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Cr(VI) laden wastewaters generally comprise a range of multiple heavy metals such as Au(III) and Cu(II) with

great toxicity. In the present study, cooperative cathode modification by biogenic Au nanoparticles (BioAu)

reduced from aqueous Au(III) and in situ Cu(II) co-reduction were investigated for the first time to enhance

Cr(VI) removal in microbial fuel cells (MFCs). With the co-existence of Cu(II) in the catholyte, the MFC with

carbon cloth modified with nanocomposites of multi-walled carbon nanotubes blended with BioAu (BioAu/

MWCNT) obtained the highest Cr(VI) removal rate (4.07 � 0.01 mg L�1 h�1) and power density (309.34 �
17.65 mW m�2), which were 2.73 and 3.30 times as high as those for the control, respectively. The

enhancements were caused by BioAu/MWCNT composites and deposited reduzates of Cu(II) on the

cathode surface, which increased the adsorption capacity, electronic conductivity and electrocatalytic

activity of the cathode. This study provides an alternative approach for efficiently remediating co-

contamination of multiple heavy metals and simultaneous bioenergy recovery.
1. Introduction

Hexavalent chromium (Cr(VI)), typically found in industrial
wastewaters such as electroplating and mining wastewaters due
to widespread industrial application, is a known extremely toxic
heavy metal to living organisms.1 Microbial fuel cells (MFCs)
have recently shown promising results for recovering various
heavy metals from wastewaters in addition to simultaneous
organic wastewater treatment and bioelectricity generation.2–4

In particular, the electrochemical reduction of Cr(VI) in MFCs
has been reported in the literature with variable degrees of
success through the optimization of operation conditions,
reactor architectures and cathode electrodes.5–10 However, the
non-conductive Cr(III) deposits reduced from Cr(VI) on the
cathode surface led to severe cathode deactivation, exerting
negative effects on the electrochemical behavior of the cathode
electrode.6,10–12 Therefore, it should be put more efforts on ex
situ or in situ improving the electronic conductivity and elec-
trocatalytic activity of the cathode electrode for Cr(VI) reduction.
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f Chemistry 2020
High concentration of Cr(VI) is usually found together with
multiple heavy metal ions (e.g. Au(III), Cu(II)) in the acidic
wastewaters from the electroplating and mining industries.13

On the other hand, chemical Au nanoparticles as electrode
modiers, especially decorating other nanomaterials such as
multi-walled carbon nanotubes (MWCNTs), can signicantly
improve the electrochemical reduction of Cr(VI).1,14 Biogenic Au
nanoparticles (BioAu), which can be recovered from wastewa-
ters containing Au(III) ions by microorganisms such as Shewa-
nella oneidensis, have been reported to possess higher electronic
conductivity and electrocatalytic activity compared to the
chemical counterpart.15,16 Our previous work has demonstrated
BioAu/MWCNT modication for the anode remarkably
enhanced power output of MFCs.16 However, the BioAu/
MWCNT nanohybrids modied electrode, to our best knowl-
edge, has never been attempted to use as the cathode to reduce
Cr(VI) in MFCs. Consequently, BioAu/MWCNT modication
might be an ex situ strategy to improve the electrochemical
properties of the cathode for Cr(VI) reduction, which is certainly
warranted further investigations.

Regarding to the in situ strategy for improving the Cr(VI)-
reducing cathode performance, we hypothesized that some co-
existing heavy metals could exert positive effects due to their
conductive reduzates deposited on the cathode surface. For
example, previous studies have conrmed that the main
product of Cu(II) reduction in MFC cathode (pH ¼ 2.2–3.4) was
pure Cu.3,17 Since Cu possesses excellent conductivity and
electrocatalytic activity, the interaction of cathode materials
with in situ deposited Cu from Cu(II) reduction becomes crucial
RSC Adv., 2020, 10, 15107–15115 | 15107
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for the improved electrochemical properties of electrodes. The
in situ deposition of Cu onto the cathode has been demon-
strated to efficiently enhance continuous Cu(II) reduction,
subsequent Cd(II) reduction as well as energy recovery.
Furthermore, different cathode materials inuenced the diver-
sity of shapes and morphology of the deposited Cu, resulting in
different active surface areas, and consequently the overall
performance of MFCs.17 Therefore, it would be reasonably ex-
pected that the co-existence of Cu(II) with Cr(VI) in catholyte
might mitigate the cathode deactivation and thereby facilitate
Cr(VI) reduction in MFCs. These effects have not been system-
atically investigated in literatures, especially when interacting
with the BioAu/MWCNT modied electrode. Besides, the use of
reduction products from Au(III) and Cu(II) to facilitate Cr(VI)
reduction is not trivial since Au(III) and Cu(II) oen co-exist with
Cr(VI) in electroplating and mining wastewaters.

