized with a maximum
power density of 206.2±3.1 mW m− 2 (Xu et al., 2019). In bio-cathode
BESs, with the catalysis of bacteria, azo dyes or their decolorized
products can be both removed, providing both cost savings and
high-power output (Narayanasamy and Jayaprakash, 2018; Sun et al.,
2011b).
In the latter case, external power is applied to provide a more
reducing capacity to accelerate azo dye removal (Fig. 4E-F). Mu et al.
investigated AO7 decolorization at the abiotic-cathode in dual-chamber
BESs, indicating that the decolorization rate was significantly enhanced
with power supply and reached 13.18±0.05 mol∙m− 3 NCC∙d− 1 at an
energy consumption of 0.012 ±0.001 kWh∙mol− 1 AO7 (Mu et al., 2009).
Besides, the cathode can be made of titanium suboxide or modified with
graphene or other materials (Cui et al., 2018; Yuan et al., 2019). With a
small power supply (0.5 V), the decolorization rate was improved

reaching up to 650.7 g AO7∙m3•d− 1 (Cui et al., 2018). In addition to
electric drive, the cathodic reaction can be irradiated by visible light
when the cathode is modified with rutile or titania nanotube (Ding et al.,
2010; Long et al., 2019) (Fig. 4D). The photocatalysis-supported
cathodic reduction of azo dye (MO) obeyed the pseudo-first-order ki
netics and electricity generation involving photocatalyzed cathodic
reduction of azo dye was greatly enhanced.
3.1.3. Coupling systems
Currently, most of BESs are still in bench-scale and will probably not
displace existing methods, especially biological technologies. Thus,
integrating electrode modules with traditional biological processes is a
promising way to approach the application of BESs. Considering the
advantage of less organic requirement, BESs might be integrated as a
decolorization polishing step after a high-rate anaerobic process. In this
respect, our team has pioneered in proposing several coupling systems.
In 2014, Cui et al. firstly developed a new system integrating BESs with
anaerobic baffled reactor (ABR) by installing electrode modules into
each compartment of ABR (namely ABR-BES) and tested this novel
process at a small pilot-scale (40 L) for the treatment of azo dye (AYR)
wastewater (Cui et al., 2014b) (Fig. 5A). Results indicated that higher
power supplied (0.7 V) led to higher AYR decolorization efficiency
(96.4±1.8%) and current density (24.1 A∙m− 3 TCV). Similarly, a

Fig. 5. Schematics of (A) pilot-scale ABR incorporated with BES (ABR–BES) (Cui et al., 2014b), (B) three anaerobic hybrid reactors: R1, BES installed in liquid phase;
R2, BES installed in sludge phase; R3, BES with two pairs of electrodes (Cui et al., 2016d). (C) the hybrid anaerobic reactor built-in with sleeve type bio
electrocatalyzed module (HAR-BES) (Cui et al., 2017a), (D) the biofilm electrode reactor-microbial fuel cell coupled system (Cao et al., 2019), (E) The combined
process of UBER and aerobic bio-contact oxidation reactor (Cui et al., 2014a), (F) the integrated MFC–aerobic bioreactor system (Fernando et al., 2014).
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horizontal plug-flow baffled bioelectrocatalyzed reactor was con
structed (Feng et al., 2014; Karra et al., 2013)and effectively used for
AYR decolorization by Sun et al. in 2015 (Sun et al., 2015b). After this,
Yang et al. integrated MFCs with ABR for high concentration (800
mg∙L− 1) AO7 removal, which further confirmed the availability of
ABR-BES (Yang et al., 2018).
In 2016, Cui et al. newly constructed an up-flow hybrid anaerobic
digestion reactor for AYR and AO7 decolorization (named as HARBESs). This hybrid system consists of a sludge zone at the bottom and
bioelectrocatalzyed zone above anaerobic sludge. The electrodes were
membrane-less (Cui et al., 2016a) or sleeve type design (Cui et al.,
2017a) (Fig. 5B-C). The number of electrode modules and the ratio of
sludge zone to bioelectrocatalyzed zone can be adjusted flexible (Kong
et al., 2015; Kong et al., 2018). The performance of the hybrid system for
azo dye removal was comprehensively studied including decolorization
mechanism, hydrolysis characteristic, and microbial function, proving
its effectiveness and practicability.
In addition to the above two widely used integrating forms, BESs can
be built in an anaerobic digestion reactor (Cui et al., 2016b; S. Sreelatha,
2015; Xie et al., 2021), or coupled with a biofilm electrode reactor (Cao
et al., 2019) (Fig. 5D). Besides, BESs as a pre-treatment unit integrated
with a post aerobic biological tank in series are capable of achieving
complete biodegradation of azo dyes and their products (Fernando et al.,
2014; Khan et al., 2015) (Fig. 5E-F). However, existing works provide
limit information on design and operational parameters essential for
scale-up of BESs coupling with other processes. More work is still needed
to further investigate the potential of its application in view of process
design.

