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Heavy metals play an important role in the conductivity of solution, power generation and activity of
microorganisms in bioelectrochemical systems (BESs). However, effect of heavy metal on the process of
exoelectrogenesis metabolism and extracellular electron transfer of electrochemically active biofilms
(EABs) was poorly understood. Herein, we investigated the impact of Cu?* at gradually increasing
concentration on the morphological and electrochemical performance and bacterial communities of
anodic biofilms in mixed-culture BESs. The voltage output decreased continuously and dropped to zero at
10 mg L', which was attributed to the toxic inhibition that cased anodic biofilm damage and decreased
secretion of outer membrane cytochromes. When stopping the introduction of Cu®* to anodic chamber,
the maximum voltage production recovered 75.1% of the voltage produced from BES and coulombic
efficiency was higher but acetate removal rate was lower than that before Cu?* addition, demonstrating
the recovery capability of EABs was higher compared to nonelectroactive bacteria. Moreover, SEM-EDS
and XPS suggested that most of Cu?* was adsorbed by the anode electrode and reduced by EABs on
anode. Compared to the open-circuit BES, the flow of electrons through a circuit could improve the
reduction of copper. Community analysis showed a decrease in Geobacter accompanied by an increase in
Stenotrophomonas in response to Cu?* shock in anodic chamber.

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

Wastewater containing various dissolved heavy metals from
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of the trickiest pollution to deal with and presented a serious
danger to public health and environment because of its toxicity,
non-biodegradability and bio-accumulation (Fu and Wang, 2011;
Gall et al,, 2015; Gao et al,, 2017). Various technologies had been
used to remove heavy metals from these industrial wastewaters,
including physical reduction (Aflaki et al., 2016; Zhang et al., 2016),
chemical reduction (Seaman et al., 1999), biological reduction
(Wang et al., 2013) and the comprehensive applications of these
methods (Ntagia et al., 2016; Sulaymon et al., 2016; Victor-Ortega
et al.,, 2016; Yang et al., 2016). Among these methods, BESs had
attracted more attention as effective and sustainable technologies
for the reduction of heavy metals (Zhang et al., 2012; Wang and
Ren, 2014). BESs characterized itself by adopting electrochemi-
cally active bacterium (EABs) as biocatalyst to facilitate energy
conversion from the chemical energy of organics into electricity
(Lovley, 2008; He et al., 2015). In earlier BESs studies, heavy metals
removal had been studied in abiotic cathode chamber due to the
comparable oxidation-reaction potential of the most heavy metals
to that of oxygen reduction (Heijne et al., 2010; Zhang et al., 2015;
Wau et al., 2016). Thermodynamically, heavy metal served as elec-
tron acceptor in catholyte was feasible, and the reduction process
could occur spontaneously. In parallel, the organic matter was used
as an electron donor in anode chamber (Heijne et al., 2010; Miran
et al,, 2017). Subsequently, the development of biocathodic-BESs
had been shown to be efficient in the reduction of heavy metals
(Venkata Mohan et al,, 2014; Huang et al., 2015; Li et al., 2016a;
Nancharaiah et al., 2016). Nevertheless, in these studies, only
heavy metals without organic matter were introduced to cathode
chamber, however, heavy metals were usually found to coexist al-
ways with organics in actual wastewater such as printing, animal
farms, textile and other industrial wastewater (Pathak et al., 2009;
Ghosh et al., 2011), and also exist in water treatment chemicals such
as alum, in which the toxicity of alum had been detected using MFC
sensors (Li et al, 2016b). Recently, Abourached et al. (2014)
discovered that high Cd (90%) and Zn (97%) and organic matter
removal efficiencies were obtained simultaneously in the anodic
chamber of BES, and heavy metals concentration was inversely
correlated with voltage output of BES, which demonstrated the
toxicity suppression of anodic microbes due to the incremental
increase in Zn and Cd concentrations. Feng et al. (2013) found the
high concentration of Cu?>* would deteriorate the effluent quality
and inhibit the voltage production, and the ability to treat waste-
water and voltage was restored after a period around 30 d. How-
ever, how the electrons transferred in the presence of heavy metal,
the suppression mechanism, viability and species composition of
microorganism were unclear.