This study aimed to promote the efficiency of Cr(VI) removal
in MFCs through ex situ and in situ improving the electro-
chemical properties of the cathode. The effects of cooperative
cathode modication by BioAu/MWCNT nanohybrids and in
situ Cu(II) co-reduction on Cr(VI) removal in MFCs were
systematically investigated. The performance of MFCs was
evaluated in terms of cathodic Cr(VI) and Cu(II) removal, anodic
COD removal as well as electricity generation. The precipita-
tions on the cathode surface aer operation were dened by
scanning electron microscopy with coupled energy dispersive
spectroscopy (SEM-EDS) and X-ray photoelectron spectroscopy
(XPS). This work reveals a new insight into the way to combat
poisonous Cr(VI) through other poisonous heavy metals co-
existing in wastewaters.
2. Materials and methods
2.1. Fabrication of cathode electrode

An unmodied carbon cloth (25 cm2, Shanghai Hesen, China)
was set as the bare electrode.16 As described in our previous
work,16 BioAu (spherical, 5–15 nm in size) was synthesized by S.
oneidensis MR-1 reducing aqueous Au(III) (ESI, Fig. S1†). BioAu
and MWCNT powder paste was prepared according to the
procedures in our previous study.16 Subsequently, this paste was
evenly spread on a 50% polytetrauoroethylene (PTFE) carbon
cloth.16 The modied carbon cloth was washed thrice with
distilled water to remove the unadsorbed BioAu/MWCNT. Aer
drying at 105 �C, the BioAu/MWCNT electrode was fabricated.
When the BioAu loading amount was set at 0.83 � 0.02 mg
cm�2, different BioAu/MWCNT ratios (1 : 0, 1 : 1, 1 : 2) were
investigated to optimize the electrode fabrication; aerwards,
the BioAu/MWCNT ratio was set at 1 : 2, different BioAu loading
amounts (0.40 � 0.01, 0.83 � 0.02, 1.84 � 0.01 mg cm�2) were
investigated as well.
2.2. Construction and operation of MFC

The MFC was assembled by two identical cubic chambers with
an effective volume of 70 mL as described previously.16 In order
to keep the pH difference intact, a bipolar membrane (38.5 cm2,
Beijing Yanrun, China) was applied to separate the anode and
15108 | RSC Adv., 2020, 10, 15107–15115
cathode chambers.13,18 The anode electrode was a graphite felt
(25 cm2, Hunan Jiuhua, China), and the cathode electrode was
a bare or modied carbon cloth. The stable bioanode was
acclimatized in advance by inoculating anaerobic digester
sludge.19 The anolyte was articial wastewater containing
a buffering solution (1 g L�1 glucose and 50 mM phosphate, pH
7.0).16 The catholyte, unless specied, was 50 mM phosphate
buffer solution (PBS) containing 100 mg L�1 Cr(VI) (K2Cr2O7

solution) at pH 2.5. The MFCs were operated in a batch-fed
mode (25 � 0.5 �C) with an external resistance of 1000 U,
unless specied. In order to ensure reproducibility, all MFC
reactors were conducted in triplicate.

2.3. Effects of co-existing Cu(II) in catholyte

The effects of co-existing Cu(II) on Cr(VI) removal were studied
through adding 400 mg L�1 Cu(II) (CuSO4$5H2O solution) into
theMFC catholyte mentioned above. In this case, theMFCs with
the bare and BioAu/MWCNT electrode in the presence of Cu(II)
were dubbed the “Bare-CrCu” and “BioAu/MWCNT-CrCu”MFC,
respectively. Meanwhile, the MFCs for removing sole Cr(VI)
(100 mg L�1) and sole Cu(II) (400 mg L�1) were carried out to
serve as the corresponding control groups. Hence, the MFCs
with two different electrodes for sole Cr(VI) and sole Cu(II)
removal were denoted as the “Bare-Cr”, “BioAu/MWCNT-Cr”,
“Bare-Cu” and “BioAu/MWCNT-Cu” MFC. In this section, all
experimental MFCs were connected to an external resistance of
10 U. The Cr(VI)/Cu(II) concentration ratio (1 : 4) and external
resistance (10 U) were chosen based on the optimization
experimental results shown in ESI (Fig. S2 and S3†).

