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a b s t r a c t

Three-dimensional biofilm electrode reactors (3D-BERs) represent an environmentally acceptable and
cost effective technology for refractory wastewater treatment. Previous studies on 3D-BERs primarily
focused on treatment performance, and little information is available about the microscopic mechanisms
of contaminant degradation. The reactions occurred on particle electrodes, the core units of the 3D-BERs
served as both electrodes and biofilm carriers, are still unclear. This study comprehensively elucidated
the synergistic effects of electricity and biofilm on Rhodamine B (RhB) removal in 3D-BERs from both
macroscopic and microcosmic aspects. Continuous-flow 3D-BERs were operated to evaluate overall
treatment performance. Batch experiments were conducted to explore the kinetics of RhB degradation as
well as the contributions of various physical, chemical, and biological processes to RhB removal. The
biofilm formed on the particle electrodes was characterized by imaging and microbial analyses. The
results indicated that applying voltage promoted degradation of RhB. Three processes, including electro-
adsorption, electrochemical oxidation and electro-biodegradation, were identified to contribute to RhB
degradation. Microorganisms in the Rhodanobacter and Thiomonas genera were distinctively enriched
under acclimation voltage, which was attributed to the accumulation of intermediates generated by
electrochemical oxidation. This study demonstrated that the synergistic effects of electricity and biofilm
were dependent on applying voltage, that would be beneficial to comprehensively understand the
contaminants removal process in 3D-BERs.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Dyeing wastewater causes serious environmental problems due
to inherent chromaticity and toxicity. Rhodamine B (RhB) is one of
the most important xanthene dyes widely applied in the textile
industry to dye silk, wool, jute leather, and cotton [1]. RhB
contamination threatens public health, as it irritates the skin, eyes
and respiratory tract, and even be carcinogenic [2]. Various phys-
ical, chemical and biological techniques, such as adsorption, pho-
tocatalysis and enzymatic oxidation by white-rot fungi have been
an Ecological Processes and
ental Sciences, East China

study.
adopted to treat RhB wastewater [3]. However, satisfactory treat-
ment performance was not achieved, as these techniques are either
too expensive or inefficient.

Recently, bio-electrochemical technique has attracted
increasing attention as an environmentally acceptable and cost
effective method [4,5]. In particular, three-dimensional biofilm
electrode reactors (3D-BERs) represent a novel technology for re-
fractory wastewater treatment [6]. For example, 3D-BERs demon-
strate excellent treatment performance in antibiotics wastewater
containing sulfamethoxazole and tetracycline [7]. The 3D-BERs are
also suitable for remediating nitrate in groundwater due to co-
existing autotrophic and heterotrophic denitrification [8].

3D-BERs actually integrate biofilm and electrochemical tech-
nology, and take advantages from both treatment processes. In 3D-
BERs, particles [e.g., granular activated carbon (GAC), zeolite, sulfur
and iron] are filled between anode and cathode, not only serving as
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the third bipolar electrode but also providing high surface area for
biomass growth and attachment [9]. The immobilized biomass in
the biofilm show more stable performances in refractory contam-
inants removal compared to the suspended biomass due to the
higher biodegradation activity and tolerance to refractory con-
taminants [10]. Applying electricity influences the growth and
metabolic behaviors of the microorganisms in the biofilm. It was
reported that hydrogen and oxygen generated from electrolysis of
water enhance cell growth and dehydrogenase activity, thus pro-
moting degradation of contaminants [11]. In addition, electricity
also accelerates cell death during the later stationary phase due to
the presence of anodic intermediates including H2O2, OH� and O2�,
which facilitates reformation of the biofilm [11]. For example,
phenol removal efficiency increased by 33% when an electric cur-
rent (1.98mA; 21 h) was applied to biofilm attached on propylene
[12]. Electric current (0.42mA/cm2; 24 h) inhibits the growth of
Aspergillus niger on perlite carrier, while increasing hexadecane
biodegradation by 15% [13].

However, previous studies primarily focused on treatment ef-
ficiency of the contaminants, and little information is available
about the microscopic mechanism of contaminants removal in 3D-
BERs. In particular, as the core unit of the 3D-BERs, the particle
electrodes with porous structure have strong adsorption capacity
for contaminants. After being polarized by an external electrical
field, physical, chemical, biological processes and their interactions
occur simultaneously on the particle electrodes, which would
significantly influence the overall treatment performance of the
3D-BERs. To date, little effort has been devoted to identify the
specific contribution of adsorption, electricity and the biofilm
formed on particle electrodes to contaminant removal.

