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a b s t r a c t

Practical application of metallurgical microbial electrolysis cells (MECs) requires efficient removal of
metals and organics in larger reactors. A 40 L cylindrical single-chamber MEC fed acetate was used to
achieve high removals of W(VI) and Mo(VI). In the presence of both metals, there were nearly complete
removals of W (97 ‒ 98%), Mo (98 ‒ 99%), and acetate (95 ‒ 96%), along with a low level of hydrogen
production (0.0037e0.0039 L/L/d) at a hydraulic residence time (HRT) of 2 d (influent ratios of
W:Mo:acetate of 0.5:1.0:24mM). The final concentrations of these conditions were sufficient to meet
national wastewater discharge standards. In the controls with individual metals or acetate, lower
contaminant removals were obtained (W, 2 ‒ 4%; Mo, 3 ‒ 5%, acetate, 36 ‒ 39%). Metals removal in all
cases was primarily due to the biocathodes rather than the bioanodes. The presence of metals decreased
microbial diversity on the anodes and increased diversity on the cathodes, based on analysis at the
phylum, class and genus levels, as a function of HRT and influent concentration. This study demonstrated
the feasibility of larger-scale single-chamber MECs for efficient treatment of W and Mo, moving
metallurgical MECs closer to commercialization for wastewater treatment of these two metals.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Microbial electrolysis cells (MECs) have been intensively studied
for achieving energy neutral organic wastewater treatment and
accomplishing hydrogen production using a small applied voltage
relative to that needed for splitting water (Logan et al., 2015; Jain
and He, 2018). While scaled MECs for synthetic or practical urban
wastewater treatment are still on-going (Luo et al., 2017; Rossi
et al., 2019), the concept of microbial electro-metallurgy, or
metals removals working under the overall principles of MECs or
microbial fuel cells, has recently attracted a great deal of attention
due to its multiple merits of recovery of metals, wastewater treat-
ment of organic matter, and small energy consumption or net en-
ergy production (Abourached et al., 2014; Wang and Ren, 2014;
Nancharaiah et al., 2016; Dominguez-Benetton et al., 2018). The
most common configuration for metal-removal MECs consists of
two chambers and a separator, where organics are oxidized by
g).
microbial anodes and metal ions are reduced to solid metals on
abiotic cathodes. Many tests have been conducted using only one
metal (Huang et al., 2013a; Jiang et al., 2014; Dominguez-Benetton
et al., 2018), but many wastewaters often contain two or more
metals. Thus, there have been other two-chamber MEC studies
examining removals of two metals, for example V(V) and Cr(VI),
Cu(II) and Cd(II), Cu(II) and Co(II), W(VI) and Mo(VI), three metals,
such as Cr(VI), Cd(II) and Cu(II), Cu(II), Ni(II) and Fe(II), and Sn(II),
Cu(II) and Fe(II), and four metals (Cu, Pb, Cd, and Zn), but all tests
used small reactors (14 ‒ 250mL) (Modin et al., 2012; Zhang et al.,
2012, 2015; Luo et al., 2014; Wu et al., 2016; Song et al., 2019). The
use of two chambers and an ion exchange membrane increases
capital costs, and limits practical applications for scale-up and
commercialization (Abourached et al., 2014; Kadier et al., 2016;
Rossi et al., 2019; Enzmann et al., 2019). Single-chamber configu-
rations are therefore more attractive due to typically lower internal
resistances, simpler architectures, and thereforemore cost effective
operation for simultaneous treatment of organics and metals
(Abourached et al., 2014;Wu et al., 2018). However, single-chamber
reactors have only been examined for metals removal that have
small liquid volumes (12 ‒ 28 mL), in tests using acetate and a
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single metal in solution (Zn, Cd or Cu). It has been suggested that
practical applications of MECs for metals removals will require
demonstrations in reactors of 10 L or more (Enzmann et al., 2019).

The two transition metals tungsten (W) and molybdenum (Mo),
are often concomitantly present in the leaching liquor of many
spent industrial products and ore dressing wastewaters along with
volatile fatty acids (Lasheen et al., 2015). Chemical, electrochemical
or biological processes conventionally used for treating this
wastewater involve the use of reducing agents, high energy con-
sumption, or generation of large volumes of chemical sludge.
Although abiotic removal of W and Mo has been demonstrated in
smaller two-chamber MECs (Huang et al., 2017, 2018a; Wang et al.,
2017, 2018; 2019a, 2019b), simultaneous organics treatment has
not previously been examined in single-chamber systems, or at
larger scales. Compact reactors are also needed for efficient treat-
ment using MECs to minimize the potential for clogging (Rossi
et al., 2019). Packing a high amount of electrode area per volume
can be accomplished by using thin electrodes, such as graphite felt,
and providing conductivity for larger electrodes using stainless
steel mesh current collectors (Huang et al., 2010; Guo et al., 2017).
Tubular or cylindrical MECs have been explored for hydrogen
production in MECs at larger working volumes of 0.5e4 L (Gil-
Carrera et al., 2013; Guo et al., 2017; Feng et al., 2018) but not for
metals removals at these larger scales.