2.4. Analytical methods

The voltage, power density, and internal resistance of MFCs
were obtained according to the methods described in our
previous work.19 Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were used to evaluate the elec-
trochemical characteristics of the electrodes. CV was tested in
a three-electrode system (reference electrode: Ag/AgCl electrode,
working electrode: tested electrode, counter electrode: Pt elec-
trode) as previously described.16 The electrolyte for CV test was
10 mM PBS (pH ¼ 7). EIS analysis was performed with the same
three-electrode system (frequency range: 100 kHz to 5 mHz,
potential amplitude: 10 mV) in the electrolyte consisting of
5 mM K3Fe(CN)6 and 0.2 M KCl (pH ¼ 7).

SEM-EDS (Hitachi S-4800, Japan) was used to analyze the
morphology and element contents of the electrode surface. The
specic surface area (SSA), contact-angle, and surface resistance
of the electrode were characterized as previously described.19

The elemental compositions of the precipitates on the cathode
surface aer operation were detected by X-ray photoelectron
spectroscopy (XPS, PHIQuantera II, Japan).

The concentrations of soluble Cr(VI) and chemical oxygen
demand (COD) were determined by using the standard
methods.20 The soluble Cu(II) concentration was analyzed by
atomic absorption spectroscopy (WFX-130, Beijing Ruili
Analytical Instrument Co. Ltd., China). The MFC experiments
lasted for 24 h, and the catholyte sampling was conducted on
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 CV and EIS analysis of electrodes with different BioAu/MWCNT
ratios (A and B) and different BioAu loading amounts (C and D) before
operation.
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0 h, 2 h, 4 h, 6 h, 8 h, 24 h for soluble Cr(VI) and Cu(II)
concentration analyses.

3. Results and discussion
3.1. Effects of BioAu/MWCNT ratio and BioAu loading
amount on electrode

In order to obtain the suitable BioAu/MWCNT ratio for elec-
trode modication, effects of different BioAu/MWCNT ratios
(1 : 0, 1 : 1, 1 : 2) on electrochemical characteristics of the
carbon cloth were investigated when the BioAu loading amount
was set at 0.83 � 0.02 mg cm�2. The electrochemical charac-
teristics of different electrodes before operation were evaluated
through measuring CV and EIS (Fig. 1). As shown in Fig. 1A,
there were no peaks in the CV curves of all the electrodes since
no redox reactions happened in PBS. Whereas, there is
a signicant increase in current range of each modied elec-
trode compared with that of the bare electrode, suggesting that
the modied carbon cloths had a higher faradaic charge
capacity and electron transfer efficiency possibly due to the
physico-chemical properties of the modiers. Obviously, the
larger proportion of MWCNT powder occupied in the modier,
the higher faradaic current was observed in CV. The highest
current range was found in the electrode with the BioAu/
MWCNT ratio of 1 : 2, indicating that MWCNTs were favor-
able supports for BioAu modication because of their unique
electrical and structural properties.21 Anchoring of metal
nanoparticles over MWCNTs is an effective strategy in
improving the dispersion of nanoparticles, which increases the
electrochemically available surface area and electrocatalytic
active sites of electrodes.22 Similar synergistic effects have also
been found in other nanocomposite modication studies using
MWCNTs blending with metal nanoparticles such as TiO2,
Fe3O4, and SnO2.21,23,24

Furthermore, the interfacial electrochemical properties of
modied electrodes were also evaluated by EIS.25 Fig. 1B shows
the Nyquist plots of all the electrodes. The x-intercept of
a Nyquist plot represents Rs, and the semicircle diameter indi-
cates Rct. There were no distinct differences in Rs of all the
electrodes, whereas all the electrodes presented signicant
differences in the observed Rct. The Rct decreased with the
increased proportion of MWCNT powder in the modiers,
signifying remarkable enhancements of the catalytic reaction
and electron transfer efficiency at the electrodes with the
addition of MWCNTs. Accordingly, the electrode with the
BioAu/MWCNT ratio of 1 : 2 possessed the smallest Rct. The EIS
results were in good agreement with the CV results.