3.2.2. Initial azo dye concentration
BESs showed a high tolerance to most azo dyes and as high as 1500
mg∙L− 1 initial azo dye concentrations have been investigated previ
ously. The results indicated that the effect of azo dye concentration on
the performance of BESs usually presented a parabola trend (Cui et al.,
2020a). In the work of using air-cathode single-chamber MFC for ABRX3
decolorization, over 90% decolorization efficiency was obtained when
ABRX3 concentration increased from 100 to 600 mg∙L− 1 and decreased
to 86% and 77% at ABRX3 concentration further increased to 1000 and
1500 mg∙L− 1, respectively (Sun et al., 2009b). Interestingly, although
higher azo dye concentration diminished the decolorization activity, the
dye toxic tolerance of the microbial consortium in BESs was surprisingly
excellent. The study for the bioremediation of RO-16 at a high and
variable concentration range of 100 to 1000 mg∙L− 1 indicated that
maximum output voltage (0.5791 V) was obtained at 100 mg∙L− 1 along
with a power density of 0.0851 W∙m− 3. And till 500 mg∙L− 1 of dye, COD
removal efficiency remained in a range of 40% to 100% thereafter it
decreases (Shahi et al., 2020).
Although these studies opened the possibility of bioremediation of
dyes at high concentrations in BESs, it is worth noting that BESs present
a great potential for the enhanced removal of azo dyes with low con
centration, which is a bottleneck for the traditional anaerobic biological
process. For example, in the hybrid anaerobic reactor built-in with
sleeve type bioelectrocatalyzed modules, nearly 60% of azo dyes were
removed in the anaerobic sludge zone. While, the electrode zone played
a key role in enhancing the removal of residual 40% dyes, which were
much difficult to be achieved in the anaerobic biological zone (Cui et al.,
2017a). Therefore, BESs could be a promising post-unit of anaerobic
process for deep removal of low concentration azo dyes (Cui et al.,
2014b; Yang et al., 2018).

3.2. Effect of operational conditions

3.2.3. Molecular structure of azo dye
Azo dyes contain one or more azo bonds and usually associate with
auxochromes. The decolorization efficiency was affected by the number
of azo bond and the moieties at the proximity of azo bond. Generally,
monoazo dye (e.g. AO7, Methyl orange) can be decolorized faster than
the diazo dye (e.g. Congo red), because 1 mol of monoazo dye requires 4
mol of electrons to cleave azo linkage while diazo dye requires a double
number of electrons. Thus, the diazo dye was less reductive for decol
orization than monoazo dye (Hsueh et al., 2009). Besides, the naphthol
type azo dye with a less number of azo bond and more
electron-withdrawing groups could cause the azo bond to be more
electrophilic and more reductive for decolorization (Ghoneim et al.,
2008; Oon et al., 2020). The naphthol type azo dyes, which contain a
hydroxyl group at ortho position to azo bond (e.g. AO7) could prompt
tautomerism in the azo-hydrazone form (–N=N– ⇌ = N–NH), and
transform into carbonyl group subsequently. With the presence of
carbonyl group, the dye could be more reductive and it favours the
decolorization process, hence stabilizes the reduced form of azo dyes. On
the contrary, the non-naphthol type azo dye, which is without a hy
droxyl group in the chemical structure (e.g. Congo red), exhibits slower
decolorization rate. Meanwhile, the decolorization performance is
related to the position of sulfonic group. Sulfonic group is known as a
high electronegativity substituent that could extract electrons from the
–N=N– linkage by resonance and causing the –N=N– bond to be more
electrophilic and more reductive for decolorization. From the view of
resonance, the sulfonic group at para and ortho position could be more
effective than meta position in withdrawing electron from the –N=N–
linkage (Hsueh and Chen, 2008).