Heavy metals played significant roles in the physiological process
of microbial cells, such as free radical defense, enzymes involved in
cellular respiration, connective tissue biosynthesis and other pro-
cess(de Oliveira-Filhoetal.,2004). We also known that heavy metals
in water bodies at excessive concentrations could cause adverse
ecotoxicological effects and were accumulated primarily by adsor-
bed on extracellular polymeric substances (EPS) from the substrates,
adsorbed on cell surface and then intracellular uptake into the
cytosol (Holding et al., 2003; Haferburg and Kothe, 2010). Guo et al.
(2017) found that the residual heavy metals might result in the
denaturation and inactivation of enzymes, rupture of membrane
integrity and organelles (Alexandrino et al., 2011), and subsequently
inhibit the metabolism of biofilms. Cabrera et al. (2006 ) studied toxic
inhibition of heavy metals through evaluating the precipitation of
heavy metals on sulfate-reducing bacteria. However, the process of
inhibitory effect on biofilms of heavy metals in the above studies is
different from that on EABs, in which the extracellular electron
transfer (EET) process and metabolic pathway and environment
matrix is more complicated. Specifically, in the anodic chamber, the

organic matter oxidation was carried out by microorganism, while
electrons passed to the anode from their metabolism (Bond and
Lovley, 2003; Srikanth et al., 2008; Saratale et al., 2017). The
dissimilatory metal-reducing bacterial, which was also found in
EABs from BESs, could respire on multiple metals ions (Tian et al.,
2017). Therefore, when heavy metal was introduced to anodic
chamber, electrons from organic matter could be transferred to
heavy metal ions or anodic electrode. In the presence of such a
multiple electron acceptor, the competition of electron between
heavy metals and anode electrode may become even more
complicated. The understanding of electron transfer competition
mechanism between heavy metal ions or anodic electrode was
warranted. Moreover, relatively less effort had been devoted to the
in-depth analysis of the observed inhibition (Abourached et al.,
2014). There was a need for investigating the response of the mi-
crobial viability and communities to perturbations of heavy metal. In
addition, heavy metals nano-particles deposited on the surface of
graphite felt through reduction process may affect the anode per-
formance (Tian et al., 2017), which also may result in forming good
conductor of these metal deposition in a long-running transaction.
In this study, the reproducibility of the BES was confirmed by
running multiple consecutive cycles at a specific anolyte. Cu?* was
selected as a representative heavy metal to be introduced to anodic
chamber, since its frequent observation in various industrial
wastewater (Soares and Soares, 2012; Garcia et al., 2014). The BESs
were constructed to investigate EABs-driven anodic reduction of
Cu-loaded anolyte by examing the changes in concentrations of
Cu®* as a function of anodic microorganism response, including the
shift of viability and species composition of microorganism, utilized
by confocal laser scanning microscopy (CLSM) and the Illumina
Miseq platform. In addition, the anodic redox reactions in the
presence of Cu?>* and anode electrode for multiple electron
acceptor were further disclosed by performing cyclic voltammetry
(CV). SEM-EDS and XPS were also conducted to observe morpho-
logical structure of the copper precipitates on bioanode for various
concentration of Cu-loaded anolyte in anodic chamber.

2. Materials and methods
2.1. BES design and operation

A dual chamber BES was arranged, with a cylindrical chamber
2.4 cm long by 4.9 cm in diameter from a plastic transparent cube.
Graphite felt electrodes (2.5 x 3.0 x 0.5 cm) were twined with tita-
nium wire and were glued to the upper end of the anode and cathode
compartments, respectively. A cation exchange membrane (18.8 cm?
working surface area) was placed between the two chambers to
maintain electroneutrality. The BESs were operated at a fixed
external resistance of 510 Q for electron transfer and completed the
circuit. All of the reactors were conducted in a thermostats (28 °C).