As the BioAu/MWCNT ratio was set at 1 : 2, effects of
different BioAu loading amounts (0.40 � 0.01, 0.83 � 0.02, 1.84
� 0.01 mg cm�2) on the electrochemical characteristics of the
carbon cloth were studied as well. Similarly, the larger BioAu
loading amount caused the higher faradaic current range of the
CV curve (Fig. 1C), indicating that BioAu possessed the ability to
facilitate electron transfer on the electrode. The largest BioAu
loading amount (1.84 � 0.01 mg cm�2) achieved the best elec-
trochemical performance for the electrode. EIS analysis
(Fig. 1D) further conrmed that the larger BioAu loading
This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 15107–15115 | 15109
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Fig. 2 SEM images of the bare (A–D) and BioAu/MWCNT ((E–H) BioAu/MWCNT ratio: 1 : 2, BioAu loading amount: 1.84 � 0.01 mg cm�2)
electrode before and after operation.

Table 1 Surface characteristics of the bare and BioAu/MWCNT
(BioAu/MWCNT ratio: 1 : 2, BioAu loading amount: 1.84 � 0.01 mg
cm�2) electrode

Electrode BET SSA (m2 g�1) Contact angle (�) Resistance (U)

Bare 3.78 � 0.34 110.4 � 0.6 7.5 � 0.7
BioAu/MWCNT 66.97 � 0.23 48.2 � 0.7 6.31 � 0.9
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amount correspondingly reduced the Rct of the modied elec-
trode. Alatraktchi et al.26 also proposed that higher Au nano-
particle density led to higher power generation when Au
nanoparticle modied carbon papers were applied as anodes in
MFCs. Therefore, the BioAu/MWCNT ratio and BioAu loading
amount were respectively set at 1 : 2 and 1.84 � 0.01 mg cm�2

for the electrode modication in the subsequent experiments.
The surface morphology of the bare and BioAu/MWCNT

electrode was observed using SEM-EDS before operation
(Fig. 2A and E). Compared with a smooth and clean surface of
the bare electrode (Fig. 2A), there were substantial deposits with
typical MWCNTs evenly attached on the BioAu/MWCNT elec-
trode (Fig. 2E), resulting in a rougher and more crosslinked
surface.27 Au element was detected on the BioAu/MWCNT
electrode by EDS, implying the successful modication of
BioAu/MWCNT composites on the carbon cloth (ESI, Fig. S4†).

Table 1 presents surface characteristics of the two different
electrodes. The SSA value of the BioAu/MWCNT electrode (66.97
� 0.23 m2 g�1) was 17.72 times as high as that of the bare
electrode (3.78 � 0.34 m2 g�1), further conrming that BioAu/
MWCNT composites gave rise to a larger surface area. The
large surface area can facilitate rapidmass transfer and increase
active reaction sites on materials.28 Besides, the BioAu/MWCNT
electrode (contact angle: 48.2 � 0.7�) was much more hydro-
philic than the bare electrode (contact angle: 110.4 � 0.6�). This
was opposite to the BioPd modication results in another
study.29 The materials with strong hydrophilicity could have
faster electrochemical reactions due to the enhanced mass
15110 | RSC Adv., 2020, 10, 15107–15115
transfer on the solid–liquid interface.30 In terms of the surface
resistance, the BioAu/MWCNT electrode had a lower value than
the bare electrode.
3.2. Electrode performance in Cr(VI)-reducing MFC

Fig. 3 shows the performance of the Cr(VI)-reducing MFCs with
the bare and BioAu/MWCNT electrode as cathodes. The voltage
output (Fig. 3A) continuously descended as running time in
both MFCs. This was mainly caused by the change of Cr(VI)
concentration and typically happened in Cr(VI)-reducing
MFCs.12,31 The maximum voltage output of the MFC with the
BioAu/MWCNT electrode achieved 525.01 mV, which was 1.48
times as high as that of the MFC with the bare electrode (354.30
mV). As shown in Fig. 3B, the MFC with the BioAu/MWCNT
electrode accordingly produced a maximum power density of
138.38� 6.36 mWm�2, which was around 1.32 times as high as
that of the MFC with the bare electrode (104.99 � 4.99 mW
m�2). From Fig. 3C, the lower internal resistance was also
observed in the MFC with the BioAu/MWCNT electrode (194.43
� 25.39 U) compared to that in the MFC with the bare electrode
(305.05 � 30.04 U).