Therefore, the aims of this study were: (1) to evaluate the per-
formance of 3D-BERs in degrading RhB dyeingwastewater, which is
a typical refractory contaminant containing carbon and nitrogen;
(2) to characterize the particle electrodes in the 3D-BERs during the
treatment process; and (3) to explore the synergistic effects of
applying voltage and the biofilm formed on particle electrodes on
RhB degradation. The results will provide useful information about
particle electrodes and help to further understand the contaminant
removal process in 3D-BERs.
2. Materials and methods

2.1. Chemicals

The fluorescent dyes including 40,6-diamidino-2-phenylindole
(DAPI), Nile Red, fluorescein isothiocyanate (FITC) and Fluorescent
Brightener 28 were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The other reagents were from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China).
2.2. 3D-BER configuration

A schematic diagram of the 3D-BER was shown in Fig. S1. The
3D-BER was a rectangular polypropylene tank
(200� 100� 90mm) with an effective working volume of 1.5 L.
The Ti/RuO2-IrO2 electrode (100� 90� 2mm) located in the mid-
dle of the tank was set as the anode, and two stainless steel plates
with the same dimensions were placed on both sides of the tank as
the cathodes (Shuerde Industrial Machinery Co., Suzhou, China).
The anode was carved into a grill shape with effective area of
62 cm2 to ensure mass transfer in the tank. The anode and two
cathodes were positioned vertically and parallel to each other with
an inter-electrode gap of 100mm, and the particle electrodes were
packed between the anode and cathode. The particle electrodes
were a mixture of GAC (3e5mm diameter with a specific area of
800e1000m2/g) and zeolite (5e8mmdiameter with a specific area
of 500e600m2/g) at a volume ratio of 1:1. GAC was frequently
employed as the particle electrodes owing to its features of con-
ductivity, chemical stability and high surface area. The zeolite was
mixed to improve current efficiency by reducing inter current loop.
The electric field was supplied by a digital DC power (CE0036030S;
Earthworm Electronics Co. Ltd, Shanghai, China). Air was purged
into the reactor at a flow rate of 100 L/h through a microporous
aeration bar at the bottom of the tank.

2.3. Biofilm acclimation

The start-up process of the 3D-BERs was divided into biofilm
cultivation and biofilm acclimation stages [14]. The microorgan-
isms were inoculated from the campus river. During the cultivation
period, the biofilm was cultivated using glucose as the carbon
source [15]. The medium contained (in mg/L): glucose 250, NH4Cl
50, KH2PO4 10, ZnSO4$7H2O 0.2, MnCl2$4H2O 0.12, FeCl3 0.6,
CoCl2$6H2O 0.24, H3BO3 0.15, CuSO4$5H2O 0.03, KI 0.18, and
NaMoO4$2H2O 0.06. No external electrical field was applied. After
two weeks, the brown biofilm was observed attaching on the par-
ticle electrodes. Then, the acclimation period began. Different
voltages (0, 3, 6, and 9 V) were applied to the four 3D-BERs, and the
carbon source was gradually changed from glucose to RhB. After
acclimation for 20 days, RhB was used as the sole carbon source for
microbial growth.

2.4. Operation of the 3D-BERs

After the acclimation period, the four 3D-BERs (R1, R2, R3 and
R4) were operated continuously by applying different voltages (0, 3,
6, and 9 V). The reactors were fed with a synthetic wastewater
containing (in mg/L): RhB 200, NH4Cl 60, K2HPO4 17.4, ZnSO4$7H2O
0.2, MnCl2$4H2O 0.12, FeCl3 0.6, CoCl2$6H2O 0.24, H3BO3 0.15,
CuSO4$5H2O 0.03, KI 0.18, NaMoO4$2H2O 0.06. The influent was
dosed into the 3D-BERs continuously by a peristaltic pump (BT100-
1L; Baoding Longer Precision Pump Co. Ltd, Baoding, China) at a
flow rate of 1.20mL/min, corresponding to a hydraulic residence
time (HRT) of 12 h. The HRT was altered from 12 to 24 h by
adjusting the flow rate on days 7 and 14 during operation.

2.5. Characterization of the biofilms attached on the particle
electrodes

2.5.1. Morphology characterization by imaging
The morphology of the biofilm attached on particle electrodes

was characterized by scanning electron microscopy (SEM) and
confocal laser scanning microscopy (CLSM). The procedures were
described in Supplementary Data.