3.2.1. Co-substrates
As we mentioned above, decolorization is the first crucial step for azo
dye treatment, electron donor source (also known as co-substrates) is
one of the key factors to the performance of BESs. Among the commonly
used organics, glucose is considered as the optimal co-substrate for
decolorization, followed by ethanol, sucrose acetate, glycerol, and
glycine (Cao et al., 2010; Sun et al., 2009b; Wu et al., 2020). Comparing
to the artificially added organics, it is more economic to utilize other
wastewaters containing organics as co-substrates for azo dye removal.
Cui et al. introduced domestic wastewater (DW) as a cost-effective yet
highly efficient electron donor source for azo dye decolorization (Cui
et al., 2016c). DW showed comparable decolorization performance with
sodium acetate and glucose under high reductants supply ratio condition
yet was obviously much more cost-effective and could gain side benefit
of the simultaneous treatment of DW. Besides, BES fed with DW
consumed less reduced equivalent, which can favor the decolorization
under low reductants supply ratio condition. Moreover, DW can also
provide some buffer capacity and conductivity, enabling less deterio
ration when fully removing the external buffer slats. Alternatively,
wastewater that is rich in organics also can be a promising co-substrate.
In the work of Khajeh et al., three kinds of dairy products, including
milk, cheese water, and yogurt water, were mixed with AO7 as the
model wastewater and used as the anolyte of an MFC (Khajeh et al.,
2020). Maximum power density, voltage, and coulombic efficiency were
obtained as 44.05 mW∙m− 2, 332.4 mV, and 1.76%, respectively, for
cheese water+AO7 anolyte. However, the addition of co-substrates or
mixing of different wastewaters typically leads to higher operational
costs and more complex capital construction. Thus, it is meaningful to
treat real dye wastewater using BESs in situ. Kalatil et al. firstly inves
tigated the feasibility of using real dye wastewater with COD of 2080
mg∙L− 1 as a substrate in bioelectrode BESs (Kalathil et al., 2011; 2012),
high decolorization efficiencies (>77%) were obtained, indicating the
potential of BESs for real dye wastewater treatment without additional
co-substrate supply.

3.2.4. Hydraulic retention time (HRT)
Hydraulic retention time (HRT) is an important factor of process
control for practice-oriented consideration, which determines the
treatment capacity of the process. One advantage of BESs as an anaer
obic technology is fast and efficient, thus shorter HRT is desirable. A
variety of HRTs ranging from 0.31 to 48 h have been reported in
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different systems. It showed that AO7 decolorization efficiency
increased from 34.6±1.8% to 90.0±1.5% with the abiotic cathodic HRT
ranging from 0.31-3.75 h, demonstrating a positive relationship be
tween HRT and color removal efficiency (Mu et al., 2009). The same
trend was obtained in anaerobic biological processes for color removal
but with a longer HRT of 6-12 h (Kapdan et al., 2003). In the bio-anodic
chamber, the HRT is relatively longer (Wu et al., 2020). Li et al. opti
mized the HRT of an anaerobic-aerobic sequential reactor and MFC
coupled system, showing that the optimized HRT was 14.8 h and the
maximum power density reached 552.2 mW∙m− 2 with over 90% of total
color removal (Li et al., 2010). In the hybrid system that coupling BESs
with ABR or UASB, the HRT can be shortened to 4 or 6 h with azo dye
loading rate reaching 800 g∙m− 3•d− 1 (Cui et al., 2014b; Cui et al.,
2016c; 2017c). The decolorization rate was over 4 times faster than that
of the control process without BESs modules.

carbon materials using high conductivity materials, such as metallic
oxide, graphene, carbon nano tube, etc., to accelerate electron transfer
and decrease the charge transfer resistance. Zhong et al. developed a
binder-free NiO/MnO2-carbon felt electrode for simultaneous power
generation and methyl orange decolorization, in which NiO self-grown
on the carbon felt was used as the skeleton structure to support in-situ
growth of MnO2. The decolorization efficiency of NiO/MnO2-carbon
felt electrode reached 92.5% at 48 h, and it was 8.9%, 11.1%, and 12.7%
higher than MFCs equipped with MnO2-carbon felt electrode, NiOcarbon felt electrode and carbon felt electrode, respectively (Zhong
et al., 2018b). Zhong et al. also developed a petaline NiO@ polyaniline
carbon felt electrode, the charge transfer resistance of which was 10.4 Ω
and 68% lower than that of carbon felt MFC. This novel electrode MFC
showed a decolorization of 92.33% at 24 h and 26.12% higher than that
of pure carbon felt MFC. The superiority of the petaline NiO@polyani
line carbon felt was attributed to the characteristics of high conductiv
ity, high capacitance, high specific surface area, and low charge transfer
resistance (Zhong et al., 2018a). Cui et al. modified a three-dimensional
carbon brush using reduced graphene oxide (rGO/carbon brush)
through one-step electrodeposition without any binder. The charge
transfer resistances of the cathode part and whole-cell were decreased
by 89% and 65%, respectively. The decolorization efficiency of AO7
achieved 91.1±0.1% at 4 h and the unmodified cathode was merely
63.4±0.6% at 24 h (Cui et al., 2018).