The bioanode was inoculated with suspended mixed anaerobic
culture collected from sewage sludge with sodium acetate as the
electron donor. The microbes grew on the bioanode, which sub-
merged in the nutrient solution contained (per L): 1g sodium ac-
etate, 15.1 g PIPES buffer, 0.31 g NH4CI, 0.13 g KCl, 12.5mL trace
elements, 5 mL vitamins (Liu and Logan, 2004; Abourached et al.,
2014). The bioanode was acclimated in fed-batch mode for about
3 weeks when the electricity was stable for at least three refresh-
ment cycles, and anolyte was refreshed in 3 or 4 days. The cathodic
chamber was filled with 50 mM Ks[Fe(CN)g] and 50 mM PIPES
buffer, ensuring that the terminal electron acceptor concentration
would not be a limit factor. All of the cathode chambers were
wrapped with black insulation tape to exclude light to prevent the
decomposition of K3[Fe(CN)g].

Several sets of BESs were operated for different purposes. The
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first reactor, as heavy metals blank test, sequentially operated with
the nutrient solution above for continual electricity. The heavy
metal concentrations were increased gradually in an increment of
5mgL~! for the second BES, the addition of heavy metal continued
to mount up until the maximum voltage output nearly was 0.01V,
then filled anode compartment with the same solution except
heavy metal to evaluated the recovery situation of voltage. To
further elucidate the effect of microorganisms on the reduction of
Cu?*, abiotic control was performed under identical conditions.
Additionally, open-circuit BES was also performed to discuss the
effect of current on reduction of Cu*.

2.2. Measurements and analyses

The voltages across the external resistance were monitored every
10 min using an automatic data acquisition installation (2700,
Keithley, USA). The acetate concentration was measured by ion
chromatograph (ICS-900, Daian, USA). For residual soluble Cu®*
concentration in the anolyte effluent, which were filtered through
0.45 um membrane syringe filters, were determined by atomic ab-
sorption spectroscopy. Coulombic efficiency was determined by the
ratio of total recovered coulombs to the theoretical amount of cou-
lombs from acetate (Liu and Logan, 2004 ). Power densities and po-
larization curves of the BESs were examined by the gradual lowering
of the external resistor from 1000 to 50 Q using a resistance box
(Qiao et al., 2008). To examine the bioelectrochemical behavior of
anodic biofilms, the CV was carried out in a three-electrode system
with the anode as a working electrode, the cathode as a counter
electrode, and a saturated calomel electrode as reference electrode
inserting into the anodic compartment. CV was run with the po-
tential between - 0.6 and + 0.5V ata scanrate of 1 mV s~ 1. At the end
of the reactors operation, the anodes and the CEMs were sampled for
further studies to inspect the transportation and transformation of
the heavy metal in the BESs. A scanning electronic microscopy (SEM)
coupled with an energy dispersive X-ray spectrometer (EDS) was
used to examine the biofilm surface morphologies and elemental
compositions before and after Cu** reduction. X-ray photoelectron
spectroscopy (XPS) was conducted to detect deposited copper or
other valence of copper ions on the anode and CEM. Further, biofilms
from anode were also examined by CLSM to analyse an adverse re-
action to the heavy metals.

To analyse the component of bioanode, the biofilm samples
were collected from graphite felts of the anodes in BESs supplied
with different Cu?>* concentrations. The genomic DNA was extrac-
ted using E.Z.N.A™ Mag-Bind Soil DNA Kit (Omega Bio-Tek, USA).
DNA concentration was determined using Qubit 3.0 fluorometer
(Invitrogen, Shanghai, China). The V3-V4 regions of bacterial 16S
rRNA genes were amplified using universal primers 341F (CCCTA-
CACGACGCTCTTCCGATCTG CCTACGGGNGGCWGCAG) and 805R
(GACTGGAGTTCCTTGGCACCCGAGAATTCCAGACTACHVGGGTATCTA
ATCC). PCR amplification was conducted using T100™ Thermal
cyeler (Bio-Rad, USA). Addition of the compatible primer of Illu-
mina was performed in the second PCR process, and the thermal
cycling conditions were set as follows: initial denaturation at 95 °C
for 3 min, followed by 5 cycles of 94 °C for 20s, 55 °C for 20 s and
72 °C for 30 s, and finally followed by an extension period at 72 °C
for 5 min. After purification, paired-end of PCR products was sub-
mitted to the Sangon Biotech Co. Ltd (Shanghai, China) for
sequencing on an Illumina MiSeq platform.