Larger-scale, cylindrical-shaped single-chamber MECs (40 L)
were investigated for treatment of mixed organic, W(VI) and
Mo(VI), under different hydraulic residence times (HRTs) and
influent strengths. Mutual benefits of acetate, andmixedW(VI) and
Mo(VI) for their efficient removals were for the first time observed,
with the effluent accomplishing the national wastewater discharge
standard, addressing the feasibility of the scaled single-chamber
MECs for treatment of mixed acetate, W(VI) and Mo(VI). The roles
of the bioanodes and the biocathodes in W(VI) and Mo(VI) reduc-
tionwere clarified, based on the observation by a scanning electron
microscope (SEM) equipped with an energy dispersive X ray
spectrometer (EDS), the precipitant analysis by X-ray photo-
electron spectroscopy (XPS), and the clarification of compositions
of bacterial communities developed on the anodes and the cath-
odes under different HRTs and influent strengths.

2. Materials and methods

2.1. Reactor construction

The cylindrical single-chamber reactors (34 cm inner diameter,
45 cm high) weremade of polyvinyl chloride (PVC) and constructed
with concentric electrodes (Fig. 1). Graphite felt (1 cm thick; Sanye,
Beijing, China) was used for both electrodes, with the inner cathode
18 cm in diameter and 40 cm high, and the outer anode 22 cm in
diameter and 40 cm high, producing a working liquid volume of
38 L with no separator between the electrodes. The specific surface
areas were 18m2/m3 for the anode, and 22m2/m3 for the cathode,
based on the area-specific calculation based on the cylindrical ge-
ometry as 2r�1, where r is the electrode radius (Logan et al., 2015).
Stainless steel mesh (type 304 SS, McMaster-Carr, OH), used as both
the current collector and to support the felt electrodes, was
extended outside the chambers for connecting the electrodes to a
power source (Leici, Shanghai, China) (Rossi et al., 2019; Song et al.,
2019). Grooves weremade on the bottom of the reactors to hold the
edges of the stainless steel mesh, producing a distance of 1.0 cm
between the edges of the electrodes. Before installation, the felt
was pretreated as previously described (Huang et al., 2010, 2013b).
Reference electrodes (Ag/AgCl electrode, 195mV versus standard
hydrogen electrode, SHE) were inserted around the top section of
the reactor and close to either the anode or the cathode to obtain
cathode and anode potentials individually, with all potentials re-
ported here versus SHE. A small resistor of 10Uwas installed in the
circuit to measure current based on the voltage drop across the
resistor, using an automatic data acquisition system (PISO-813,
Hongge Co., Taiwan). The reactors were airtight and were equipped
with sampling ports. Reactors werewrappedwith aluminum foil to
exclude light to avoid the growth of algae. The reactors were
initially operated at fed-batch mode at room temperature
(22± 3 �C), after which the reactors was shifted to continuous flow
operation.

2.2. Inoculation and operation

The MECs were inoculated with 500mL of suspended bacteria
from a 250mL cylindrical single-chamber MEC at a food to mi-
croorganisms ratio of 0.87± 0.13 g COD/(g SS$d), and an equivalent
volume of a nutrient solution containing trace elements (Huang
et al., 2010). The reactors were then acclimated in fed-batch oper-
ation to a synthetic wastewater composed of W(VI) (0.5mM),
Mo(VI) (1.0mM) and acetate (24mM) with a COD of 1.5 g/L. The
acclimation of the reactors was considered complete after two
additional fed-batch cycles, based on reproducible electrode po-
tentials over the cycle (3 ‒ 4 days).

For continuous flow tests, different concentrations of W(VI),
Mo(VI) and acetate were used, at ratios (mM/mM) of 0.5:1.0:24,
0.5:1.0:12, 0.3:0.6:12, 0.2:0.4:12, or 0.1:0.2:12, in a medium with
additional trace elements (Huang et al., 2010). Concentrations in
actual wastewaters can vary of large ranges of 0.05e10mM for total
metals, and 5.8e30mM for total volatile organics (Lasheen et al.,
2015). The influent pH was set to 3.0 and the solution conductiv-
ity to 3.0mS/cm, which are typical for acidic wastewaters con-
taining organics, W(VI) and Mo(VI) (Lasheen et al., 2015; Huang
et al., 2018a). All reagents used were of analytical grade and the
solutions were prepared in distilled water. After continuous
sparging with ultra-pure nitrogen gas, the solutions were pumped
(BT100-2J, Lange, China) into the MECs under closed circuit con-
ditions (CCC) at flow rates to produce HRTs of 12 h (52.8mL/min),
24 h (26.4mL/min) or 48 h (13.2mL/min).

