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A B S T R A C T

Microbial fuel cell (MFC) was compared to conventional biological techniques for decolorization of anthra-
quinone dye, reactive blue 19 (RB19) with simultaneous electricity generation. With 50mg/L of RB19 in the
anode chamber as a fuel, the MFC achieved 89% decolorization efficiency of RB19 within 48 h, compared with
51 and 55% decolorization efficiency achieved by aerobic and anaerobic techniques, respectively. The cyclic
voltammetry results showed that RB19 could promote the electron transfer and redox reaction on the surface of
anode. The RB19 decolorization process can be described by first-order kinetics, and the decolorization rate
decreased with the increase of RB19 concentration. The high-throughput 16S rRNA sequencing analysis in-
dicated significant microbial community shift in the MFC. At phylum level, the majority of sequences belong to
Proteobacteria, accounting from 23 to 84% of the total reads in each bacterium community. At genus level, the
MFC contained two types of microorganisms in general such as electrochemically active and decolorization
bacteria. Overall, MFC is an effective method for anthraquinone dye treatment with simultaneous energy re-
covery. The 16S rRNA revealed that there were two major functioning microbial communities in the MFC such as
electricity-producing and RB19-degrading bacteria which synergistically worked on RB19 degradation.

1. Introduction

It is well known that the dye industry generates a large amount of
wastewater during dyeing, printing and finishing processes. About
10–15% of the dyes ends up in the wastewater which is highly toxic to
human beings and animals (Basturk and Karatas, 2014; Ning et al.,
2015). The dye-containing wastewater has complex characteristics,
such as deep chromaticity, low light penetration, complicated compo-
sition, and severe environmental pollution (Buscio et al., 2015;
Shamsnejati et al., 2015). Therefore, effective treatment of dyes is im-
perative to eliminate the potential hazard of dye pollutants to the re-
ceiving water bodies.

Anthraquinone dyes are the second largest class of dyes after the azo
dyes (Basturk and Karatas, 2014). They possess stable structure of
polycyclic aromatic rings and have extensive applications (Basturk and
Karatas, 2014; Jenmao and Dyihwa, 2009). Anthraquinone has become
one of major dye pollutants in industrial wastewater. Anthraquinone

dye wastewater is characterized by high colority, slow decolorization,
complex composition, and low biochemical availability (biochemical
oxygen demand (BOD)/chemical oxygen demand (COD) < 0.1), strong
toxicity, etc. The World Health Organization's International Agency for
Research on Cancer released a preliminary list of carcinogens where
anthraquinones is in the 2B list of carcinogens (https://monographs.
iarc.fr/list-of-classifications-volumes/). During dyeing process, about
50% of anthraquinone dye is eventually discharged to the wastewater,
leading to high chroma and low biodegradability of the wastewater
(O'Neill et al., 2015). Compared with azo dyes, biological degradation
of anthraquinone dyes are more challenging because the anthraquinone
structure (i.e., chromophoric groups) is stabilized by resonance while
the degradation intermediates (e.g., aromatic amine) of anthraquinone
dyes are usually toxic to microorganisms and carcinogenic (Ge et al.,
2015).

Physicochemical methods, such as advanced oxidation (Asghar
et al., 2015a, 2015b), electrochemical (Brillas and Martínez-Huitle,
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2015), photocatalytic oxidation (Habibi et al., 2005), ultrasounds
(Wang et al., 2008), Fenton oxidation (Sun et al., 2007), UV/H2O2 (Bali
et al., 2004), and ozonation (Soares et al., 2006) have been broadly
used in the decolorization of anthraquinone dye. Although the physi-
cochemical methods are effective for the degradation of anthraquinone
dyes, they have disadvantages of high cost and incomplete miner-
alization (i.e., anthraquinone can't be completely degraded into small
molecules, such as CO2 and H2O). Alternatively, biological treatment
including activated sludge (Santos and Boaventura, 2015; Beydilli et al.,
2000), fungi and algae (Imran et al., 2015) are expected to be a rela-
tively more cost-efficient to remove dyes from wastewater. Although
some commonly studied decolorizing microorganisms such as Asper-
gillus, Pseudomonas, Shewanella, Rhizobium, and Radiobacter are often
employed in the decolorization of dye-containing wastewater, they are
unable to completely degrade anthraquinone dyes (Ge et al., 2015). The
degradation efficiency of anthraquinone dyes mainly depends on the
microbial capacity to remove chromogenic groups. Because of their
high solubility in water, anthraquinone dyes poorly adsorb onto bio-
mass so that they can't be readily degraded under typical aerobic con-
ditions. The key step in biodegradation of anthraquinone dyes is the
removal of chromogenic groups from the aromatic nucleus through
either reductive or hydrolytic enzymes of anaerobic microorganisms.
Although most anaerobic microorganisms have enzymes necessary for
aromatic ring degradation, they have limited capacity of removing
chromogenic groups. Fontenot et al. conducted laboratory experiments
with mixed methanogenic culture under the initial concentration of
RB19 more than 300mg/L, which resulted in complete inhibition of
methanogenesis (Fontenot et al., 2002). Therefore, research is still
needed to find effective approaches for anthraquinone dye treatment.