MWCNTs have been widely used to remove aqueous metal
ions such as Cr(VI) due to the excellent adsorption perfor-
mance.32 In addition, MWCNTs decorated with chemical Au
nanoparticles have also been applied for Cr(VI) detection
because of their good electron transfer ability and electro-
catalytic activity.14 Therefore, in order to dene the adsorption
and electrochemical reduction functions for Cr(VI) removal,
each Cr(VI)-reducing MFC was operated with and without circuit
connected (Fig. 3D). Aer 24 h open-circuit operation, the Cr(VI)
removal rate in the MFC with the BioAu/MWCNT electrode
reached 0.66 � 0.04 mg L�1 h�1 aer 24 h, while the MFC with
the bare electrode achieved 0.31 � 0.02 mg L�1 h�1. The Cr(VI)
removal mechanism under open-circuit condition was mainly
the electrode adsorption, indicating that BioAu/MWCNT
modication increased the adsorption amounts of aqueous
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Voltage outputs (A), power densities (B), polarization curves (C),
and dissolved Cr(VI) concentration changes (D) of Cr(VI)-reducingMFCs
with different cathode electrodes.

This journal is © The Royal Society of Chemistry 2020
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Cr(VI). Clearly, the Cr(VI) removal remarkably enhanced during
closed-circuit operation in both MFCs: extra Cr(VI) of 52.93%
was further removed in the MFC with the BioAu/MWCNT elec-
trode compared with only 26.50% in the MFC with the bare
electrode once the circuit connected, demonstrating that BioAu/
MWCNT composites facilitated Cr(VI) electrochemical reduc-
tion. The Cr(VI) removal rate of the MFC with the BioAu/MWCNT
electrode (2.86� 0.03mg L�1 h�1) was 2.01 times as high as that
in the MFC with the bare electrode (1.42 � 0.04 mg L�1 h�1).
Table 2 presents the comparative data of studies on abiotic
Cr(VI) reduction in similar two-chamber MFCs. Gangadharan
et al.5 and Gupta et al.6 respectively investigated a liquid crystal
polaroid glass electrode (LCPGE) and an alumina/nickel
nanoparticles-dispersed carbon nanober electrode (AA:Ni-
ACF/CNF) for Cr(VI) removal in MFCs, and the Cr(VI) removal
rates in these works were lower than that in the present work
(Table 2). The results suggest that the excellent adsorption
capacity and electrochemical activity of BioAu/MWCNT
composites on the cathode electrode enhanced the power
output and Cr(VI) removal in the MFC.
3.3. Effects of co-existing Cu(II) in catholyte

The effects of co-existing Cu(II) (400 mg L�1) on Cr(VI) removal in
MFCs with different cathode electrodes were studied at an
external resistance of 10 U (Fig. 4). As shown in Fig. 4A, all the
MFCs with the BioAu/MWCNT electrode produced higher
voltage outputs than the MFCs with the bare electrode. In
particular, the co-existing Cu(II) in catholyte further enhanced
the electricity generation of MFCs. The maximum voltage (59.33
mV) was observed from the BioAu/MWCNT-CrCu MFC, which
was 2.28 times as high as that of the bare-Cr (26.04 mV) MFC.
Table 3 displays the maximum power densities, internal resis-
tances and anodic COD removal of all the MFCs. Clearly, the
BioAu/MWCNT-CrCu MFC obtained the highest power density
of 309.34 � 17.65 mW m�2, which was 1.44 and 3.30 times as
high as that of the BioAu/MWCNT-Cr (215.39 � 21.21 mWm�2)
and bare-Cr (93.82 � 4.79 mW m�2) MFC, respectively, illus-
trating the role of Cu(II) in promoting the Cr(VI)-reducing MFCs
performance. The co-existing Fe(III) (150 mg L�1) has also been
reported to have a synergistic effect on Cr(VI) removal in MFCs,
but the current density was only increased by 27.27% compared
with that in the absence of Fe(III).2 Accordingly, the BioAu/
MWCNT-CrCu MFC possessed the lowest internal resistance
(124.42 � 9.54 U), while the bare-Cr MFC had the highest one
(259.52 � 21.65 U). The anodic COD removal reached 79.66 �
4.87% in the BioAu/MWCNT-CrCu MFC, which was increased
by 78.69% compared to that in the bare-Cr MFC (44.58 �
2.57%).