Three controls were operated: operation of the reactors under
open circuit conditions (OCCs), to examine metals and acetate
removal in the absence of current; using only acetate or onlymetals
to examine removals of these components along; and a smaller
cylindrical single-chamber MECs (250mL, with 44 cm2 anode and
19 cm2 cathode, with specific surface areas of 57m2/m3 for the
anode, and 133m2/m3 for the cathode) at a ratio ofW:Mo:acetate of
0.5:1.0:24mM, and an HRTof 2 d, to study the impact of reactor size
on performance.

2.3. Measurements and analyses

The influent and effluent concentrations of W(VI) and Mo(VI)
were determined as described previously (Wang et al., 2017). Ac-
etate was measured based on soluble chemical oxygen demands
(CODs) calibrated with acetate using a high performance liquid
chromatograph (HPLC, Agilent 1100). Removals were based on
dividing the measured removals by the influent concentrations.
Hydrogen produced in the headspaces of the MECs was collected
using a gas collecting bag and periodically analyzed using a gas
chromatograph (GC7900, Tianmei, Shanghai). Hydrogen produc-
tion (L/L-d) was calculated on total hydrogen recovered normalized
to the reactor working volume and operational time (d). An
external voltage of 0.5 V was used during the entire operation
period. All electrode potentials were collected using a data acqui-
sition (PISO-813, Hongge Co., Taiwan). The influent and effluent
pHs were measured using a pH probe and meter (PHS-3C, Leici,



Fig. 1. The schematic of cylindrical single-chamber MEC reactor: (A) isometric view of the MEC reactor; (B) top view of electrode arrays.
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Shanghai). The influent and effluent solution conductivities were
determined with a conductivity probe and meter (DDS-307, Leici,
Shanghai). Electrochemical impedance spectroscopy (EIS) was
conducted using a potentiostat (VSP, BioLogic) as previously
described (Zhang et al., 2015; Wu et al., 2016) and modified in SI.

After a 30-d continuous operation, the anodes and the cathodes
were sampled in the middle of the electrodes. Biofilm morphology
and precipitates on the cathodes and the anodes were examined
using a SEM (Nova NanoSEM450, FEI company, USA) equipped with
an EDS (X-MAX 20 mm2/50mm2, Oxford Instruments, UK). Prior to
observation, the electrodes were collected and treated as previ-
ously described (Huang et al., 2012). The valences of products on
the cathodes and the anodes were confirmed using XPS (Kratos
AXIS Ultra DLD).
2.4. Bacterial community analysis

Samples were collected from the anodes and the cathodes of the
MECs at the end of experiments following different set conditions
of HRTs or influent concentrations. Five pieces of graphite felt
(1� 1� 1 cm3) were removed from multiple locations in the mid-
dle of the electrodes andmixed together for analysis. Samples were
then treated and analyzed as described in SI.
3. Results and discussion

3.1. Effect of HRT

Efficient removal of W(VI) (97 ‒ 98%), Mo(VI) (98 ‒ 99%) and
acetate (95 ‒ 96%) (Fig. 2A and B), with simultaneous hydrogen
production rate (0.0037e0.0039 L/L-d) (Fig. 2B) were achieved
using an HRT of 2 d and influent concentrations of W:Mo:acetate of
0.5:1.0:24mM. These removals were much higher than those in the
controls with circuit current in the presence of metals and absence
of acetate (W, 2 ‒ 4%; Mo, 3 ‒ 5%) (Fig. 2A), and in the absence of
metals with only acetate (COD removal of 36e39%), along with
slightly lower hydrogen production rates (0.0030e0.0031 L/L/d)
(Fig. 2B). There were increases in pH and conductivity consistent
with circuit current and acetate consumption, with the largest
changes in pH and solution conductivities occurring in the presence
of acetate and both metals (Fig. 2C). In all cases there was relatively
higher circuit currents and lower cathode potentials in the pres-
ence of acetate and both metals (Fig. 2D).

These results demonstrate the mutual benefits of having acetate
and bothWandMometals present for their removal in anMEC. The
percentage of COD removal has been reported to be unaffected by
the COD strength using domestic wastewaters, that do not contain
high concentrations of metals (He et al., 2016). The key reason for a
change in COD removal in the experiments here is therefore the
presence of multiple electron acceptors (eg. W(VI) and Mo(VI)),
which as reviewed by He et al. (2015), can largely contribute to
system performance. Collectively, these results demonstrate the
close correlation between the acetate and the metals, as well as the
more feasibility of the scaled MECs for treating mixed acetate,
W(VI) and Mo(VI) rather than the standalone acetate or the metals.