As a new type of biological approach, microbial fuel cell (MFC) has
attracted more and more research interest in wastewater treatment
because they can treat wastewater and simultaneously transform the
chemical energy of organic matters in the wastewater directly into
electricity via the catalysis of electroactive microorganisms (An et al.,
2016; Feng et al., 2015; Logan et al., 2015; Penteado et al., 2016). Also,
the MFC could be operated under mild conditions with little energy
input. However, most previous work has focused on the application of
MFC on the degradation of azo dyes. For instance, Jian et al. (2009) and
Sun et al. (2011) used the MFC for simultaneous decolorization and
degradation of azo dyes. Fang et al. (Zhou et al., 2015) treated reactive
brilliant red wastewater with MFC and achieved decoloring rate of 93%
with the power density of 619mW/m2 with the hydraulic retention
time being 3 days. Although anthraquinone is a common dye, little
research has been done on the treatment of anthraquinone dyes by
using MFC.

Therefore, this research aimed at examining the reactive blue 19
(RB19) (as a representative anthraquinone dye) decolorization by using
MFC, which was carried out in the anode chamber of a two-chamber
MFC. At the anode, microorganisms are essential for electricity pro-
duction because they are able to catalyze the oxidation of organic co-
substrate (e.g., acetate and glucose) and transfer the produced electrons
to the anode which then pass through the external circuit to the
cathode, thus generating the current. In the presence of co-substrate,
microbial enzyme activity can be enhanced, and the degradation effi-
ciency of non-growth matrix can be improved. Therefore, some organic
compounds are usually added into microbial processes as primary en-
ergy before they can be degraded such as glucose and acetate. This kind
of material is called exogenous substance or hetero-biomass. Anaerobic
sludge with mixed culture was acclimated to anthraquinone dyes and
used as an inoculum to the anode chamber because it could perform
better than single culture due to the synergistic interactions within the
anode communities (Du et al., 2007; Jung and Regan, 2007). As a re-
sult, it is necessary to understand the microbial community structure
and dominant species in the anode chamber in order to enhance the
performance of the MFC for simultaneous decolorization of anthraqui-
none dyes and bioelectricity generation.

In addition, the MFC technology was compared with the traditional
anaerobic and aerobic processes for RB19 decolorization. The effect of
RB19 concentration on the decolorization efficiency was also studied in
the range of 50–300mg/L. To examine the microbial diversity in the
anode chamber, the anaerobic inoculum sludge was analyzed for its
microbial community before and after the acclimation process by using
the high-throughput 16S rRNA sequencing, which was compared with
that of the aerobic RB19 treatment process. The results of culture
analysis will be useful to advance the decolorization efficiency of RB19
by MFC through culture optimization in the future.

2. Methodology

2.1. Chemicals

A commercial anthraquinone dye, RB19 (C22H16N2Na2O11S3, Fig. 1)
was provided by Xiamen Hualun Printing & Dyeing Co. Ltd. (Xiamen,
China) and used without further purification. All other chemicals pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China)
were analytical grade unless specified, otherwise.

2.2. MFC setup construction and inoculation

The construction of the MFC and working circuit for this study are
shown in Fig. 2. The MFC was made from plexiglass and consisted of
two 500-mL chambers separated by a cation exchange membrane
(Grion 1201, Zhejiang Century Environmental Protection Water
Treatment Co., Ltd., Zhejiang, China). Both anode and cathode elec-
trodes were made from carbon felts (5.0 cm×5.0 cm×0.5 cm) which
encapsulated titanium wire with a diameter of 1mm. Before used, the
carbon felt underwent a series of treatments, including heating in 10%
H2O2 at 90 °C for 2 h, washing with distilled (DI) water for 2–3 times,
heating in 10% H2O2 at 90 °C for 1 h, washing with DI water to remove
residual H2O2, and drying at 60 °C for 1 h, in that order. Anode and
cathode electrodes were connected with a copper wire through a 1-kΩ
external resistor. A voltmeter was connected in parallel with the resistor
to measure the output voltage of the MFC.