2.5.2. Quantification of biomass
The particle electrodes weremixed thoroughly by stirringwith a

spoon before sampling. A certain quantity of the particle electrodes
were taken from each reactor and separated as GAC and zeolite to
release the microorganisms from the particle electrodes for sub-
sequent enumeration by plate counts. About 5 g of wet particles
were transferred into conical flasks, and 0.05M PBS (15mL) was
added into the flasks. The microtip of a sonic dismembrator (IID;
Scientz, Ningbo, China) was wiped with 70% ethanol and then
placed in the flasks such that the tip was approximately 2 cm above
the surface of the particles. The sonic dismembrator was operated
for 2min at 39W, and then the flask was placed on a vortex mixer
for 1min. The supernatant was transferred to a fresh cylinder. This
process was repeated five times, yielding a total volume of 75mL.
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The particles were retained, dried and weighed. Heterotrophic
plate counts were conducted for the supernatant with R2A agar
after a 4 day incubation at 33 �C. Finally, the amount of biomass was
calculated by counting the number of colonies on the cell culture
medium [16].
2.5.3. Microbial analysis
Six particle electrodes samples were collected from the 3D-BERs

at the end of the operating time and respectively tagged as R1-G
and R1-Z (collected from the GAC and zeolite of R1); R3-G and
R3-Z (collected from the GAC and zeolite of R3); R4-G and R4-Z
(collected from GAC and zeolite of R4). The DNA of these samples
was extracted using the E.Z.N.A.® Water DNA Kit (Omega, Madison,
WI, USA). The quality and the quantity of the DNA were examined
by 0.8% agarose gel electrophoresis (DYY-6C, Liuhe, Beijing, China)
and spectrophotometrically quantified with a UV spectrophotom-
eter (NC 2000, Thermo Scientific, Waltham, MA, USA). 16S rRNA
genes for high-throughput sequencing were amplified using
primers with a barcode. The primers were 338F (50-ACTCCTACGG-
GAGGCAGCA-30) and 806R (50-GGACTACHVGGGTWTCTAAT-30)
targeting the V4 region of the 16S rRNA gene. Sequencing was
completed on the IlluminaMiseq platform (Illumina, San Diego, CA,
USA) in Shanghai Personal Biotechnology Co., Ltd. The resulting
high quality sequences were processed to generate operational
taxonomic units (OTUs) and allocated to the kingdom, phylum,
class, order, family and genus levels using theMothur program [17].
2.6. Batch experiments

Four batch experiments (R10, R20, R30, and R4’) were conducted
to evaluate the kinetics of RhB degradation in the 3D-BERs. The
degradation rate constants for RhB, total organic carbon (TOC) and
total nitrogen (TN) were obtained by fitting the batch experimental
data using a pseudo-first-order kinetic model as follows:

lnCt ¼ �kt þ lnC0 (1)

Where Ct (mg/L) is the RhB, TOC or TN concentration at time t; C0
(mg/L) is the RhB, TOC or TN concentration at the initial time; and k
is the pseudo-first-order rate constant (h�1).

In addition, four other 3D-BERs (R50, R60, R70 and R80) were set to
identify the contribution of physical, chemical and biological pro-
cesses to RhB removal. The particle electrodes in R50, R60, R70 and
R8’ were pretreated with sodium azide (1.0 g/L) for 12 h to inhibit
microbial activity. The experimental conditions were listed in
Table 1. The RhB removal efficiency by adsorption (RAdsorption),
biodegradation (RBiodegradation), electro-adsorption and electro-
chemical oxidation (RElectro-adsorption and oxidation) and electro-
biodegradation (RElectro-biodegradation) was calculated as follows:
Table 1
Batch experimental design.

Reactor Voltage (V) NaN3 (g/L) Removal Routes

Adsorption Biodegradation

R10 0 0 þ þ
R20 3 0 - -
R30 6 0 - -
R40 9 0 - -
R50 0 1 þ -
R60 3 1 - -
R70 6 1 - -
R80 9 1 - -

þ effective removal route; - invalid removal route.
REffluent;0V ¼ CR10

C0
� 100% (2)

REffluent;3V ¼ CR20

C0
� 100% (3)

REffluent;6V ¼ CR30

C0
� 100% (4)

REffluent; 9V ¼ CR40

C0
� 100% (5)

RAdsorption ¼ C0 � CR50

C0
� 100% (6)

RBiodegradation ¼ CR50 � CR10

C0
� 100% (7)

RElectro�adsorption and oxidation;3V ¼ C0 � CR6’

C0
� 100% (8)

RElectro�adsorption and oxidation;6V ¼ C0 � CR7’

C0
� 100% (9)

RElectro�adsorption and oxidation; 9V ¼ C0 � CR80

C0
� 100% (10)

RElectro�biodegradation;3V ¼ CR60 � CR20

C0
� 100% (11)

RElectro�biodegradation;6V ¼ CR70 � CR30

C0
� 100% (12)

RElectro�biodegradation;9V ¼ CR80 � CR40

C0
� 100% (13)

Where CR is the RhB concentration in different reactors at the
designated time.