3.2.5. Electrode materials
Electrodes affording the interface for electron transfer are the very
essential components to BESs and significantly influence the perfor
mance as well as the cost of this technology. Azo dyes are capable of
directly receiving electrons from the abiotic electrode to implement the
azo bond cleavage, and the decolorization efficiency depends on the
electrochemical characteristics and catalytic activity of the electrode
material. For the bio-electrodes, the electrodes act as the support of
bacteria growth besides the current collector. The interactions among
the electrodes, EAB, and substrates or azo dyes are more complicated.
Thus, the properties including biocompatibility, hydrophobicity, spe
cific surface of the electrode material are crucial.
Various materials have been tested in BESs. Thereinto, carbon-based
materials, such as carbon cloth (Chen et al., 2010a), carbon fiber brush
(Cui et al., 2017b), carbon felt (Thung et al., 2015), carbon paper (Sun
et al., 2011b), carbon rod (Carmalin et al., 2017), graphite (Cui et al.,
2016c; Mu et al., 2009), granular activated carbon (Kalathil et al., 2012)
etc., are most widely used in the research studies. Carbon-based mate
rials possess excellent chemical stability, good processability, and high
specific surface area, which are beneficial for performance evaluation.
Besides, carbon-based materials can provide superior biocompatibility
and stimulate the interaction between microbes and electrodes, and also
the direct interspecies electrons transfer (Chen et al., 2014). The main
disadvantages of the mentioned carbon-based materials are the low
durability and low strength as well as the relatively high resistivity
(Ayatollahi and Torabi, 2010; Park et al., 2020). For instance, the high
density (1.9~2.3 g∙cm− 3) of granular or flakes graphite (millimeter
level equivalent diameter) will bring a severe challenge to the facility
structure design, and their low conductivity will result in significant
energy loss in a large scale (Park et al., 2020). The resistivities of
different carbon-based materials are summarized in Table 2. The higher
resistivity could be neglected in lab-scale studies, while it could result in
considerable energy loss in large-scale applications (Rozendal et al.,
2008), leading these carbon materials are not available for
amplification.
To address the above-stated issues, a feasible method is to modify

4. Strategies for practical application
4.1. Cost-effective and scalable electrode materials
Although the performance of the carbon-based electrode could be
remarkably improved by various modification technologies, the stability
in the long-term operation and the feasibility of amplification are un
certain, and detailed cost estimation is necessary. In comparison, the
metal-based material seems a promising alternative to serving as elec
trodes of BESs (Baudler et al., 2015). Most metal materials, e.g. titanium,
palladium, platinum, nickel, copper, stainless steel, are used as current
collectors or catalysts. Copper is high electrical conductivity and low
cost but will rapidly corrode, releasing copper ions which can be toxic to
bacteria. Titanium has been used due to its relatively inert nature,
however, it is expensive like palladium, platinum, nickel and it is un
likely that these large costs can be justified for practical application of
bioelectrochemical wastewater treatment (Rozendal et al., 2008).
Stainless steel, in particular, is not very susceptible to corrosion, has a
reasonably low resistivity, and can still be quite cost-effective, which has
been recommended as one of the most applicable electrode materials
(Park et al., 2020). The use of stainless steel as electrode in BESs appears
promising catalytic activity, pollutants removal and even decolorization
performance. Flat sheets of stainless steel A286 performed better than a
sheet of Pt in a phosphate buffer solution and the stainless steel brush
cathode showed comparable catalytic activity to Pt in carbon cloth
(Selembo et al., 2009). Recent tests with heat-treated stainless steel as
both anode and cathode showed AYR decolorization efficiency reaching
96.6% (Li et al., 2020). Wang et al. developed a corrugated
stainless-steel mesh electrode module and achieved over 90% AO7
decolorization efficiency (Wang et al., 2017a; Wang et al., 2017b).
Recently, a scalable composite-engineered electrode module (1m3/per
module) was firstly reported and applied in a demonstration project by
Wang et al., which was fabricated using graphite-coated stainless steel
and carbon felt (Wang et al., 2020). The easy scalability of electrode
module provides a viable and clear path to facilitate the transition be
tween the success of the lab studies and applications of BESs (Wang and
Yu, 2019). Though previous reports have declared no obvious corrosion
appeared (Li et al., 2020), the anti-corrosion performance of
stainless-steel electrode in the long-term and practical scenario should
be systematically assessed, especially considering the high-salt, extreme
pH, and frequently variation quality of real azo dyes containing

Table 2
Summary of the resistivity of various electrode materials.
Material

Resistivity (× 10−

Carbon fiber
Graphite
Silver
Copper
Gold
Platinum
Palladium
Titanium
Stainless steel
Nickel

170
800-1300
1.65
1.75
2.4
10.6
10.8
42
70-130
6.84

8

Ω∙m)
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wastewater (Chen et al., 2011b; Hu et al., 2013).
In summary, the practical application of BESs in treating azo dye
wastewater requires a cost-effective, scalable, and durable electrode and
also expects high conductivity, high specific surface area, low charge
transfer resistance, and high biocompatibility to improve the biochem
ical reaction and electron/energy efficiency. So far, both carbon-based
and metal materials are preferred materials worthy of further atten
tion and investigation.