The final effluent concentrations (W, 2 ‒ 3mg/L; Mo, 1 ‒ 2mg/L;
COD, 45 ‒ 53mg/L) were below national wastewater discharge
limits for China (GB18918e2002 and GB21/1627-2008), implying
that treatment using this MEC would produce effluents suitable to
discharge into the environment. The specific metabolism of the
microorganisms towards the removal of W(VI), Mo(VI) and acetate
from solutionwith simultaneous hydrogen production in the scaled
MECs was further evidenced by the absence of any by-products in
the headspace (absence of methane) and in the effluent (absence of
any other organics and negligible biomass).

The extent and rates of removals of metals and COD in the 40 L
MEC (Fig. 2) was very similar to that in the smaller, 250mL reactor
at an HRTof 2 d (Fig. S1), demonstrating that using a larger MEC did
not impact metals and acetate removals. Hydrogen production
rates (0.0079e0.0082 L/L/d) in the small reactors, however, were
about 2 times as large as that in the 40 L MEC, likely reflecting
increased recoveries of hydrogen in the smaller reactors, consistent



Fig. 2. (A) W and Mo removal, (B) COD removal and hydrogen production, (C) effluent pH and solution conductivity, and (D) electrode potential and circuit current in the presence
of circuit current, or in the controls of open circuit conditions (OCC) or in the absence of either metals or organics (W:Mo:acetate¼ 0.5:1.0:24mM, HRT: 2 d).

L. Huang et al. / Water Research 162 (2019) 358e368 361
with other MEC reports showing reduced hydrogen gas recoveries
with larger reactor sizes (Kadier et al., 2016; Logan et al., 2015). A
lower hydrogen production in the 40 L MEC thus shows the
compromise of the enlarged volume of reactor.

A shorter HRT of 1 d (Fig. 3), rather than 2 d (Fig. 2), reduced
metals and acetate removals (W: 88± 1%, Mo: 94 ± 1%, COD:
73± 1%) (Fig. 3A and B), but slightly increased hydrogen production
rates (0.0046± 0.0001 L/L-d) (Fig. 3B). This greater hydrogen rate
may be related to the higher current density (0.61± 0.00 A/m3)
(Fig. 3D) since circuit current has been shown to be positively
correlated with hydrogen production and negatively correlated
with HRT in MECs (Lu and Ren, 2016; Kadier et al., 2016). The
general trends in effluent pH, conductivity and electrode potentials
(Fig. 3C and D) were similar to those observed with the 2 d HRT
(Fig. 2). Less metals removal consumed less protons for oxome-
tallate precipitates, resulting in lower effluent pHs and higher
effluent conductivities (Fig. 3C) than those at 2 d (Fig. 2C).
3.2. Combined effect of influent strength and HRT

Lower in the acetate concentration to 12mM (versus 24mM),
with the same HRT (1 d) and metal concentrations (W: Mo¼ 0.5 :
1.0), resulted in less metal removals and hydrogen production
(Figs. S2A and B), but favored COD removal (Fig. S2B) (Fig. 3),
consistent with the effluent pH and conductivity (Fig. S2C), and
circuit current (Fig. S2D). In parallel, a shorter HRT (0.5 d) at a same
strength influent (W:Mo:acetate¼ 0.5:1.0:12mM), decreased
metal and COD removal, and favored for hydrogen production
(Fig. S2). These results illustrated the combined importance of
organic strength and HRT for system performance.

Using a lower concentration of metals (W: 0.1e0.3mM; Mo:
0.2e0.6mM) at a 1 d HRT with the lower concentration of acetate
(12mM), produced higher metal removals (Fig. S3A). However, the
lowest influent metals (W: 0.1mM; Mo: 0.2mM) resulted in the
lowest COD removal and hydrogen production (Fig. S3B), consistent
with the effluent pHs and solution conductivities (Fig. S3C) as well
as the circuit currents (Fig. S3D). Collectively, these results illustrate
the importance of appropriate ratios of metals and acetate in the
influent for efficient system performance.
3.3. Continuous operation over 30 days at an HRT of 2 d

Operation of the 40 L MEC at a 2 d HRT showed that removal of
metals (W: 94 ‒ 96%; Mo: 95 ‒ 99%) and COD (95 ‒ 96%), circuit
current and electrode potential were stable over 30 days of oper-
ation (Figs. S4A and C). The lower effluent conductivity was due to
the change in effluent pH (Fig. S4B).