As seen from Fig. 4B, Cr(VI) was removed more quickly in the
MFCs with co-existing Cu(II) than MFCs without co-existing
Cu(II). The BioAu/MWCNT-CrCu MFC obtained the highest
Cr(VI) removal rate (4.07� 0.01 mg L�1 h�1), which was 1.36 and
2.73 times as high as that from the BioAu/MWCNT-Cr (3.00 �
0.02 mg L�1 h�1) and bare-Cr (1.49 � 0.02 mg L�1 h�1) MFC,
respectively, implying that the presence of Cu(II) accelerated the
electrochemical reduction of Cr(VI) in MFCs. In addition, the
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Fig. 4 Voltage outputs (A), dissolved Cr(VI) concentration changes (B),
and dissolved Cu(II) concentration changes (C) of MFCs with different
cathode electrodes for different heavy metals removal.

15112 | RSC Adv., 2020, 10, 15107–15115

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 5
:2

3:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
enhancement exhibited an increasing trend with the increased
Cu(II) concentrations (from 50 mg L�1 to 400 mg L�1) and with
the decreased external resistances (from 2000 U to 10 U),
implying more Cu(II) ions and electrons were needed to exert
synergistic effects of the co-existing Cu(II) for Cr(VI) reduction
(ESI, Fig. S2 and S3†). According to Table 2, although it might
not be appropriate to directly compare the Cr(VI) removal effi-
ciency due to different conditions applied in the studies, it still
clearly shows that the present study obtained a noticeably
higher Cr(VI) removal rate than other studies, except Wang
et al.'s2 study. In their study, a lower pH (1.5) along with the
presence of Fe(III), an efficient electron mediator, were used to
obtain a higher Cr(VI) removal rate (9.4 mg L�1 h�1) but a lower
This journal is © The Royal Society of Chemistry 2020
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Table 3 Maximum power densities (Pmax), internal resistances, and anodic COD removal of different MFCs

Group Pmax (mW m�2) Internal resistance (U) COD removal (%)

Bare-Cr 93.82 � 4.79 259.52 � 21.65 44.58 � 2.57
Bare-Cu 80.03 � 5.01 239.17 � 26.745 53.21 � 1.67
Bare-CrCu 143.60 � 12.46 202.09 � 18.64 57.64 � 3.58
BioAu/MWCNT-Cr 215.39 � 21.21 197.64 � 17.55 68.65 � 2.93
BioAu/MWCNT-Cu 231.38 � 13.53 162.32 � 13.86 70.91 � 1.76
BioAu/MWCNT-CrCu 309.34 � 17.65 124.42 � 9.54 79.66 � 4.87