their high-cost and high internal resistance (Ge et al., 2014). Inexpensive
materials, such as polyurethane (He et al., 2019) and plastic frame
(Cusick et al., 2011; Heidrich et al., 2013), can serve as an insulating
separator between anode and cathode (Fig. 6).
Electrode is the major contributor to the capital cost of BESs yet it
strongly depends on material selection and process technology (Feng
et al., 2014). As we elucidated above, natural graphite and carbon ma
terial have cost competitiveness (about half of 304 stainless steel), while
the factitious carbon materials and modified carbon-based materials by
using graphene and carbon nano tube are too expensive and not suitable
for the cost-sensitive azo dye wastewater treatment. Although the cost of
industrial graphene remarkably dropped to 0.5 to 0.8 $∙g− 1 since 2010,
the unit capital of a modification electrode module can be estimated to
about 500 to 800 $∙m− 3, considering a typical graphene loading of
about 1 kg∙m− 3 (Xie et al., 2012). Apart from carbon-based materials,
cost-effective metals such as stainless steel (304) are suitable for BES
electrode construction, its unit cost is about 15% and 25% of copper and
nickel, respectively ((SMM), 2020-10-23). Recently, Wang et al. re
ported a novel engineered BES module, in which carbon felt was sand
wiched between two corrugated stainless-steel mesh. The capital cost of
this module (Fig. 7) was estimated to 595.7 $∙m− 3 and far lower than
the traditional studies (Wang et al., 2020). To date, it is a cost-effective
scheme to bring BES closer to practical application. In addition to the
electrodes, the capital cost of ancillary facilities is relatively stable and
accounted for 26-48% of the entire BES unit (Feng et al., 2014; Wang
et al., 2020). In general, an electrode is sustainable and extremely less
lost in operation, and the maintenance costs such as cleaning and
regeneration are also neglectable due to the self-generation feature of
electrode biofilm.
A small power supply is usually necessary to accelerate decoloriza
tion and thus the energy consumption cannot be ignored. As summa
rized in Table 3, the specific energy consumption is in the range of
~10− 2 to 10− 1 kWh∙mol− 1 dye in most cases. For typical dye waste
water with ~200 mg/L of azo dye (assumed as 0.5 mol azo dye), the
power consumption for the azo dye reduction in a BES would be in the
order of 10− 3 to 10− 2 kWh∙m− 3 treated wastewater. The energy con
sumption will be obviously changed with the varying characteristics of

4.2. Optimization of BES configuration
As mentioned in section 3.1, versatile reactors of BESs have been
conducted, however, the reactor design needs to be further optimized to
achieve the purposes of facilitating installation, simplifying the struc
ture, and saving cost.
From the reactor design point of view, two-chamber BESs with Htype is the primitive configuration due to its simplicity and straight
away. It was successfully applied in proof-of-concept researches and
mechanism studies. However, H-type dual-chamber BESs require a large
footprint and the presence of membrane not only develops a pH gradient
between two chambers, but also increases energy losses (Liu and Logan,
2004). Thus, BESs produce a low voltage in fuel cell mode or require
high energy input in electrolysis mode and such energy losses would be
substantial in BESs fed with wastewater (Selembo et al., 2009).
Membrane-less design shows advantages in pH gradient prevention
and cost saving. But in a completely mixed system, it also causes sub
strate/product crossover giving unwanted side reactions and products,
and will increase costs if extra purification step is required (Hamelers
et al., 2010). Therefore, the optimization of electrode arrangement and
control of flow direction simultaneously in a membrane-less reactor is a
good foreground. Such as UBER (described in section 3.1.1) not only
avoids the drawbacks mentioned above, but also allows the reactor to be
installed easily and occupied a small area (Cui et al., 2012; Cui et al.,
2014a; Cui et al., 2017c; Yang et al., 2018). Besides, horizontally ar
ranged electrode in a membrane-less plug-flow reactor is also an opti
mized design that can be taken into account because it can be flexible
combined with existing processes, such as A/O and A2/O.
Intensifying mass transfer is one of the ultimate goals of reactor
design. The current practice in BES design is still rooted in rules of
thumb and empiricism, and lacks of a systemic understanding of the
linkage between flow field characteristics and BES performance. Pio
neering researches have been revealed the hydrodynamics of the BES
reactor. Cui et al. parsed the hydrodynamics of a hybrid anaerobic
reactor built-in with sleeve type bioelectrocatalyzed modules by using
computational fluid dynamics (CFD). Compared to the conventional
anaerobic reactor, the hybrid one demonstrated faster water velocity
near electrode modules and better sludge expansion and further resulted
in a preferable AYR wastewater treatment efficiency. Recent work
further clarified the effects of various electrode materials and installing
position in an up-flow hybrid system, indicating that the compacted
graphite electrodes were in favor of wastewater distribution and bene
ficial for the mass transfer of dyes and electron donors (Cui et al.,
2020b).
So far, it appears that introducing BESs as an upgrading scheme is
more acceptable to the industrial community. Thus, compatibility with
existed equipment requires more attentions in the design of BES
modules.
4.3. Economic analysis
BES is considered as a high-efficient technology, whereas its eco
nomic efficiencies require further elucidation toward practical applica
tion. For a newly-built dye wastewater treatment facility, the essential
components include reactor, electrodes, wiring system, monitoring, and
control system, etc. (Wang et al., 2020). Here, the ion exchange mem
branes (including AEM, CEM, and PEM) are not recommended due to