3. Results and discussion
3.1. Electrochemical performance of the BESs

As shown in Fig. 1a, the voltage production produced by BESs

increased gradually and ran stably for several cycles (0.62 + 0.01 V),
indicating that EABs had been acclimated successfully on the anode
(Yu et al., 2017). Then, different initial Cu*" concentration were
introduced to the anode chamber to determine the response of
EABs to Cu** during multiple parallel batch cycles. The maximum
voltage production in each batch run decreased continuously with
gradually increasing initial concentration of Cu?*. Specifically,
when anode chamber was fed with the solution containing
5mgL~! Cu?*, voltage output (0.60 + 0.02 V) decreased slightly for
the first batch run, and for the second and third cycle of 5mgL~},
the highest voltage production dropped by 37.5% and 54.8%,
respectively. These results were possibly due to the toxicity of Cu®*
to microbial species. Subsequently, when 10mgL~! Cu?>* was
introduced to the anode chamber, the maximum voltage output of
the BES instantly dropped to 0.02 +0.03V, possibly due to the
copper accumulation during the foregoing cycles. To test the
resilience of the biofilms of anode, Cu®>" was removed from the
influent to the anode. During the recovery stage, the maximum
voltage production were gradually increased and achieved
0.46 + 0.01 V, which was only 75.1% of the voltage produced from
BES without Cu?*, mainly ascribed to the toxicity of Cu?>* which
inhibited the viability and reproduction of microorganisms (Sheng
et al., 2008; Kamika and Momba, 2011; Abourached et al., 2014).
Also, a particular concentration of 10mgL~! Cu?* was repeatedly
added to the BES anodic chamber in our early trials. As shown in
Fig. S1, when introducing 10 mgL~! Cu?*, voltage output dropped
significantly and then for all the cycles of 10mgL~!, the highest
voltage production decreased to ~0V. No voltage production was
observed during two months operation with repeat 10 mg L~! Cu®*
addition. All these results suggested that the EABs could not be
adaptive to a certain Cu?* concentration but could recover when
stopping the introduction of Cu®>* to anode chamber.

As shown in Fig. 1b, the maximum power densities of BESs
decreased gradually as the BESs anode fed with incrementally Cu?™.
The maximum power density of 1.81 + 0.06 W m~2 was obtained in
BES operated at the control (0 mgL™!), with 1.23 +0.02Wm™2 at
5mg L~!, which dropped by 32.0% of the control. When introducing
10mgL~! Cu®* into the anode chamber, the maximum power
density declined almost to zero. However, when no copper was
introduced, the maximum power density increased, which was
88.4% of the initial power density (1.60 +0.02 W m~2). These re-
sults suggested damage to EABs on anode, which likely caused by
Cu®*. Moreover, the polarization curves were plotted to investigate
the effect of anode and cathode potentials on the cell voltage
output of BESs (Fig. 1c). The anodic potentials instantly increased
(from —0.30 + 0.01 to —0.09 + 0.04 V on 0 mg L}, from —0.27 + 0.01
t0 0.09 £ 0.03 Von 5 mg L', from —0.36 + 0.01 to —0.21 + 0.01 V on
recovery stage) while the cathodic potentials remained almost
unchanged. This indicated that the increase of anode potential was
responsible for suppressed cell voltage. These results demonstrated
that the association of Cu?>* with the anode chamber alters the
propensity of anode, resulting in the decrease of BES performance
during prolonged operation. It was worth noting that all the anodic
electrodes displayed overshoots. The power overshoots in the po-
larization curves usually indicates that the demand for electrons
exceeded the rate of electrons supplied by microbial activity, which
resulted in the depletion of electrons and ions in the anolyte
(Winfield et al., 2011; Wu et al., 2016; Dong et al., 2017; Shen et al.,
2017). As shown in Fig. 1¢c, when introducing 5 mgL~! Cu®* to the
anodic chamber, the overshoot became more obvious compared to
0mgL~! Cu?*, suggesting that the increase of Cu** was toxic for
the EABs and the electron demand could not be maintained. When
stopping introducing Cu®* to anodic chamber, the overshoot
became weak. This indicated that the inhibition of biofilm by heavy
metal was alleviated, which means EABs might have the capacity of
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Fig. 1. Effect of the gradual increase in Cu®* concentration on a) voltage output (510 Q of external resistance), b) power densities and c) polarization curves of anode and cathode.
Changes in the remaining concentration of d) Ac~ and e) Cu?* in consecutive batch runs conducted with the addition of various initial concentration of Cu?* in anode chamber. f)
Anodic coulombic efficacy of BES with addition various initial Cu?>* concentrations in anode chamber.