In this study, both anaerobic and aerobic sludges were obtained
from Xiamen Domestic Sewage Treatment Plant (Xiamen, China) that
doesn't receive anthraquinone dye-contaminated wastewater.
Anaerobic and aerobic microorganisms were cultured in simulated
RB19 wastewater in the two reactors separately. The simulated RB19
wastewater contained (per liter): 3 g of NaCl, 0.191 g of NH4Cl, 0.44 g
of KH2PO4, 1.5 g of NaHCO3, 0.1 g of CaCl2, 0.1 g of MnSO4·H2O, 0.1 g
of FeSO4·7H2O, 0.1 g of CoCl2·6H2O, 0.1 g of ZnSO4·7H2O, 0.01 g of
CuSO4·5H2O, 0.01 g of AlK(SO4)2·12H2O, and 0.01 g of Na2MoO4·2H2O.
Both NH4Cl and KH2PO4 were added based on the RB19 concentration
to achieve the ratio of carbon source, nitrogen source and phosphorus
source(C/N/P) to 100:5:1 (Wang et al., 2007). The nutrient ratio in
biochemical treatment is determined according to the microbial re-
quirements in sludge. The carbon/nitrogen/phosphorus ratio required
by various microorganisms is different, but there is an empirical value
for the microbial community of activated sludge, which is 100:5:1
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Fig. 1. Molecular formula of RB19.
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under aerobic conditions and 200:5:1 under anaerobic conditions
(Wang et al., 2007). In order to improve the microorganisms' adapt-
ability to the anthraquinone dye wastewater, the RB19 concentration
was increased gradually from 50 to 300mg/L during the acclimation
process in about 6 months with glucose as an external carbon source for
co-metabolism (Wang et al., 2007). After 20 days of acclimation, the
anaerobic and aerobic sludge were added to the MFC pool. The in-
oculation volume was 500mL, and the pH was about 7.

2.3. MFC startup and operation

Prior to the decolorization of RB19 in the anode chamber, a mixed
culture of electrogenesis microorganisms was inoculated into the anode
chamber with the addition of 20mM sodium acetate to make sure the
electrogens worked normally. Once the voltage output was stable, the
pre-acclimated anaerobic sludge (from Section 2.2) was inoculated into
the anode chamber and the substrate was changed to glucose as the sole
carbon source. After 4 weeks, RB19 was then added to the anode
chamber while vitamin and mineral solutions (10mL each) were added
into both anode and cathode chambers together with 5.88 g/L of NaCl,
0.10mg/L of KCl and 0.25 g/L of NH4Cl. The pHs of both chambers
were adjusted to 7.0 using 0.05M phosphate buffer (PB) (Table 1). The
content in the anode chamber was agitated at 600 rpm/min with a
magnetic stir. Meanwhile, air was continuously bubbled into the
cathode chamber at the flow rate of 300mL/min. All experiments were
carried out at 30 °C.

In the degradation of RB19 in MFC (Fig. 2), four decolorization
processes were conducted for comparison including:

(1) Degradation of RB19 under aerobic condition using acclimated
aerobic sludge with open circuit,

(2) Degradation of RB19 under anaerobic condition using acclimated
anaerobic sludge with open circuit,

(3) Degradation of RB19 with close circuit,
(4) Blank control which contained simulated RB19 wastewater only

under aseptic condition (open circuit). It was conducted to detect if
RB19 was adsorbed by the electrode.

To study the effect of initial concentration on decolorization effi-
ciency in the MFC, a series of RB19 concentrations were created in the
anode chamber including 50, 80, 120, 200, and 300mg/L. During the
test, the RB19 concentrations were monitored periodically by mea-
suring the absorbance at 590 nm of wavelength using UV-VIS spectro-
photometer (UV310, UNICOM, England) and the decolorization effi-
ciency was calculated versus time to study the RB19 decolorization
kinetics.

2.4. Analysis of RB19 degradation and power generation

Power density and polarization curves were obtained for each ex-
periment at the stable condition of the MFC by recording voltage
against the external resistance from 25 to 9000Ω. The open circuit
voltage and the respective anodic and cathodic potentials were mea-
sured by using an Electrochemical Workstation when the MFC was
stable at each specific external resistance.

The current density I (A/m2) and the power density P (W/m2) of the
system were calculated using the following equations:

= ×Ι V R A/( ) (1)

= ×P V I A/ (2)

where, I (A/m2)= current density, P (W/m2)= power density, V
(V)= cell voltage, R (Ω)= external resistance, and A (m2)= the sur-
face area of the anode carbon felt.

Cyclic voltammetry (CV) was performed by using a potentiostat
(CHI660e, Shanghai Chenhua Instrument Co., Ltd., China) which was
connected to a computer, with a scan rate of 1–10mV/s. In the CV
experiment, the working electrode potential was ramped linearly versus
time like linear sweep voltammetry. CV took the experiment a step
further than linear sweep voltammetry which ended when it reached a

Fig. 2. Schematic of microbial fuel cell setup for decolorization of RB19.