Fig. 6. Estimated capital costs of BESs. The costs were either estimated based
on materials currently used in laboratory systems or on predicted future capital
costs assuming less expensive substitute materials (Wang et al., 2020).
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Fig. 7. The reported BES configurations towards large-scale application. (A) schematic of constructed electrode modules in a 1 m3 BES (Cusick et al., 2011); (B)
photographs of an electrode module from a 120 L BES (Heidrich et al., 2013); (C) conceptual global diagram of standard applicable electrode module with a volume
of 1 m3 (Wang et al., 2020).
Table 3
Comparison of energy consumption of various BESs.
Dyes

Reactor

Electrode material

Reactor volume

Power supply

Energy Consumption
(kWh∙mol− 1 dye)

Reference

AO7

Dual-chamber BES

Granular graphite

Up-flow bioelectrochemical reactor

Granular graphite

Potentiostat
(-400 mV)
DC (500 mV)

0.012

AO7

182 mL net cathodic
compartment
Working volume 1.25 L

AYR

Graphite granular filling in
titanium baskets

A total volume of 40 L

DC (700 mV)

0.017

AO7

Anaerobic baffled reactor coupled with
BES (equipped with anaerobic active
sludge)
Up-flow bioelectrochemical reactor

(Mu et al.,
2009)
(Cui et al.,
2016c)
(Cui et al.,
2014b)

Carbon brushes

DC (590 mV)

0.067

(Wang et al.,
2018)

AYR

Continuous plug-flow baffled BES

Graphite granular filling in
titanium baskets

DC (500 mV)

0.104

(Sun et al.,
2015c)

AYR

Dual-chamber BES

Carbon brushes

DC (580 mV)

0.180

AO7

Up-flow bioelectrochemical reactor

Stainless steel mesh

The net cathodic compartment
and net anodic compartment
were 1.5 L
A total volume of 1.5 L,
effective working volume of 1.2
L
80 mL cathodic working
volume
1.55 L effective reactor volumes

DC (500 mV)

0.227

ABRX3

Single-chamber BES

graphite rod anode,
activated carbon fiber
attached to steel cathode

Total volume of 4.2 L, effective
working volume 3.0 L

DC (1000 mV)

0.839

(Sun et al.,
2016)
(Wang et al.,
2017a)
(Liu et al.,
2015b)

the dye-containing wastewater, such as the dye structure and molecular
weight, conductivity of wastewater, pH, etc. By employing BES to treat
mixed dye wastewater with domestic wastewater served as electron
donor, the power consumption was estimated as 5 × 10− 3 kWh∙m− 3
(Cui et al., 2019). For the practical application, the energy lost in the
cable and large scale of electrode module is non-negligible. Therefore,
the energy evaluation in the industrial-scale application of BESs in azo
dye wastewater treatment is urgently required.
To compare BES with traditional azo dye treatment methods, Wang
et al. proposed a techno-economic assessment model showing that the
volumetric decolorization rates of BES are 3 to 50-fold higher (Wang
et al., 2017a). Then, it can obviously reduce the reactor volume to offset
part of the infrastructure costs. However, it is still difficult to accurately
assess the operating costs due to the current density highly depends on
the application scenarios, such as the azo dye loading rate and the BES
module loading density, etc. It urgently expects a BES-centered full-scale
azo dye wastewater treatment demonstration project to verify the cost
superiority of this technology.

0.013

5. Limitations and future scope
BESs provide a sustainable strategy for azo dye remediation with less
co-substrate requirement comparing with traditional biological
methods, and with drastically lower energy consumption than the pure
electrochemical method. While BES is still in its infancy and will remain
under development for some time before its application for real azo dye
wastewater treatment.
Firstly, considerable efforts are required to make the performance of
BESs more efficient for its commercial applications. The major hurdle is
the electrode, which is usually of high internal resistance, large volume,
heavy weight and high cost. In terms of process optimization, modifi
cations in electrode materials and configuration design of threedimensional electrode module are the two greatest challenges in
manufacturing BESs as an economic technology. Meanwhile, it is valu
able to evaluate the fluid and mass transfer features determined by the
electrode configuration with the assistance of mathematical models.
Secondly, the enrichment of functional microorganisms in BESs is
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another key point. For practical applications, using mixed consortia of
microbes are primarily more stress-resistant with enhanced adaptability
and stability in comparison to that of pure strains. Engineering the
genome of microbes to develop enhanced microbial strains can also lead
to the development of exceptionally adaptive and upgraded bioreme
diation techniques for highly recalcitrant azo dyes. Ease of access for azo
dye molecules to microbes is also an important factor governing the
operation’s success. In this regard, many studies have suggested that
proper oxygen transfer, shorter operation time, homogenization, oper
ational stability, and suitability in scale-up should be the primary pa
rameters used to design new and hybrid bioreactors.
Moreover, it is important to note that BESs will unlikely be a com
plete wastewater treatment system replacing existing infrastructure. The
decolorized effluent of BESs is unlikely to be of discharge quality due to
the residual toxic decolorized products (e.g. aromatic amines), which
are recalcitrant under anaerobic condition. Thus, BESs will require posttreatment of the dye containing wastewater, e.g. aerobic process, to
eliminate decolorized products and polish the effluent. For the series
process, the composition of the feed and achievable effluent quality will
largely define how the process is integrated and operated. It expects
more engineering scale trials to optimize the integrated application
mode and operational conditions in view of efficiency, economy and
operability.