recovering from heavy metals injury.

3.2. The migration and transformation of Cu®*

Samples from anolyte were taken and analyzed three times per
cycle. As shown in Fig. 1d, with the increasing concentration of
Cu?", the acetate concentration that can be detected at the end of
cycle gradually increased in each batch run. Specially, before Cu®*
addition, acetate concentration decreased by 70.9% significantly at
first 36h (from 719.5 to 2091 +2.8mgL™!) and continued to
decrease to 9.9+3.0mgL~! slowly during next 72h, with
maximum acetate removal rate of 98.6%. And for all the batch runs
at 5mgL-! Cu?*, the same degradation trends of acetate was
observed, with maximum acetate removal rate of 97.3%. However,
when 10 mg L1 cu?* was introduced, acetate concentration
decreased by 33.3% at first 36 h (from 719.5 to 480 + 8.8 mgL 1),
which was much slower than that of 0 and 5mgL~' Cu®**. The
maximum acetate removal rate at 10 mg L~ Cu®* was 47.6%, which
was almost 50% lower than that of 0 and 5 mgL~! Cu?*. These re-
sults were in agreement with the results of the voltages tests,
probably due to the inhibition of microorganisms by high concen-
tration of Cu®>* (Abourached et al., 2014). To test the resilience of
degradation and utilization of acetate by microorganism, Cu?* was
removed from the influent to the anode. During the first 36 h, ac-
etate concentration decreased by 50.2% (from 719.5 to
358.0 + 11.9 mg L~ 1), which was higher than that of 10 mg L~! Cu®*
but still lower than that of 0 and 5mgL~! Cu?*. The maximum
acetate removal rate of 70.7% was obtained, which was lower than
that of 0 and 5 mg L~! Cu*. This result suggested that the ability of
BES anode to degrade substrate was resilient to Cu®* strike (Feng
et al., 2013).

Similar to the acetate degradation, Cu?® concentration
decreased instantly during the first 36 h and showed a steady
decrease after 72 h (Fig. 1e). During each treatment cycle in BES,
Cu?* was almost completely removed under various initial Cu®*
concentrations. The maximum removal rate of 97.8% (with effluent
concentration of 0.11+0.06 mgL™') was obtained under the