Table 1
Media for anode and cathode chambers.

Component Concentration in anode
medium

Concentration in cathode
medium

Sodiumacetate 20mM –
NH4Cl – 1mol/L
NaHCO3 – 1 g/L
Vitamin 10mL/L 10mL/L
Mineral solutions 10mL/L 10mL/L
Phosphate buffer

(pH7.0)
0.05M 0.05M
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set potential. When CV reached a set potential, the working electrode's
potential ramp was inverted. This inversion can happen multiple times
during a single experiment. The current at the working electrode was
plotted versus the applied voltage to give the cyclic voltammogram
trace. Voltammograms were recorded by using a conventional three-
electrode system consisting of a working electrode (MFC anode with
attached bacteria), a reference electrode (calomel electrode) (SCE,
Shanghai Chenhua Instrument Co., Ltd., China) and a counter electrode
(platinum wire) (Shanghai Chenhua Instrument Co., Ltd., China).

The RB19 degradation was monitored by measuring the absorbance
of wastewater at 590 nm with a UV-VIS spectrophotometer (UV310,
UNICOM, England). Decolorization efficiency was determined by
monitoring the absorbance decrease in the wastewater and calculated
according to Eq. (3):

= − ×A A ADecolorization efficiency ( )/ 100%a b a (3)

where, Aa and Ab are the absorbance of wastewater at 590 nm before
and after treatment, respectively. To prepare samples for COD mea-
surement, aliquots of 2mL were taken periodically and centrifuged at
12,000 rpm for 10min and the supernatants were collected for COD
measurement (Gilcreas, 1995). The pH and dissolved oxygen level were
measured with a pH meter (210A, Orion, USA) and a dissolved oxygen
meter (SJG-203A, Shanghai Fine Victory Scientific Instrument Co., Ltd.,
Shanghai, China), respectively. All the reported data were in three
biological replicates unless specified, otherwise.

2.5. FTIR analysis

FTIR analysis was conducted on sludge at time 0 and 96 h after the
RB19 was added into anode chamber of the MFC to detect whether
some of RB19 has been absorbed by the sludge during its biodegrada-
tion. The sludge samples were withdrawn from the anode chamber of
the MFC and centrifuged. The supernatants were discarded, and the
solid pellets were collected and freeze-dried for FTIR analysis (Nicolet
6700, USA). The FTIR spectra were analyzed following the interpreta-
tion criteria reported by Skoog et al. (1998).

2.6. Microbial community analysis

The high-throughput 16S rRNA gene sequencing was employed to
investigate the change of microbial community structure during the
sludge acclimation and MFC treatment. Sludge samples (A1-A5) were
used for sequencing including:

A1: original anaerobic sludge
A2: acclimated anaerobic sludge for RB19 decolorization,
A3: acclimated aerobic sludge for RB19 decolorization,
A4: the sludge from the anode chamber of the MFC without the
addition of RB19,
A5: the sludge from the anode chamber of the MFC with RB19.

The sequencing work was done by Shanghai Meiji Biotechnique
Institution, China. The sludges were sampled and stored under −80 °C
until analyzed. Microbial DNA was extracted from 0.5 g sludge sample
using the Fast DNA Spin Kit for soil (MP Biomedical, California, USA)
according to the manufacturer's protocol. The PCR was performed to
amplify the V3–V4 region of the 16S rRNA by following the program:
95 °C for 5min, 30 cycles at 94 °C for 5min, 55 °C for 30 s, 72 °C for
30 s, and finally 72 °C for 10min. The used primers included 5′-ACTC
CTACGGGAGGCAGCA-3′ and 5′-GGACTACHVGGGTWTCTAAT-3′,
where barcode was an eight-base sequence unique to each sample.

Amplicons were extracted and purified using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to
the manufacturer's instructions and quantified using QuantiFluor™-ST
(Promega, city, state, USA). Purified amplicons were pooled in equi-
molar and paired-end sequenced (2× 250) on an Illumina MiSeq

platform according to the standard protocols.
Raw fastq files were demultiplexed and quality-filtered using QIIME

(version 1.17) with the following criteria: (i) the 300 bp reads were
truncated at any site receiving an average quality score< 20 over a 50
bp sliding window, and the truncated reads that were shorter than 50
bp were discarded; (ii) reads containing ambiguous characters were
removed; (iii) only sequences that overlap longer than 10 bp were as-
sembled according to their overlap sequence. Reads which cannot be
assembled were discarded. After processing, the reads were assigned to
species equivalent operational taxonomic units (OTUs) at ~97% se-
quence similarity.