2.7. Analytical methods

Liquid samples withdrawn from the reactors were filtered
through 0.45 mm nitrocellulose membranes before analysis. The
RhB concentration was measured by a UVeVis spectrophotometer
(UV-1600, Mapada Instruments Co., Ltd., Shanghai, China) at
552 nm. TOC and TN were measured with a multi N/C® 3100
analyzer (Analytik Jena, Germany). Specific oxygen uptake rate
Electro-adsorption and electrochemical oxidation Electro-biodegradation

- -
þ þ
þ þ
þ þ
- -
þ -
þ -
þ -



Fig. 1. Effect of HRT on (a) RhB decolorization efficiency; (b) TOC removal; (c) TN
removal in 3D-BERs under different voltages.
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(SOUR) was determined according to the method described by
Zheng [18].

The intermediates of RhB decompositionwere analyzed on a gas
chromatography-mass spectrometry (GC-MS) system (7890A-
5975C; Agilent Technologies, Palo Alto, CA, USA). The pretreatment
process was different for the intermediates on the particle elec-
trodes and in the effluent. The 50 g particle electrodes were
immersed in 50mL CH2Cl2 and sonicated for 5min, and this process
was repeated three times. The supernatant was collected for further
treatment. Intermediates in the effluent (25mL) were extracted
three times using 25mL CH2Cl2. The liquid samples from the par-
ticle electrodes and effluent were dehydrated with anhydrous so-
dium sulfate and dried under a stream of nitrogen. The residue was
dissolved in 1.0mL of CH2Cl2 to identify the intermediates. Helium
gas was used as the carrier in splitless mode, and a HP-5MS
capillary column (30m� 250 mm� 0.25 mm) was adopted. The
temperature program followed an initial temperature of 50 �C held
for 3min, then ramped to 310 �C at 5 �C/min, and finally held at
310 �C for 25min. Electron impact mode at 70 eV was selected for
MS with an electron multiplier voltage of 1000 V. The in-
termediates were analyzed based on the NIST14 mass spectral li-
brary database [19].

3. Results

3.1. Effects of HRT and cultivating voltage on RhB removal in 3D-
BERs

The removal of RhB in the four continuous-flow 3D-BERs under
different cultivating voltages were displayed in Fig. 1a. Decolor-
ization efficiency increased gradually with the extended HRT in the
four 3D-BERs. Decolorization efficiency had no significant differ-
ence for R1, R2 and R3 when HRT was 12 h (p¼ 0.093). This was
because a short HRT resulted in the accumulation of RhB on the
particle electrodes and coverage of the reaction sites. The roles of
electricity were not obvious under a lower voltage condition. The
average decolorization efficiency for R4 with 9 V was 45.6%, which
was clearly higher than those values for the other 3D-BERs.
Decolorization efficiency was unstable during the HRT of 12 h. The
decline in decolorization efficiency was also related to the short
HRT, which induced temporary accumulation of RhB on the particle
electrodes. Similar results were observed by Ailijiang et al. [20],
who reported that phenol removal efficiency decreased signifi-
cantly in conductive carriers supported biofilms of a bio-
electrochemical reactor by shortening HRT from 14 to 10 h.
Decolorization efficiency was similar in R1 and R2 when the HRT
was 18 h. However, the average decolorization efficiency increased
to 55.1% and 59.6% for R3 and R4, respectively. Discrepancies
appeared for the four 3D-BERs after adjusting the HRT to 24 h, as
the contribution of electricity became significant. However, decol-
orization efficiency of R2 was lower than that of R1, indicating that
3 V was outside the optimum range to improve RhB removal effi-
ciency [21,22]. The average decolorization efficiency were 54.7%,
51.7%, 58.1% and 71.9% for R1, R2, R3 and R4, respectively.

The evolution of TOC removal efficiency in Fig. 1b was similar to
that of decolorization efficiency. Removal efficiency of TOC
increased with a prolonged HRT. Similarly, no significant difference
in TOC removal was observed for the four 3D-BERs when HRT was
12 h (p¼ 0.106). R4 had a higher TOC removal efficiency under 18 h
HRT, while the other three 3D-BERs had no obvious difference. R1
and R2 showed similar TOC removal performance when the HRT
was 24 h (p¼ 0.064). The average TOC removal efficiency increased
to 61.7% and 73.3% for R3 and R4, respectively.