influent concentration of 5 mgL™!. Notably, when no voltage was
produced under the influent concentration of 10mgL~!, the
maximum Cu?* removal rate of 98.5% was obtained with the
effluent concentration of 0.15 + 0.02 mg L~ L. The high Cu®* degra-
dation might be ascribed to the adsorption by the graphite felt of
anode electrodes and cation exchange membrane (Abourached
et al., 2014), and direct reduction by microorganisms in the anode
chamber. To examine the contribution of the current produced
from organics oxidization in the anode chamber, the coulombic
efficiency (CE) were also calculated (Liu and Logan, 2004) and were
showed in Fig. 1f. The CE value of 43.8 + 7.0% was obtained when
the anolyte contained no Cu?*. Subsequently, the CE results of
36.9 +4.2% was observed for BES with addition of 5mgL~! Cu®*.
However, the addition of 10mgL~" Cu?* resulted in an extensive
reduction of CE (6.8 + 6.6%). The slight change of CE at the 5mg L™
Cu®* and the significant drop at 10mgL~! Cu®** suggested that
Cu?* mainly affected the contribution efficiency of acetate used as
electron donors to external circuit current through their toxic in-
hibition to EABs on anode. At the recovery stage in absence of Cu?™,
the CE was 34.0% higher than that before Cu?* addition into anode
chamber. While acetate removal rate at the recovery stage was
lower than that of initial influent without Cu®* addition (Fig. 1d).
These results demonstrated that through toxic inhibition to
microorganism of high Cu®>* concentration, the recovery capability
of EABs was higher compared to the other bacteria. Microorganisms
possessed endurance to Cu®* through a various mechanisms due to
their habitat sites and capabilities (Huang et al., 2008; Qiu et al.,
2009). By comparison with the traditional measures in tackling
with wastewaters containing heavy metals, BES had an excellent
ability in tolerance, absorption and assimilating heavy metals.
EDS and XPS were conducted to further determine the migra-
tion and transformation of copper. As shown in the high-resolution
Cu 2p spectra (Fig. 2), the dominant peaks at 932.6 eV and 934.0 eV
can be observed on both of graphite felt anode and CEM, which
could be attributed to the metal copper and divalent copper ion,
respectively (Pan et al., 2015). As shown in Fig. 2a, metal copper
(83.4% of the total copper species) was dominant on the anode of



Y. Zhang et al. / Chemosphere 196 (2018) 377—385 381

the BES fed with Cu®** concentration of 5 mg L™, It was noteworthy
that small amount of metal copper was also detected on the CEM in
this system, likely originating from the reduction of Cu** by the
suspended microorganisms or biofilm-attached on CEM (Fig. 2b).
Similarly, metal copper (82.3% of the total copper species on the
anode) was dominant on the anode of the BES fed with 10 mg L' of
Cu®* (Fig. 2c). On the contrary, only Cu’* was detected on the
graphite electrode and CEM in abiotic control (Fig. 2d and e),
resulting from the adsorption. Based on this observation, it was
speculated that most of the Cu®?* was reduced to Cu through a
bioelectrochemical process and precipitated in the BES, resulting in
a high copper removal. Additionally, open-circuit BES was per-
formed to discuss the effect of current to the reduction of Cu®*. XPS
analysis results indicated that in open-circuit BES, metal copper
(72.7% of the total copper species on the anode) was detected on
the graphite felt of anode electrode (Fig. 2f), which was lower than
those on the anode (83.4%) in closed circuit condition (Fig. 2a),
indicating that the flow of electrons through a circuit could improve
reduction of copper on anode. We speculated that the improved
microbial extracellular electron transfer (EET) efficiency enhanced
the reduction of copper. Electron acceptor redox potential was
considered to be a key factor in determining microbial metabolism
and consequent microbial EET (Liu et al., 2010; Wu et al., 2013). In
this study, K3[Fe(CN)g] with a relatively high redox potential was
used as acceptor, which was favorable to the electrons transfer from
anode to cathode. Therefore, in closed-circuit BES the microbial EET
efficiency was high, which was beneficial to the reduction of Cu®".
While in open-circuit BES, there was no electrons flow between
anode and cathode, which probably decreased the microbial EET
efficiency and consequently was unfavorable to the reduction of
Cu®*. EDS measurements also confirmed the presence of copper
species on the anode and CEM of the BESs operated in closed and
open circuits (Fig. 3d—g).