3. Results and discussion

3.1. Startup of MFC

The MFC was started with the acclimation of electrogenesis bacteria
in the anode chamber in sodium acetate medium with the external
resistance of 1 kΩ. At this stage, the spent medium was replaced with
fresh one periodically in the anode chamber whenever the voltage de-
creased to about 50mV, which was defined as one MFC cycle (Fig. 3).
As shown in Fig. 3, the 1st cycle lasted about 700 h during which the
voltage showed four distinct phases [i.e., lag phase (0–0.02 V in 100 h),
log phase (0.02–0.4 V in 300 h), stationary phase (0.4–0.43 V from 400
to 500 h), and death phase (0.43–0 V from 500 to 600 h)]. Such trend
appeared to correspond to a typical four-phase bacterium growth pat-
tern. The span of each cycle decreased significantly to 400 and 300 h for
the 2nd and 3rd cycles, respectively. The MFC reached stable status and
the voltage exhibited a good reproducibility after three cycles in about
1400 h during acclimation, which meant the MFC startup was suc-
cessful and ready for wastewater decolorization tests.

At the beginning of decolorization test, 10mL of pre-acclimated
anaerobic sludge was inoculated into the anode chamber together with
50mg/L of RB19 (the first red arrow in Fig. 3). The MFC voltage in-
creased rapidly from 0.05 to 0.42 V in the presence of RB19 (Fig. 3)
because RB19 was a strong electron donor and able to promote the
generation of electricity in the MFC. Chen et al. (2013) found that the
intermediates of the dye degradation can act as electronic-shuttling
mediators to enhance the capabilities of the MFC in both reductive
decolorization and bioelectricity generation. However, the maximum
voltage decreased in the next 2 cycles after RB19 was first added at
1400 h. One of the possible reasons could be that some RB19 de-
gradation intermediates were toxic to the electricity-generating bac-
teria, thus inhibiting the electricity production. It was found that the
voltage resumed to the normal level when RB19 addition was stopped
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Fig. 3. MFC voltage output during startup stage.
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at 2300 h (the second red arrow in Fig. 3), which also indicated that the
intermediates of RB19 degradation could inhibit the electricity-gen-
erating bacteria.

3.2. Decolorization of RB19 in the MFC

When the MFC was stable after the startup stage, the simulated
wastewater containing 50mg/L of RB19 was treated by four different
decolorization processes with the dissolved oxygen (DO) concentration
above 2.0mg/L at a room temperature, which was described in Section

2.3.
The decolorization efficiency of RB19 by the MFC was monitored

and compared with other processes. It was found that RB19 decolor-
ization rate in the MFC was much higher than that in other processes
(Fig. 4a). In the MFC, the RB19 degradation within 48 h already
reached 89%, whereas the open circuit and aerobic condition had much
lower RB19 degradation rates which were 51 and 55%, respectively.
The superior decolorization efficiency of the MFC could be due to both
degradation and adsorption of RB19 by the anaerobic microbes in the
anode chamber while efficient electron transport in the MFC could also
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promote the rapid degradation of RB19. With the extension of time to
96 h, the open loop and aerobic conditions achieved 73 and 68% of
RB19 decolorization, respectively while almost 100% of RB19 was
degraded in the MFC. Meanwhile, slight decrease of RB19 concentra-
tion was found in the blank control with 50mg/L of RB19 (i.e., RB19
reduction rate within 96 h was only 9%), which could result from the
adsorption of RB19 to the electrode material.

In order to further analyze the degradation intermediates of RB19 in
the MFC system, the full wavelength (200–700 nm) microscopy analysis
was conducted on the water samples withdrawn at 0, 8, 24, and 48 h. As
shown in Fig. 4b, the absorption peaks at 590 nm were observed for the
RB19 water samples. The absorption peak at 590 nm could be assigned
to the hydrogen bonding between amino and hydroxyl groups of RB19,
which strengthens the interaction between the lone pair and anthra-
quinone ring. The weak absorption bands at 310 nm and 240 nm could
reflect the existence of a lone pair in the hydroxyl group and the matrix
structure in RB19 (i.e., aromatic ring structure), respectively (Jenmao
and Dyihwa, 2009). With the progress of decolorization, the peak at
590 nm disappears, which indicates that the conjugated structure in
RB19 was destroyed. Meanwhile, the diminishing peaks at 310 and
240 nm suggest the destruction of aromatic ring structure. These results
demonstrate the significant effect of MFC on the degradation of RB19
for decolorization of wastewater.