Removal of TN in the 3D-BERs was displayed in Fig. 1c. The
removal efficiency of TN decreased gradually with operation time
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in the four 3D-BERs when the HRT was 12 h. The average removal
efficiency were 32.1%, 26.4%, 41.1% and 48.3% for R1, R2, R3 and R4,
respectively. R1 and R2 maintained stable TN removal efficiency
when the HRT was extended to 18 h. The TN removal efficiency
increased from 46.5% to 59.5% in R3 and from 54.2% to 63.4% in R4.
TN removal efficiency increased slightly in R2 with the longer HRT
of 24 h, and exceeded that of R1. TN removal efficiency increased
continuously in R3 and R4, with average values of 65.0% and 74.4%.
TN removal was highly related to the electrochemical effect dis-
cussed in the following section.
Fig. 2. Kinetics analysis of RhB degradation in 3D-BERs under different voltages: (a) evolut
TOC concentration; (d) first-order kinetic plot of TOC removal; (e) evolution of TN concent
3.2. Kinetics of RhB degradation in the 3D-BERs

The kinetics of RhB decolorization in the 3D-BERs were shown
in Fig. 2. Rapid decolorization was observed during the first 0.5 h
(Fig. 2a and b), owing to adsorption/electro-adsorption of the par-
ticle electrodes. As shown in Fig. 3, the decolorization rate
increased gradually from 0.0294 h�1 (0 V) to 0.0419 h�1 (6 V) with
increasing voltage. The rate constant increased dramatically to
0.1024 h�1 when 9 V was applied, suggesting that the decoloriza-
tion rate was improved by 3.5 times compared to the bioreactor
ion of RhB concentration; (b) first-order kinetic plot of decolorization; (c) evolution of
ration; (f) first-order kinetic plot of TN removal.



Fig. 3. Pseudo-first-order kinetics constants for the removal of RhB, TOC and TN under
different voltages.
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without voltage.
The kinetics of TOC degradationwere shown in Fig. 2c and d. The

rate constants were 0.0202, 0.0253, 0.0259 and 0.0401 h�1 for 0, 3,
6 and 9 V (Fig. 3). The degradation of TOC was enhanced by grad-
ually increasing the voltage. The 3 V and 6 V voltage led to a slight
elevation in the TOC degradation rate, whereas 9 V promoted the
degradation rate by two times compared to the bioreactor without
voltage. The TOC degradation rate was slower than the RhB
decolorization rate, revealing thatmineralizationwasmore difficult
than decolorization for RhB removal.

Fig. 2e and f indicated the kinetics of TN removal in the 3D-BERs.
Unlike RhB decolorization and TOC removal, degradation of TN was
completed in 12 h due to the relatively low initial concentration.
The degradation rate constants were 0.0129, 0.0295, 0.0562 and
0.0773 h�1 respectively for 0, 3, 6 and 9 V (Fig. 3). Voltage had a
Fig. 4. The CLSM images of stained GAC in R1 (AeE) and R4 (HeM): A, H CLSM image of nucl
(FB28). D, K CLSM image of lipids (Nile red). E, M Combined image of individual images in A-D
is referred to the Web version of this article.)
clear significant positive effect on TN removal. A linear relationship
existed between applied voltage and the TN degradation rate
constant (R2¼ 0.9928), suggesting that TN removal was mainly due
to the electrochemical effect.
3.3. Formation of biofilm on the particle electrodes

Themorphology of the biofilm formed on the particle electrodes
was characterized by SEM. GAC and zeolite were mixed together as
the particle electrodes in this study, and both materials were
covered by the biofilms (Fig. S2). There existed amounts of holes on
the GAC and zeolite, providing adequate area for microbial growth.
The coverage rate of the biofilm formed on GAC was higher than
that on zeolite, which was attributed to the higher specific surface
area of GAC. After acclimation with voltage, the biofilms remained
attached on the GAC and zeolite, indicating that microbes with
tolerance to electricity were enriched on the particle electrodes.

The distribution of biofilm on the particle electrodes was also
characterized by CLSM. Four components of the biofilm, including
nucleic acids, proteins, b-linked polysaccharides and lipids were
labeled with fluorescent dyes. The biofilm on GAC displayed a dot-
like distribution (Fig. 4), while the biofilm was distributed evenly
on the surface of the zeolite (Fig. S3). The fluorescence intensity of
the four components on the zeolite was stronger than that on GAC,
suggesting a thicker biofilm formed on zeolite. Fig. 4 compared the
fluorescence staining results of the biofilm on the GAC from R1 and
R4. The fluorescence intensity of the GAC biofilm in R1was stronger
than that in R4, particularly for b-polysaccharides and lipids, indi-
cating that high voltage generally inhibited the formation of biofilm
on the GAC although some microbes survived.

The biomass on the GAC and zeolite were collected to quantify
total microorganisms on the particle electrodes to evaluate the
influence of electricity onmicrobial growth. Fig. 5a showed that the
amount of biomass on the GAC was one to two orders of magnitude
higher than that on zeolite, depending on the acclimation voltage.
This was attributed to the larger specific surface area of GAC
compared to zeolite, which was beneficial to the microbial
eic acids (DAPI). B, I CLSM image of proteins (FITC). C, J CLSM image of b-polysaccharides
and H-M. (For interpretation of the references to color in this figure legend, the reader



Fig. 5. (a) The number of microbes attached on the particle electrodes; CFU: colony-
forming unit, HPC: heterotrophic plate count, TS: total solids; (b) SOUR of microbes
attached on the particle electrodes.