EIS spectra were fitted to equivalent circuits (Fig. S5) to identify
the changes in the components of the internal resistances for the
electrodes at the start of the tests and after 30 days (Fig. 4 and
Table S1). Therewas only a small change in the ohmic resistances of
the cathodes (23Ue28U) and anodes (24Ue36U), consistent with
relatively small changes in solution conductivities. However, the
charge transfer resistance nearly doubled for both electrodes
(cathode, from 56U to 105U; anode, from 77U to 142U), sug-
gesting a decay in electrode performance over time. These changes
in resistance did not appear to impact overall reactor performance
over the 30 d period. There were slight changes in the diffusion
resistance that did not show any consistent change for both elec-
trodes (cathode, from 83U to 73U; anode, from 52U to 66U).
These results imply that changes in the electrochemical resistances
did not substantially impact overall performance, but these
changes do not readily reflect changes that could also be occurring
in the microbial communities.



Fig. 3. (A) W and Mo removal, (B) COD removal and hydrogen production, (C) effluent pH and solution conductivity, and (D) electrode potential and circuit current at an HRT of 1 d
(W:Mo:acetate¼ 0.5:1.0:24mM).

Fig. 4. Comparison of Nyquist plots of EIS spectra on the bare electrodes, and the
cathodes and the anodes of the scaled MECs at the end of a 30-day operation (W(VI):
Mo(VI): acetate¼ 0.5:1.0:24, HRT: 2 d).
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3.4. Morphological observation of electrodes and analysis of metal
precipitates

Cathodes and anodes were examined using SEM at the end of
the continuous 30-day operation. Both the cathodes (Fig. 5A) and
the anodes (Fig. 5C) were populated with bacteria and with
noticeable precipitates on these bacterial surfaces. Relatively thick
biofilms that developed on the anodes (Fig. 5C) were in contrast to
the sparsely populated biofilms covering the cathodes (Fig. 5A). The
sparser biofilms on the cathodes could have been caused by
disruption and dislodging biofilm due to the evolution of hydrogen
gas from the electrodes. However, sparsely populated biofilms have
frequently been observed on cathodes with other terminal electron
acceptors such as nitrate, oxygen or chlorophenols acceptors, even
in the absence of hydrogen evolution (Huang et al., 2012, 2013b;
Logan et al., 2019; Xie et al., 2011).
Analysis of the biofilm precipitates indicated reduction of W(VI)
and Mo(VI) on bacterial cells on the anode, although to a lesser
extent than that observed on the cathodes. The greater reduction of
W(VI) and Mo(VI) on the cathodes was ascribed to the cathodic
reductive environment, in agreement with the extensive literature
on reduction of many other heavy metals on the cathodes of bio-
electrochemical systems (Nancharaiah et al., 2016; Dominguez-
Benetton et al., 2018). The observed reduction of W(VI) and
Mo(VI) on the anodes is similarly supported by previous studies
showing both anodic Cr(VI) reduction by Ochrobactrum sp. YC211 in
dual-chambermicrobial fuel cells (Chen et al., 2016), and the anodic
Fe(III) reduction by predominant Sphaerochaeta, Thermosinus,
Arcobacter, and Hydrogenophage in the anodic bacterial commu-
nities of single-chamber microbial fuel cells (Liu et al., 2018).
Facultative anaerobic Shewanella sp., well known for their elec-
trochemical activities in bioelectrochemical systems (Logan et al.,
2019), have also been shown to use selenite as the sole electron
acceptor for respiration under anaerobic conditions (Lee et al.,
2007), similar to Cr(VI) reduction by many bacterial strains
(Bachate et al., 2013; Banerjee et al., 2019; Thacker and Madamwar,
2005). Soluble and membrane-associated enzymes on the cellular
surfaces of these bacteria have been proven to mediate the reduc-
tion of these metals (Thacker and Madamwar, 2005; Barrera-Diaza
et al., 2012). Considering the fact of many bacteria such as Raoultella
ornithinolytica Mo1, Raoultella planticola Mo1, Pseudomonas sp.
DRY2, Enterobacter sp. Dr.Y13, or Acinetobacter calcoaceticus are
capable of reducing Mo(VI) (Shukor et al., 2009, 2010a; 2010b;
Saeed et al., 2019) and Sulfitobacter dubius NA4, As(V)4 and Sb5 for
W(VI) reduction (Coimbra et al., 2017), the occurrence of W(VI) and
Mo(VI) reduction on the bioanodes of the single-chamber MECs
was not surprising.

Using EDS to examine the composition of the precipitates,
stronger W and Mo signals were detected on the biocathodes
(Fig. 5B) than on the bioanodes (Fig. 5D), with the amounts of W
and Mo on the biocathodes 4.8 (W) and 4.2 (Mo) times of those on
the bioanodes (Table S2). This again implies that most metals were
reduced on the cathodes.