Fig. 5 XPS analysis for the deposits on the BioAu/MWCNT electrode after Cr(VI) and Cu(II) removal ((A) full survey, (B) Cr2p, (C) Cu2p, (D) Au4f).
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power density (225 mW m�2) than those in our study.2 As seen
in Fig. 4C, Cu(II) was simultaneously removed with Cr(VI) from
catholyte in MFCs, although the Cu(II) removal was slightly
lower than that in MFCs with Cu(II) acting as the sole electron
acceptor. The Cu(II) removals in the BioAu/MWCNT-CrCu and
bare-CrCu MFC reached 89.10 � 0.23% and 66.23 � 0.98%,
respectively, while those in the BioAu/MWCNT-Cu and bare-Cu
MFC were 98.54 � 0.48% and 84.93 � 0.47%. This indicated
that BioAu/MWCNT modication could also facilitate Cu(II)
removal and the co-existing Cr(VI) negatively affected Cu(II)
reduction due to the non-conductive deposits generated from
Cr(VI) reduction on the cathode surface.10On the other hand, the
deposited products of Cu(II) reduction on the cathode appre-
ciably increased the conductivity throughout the cathode elec-
trode, leading to the improved electricity generation and Cr(VI)
removal.17
This journal is © The Royal Society of Chemistry 2020
The bare and BioAu/MWCNT electrode were observed by SEM
aer 24 h-operation time (Fig. 2). Compared with the corre-
sponding electrodes before operation, some noticeable precipi-
tates were generated on all of the electrode surfaces. In particular,
the largest amount of precipitates was found on the BioAu/
MWCNT electrode for Cr(VI) and Cu(II) removal (Fig. 2H). This
was consistent with the substantial reduction of Cr(VI) and Cu(II) in
MFCs (Fig. 4). The BioAu/MWCNT electrode for Cr(VI) and Cu(II)
removal was further analyzed by XPS to determine the elemental
compositions of precipitates on the surface (Fig. 5). The XPS
results showed the presence of Cr, Cu, C, O and Au signals
(Fig. 5A). Detailed XPS scans of the Cr2p region (Fig. 5B) were
observed Cr2p1/2 and Cr2p3/2 lines at 577.4 and 587.1 eV, respec-
tively, conrming Cr(VI) was electrochemically reduced to Cr(III)
and recovered as Cr2O3. Similarly, Cu2p3/2 and Cu2p1/2 lines at
932.7 and 952.5 eV were respectively observed in Cu2p region
RSC Adv., 2020, 10, 15107–15115 | 15113
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(Fig. 5C), demonstrating that the reduction products of Cu(II) were
Cu and Cu2O. Tao et al.33 reported the same results about Cu(II)
reduction products in MFCs. Au4f7/2 line at 84.3 eV in Au4f region
(Fig. 5D) together with SEM-EDS results proved the successful
modication of BioAu/MWCNT composites on the electrode.
Previous studies have found that non-conductive Cr(III) deposits
on the electrode from Cr(VI) reduction (e.g. Cr2O3) led to severe
cathode deactivation, decreasing electrode conductivity and
impeding electron transfer on the cathode.5,6,10,13 Due to the
cathode deactivation, the Cr(VI) has been demonstrated to nega-
tively affect the co-existing V(V) reduction in MFCs.10 This
phenomenon was similar with the decreased efficiency of co-
existing Cu(II) reduction in this study. On the contrary, the
deposited products from Cu(II) reduction on the electrode surface
have been proven to signicantly improve the adsorption capacity,
electronic conductivity and electrochemical activity of the cathode,
which facilitated the subsequent cycles of Cu(II) and Cd(II) reduc-
tion and energy recovery.3,17 Moreover, Devaraj et al.34 observed
a remarkable enhancement of electrochemical activity for the
carbon-based electrode aer Cu@Cu2O/MWCNT modication.
Therefore, BioAu/MWCNTmodication coupling with in situCu(II)
co-reduction noticeably enhanced Cr(VI) removal as well as elec-
tricity production in MFCs by improving electrochemical proper-
ties of the cathode. Since in practice Cr(VI) laden wastewaters
generally comprise a range of multiple heavy metal ions such as
Au(III) and Cu(II), this study provides a feasible approach through
recovering some heavymetals fromwastewaters as ex situ or in situ
electrode modiers to accelerate Cr(VI) removal. It could simulta-
neously realize the concomitant heavy metals remediation along
with bioenergy generation. However, there are a variety of impu-
rities in the real wastewaters, including not only diversemetal ions
but also organic contaminants, which might have different effects
on the performance of Cr(VI)-reducing MFCs. For example, except
Au(III) and Cu(II), the other co-existing metal ions which might
have positive or negative effects on the Cr(VI) removal still need to
further investigate. In addition, the interaction effects of metal
ions and organic contaminants in the real wastewaters are another
subject deserved to study as well. These should be claried before
the application for the real wastewaters in the future.

4. Conclusions

In this study, cooperative cathode modication by biogenic
nano-Au reduced from Au(III) and in situ Cu(II) co-reduction was
used to enhance Cr(VI) removal in MFCs. The highest Cr(VI)
removal rate (4.07� 0.01 mg L�1 h�1) and power density (309.34
� 17.65 mW m�2) were obtained in the BioAu/MWCNT-CrCu
MFC, which were 2.73 and 3.30 times as high as those in the
Bare-Cr MFC, respectively. Au(III) and Cu(II) are frequently
detected with Cr(VI) in wastewaters from electroplating and
mining industries, this study shed a light on positive effects of
concomitant heavy metals and their reduzates onmitigating the
cathode deactivation in Cr(VI)-reducing MFCs.
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