Table 2
Species diversity and abundance index of 6 samples from 3D-BERs.

Sample Chao1a ACEa Shannonb OTUsb

R1-G 1160 1216 7.57 1071
R1-Z 1073 1131 7.4 998
R3-G 528 528 5.15 528
R3-Z 491 491 4.91 491
R4-G 611 666 4.93 551
R4-Z 536 564 4.31 494

The R1-G and R1-Z, R3-G and R3-Z, R4-G and R4-Z represent biofilm samples from
the GAC and zeolite of R1, R3 and R4 respectively.

a The abundance index of microbial community. A higher number represents
more abundance.

b
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adhesion. In addition, the degradation intermediates of RhB by
electrochemical oxidation occurred on the polarized GAC particle
electrodes could be utilized by microorganisms directly, acceler-
ating microbial growth. The amount of biomass on the particle
electrodes was similar for R1 without voltage and R2 with 3 V
voltage (about 4mA current). Ailijiang et al. also reported no sig-
nificant difference in biomass of BERs with a 2mA current and
without current using conductive carbon felt as the biofilm carrier
[20]. Microbial growth on the particle electrodes was inhibited
significantly with a further increase in voltage. The decline in the
biomass in response to current was mainly due to metabolic
changes. Similar results were reported by other studies. Velasco-
Alvarez et al. [13] demonstrated that applying an electric field
(0.42mA/cm2) modified the metabolism of A. niger, reorienting it
towards catabolism. The electric current reduced microbial growth
by 52%, while hexadecane substrate degradation improved from
81% to 96%. They also found that when A. niger immobilized on
perlite was pretreated with an electric current (0.42mA/cm2), its
biodegradation activity for hexadecane was nine-fold higher than
that of untreated biomass, but biomass production was only 20%
[23]. Podolska et al. [24] showed that applying electric pulses (20 V)
to Pseudomonas fluorescens could modify respiratory activity and
the changes were reversible. Lustrato et al. [25] clarified that
electric current (200mA) improved the concentration of ATP in
S. cerevisiae, due to changes in the electrochemical membrane po-
tential which affect membrane transport and process energy
transfer. In the present study, the R3 and R4 currents were
measured as 18mA and 45mA, resulting in improved RhB degra-
dation and reduced biomass production due to changes in
metabolism.

3.4. Microbial community on particle electrodes in 3D-BERs

Illumina high-throughput sequencing of the 16S rRNA gene was
employed to analyze the richness and diversity of the microbial
communities on the particle electrodes in the 3D-BERs. The
numbers of OTUs in the GAC and zeolite samples were much higher
in R1 than those in R3 and R4, corresponding to the higher Shannon
index, Chao1 values and abundance-based coverage estimator
(ACE) values (Table 2). These results indicated that electric accli-
mation resulted in a remarkable reduction of species richness and
diversity in the microbial communities on the particle electrodes,
regardless of the material (GAC or zeolite). The richness of the
microbial community on the particle electrodes in R4 (9 V accli-
mation) was slightly higher than that in R3 (6 V acclimation), but
diversity was similar.

In addition, the number of OTUs, Chao1 and ACE values of R1-G
(1071, 1160 and 1216) were higher than those of the R1-Z samples
(998, 1073 and 1131). This finding indicated that microbial abun-
dance and diversity of the biofilm on the GAC were higher than
those on the zeolite, which was attributed to the higher specific
surface area of the GAC for biofilm adhesion. Microbial abundance
and diversity of the biofilm remained higher on the GAC than
zeolite after R3 and R4 were acclimated to electricity. It was
considered that the GAC could be polarized as microelectrodes,
being able to transfer electrons directly to the biofilm. Thus, it was
favorable for enriching the bacteria with bio-electrochemical
function on GAC, resulting in more richness and diversity of bac-
teria on the GAC particle electrode.

Relative bacterial community abundance on the particle elec-
trodes in the different 3D-BERs at the phylum level was shown in
Fig. 6. Proteobacteria was the predominant phylum, with sequence
percentages ranging from 46.7% to 95.1%. Bacteroidetes, Firmicutes,
and Acidobacteria were the subdominant groups, comprising
0.3e29.3%, 0.1e8.2% and 0.6e5.0% of the taxa, respectively. The
increase in voltage prompted the relative abundance of Proteo-
bacteria, revealing that electricity stimulated the growth of Pro-
teobacteria. In contrast, the relative abundance of Bacteroidetes,
Planctomycetes and Acidobacteria decreased with increasing
voltage, indicating that metabolism of those bacterial populations
was inhibited by the high voltage. Chloroflexi, Gemmatimonadetes,
Chlorobi almost disappeared under 9 V, indicating that the meta-
bolism of those bacterial populations was significantly inhibited.
These results verified that biofilm acclimated to electricity reflected
remarkable differences in abundance and diversity of the bacterial
community at the phylum level.
The diversity index. A higher number represents more diversity.