3.3. Polarization, power density and CV of the MFC

As shown in Fig. 5a–d, the stable voltage output, power density and
polarization curves of the MFC varied depending on the operation
phase and the presence of RB19. The initial open circuit voltage was
about 0.61 V (when current= 0 A/m2) (Fig. 5a). Without the addition
of RB19, the maximum power density in the startup phase was
48.4 mW/m2 and increased to 85.26mW/m2 with the extension of the
acclimation process. Such a power density increase was probably due to
the enrichment of electrochemically active bacteria on the anode,
which promoted the electron transfer in the MFC system. However, the
maximum power density sharply decreased to 19.22mW/m2 with the
addition of RB19, which probably resulted from the increased over-
potential of anode and the toxicity of RB19 against the electricity
producing bacteria. The latter can impair the bacterial biofilm-forming
capability (due to the weakened attachment capability) and the elec-
tron transferring efficiency. Through the comparison of polarization
curves between anode and cathode, it was found that the sensitivity of
voltage vs. current density was significantly increased with the addition
of RB19, i.e., the slope of polarization curve increased because the

anode overpotential increased with the increase of current density
(Fig. 5b).

The CV has been widely used to investigate the electrochemical
interaction between bacteria and the electrode surface in the MFC
system (Liu et al., 2009; Rabaey et al., 2004). To reveal the difference of
the electrochemical reaction at the anode before and after RB19 addi-
tion, we compared the CV characteristics of anode and cathode (Fig. 5c
and d). Over the tested range of −0.6–0.6 V, the bacterium inoculation
in the presence of RB19 had the strongest current response for both
electrodes followed by the bacterium inoculation without RB19 and the
blank control (with negligible response current) by using the same
stimulating electric potential. For the anode with RB19, two pair of
REDOX peaks were observed, i.e., one pair with −0.31 V of oxidation
peak and 0.31 V of reduction peak, and the other pair with an oxidation
peak at −0.1 V and a reduction peak at 0.1 V, while only one pair of
weak REDOX peak was observed in the absence of RB19. For the
cathode with RB19, only one pair of weak REDOX peak was observed in
the absence of RB19, i.e., one pair with −0.2 V of oxidation peak and
0.2 V of reduction peak. Such findings indicate that RB19 can promote
the electrochemical reaction on the surface of the electrodes. The group
of bacteria can mediate electron transfer from the cathode electrode to
oxygen directly through catalysis of the re-oxidation of redox couples
(transition metals). It is essential to obtain detailed information about
how these interactions work with each other in the mixed culture
system.

3.4. Effect of the initial RB19 concentration on the decolorization by MFC

As shown in Fig. 6, the RB19 removal efficiency exceeded 90% with
the initial RB19 concentration ranging from 50 to 300mg/L in the
anode chamber while the overall RB19 degradation rate increased with
the decrease of the initial RB19 concentration. However, there seems to
be a lag phase during the first 50 h when the initial RB19 is 300mg/L,
indicating a potential inhibition of RB19 on microbial activities. The
dynamics of RB19 degradation process was simulated and the constants
were shown in Table 2. In general, the degradation of RB19 (i.e., de-
colorization of wastewater) can be described by first-order kinetics
(Fig. 6) and the rate constants under different initial RB19 concentra-
tions were found to match the characteristics of the first order rate
constant (Table 2).

3.5. FTIR analysis

FTIR analysis was conducted on the sludge samples withdrawn at
the beginning (0 h) and the end (96 h) of RB19 decolorization in the
anode chamber. As shown in Fig. 7, the peaks at 670 and 870 cm−1

represent the aromatic ring, and their intensities decreased significantly
after 96 h, which indicates the biodegradation of RB19 in MFC. The
reduction of the peak intensity around 1630 cm−1 reflected the
stretching vibration of C]O and C]N bonds resulted from the break-
down of anthraquinone rings (Mondal, 2008). In addition, the decrease
of peak intensity at 1189 cm−1 showed the fracture of the bond be-
tween benzene and anthraquinone rings.

In addition to aromatic ring structure, other functional groups on
the benzene rings were also decomposed (Fig. 7). For example, the peak
intensities at 1037/1120 and 3441 cm−1 (corresponding to the C–NH2

and N–H bonds, respectively) diminished during the RB19 treatment.
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Fig. 6. Effect of the initial RB19 concentration on decolorization efficiency in
the anode chamber of MFC.

Table 2
First order rate constants for RB19 decolorization in MFC under different initial
concentrations.

Initial RB19 concentration (mg/L) 50 80 120 200 300

kapp (mg/L·h) 0.0444 0.0229 0.0129 0.0154 0.0176
R2 0.983 0.947 0.972 0.951 0.963
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The absorbance bands at 2924 and 2853 cm−1 represented the sym-
metric and asymmetric C–H bonds of –CH2, respectively, which could
be derived from the degradation of –SO2CH2CH2OSO3Na. In addition, a
new characteristic CO2 absorption peak emerged at about 2340 cm−1

during the degradation of RB19, which is similar to the result of RB19
degradation with ozone (Dignac et al., 2000).