3.3. Morphological and electrochemical characterizations of anodic
biofilms

SEM analysis was conducted to examine the differences in the
surface morphology of the anode biofilms under various Cu®*
concentration in influent. Fig. 3a showed the SEM images of the
bare graphite felt with porous carbon fibers, which is favorable for
attaching and growth of microorganisms. After the BES was suc-
cessfully started up, the surface of carbon fiber had been covered
with biofilm, displayed in small-sized and fine-grained granules
surface (Fig. 3b). When Cu?* was introduced in anode chamber,
diverse copper nanoparticles were found on the surface of the
anode (Fig. 3c), demonstrating the greater adsorption and reduc-
tion capacity of EABs.

The variations in biofilm viability were further examined by
CLSM. Fig. 3h—j showed and compared the CLSM images of the
anode biofilms obtained from different concentrations of Cu®,
differentiating the metabolically active (green) and dead cells (red).
It was evident that more living cells appeared on the anode surface
at 0mgL~! Cu®* (Fig. 3h). While Cu** concentration of 5 and
10 mg L~ were introduced to the anode chamber separately, it was
clear that more damaged cells were observed on the anode surface
at 10 mg L' Cu®* (Fig. 3j). The relative viability of the biofilms was
obtained by calculating the ratio of green fluorescence to the total
of red and green fluorescence. The O0mgL~' Cu®**-fed reactor
exhibited a viability value of 80.61 + 0.24%, demonstrating that the
overwhelming majority of the anode biofilms were covered with
living cells. When the Cu®* concentration in influent increased to 5
and 10 mgL~! separately, the viability value of 63.5 +5.40% and
47.0 + 8.80% were obtained, respectively. These results indicated
the toxic inhibition of Cu®** to microorganism gradually increased
with the increase of Cu?* concentration, resulting in more cell
death. The CLSM results were in good agreement with the voltage
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Fig. 2. XPS spectra of Cu precipitates on the graphite felt bioanode with the addition of a) 5mgL~! Cu?* and ¢) 10 mg L' Cu* in closed circuit; on the CEM with the addition of b)
5mgL~! Cu** in closed circuit; on the d) abiotic graphite felt anode and e) abiotic CEM with the addition of 5mgL~! Cu?* in closed circuit; f) on the graphite felt bianode with the

addition of 5mgL~! Cu?* in open circuit BES.
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addition of Cu?* at the open circuit operation. 3D structure images of anode biofilms were observed by CLSM with addition of h) 0 mgL~" Cu®>*, i) 5mgL~"' Cu®>* and j) 10 mgL~!

Cu* in anodic chamber.

output data.

To investigate the effect of the different Cu?>* concentrations on
the catalytic activities of biofilms, CVs of the biofilms on the anodes
were performed (Rabaey et al., 2008; Varanasi et al,, 2016). As
observed in Fig. 4a, upon addition of sodium acetate, a sigmoidal
shaped CV was obtained indicative of catalytic oxidation of the
acetate by the biofilm and electron transfer to the electrode.
Compared to the control (without Cu®* addition), the catalytic
current when introducing 5 mg L~! Cu®* to anode chamber did not
greatly alter. While the Cu?* concentration increased to 10 mg L™,
the corresponding catalytic current fallen to the lowest level. When
stopping the introduction of Cu?* to anodic chamber, the catalytic
current recovered. These suggested that the EABs could be inhibi-
ted by Cu®* and could be recovered in certain degree by removing
Cu®* from the anode.

Furthermore, a more detailed view on the anode electro-
chemical features of the biofilm were obtained upon the depletion
of substrate. Under these non-catalytic conditions, as illustrated in
Fig. 4b, all the anodes showed one major redox system, at a formal

potential of —0.33V vs. SCE at either 0 or 5mgL~! Cu?>*. When
10 mg L~ Cu®* was introduced, no redox peaks was observed. The
shape and redox potential were nearly identical to other electro-
active bilfilms found in other studies (Fricke et al., 2008; Katuri
et al,, 2010). The redox peaks were resulted from outer mem-
brane cytochromes, which were vital to EET in BES (Liu et al., 2008).
The disappearance of the redox peaks when introducing 10 mg L™}
Cu?* in influent may be ascribed to the high concentration of Cu®*
that inhibited the secretion of outer membrane cytochromes by
EABs. When Cu®* removed from influent, the redox peaks was
observed again, suggesting that the EABs recovered to secrete outer
membrane cytochromes and resulted in the increase of EET rate
after Cu?* shock.