Fig. 6. Bacterial communities at phylum level (relative abundance over 0.1%).
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Rhodanobacter and Hyphomicrobium were abundant genera in
the three reactors (Fig. 7). The relative abundance of Rhodanobacter
increased significantly in R3 with an acclimation voltage of 6 V.
Rhodanobacter has demonstrated with capability to efficiently
degrade a wide range of polycyclic aromatic hydrocarbons (PAHs)
[26,27], which were typical intermediates of RhB generated by
electrochemical degradation [28]. The enrichment of Rhodano-
bacter implied cooperation between electrochemical oxidation and
biodegradation, exhibiting synergistic effects of electricity and the
biofilm on RhB removal. The intermediate components changed
Fig. 7. Heat map of the most abundant genera in the 6 samples. Only the top 24 genera we
genus in the sample. (For interpretation of the references to color in this figure legend, the
with the higher acclimation voltage of 9 V in R4 (Table S1), causing
Rhodanobacter to decrease and Thiomonas to increase. The relative
abundance of Thiomonas in R4 was clearly higher than in the other
bioreactors. Thiomonas had the competence of oxidizing sulfur,
ferrous iron and arsenite [29] and exhibited heterotrophic growth
with pyruvate [30]. These results indicated that the bacterial
community at the genus level was related to the accumulated RhB
degradation intermediates by electrochemical oxidation under the
different acclimation voltages. In addition, applying voltage
inhibited the relative abundance of Ochrobactrum and Opitutus, a
re used to build the heat map, and the color intensity shows the relative abundance of
reader is referred to the Web version of this article.)
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hydrogenotrophic denitrifying bacteria [31] and anaerobic
fermentation bacteria [32]. These sensitive genera were mainly
from the phylum Proteobacteria.
4. Discussion

4.1. Contributions of different removal routes to RhB degradation in
the 3D-BERs

There were several mechanisms for RhB removal in the 3D-
BERs, including adsorption, biodegradation, electro-adsorption,
electrochemical oxidation and electro-biodegradation, which re-
flected the synergistic effects of electricity and biofilm on RhB
removal. The contribution of the different removal routes to RhB
degradation was in dependent on the voltage applied (Fig. 8).

Adsorption and biodegradation determined the RhB removal
process in the 3D-BER without external voltage (Fig. 8a). The par-
ticle electrodes and the adhered biofilm comprised a very complex
system, which had an excellent adsorption capacity for RhB mol-
ecules. The biofilm utilized RhB enriched on the particle electrodes
as carbon source for biodegradation.

After applying voltage, the contribution of electro-adsorption
and electrochemical oxidation appeared as shown in Fig. 8bed.
When an external electrostatic field was applied, two sides of the
particle electrodes gathered positive and negative charges,
respectively. These charged ions shifted to the opposite side of the
charged particle electrodes, resulting in electro-adsorption [33].
Each particle electrode was like a micro-electrolytic cell when the
polarized microelectrodes formed. Direct electro-oxidation on the
polarized particle electrodes and indirect electro-oxidation with in
situ generation of strong oxidants (e.g., H2O2, Cl2 and HClO)
decomposed contaminants quickly [33]. The combination of
electro-adsorption and electrochemical oxidation ensured contin-
uous regeneration of the particle electrodes, sustaining the stable
operation of the 3D-BERs. Fig. 8e displayed the contribution of
electro-adsorption and oxidation to RhB removal under different
voltages. The roles of electricity were significant under the condi-
tion of applying 9 V voltage, with the contribution being more than
95%.

Electro-biodegradation is another mechanism for RhB removal
in the 3D-BERs, resulting from the synergistic effects of the biofilm
and the applied voltage. As shown in Fig. 8f, the contribution of
electro-biodegradation increased first and then declined. This
might be related to the substrate concentration accumulated on the
particle electrodes. The RhB enriched on the particle electrodes
increased gradually at the initial stage, which was favored by the
microbes in the biofilm, and utilized as substrates for metabolism.
Microbial activity was high, leading to increasing contribution of
biodegradation. Excessive amounts of RhB accumulated on the
particle electrodes with the extended reaction time, which in turn,
inhibited microbial activity. Baldev et al. reported that 100mg/L of
RhB dye was optimum for effective decolorization by microalgae,
while a higher concentration remarkably inhibited degradation
efficiency [1]. Electro-biodegradation was influenced remarkably
by the voltage applied. The optimum voltage of 6 V enhanced
biodegradation effectively compared to the reactorwithout voltage.
However, 3 V and 9 V weakened the contribution of biodegradation
to RhB removal. This results was consistent with Li et al. [12], who
demonstrated that the optimum electric field increased phenol
biodegradation.