Cao, X., Wang, H., Li, X.Q., Fang, Z., Li, X.N., 2017. Enhanced degradation of azo dye by
a stacked microbial fuel cell-biofilm electrode reactor coupled system. Bioresource
Technol. 227, 273–278. https://doi.org/10.1016/j.biortech.2016.12.043.
Cao, X., Zhang, S., Wang, H., Li, X.N., 2019. Azo dye as part of co-substrate in a biofilm
electrode reactor-microbial fuel cell coupled system and an analysis of the relevant
microorganisms. Chemosphere 216, 742–748. https://doi.org/10.1016/j.
chemosphere.2018.10.203.
Cao, Y.Q., Hu, Y.Y., Sun, J.A., Hou, B., 2010. Explore various co-substrates for
simultaneous electricity generation and Congo red degradation in air-cathode singlechamber microbial fuel cell. Bioelectrochemistry 79 (1), 71–76. https://doi.org/
10.1016/j.bioelechem.2009.12.001.
Carmalin, S.A., Bhalambaal, V.M., Lima, E.C., 2017. Re-use of carbon rods from used
batteries as cathode for textile azo dye degradation in a microbial fuel cell. Desalin.
Water Treat. 79, 322–328. https://doi.org/10.5004/dwt.2017.20820.
Carmona-Martinez, A.A., Harnisch, F., Fitzgerald, L.A., Biffinger, J.C., Ringeisen, B.R.,
Schroder, U., 2011. Cyclic voltammetric analysis of the electron transfer of
Shewanella oneidensis MR-1 and nanofilament and cytochrome knock-out mutants.
Bioelectrochemistry 81 (2), 74–80. https://doi.org/10.1016/j.
bioelechem.2011.02.006.
Chen, B.-Y., Zhang, M.-M., Ding, Y., Chang, C.-T., 2010a. Feasibility study of
simultaneous bioelectricity generation and dye decolorization using naturally
occurring decolorizers. J. Taiwan Inst. Chem. Eng. 41 (6), 682–688. https://doi.org/
10.1016/j.jtice.2010.02.005.
Chen, B.Y., Hsueh, C.C., Liu, S.Q., Ng, I.S., Wang, Y.M., 2013. Deciphering mediating
characteristics of decolorized intermediates for reductive decolorization and
bioelectricity generation. Bioresource Technol. 145, 321–325. https://doi.org/
10.1016/j.biortech.2012.12.164.
Chen, B.Y., Wang, Y.M., Ng, I.S., 2011a. Understanding interactive characteristics of
bioelectricity generation and reductive decolorization using Proteus hauseri.
Bioresource Technol. 102 (2), 1159–1165. https://doi.org/10.1016/j.
biortech.2010.09.040.
Chen, B.Y., Wang, Y.M., Ng, I.S., Liu, S.Q., Hung, J.Y., 2012. Deciphering simultaneous
bioelectricity generation and dye decolorization using Proteus hauseri. J. Biosci.
Bioeng. 113 (4), 502–507. https://doi.org/10.1016/j.jbiosc.2011.11.013.
Chen, B.Y., Zhang, M.M., Chang, C.T., Ding, Y.T., Lin, K.L., Chiou, C.S., Hsueh, C.C.,
Xu, H.Z., 2010b. Assessment upon azo dye decolorization and bioelectricity
generation by Proteus hauseri. Bioresource Technol. 101 (12), 4737–4741. https://
doi.org/10.1016/j.biortech.2010.01.133.
Chen, F., Li, Z.L., Yang, J.Q., Liang, B., Huang, C., Cai, W.W., Nan, J., Wang, A.J., 2018.
Electron Fluxes in Biocathode Bioelectrochemical Systems Performing
Dechlorination of Chlorinated Aliphatic Hydrocarbons. Front. Microbiol. 9, 2306
(2018)https://doi.org/ARTN 230610.3389/fmicb.2018.02306.
Chen, S., Rotaru, A.E., Liu, F., Philips, J., Woodard, T.L., Nevin, K.P., Lovley, D.R., 2014.
Carbon cloth stimulates direct interspecies electron transfer in syntrophic cocultures. Bioresour. Technol. 173, 82–86. https://doi.org/10.1016/j.
biortech.2014.09.009.
Chen, Z.B., Cui, M.H., Ren, N.Q., Chen, Z.Q., Wang, H.C., Nie, S.K., 2011b. Improving the
simultaneous removal efficiency of COD and color in a combined HABMR-CFASR
system based MPDW. Part 1: optimization of operational parameters for HABMR by
using response surface methodology. Bioresour. Technol. 102 (19), 8839–8847.
https://doi.org/10.1016/j.biortech.2011.06.089.