Fig. 5. (A and C) SEM and (B and D) EDS analysis on (A and B) the cathodes and (C and D) the anode of the system (W:Mo:acetate¼ 0.5:1.0:24, HRT: 2 d).
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Biofilms formed can help to facilitate hydrogen production from
the cathodes in MECs (Rozendal et al., 2008; Geelhoed and Stams,
2011). In the presence of electron acceptors of W(VI) and Mo(VI)
in the electrolyte here, some of the in-situ generated hydrogen on
the biocathodes could be used for the reduction of W(VI) and
Mo(VI) (Wang et al., 2017, 2018; 2019a, 2019b), similar to other
electron acceptors including nitrate, other metals, and carbon di-
oxide (Hou et al., 2018; Kadier et al., 2016; Nancharaiah et al., 2016;
Xie et al., 2011). This reduction would explain the greater amounts
of reduced precipitants on the biocathodes (Fig. 6A and C) than
observed on the bioanodes (Fig. 6B and D).

XPS analysis of the cathodes indicated the presence of both
W(V) and W(VI) (Fig. 6A), compared to only W(VI) on the anodes
(Fig. 6B). This suggests that there was primarily W(VI) adsorption
and precipitation on the anodes, while there was reduction of Won
the cathode. In parallel, more Mo(VI), Mo(V) and Mo(IV) were
simultaneously observed on the cathodes (Fig. 6C) than on the
anodes (Fig. 6D), demonstrating greater Mo(VI) reduction on the
cathodes. These higher XPS signals of reduced metals on the
cathodes (Fig. 6A and C) than on the anodes (Fig. 6B and D), were
consistent with the EDS results showing greater metal concentra-
tions on the electrodes (Fig. 5B and D; Table S2).

The occurrence of some Mo(VI) reduction on the anodes implies
Mo(VI) might compete with the anodes to accept electrons directly
from the exoelectrogens, similar to many bacteria known to be
capable of direct Mo(VI) reduction (Shukor et al., 2009, 2010a;
2010b; Lim et al., 2012; Othman et al., 2013), and mixed culture for
Cd(II) or Zn(II) removal in single-chamber microbial fuel cells
(Abourached et al., 2014). In the case of biocathodes, electron
transfer from electrotrophs to metal ions is not well established
(Nancharaiah et al., 2016). Very recently, Rowe et al. (2018)
demonstrated that Shewanella oneidensis MR-1 on a cathode ac-
quired energy for oxygen reduction. This respiratory process has
important implications for understanding the biocathodes for
W(VI) and Mo(VI) reduction in the present system and the cellular
conversion of the cathodic electrons to the electrotrophs, despite
that direct proofs for such mechanism is still needed.

3.5. Changes in bacterial communities

From 10 generated libraries, a total of 469,826 high-quality 16S
rRNA gene sequences were obtained with an average length of 440
nucleotides (Table S3). These sequences were assigned into 4400
OTUs with a distance limit of 0.03. Though the rarefaction curves
did not exhibit a plateau (Fig. S6), the Good's Coverage estimators
indicate that the sizes of libraries were sufficient to cover the
bacterial communities (Table S3).

Compared to the controls in the absence of metals, the presence
of W(VI) and Mo(VI) consistently decreased the diversity of the
microbial communities on the anodes and increased the diversity
on the cathodes, as shown in the Shannon indices from 3.18 to 1.23
(anode) and 1.03 to 2.63 (cathode) (Fig. S7 and Table S3). Consid-
ering the more critical role of the cathode than the anode in system
performance (He et al., 2015), this increased diversity on the bio-
cathodes may have substantially contributed to the enhanced sys-
tem performance for metals removals (Figs. 2 and 3). However, the
decreased diversity of the biofilms on the anodes cannot exclude
their potential critical roles in system performance since the bac-
terial ability to conduct current may not be the only or main reason
for the predominance of high electrochemically active bacteria
(Logan et al., 2019). This result was very similar to the responses of
the microbial communities on the anodes and the cathodes of



Fig. 6. XPS spectra of (A and B) W and (C and D) Mo precipitates on (A and C) the cathodes and (B and D) the anodes (W:Mo:acetate¼ 0.5:1.0:24, HRT: 2 d).
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single-chamber microbial fuel cells to Fe(III), where the externally
added Fe(III) shaped community structures of the electrode bio-
films, resulting in the decreased (anode) and the increased (cath-
ode) diversities of the microbial communities, compared to the
controls in the absence of Fe(III) (Liu et al., 2018).

Analysis of the bacterial communities based on a Weighted Fast
UniFrac Principle Coordinates Analysis indicated some general
similarity in the communities acclimated to the different HRTs and
concentrations of chemicals (Fig. 7A). The bioanodes and the bio-
cathodes in the absence of metals, grouped in different quadrants.
The presence of metals however, led to the more random dispersal
of the anode than the cathode bacterial communities, particularly
at shorter HRTs of 0.5 d or 1 d and regardless of the influent
strength. A long HRT (2 d) and a high strength influent (W:Mo:a-
cetate¼ 0.5:1.0:24mM) led to a clustering of the different genus on
both the anodes and the cathodes. A dendrogram constructed on
the basis of community phylogenetic lineages further supported
differences in these bacterial communities based on an absence of
any close alignments of the communities at different HRTs and
various strength influents (Fig. 7B). These findings illustrate that
the compositions of the bacterial communities on the anodes and
the cathodes were different from each other, and that a longer HRT
(2 d) with a higher strength influent (W:Mo:acetate¼ 0.5:1.0:24)
decreased the differences of the communities as they showed less
dispersal.