3.6. Microbial community in the MFC

After 16S rRNA gene sequencing was done, the sequence reads
underwent a series of quality filtration to trim and/or remove poor-
quality data and were clustered into OTU sat a 97% similarity threshold
using UPARSE (version 7.1, http://drive5.com/uparse/). Chimeric se-
quences were identified and removed using UCHIME. The taxonomy of
each 16S rRNA gene sequence was analyzed by using RDP Classifier
(http://rdp.cme.msu.edu/) against the silva (SSU115) 16S rRNA data-
base using confidence threshold of 70%. As shown in Table 3, the
coverage for all sludge samples was over 0.999.

In general, the indexes of ace and chao indicate the microbial
community richness (i.e., higher ace and chao indexes mean higher
richness of the microbial community), while the Shannon and simpson
indexes reflect the diversity of microbial community (i.e., higher
Shannon index mean higher diversity of microbial community, while
the indication of simpson index is opposite to that of Shannon index).
As shown in Table 3, both ace and chao indexes of sludge A2 and A3
were lower than those of A1, indicating that acclimation process re-
duced the richness of microbial community and enriched the dominant
microorganisms. It was also found that the Shannon index gradually

decreased and the Simpson index increased to some extent, suggesting
that the diversity of microbial community was reduced during accli-
mation and that successive acclimation approach was effective for the
enrichment of dominant microorganisms.

The relative abundance is defined as the percentage of the same
taxon to the corresponding total sequences for each sample. As shown
in Fig. 8, bacteria in all sludge samples can be classified into 19 (in-
cluding others) phyla which consisted of the total of 358 genera in-
cluding 100 unclassified genera with no rank (shown as others). Pro-
teobacteria were the major bacteria with the highest relative abundance
of 23.1–83.87% depending on the sludge, followed by Bacteroidetes,
Actinobacteria, Firmicutes, and Clostridia in that order. The dominant
functioning bacteria with the relative abundance over 1% at the genus
level are listed in Table 4. In the original sludge A1, the dominant
bacteria were Citrobacter (6.45%), Thiobacillus (5.91%) and Thioclava
(1.77%). In sludge A2, the dominant bacteria became Corynebacterium
(17.6%), Arcobacter (10.6%), Desulfovibrio (4.4%), and Geobacter
(1.1%). Desulfovibrio was reported to be able to decolor various azo dyes
(Gilcreas, 1995). The A3, an aerobic sludge, consisted of Stappia
(7.27%), Thauera (6.97%), Azoarcus (3.56%), Hydrogenophaga (2%),
and Nitrosomonas (3.56%) as dominant genera. Thaueragenus was re-
cognized to function in aromatic pollutant degradation and deni-
trification (Kumru et al., 2012), and it is a common genus found in
many wastewater treatment plants in the processes of nitrification and
dichlorination (Feng et al., 2015; Yu et al., 2016).

In the absence of RB19, the sludge A4 from MFC mainly contains
exoelectrogens, such as Vibrio (71.1%) and Shewanella (1.79%) in ad-
dition to Arcobacter (2.9%) and Thioclava (1.91%) which usually use
acetate as an electron donor in the anode chamber of MFC (Watson and
Logan, 2010). When the RB19 was added to the anode chamber of the
MFC, the microbial community compositions were significantly altered,
i.e., the microbial community of the sludge A5 was dominated by the
genera of Arcobacter (34.05%), Thioclava (18.49%), Vibrio (5.7%), De-
sulfovibrio (1.74%), Azoarcus (1.16%), and Pseudomonas (2.24%). It was
reported that Pseudomonas and Desulfovibrio genera can decolor various
types of azo dyes (Saratale et al., 2011). For example, the Pseudomonas
genus has been extensively used to treat numerous azo and other in-
dustrial dyes, including Red BLI, Reactive Red 2, Red HE7B, Reactive
Blue 172, Reactive Red 22, and Orange I/II, etc. Through the high-
throughput 16S rRNA sequencing, the aforementioned genera can be
generally classified into two groups based on their specific functions
such as electrochemically active and dye-decoloring bacteria (Table 4).
The first group includes Vibrio, Arcobacter, Corynebacterium, Stappia,
Desulfovibrio, Citrobacter, Pseudomonas, Shewanella, and Steno-
trophomonas. The second group includes Thiobacillus (Gabby and L,
2014; Wang et al., 2011), Pseudomonas (Bhatt et al., 2005), Shewanella
(Xu et al., 2007), and Bacillus (Kolekar et al., 2008). Such results further
indicate that the sludge acclimation is an effective technique to enrich
bacteria for RB19 degradation with electricity production.