The treatment efficiency of the 3D-BERs for RhBwas determined
by combining the contributions of adsorption, electrochemical
degradation and electro-biodegradation. For example, after treat-
ing for 6 h, RhB removal efficiencywas 49.7% in R10 without voltage.
The particle electrodes and the biofilm absorbed 19.6% of the RhB
while the biofilm degraded 30.1% of the RhB. At the same time, RhB
removal efficiency increased to 61.5% in R30 when 6 V was applied.
Electro-adsorption and electrochemical oxidationwere responsible
for 28.0% of the RhB removal. Electro-biodegradation, denoted as
the synergistic effect of electricity and biofilm, removed 33.5% of
the RhB. The contributions of electro-adsorption and electro-
chemical oxidation, and electro-biodegradation were 63.7% and
18.8% when 9 V was applied in R4’, which led to a removal effi-
ciency of 82.5%. Thus, applying voltage accelerated the RhB removal
process. Synergistic effects of electricity and biofilm appeared un-
der the 6 V condition in this study.
4.2. Synergistic effects of electricity and biofilm on RhB removal
under 6 V voltage

The positive roles of 6 V voltage in promoting the biodegrada-
tion of RhB may be caused by possible reasons as follows:

(1) By current stimulation, the cell membrane expanded so that
nutrients could easily pass through the cell membrane to
promote growth of the microorganisms [11]. In this study,
the amount of biomass on the particle electrodes decreased
significantly in response to 6 V voltage (Fig. 5a). Hence, the
amount of biomass was not the predominant factor influ-
encing RhB biodegradation.

(2) Under the electric field, the activity of specific enzymes in the
microbes could be enhanced to accelerate the biological re-
action [23]. SOUR could indicate the biological activity of the
microorganisms (Fig. 5b). SOUR for microbes in R3 under 6 V
were lower than the control group without voltage. It was
noticed that the SOUR was determined in the absence of
electricity, so it only represented microbial activity without
stimulation by electricity. Similar results were observed in
other studies [22], in which removal efficiency of the bio-
reactors was not only dependent on the SOUR values. Thus,
neither did the microbial activity dominant RhB
biodegradation.

(3) Refractory substances was converted to bioavailable in-
termediates by electrochemical oxidation, which could be
directly utilized by microbes as carbon source for further
removal [34]. The microbial analysis of the particle elec-
trodes indicated that electric acclimation enriched some
functional microbes. The abundance of Rhodanobacter
increased significantly after applying 6 V but decreased with
a further increase to 9 V. Rhodanobacter was a bacterial
consortium that rapidly degraded a wide range of PAHs.
Based on the GC-MS results in Table S1, PAHs, i.e., phenan-
threne, were typical intermediates detected in R3 after
applying 6 V while they were absent in R1 without voltage.
The enrichment of Rhodanobacter implied the accumulation
of RhB intermediates by electrochemical oxidation under the
6 V condition. The RhB intermediates changed with the in-
crease in applied voltage to 9 V, resulting in a decrease of
Rhodanobacter. These results reflected the cooperation of
electricity and biofilm to RhB removal under the 6 V condi-
tion. The intermediates generated by electrochemical
oxidation were further removed by electro-biodegradation,
providing a new degradation pathway for removing RhB.
This might be the main reason for promoted biodegradation
of RhB in the 3D-BERs under the 6 V voltage. A synergy of
electricity and biofilm was achieved by adjusting the voltage
appropriately.



Fig. 8. The contribution of adsorption, biodegradation, electro-adsorption and oxidation, and electro-biodegradation to RhB removal under the voltage of (a) 0 V, (b) 3 V, (c) 6 V and
(d) 9 V; The contribution of electro-adsorption and electrochemical oxidation (e) and electro-biodegradation (f) to RhB removal under different voltages.
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5. Conclusions

Applying voltage promoted the degradation of RhB in the 3D-
BERs. Specific microorganisms in the Rhodanobacter and Thiomonas
genera were distinctively enriched despite inhibition of microbial
growth on the particle electrodes. The intermediates generated by
electrochemical oxidation were utilized by the microbes in the
biofilm for further RhB removal, denoting as electro-biodegrada-
tion. Electro-adsorption, electrochemical oxidation and electro-
biodegradation contributed differently to RhB removal, depend-
ing on the applied voltage. This study elucidated the synergistic
effects of electricity and biofilm on contaminant removal and
identified important roles of electro-biodegradation process.
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