The bacterial communities consisted of 5 phyla, with the ma-
jority of sequences (34.2e97.1%) belonging to Proteobacteria
(Fig. 8A), which are frequently observed in bioelectrochemical
systems (Lesnik and Liu, 2014; Logan et al., 2019). The presence of
metals stimulated the relative abundance of Proteobacteria on the
anodes (63.5e91.8%) and decreased them on the cathodes
(78.6e88.3%), compared to those communities observed in the
absence of metals (anode, 34.2%; cathode, 92.7%). Similarly, a low
strength influent favored the abundance of Proteobacteria (anode,
91.8%; cathode, 88.3%), compared to those at a high strength
influent (anode, 63.5%; cathode, 84.6%). A longer HRT of 2 d might
have compensated for the higher strength influent, resulting in
predominance of Proteobacteria (97.1%) on the cathodes, and Pro-
teobacteria (82.7%) and Firmicutes (12.6%) on the anodes. The other
Actinobacteria and Bacteroidetes apparently decreased in the pres-
ence of metals, and slightly changed with HRT and influent
strength. Two classes (Gamma- and Alpha-) within Proteobacteria
were predominantly observed from all communities, in addition to
the minor Betaproteobacteria and Deltaproteobacteria (Fig. 8B).

Genus level analysis demonstrates a long HRT benefited an
increased abundance of Pseudomonas and Stenotrophomonas, and
diminished Enterobacter and Desulfovibrio on both electrodes
(Fig. 8C). Similarly, a high strength influent shifted the genera to
Bacillus (4.3%) and Rhodococcus (0.8%) on the cathodes, and Paeni-
bacillus (4.1%), Brevundimonas (3.5%), Staphylococcis (2.5%) and
Rhodococcus (1.8%) on the anodes. In addition, Enterobacter sp.,
Stenotrophomonas, Brevundimonas and unclassfied on the cathodes,
and Enterobacter sp. and Shewanella on the anodes largely
increased in response to the high strength influent. In the controls,
the absence of metals led to the predominant Pseudomonas (83.7%)
on the cathodes and the prevalent Stenotrophomonas (13.0%), Pae-
nibacillus (25.0%), Clostridium sensu stricto (12%) and Rhodococcus
(16.9%) on the anodes. Collectively, these results demonstrated the
influence of HRT and influent strength on the anodic and cathodic
genera, which changed along with the system performance (Figs. 2



Fig. 7. Weighted Fast UniFrac (A) principle coordinates analysis and (B) cluster of the bacterial communities on the basis of phylogenetic lineages that samples contain.

L. Huang et al. / Water Research 162 (2019) 358e368 365
and 3; Fig. S2 ‒ 4).
Many bacteria including Raoultella ornithinolytica, Raoultella

planticola (Saeed et al., 2019), Bacillus amyloliquefaciens (Maarof
et al., 2018), Pseudomonas (Shukor et al., 2010a), Enterobacter
(Shukor et al., 2009), Klebsiella (Lim et al., 2012), Acinetobacter
(Shukor et al., 2010b), Bacillus sp. (Othman et al., 2013) and
Desulfovibrio desulfuricans (Tucker et al., 1997) reportedly reduce
Mo(VI) to Mo-blue in conventional biological processes. The
observation of many of these genera in the 40 LMECs, thus implies
their potential contribution to Mo(VI) reduction in these reactors.
For tungsten, several W(VI)-tolerant strains including Sulfitobacter
dubius NA4, As(V)4 and Sb5 reportedly grow and accumulate
tungsten in the presence of a high W(VI) (1.0mM) (Coimbra et al.,
2017). Isolates with W(VI) and Mo(VI)-tolerant and electrochemi-
cally active characteristics from this systemmight enable to directly
associate changes in biochemical metabolism and gene expression
with the W(VI) and Mo(VI) reduction in the future investigation. At
this time, however, it is only possible to infer the activities based on
rDNA identification. Cytochrome profiling of pure cultures is
helpful to examine whether differential expression of redox en-
zymes at the feeding of different influent strengths and various
HRTs is a contributing factor to affect system performances. Studies
on these genera, rather than studies confined to the model strains
of Geobacter and Shewanella and some other isolates from single
metal-removed bioelectrochemical systems (Huang et al., 2018a,
2018b; 2018c; Tao et al., 2017; Shen et al., 2017; Hou et al., 2018),
will help us understand the roles of these genera in the bacterial
community for complete and simultaneous removals of acetate,
W(VI) and Mo(VI) in this system.