3.4. Analysis of bacterial communities in the anodic biofilms

In order to investigate the bacteria community changes influ-
enced by the Cu** shock in the anode, approximately 44207 high-
quality pyrosequencing reads were obtained from per samples on
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Fig. 5. The comparison of microbial communities on the anode of BESs with and without Cu?* addition at the a) phyla level, b) class level and c) genus level.

the anodes in BESs (Fig. 5). For the anode of 0 and 10 mgL™! Cu®",
the most dominant phyla were Proteobacteria, Actinobacteria,
Chloroflexi and Caldiserica. The abundance of Proteobacteria
increased from 51.7% to 90.7% after high level of Cu®>* exposure. The
percentage of Actinobacteria, Chloroflexi and Caldiserica decreased
in the anodic biofilm sample after high level of Cu** shock (Fig. 5a).
On the basis of class analysis, the abundance of Gammaproteobac-
teria, Alphaproteobacteria and Betaproteobacteria increased, and the
percentage of Deltaproteobacteria, Actinobacteria and Anaerolineae
decreased (Fig. 5b). As for the genus level, the abundance of Geo-
bacter decreased from 44.5% to 32.5%, while the percentage of
Stenotrophomonas significantly increased from 0.03% to 37.7%
(Fig. 5¢). Geobacter species had been found to be significant agents
for the bioremediation of wastewater contaminated with toxic
metals (Holmes et al., 2002; Ortiz-Bernad et al., 2004). The physi-
ological characteristic of the Geobacter species was their capacity to
oxidize organic matter, transferring the electrons onto extracellular
electron acceptors such as toxic metals (Lonergan et al., 1994; Ortiz-
Bernad et al., 2004) and electrodes (Bond et al., 2002). The per-
centage decrease of Geobacter corresponded to the results that
voltage production decreased as introduction of Cu*. Steno-
trophomonas was known to convert Cu?* into Cu on the surface of
anode (Ye et al, 2013; Chen et al., 2016). In addition, Steno-
trophomonas can tolerate high concentrations of metals (Chien
et al., 2007; Ryan et al., 2009). The changes of microbial commu-
nity composition after high level of Cu?>* exposure were mainly
ascribed to that high level of Cu?* pollution could exert a selective
shock on the microbial community and lead to the emergence of
resistant strains (Lasat, 2002; Wang et al., 2007). Diversity indices
were calculated with 2600 re-sampling reads per sample may have
an effect on diversity (Gihring et al., 2012). In total, 5184 OTUs were
identified based on the 97% identity cut-off, with 2731 and 2453

OTUs recovered from anode samples of 0 and 10mgL~! Cu?*,
respectively.

4. Conclusion

This study demonstrated the changes in concentrations of Cu®*
as a function of anodic microorganism response in the EABs-driven
anode chamber, in which heavy metals and organic matter existed
simultaneously. We suggested that heavy metals with high con-
centration would show toxic effects to bioanode, which could
subsequently have an adverse impact on the power density and
voltage production of BES, and restrict the degradation of acetate
and reduction of heavy metals. Differences in the abundance of
community in response to different concentration of Cu?>* were
mainly ascribed to that high level of Cu?** pollution that could exert
a selective shock on the microbial community and lead to the
emergence of resistant strains. When stopping the introduction of
Cu®* to anode chamber, it was turned out that the inhibition of
biofilm by heavy metal was alleviated, which means EABs might
have the capacity of recovering from heavy metals injury. The re-
sults in this study added to the in-depth analysis of the observed
inhibition on bioanode, and provided new insights into the treat-
ment of organic wastewater containing heavy metals.
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