Clauwaert, P., Rabaey, K., Aelterman, P., De Schamphelaire, L., Ham, T.H., Boeckx, P.,
Boon, N., Verstraete, W., 2007. Biological denitrification in microbial fuel cells.
Environ. Sci. Technol. 41 (9), 3354–3360. https://doi.org/10.1021/es062580r.
Cui, D., Cui, M.H., Lee, H.S., Liang, B., Wang, H.C., Cai, W.W., Cheng, H.Y., Zhuang, X.L.,
Wang, A.J., 2017a. Comprehensive study on hybrid anaerobic reactor built-in with
sleeve type bioelectrocatalyzed modules. Chem. Eng. J. 330, 1306–1315. https://
doi.org/10.1016/j.cej.2017.07.167.
Cui, D., Cui, M.H., Liang, B., Liu, W.Z., Tang, Z.E., Wang, A.J., 2020a. Mutual effect
between electrochemically active bacteria (EAB) and azo dye in bio-electrochemical
system (BES). Chemosphere 239 https://doi.org/ARTN 12478710.1016/j.
chemosphere.2019.124787.
Cui, D., Guo, Y.Q., Cheng, H.Y., Liang, B., Kong, F.Y., Lee, H.S., Wang, A.J., 2012. Azo
dye removal in a membrane-free up-flow biocatalyzed electrolysis reactor coupled
with an aerobic bio-contact oxidation reactor. J. Hazard. Mater. 239, 257–264.
https://doi.org/10.1016/j.jhazmat.2012.08.072.
Cui, D., Guo, Y.Q., Lee, H.S., Cheng, H.Y., Liang, B., Kong, F.Y., Wang, Y.Z., Huang, L.P.,
Xu, M.Y., Wang, A.J., 2014a. Efficient azo dye removal in bioelectrochemical system
and post-aerobic bioreactor: Optimization and characterization. Chem. Eng. J. 243,
355–363. https://doi.org/10.1016/j.cej.2013.10.082.
Cui, D., Guo, Y.Q., Lee, H.S., Wu, W.M., Liang, B., Wang, A.J., Cheng, H.Y., 2014b.
Enhanced decolorization of azo dye in a small pilot-scale anaerobic baffled reactor
coupled with biocatalyzed electrolysis system (ABR-BES): A design suitable for
scaling-up. Bioresource Technol. 163, 254–261. https://doi.org/10.1016/j.
biortech.2014.03.165.
Cui, D., Yang, L.M., Liu, W.Z., Cui, M.H., Cai, W.W., Wang, A.J., 2018. Facile fabrication
of carbon brush with reduced graphene oxide (rGO) for I decreasing resistance and
accelerating pollutants removal in bio-electrochemical systems. J. Hazard. Mater.
354, 244–249. https://doi.org/10.1016/j.jhazmat.2018.05.001.
Cui, M.-H., Cui, D., Gao, L., Wang, A.-J., Cheng, H.-Y., 2017b. Evaluation of anaerobic
sludge volume for improving azo dye decolorization in a hybrid anaerobic reactor
with built-in bioelectrochemical system. Chemosphere 169, 18–22. https://doi.org/
10.1016/j.chemosphere.2016.11.034.
Cui, M.H., Cui, D., Gao, L., Cheng, H.Y., Wang, A.J., 2016a. Analysis of electrode
microbial communities in an up-flow bioelectrochemical system treating azo dye

6. Conclusions
BESs have been projected as highly profitable alternatives, since they
can improve azo dye removal in anaerobic condition and produce
electricity simultaneously. Considerable achievements related to BESs
have been obtained in the aspects of decolorization mechanisms, reactor
and process design, and even application of engineering. For real textile
wastewater treatment, however, a lot of work was expected to be con
ducted to evaluate the technical and economic of BES technology.
Application advancement in this field necessitates active collaborations
among environmental engineers, biologists, and chemical engineers in
order to conquer the technical hurdles and to amplify the understanding
of dye remediation processes in terms of kinetics, stability, and opera
tional capabilities. These combined endeavors would assist in the
rational design of BESs related methodologies so that their applications
in the control of azo dye pollution and associated fields could be
expanded further.
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