The different diversities of the microbial communities on the
anodes and the cathodes in response toW(VI) and Mo(VI) might be
related with the different behaviors of W(VI) and Mo(VI) on the
anodes and the cathodes. Direct reduction of W(VI) and Mo(VI)
competed with electron transfer to the anodes, and thus internally



Fig. 8. Comparison of relative abundance of bacterial reads retrieved from the anodes and the cathodes under different conditions at the phylum level (A) and the class level
distribution of the most dominant phylum of Proteobacteria (B). Phyla and classes that represent less than 1.0% of the total bacterial community composition were classified as
“others”. (no metals: no presence of metals, acetate 24mM; 0.5 d or 1 d: HRTs of 0.5 d or 1 d, W:Mo:acetate¼ 0.5:1.0:24; 1 d-low: HRT of 1 d, W:Mo:acetate¼ 0.2:0.4:12; 2 d: HRT of
2 d, W:Mo:acetate¼ 0.5:1.0:24).

L. Huang et al. / Water Research 162 (2019) 358e368366
consumed electrons from exoelectrogens and negatively affected
system performance in terms of circuit current. Conversely, W(VI)
and Mo(VI) at the biocathodes could be used as terminal electron
acceptors and thus may have benefited more diversified bacterial
communities (He et al., 2015). Although tungstate or molybdate are
key elements of coenzymes, and play key roles as enzyme activa-
tors in many bacteria (Hartmann et al., 2015; Saeed et al., 2019), the
roles of W(VI) and Mo(VI) in the activities of bioanodes and the
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biocathodes in single-chamber MECs, particularly at the molecular
level, are largely unclear. A better understanding of the chemistry
and biological transport in these systems will require the use of
pure cultures to study gene expression.

The present study has illustrated the mutual benefits of acetate
and mixed tungsten and molybdenum for their efficient removal in
40 LMECs, achieving nearly complete removals ofW (97 ‒ 98%), Mo
(98 ‒ 99%), and acetate (95 ‒ 96%), compared to lower contaminant
removals (W, 2 ‒ 4%, Mo, 3 ‒ 5%, acetate, 36 ‒ 39%) in the controls
with individual metals or acetate. An electron balance, based on the
working volume of 38 L, showed that the total electrons required
for reduction of W(VI) and Mo(VI) (0.11mol) and hydrogen evolu-
tion (0.03mol), and those from the oxidation of acetate
(6.93e7.00mol) were appreciably higher than the controls with
individual metals (0.003e0.005mol), hydrogen (0.02mol) or ace-
tate (2.63e2.85mol). The ratio of electrons extracted from acetate
and used for both W and Mo reduction, and hydrogen evolution
was thus around 50, apparently lower than 114 in the controls with
individual acetate or metals. This implies a better balance between
acetate oxidation and mixed W and Mo reduction, and the more
favorable result overall with using metals as more of the acetate
was used when both metals were present, compared to individual
metals or only electrons used for hydrogen production. This high-
lights the critical advantages of the mixed W, Mo and acetate over
the individual components for efficient removal of these species in
MECs, changing the general recognition onmore efficient biological
treatment efficiency for single rather than multiple contaminants
in wastewaters (Lim et al., 2012; Lasheen et al., 2015). Overall, the
presence of acetate improved W and Mo removal by 25e49 times
and the presence of W and Mo together enhanced acetate removal
by 2.5e2.7 times. Based on these encouraging results, this suggests
that MECs could be superior to conventional biological processes
for W and Mo removal from wastewater.

Compared to previous studies using small liquid volumes (12 ‒

28 mL) in single-chamber MECs for the removal of a single metals
(Zn, Cd or Cu) (Abourached et al., 2014;Wu et al., 2018), the present
study suggests the feasibility of larger-scale single-chamber MECs
for efficient treatment of W and Mo, moving metallurgical MECs
closer to commercialization for wastewater treatment of these two
concomitant metals. Practical implementation will depend on the
long-term operation of these reactors and other characteristics of
the wastewaters, as well as the cost of the system relative to con-
ventional treatment processes. At this point in time it is likely that
this technology is not yet ready for commercial applications as even
larger-scale studies would be required for evaluating the process
prior to commercial and full scale applications.

4. Conclusions

� Simultaneous removal of acetate, and W and Mo was achieved
in a 40 L cylindrical single-chamber MEC, with the effluent
levels meeting national wastewater discharge standards for
both metals and organics.

� The combination of acetate and the metals of W(VI) and Mo(VI)
together had improved removals compared to acetate or metals
alone.

� HRT and influent strength influenced the compositions of bac-
terial communities on the anodes and the cathodes, and may
have contributed to system performance under different
conditions.
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