4. Conclusions

MFC is much more efficient than the traditional anaerobic and
aerobic techniques on the decolorization of RB19. The investigation on
the electrochemical CV of the MFC indicated that RB19 redox reaction
occurred on the anode surface and competed for the electrons gener-
ated in the system, leading to significant decrease of power density of
the MFC in the presence of RB19. The degradation of RB19 in the MFC
follows first order kinetics. The high-throughput 16S rRNA sequencing
revealed that there were two major functioning microbial communities
in the MFC system such as electricity-producing and RB19-degrading
bacteria. The genera including Vibrio, Arcobacter, Corynebacterium,
Stappia, Desulfovibrio, Citrobacter, Pseudomonas, Shewanella, and
Stenotrophomonas were believed to produce electricity while the genera
of Thiobacillus, Pseudomonas, Shewanella, and Bacilluswere were most
likely responsible for RB19 degradation. The interactions among these
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Fig. 7. FTIR spectra analysis of the RB19 in the MFC.

Table 3
Sequence reads, OTUs, coverage, and the indexes of richness and diversity of
the sludge samples.

Sample ID Number of
sequence reads

0.97 similarity

OTU ace chao coverage shannon simpson

A1 56,024 487 494 492 0.999,732 4.82 0.0199
A2 81,345 303 373 389 0.999,127 3.45 0.0644
A3 75,428 242 288 291 0.999,470 3.75 0.0468
A4 75,781 136 152 153 0.999,762 1.58 0.5187
A5 66,982 297 335 334 0.999,268 2.82 0.1603

Note: A1=original anaerobic sludge, A2= acclimated anaerobic sludge for
RB19 decolorization, A3= acclimated aerobic sludge for RB19 decolorization,
A4= the sludge from the anode chamber of the MFC without the addition of
RB19, and A5= the sludge from the anode chamber of the MFC with RB19.
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microorganisms resulted in highly efficient RB19 decolorization and
electricity generation in the MFC, and the culture acclimation was
important to achieve successful RB19 degradation.
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Table 4
Classification of the five sludge samples.

No. Phylum Class Family Genus Sludge

A1 A2 A3 A4 A5

1 Proteobacteria Gammaproteobacteria Vibrionaceae Vibrio 0 0 0.02 71.7 5.7
2 Proteobacteria Epsilonproteobacteria Campylobacteraceae Arcobacter 0 10.6 0.001 2.9 34.05
3 Actinobacteria Actinobacteria Corynebacteriaceae Corynebacterium 0.019 17.6 0.3 0.002 3.5
4 Proteobacteria Alphaproteobacteria Rhodobacteraceae Thioclava 1.77 0.24 0.008 1.91 18.49
5 Proteobacteria Alphaproteobacteria Rhodobacteraceae Stappia 0 0.001 7.27 0.1 0.2
6 Proteobacteria Betaproteobacteria Rhodocyclaceae Thauera 0.007 0.006 6.97 0.001 0
7 Proteobacteria Deltaproteobacteria Desulfovibrionaceae Desulfovibrio 0 4.4 0 0.62 1.74
8 Proteobacteria Betaproteobacteria Rhodocyclaceae Azoarcus 0 0.01 3.56 0.64 1.16
9 Bacteroidetes Bacteroidia Porphyromonadaceae Proteiniphilum 0.02 0.16 0.005 2.28 2.97
10 Proteobacteria Gammaproteobacteria Enterobacteriaceae Citrobacter 6.45 0.03 0.001 0.004 0.004
11 Proteobacteria Gammaproteobacteria Pseudomonadaceae Pseudomonas 0.69 0.09 0.32 1.79 2.24
12 Proteobacteria Betaproteobacteria Hydrogenophilaceae Thiobacillus 5.91 0.007 0 0 0.03
13 Proteobacteria Betaproteobacteria Nitrosomonadaceae Nitrosomonas 0.19 0 1.76 0 0
14 Proteobacteria Deltaproteobacteria Geobacteraceae Geobacter 0.002 1.01 0 0 0
15 Proteobacteria Gammaproteobacteria Moraxellaceae Acinetobacter 0 0.6 0.8 1.4 0.67
16 Proteobacteria Betaproteobacteria Comamonadaceae Hydrogenophaga 0.15 0.001 2.0 0.01 0.01
17 Proteobacteria Gammaproteobacteria Shewanellaceae Shewanella 0.69 0.09 0.3 1.79 2.24
18 Firmicutes Bacilli Bacillaceae Bacillus 0.04 0.36 0.76 0.95 0.12
19 Proteobacteria Gammaproteobacteria Xanthomonadaceae Stenotrophomonas 0.28 0.019 0.04 0.087 0.14
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