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Abstract: Groundwater is the environmental matrix that is most frequently affected by anthropogenic
hexavalent chromium contamination. Due to its carcinogenicity, Cr(VI) has to be removed, using
environmental-friendly and economically sustainable remediation technologies. BioElectrochemical
Systems (BESs), applied to bioremediation, thereby offering a promising alternative to traditional
bioremediation techniques, without affecting the natural groundwater conditions. Some bacterial
families are capable of oxidizing and/or reducing a solid electrode obtaining an energetic advantage for
their own growth. In the present study, we assessed the possibility of stimulating bioelectrochemical
reduction of Cr(VI) in a dual-chamber polarized system using an electrode as the sole energy source.
To develop an electroactive microbial community three electrodes were, at first, inserted into the
anodic compartment of a dual-chamber microbial fuel cell, and inoculated with sludge from an
anaerobic digester. After a period of acclimation, one electrode was transferred into a polarized
system and it was fixed at −0.3 V (versus standard hydrogen electrode, SHE), to promote the reduction
of 1000 µg Cr(VI) L−1 . A second electrode, served for the set-up of an open circuit control, operated in
parallel. Cr(VI) dissolved concentration was analysed at the initial, during the experiment and final
time by spectrophotometric method. Initial and final microbial characterization of the communities
enriched in polarized system and open circuit control was performed by 16S rRNA gene sequencing.
The bioelectrode set at −0.3 V showed high Cr(VI) removal efficiency (up to 93%) and about 150 µg L−1
day−1 removal rate. Similar efficiency was observed in the open circuit (OC) even at about half rate.
Whereas, purely electrochemical reduction, limited to 35%, due to neutral operating conditions. These
results suggest that bioelectrochemical Cr(VI) removal by polarized electrode offers a promising new
and sustainable approach to the treatment of groundwater Cr(VI) plumes, deserving further research.
Keywords: bioelectrochemical systems (BESs); hexavalent chromium; electrobioremediation;
groundwater treatment

1. Introduction
Extensive use of chromium (Cr) and its compounds in many industrial process [1] and refractory
production has made it a major pollutant [2]. The mobility, bioavailability and toxicity of chromium
depend on its oxidation states. In the natural environment, Cr(III) is most immobile, less soluble and
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stable. Whereas, Cr(VI) is highly mobile, soluble and bioavailable. Compared with Cr(III), Cr(VI) is
also extremely toxic (by 100 times) to living organisms and it is internationally recognized as a human
carcinogen, mutagen and teratogen.
To reduce its impact on human health and the environment, appropriate remedial measures and
remediation interventions are needed. The recovery and removal of chromium from wastewater or
groundwater is traditionally carried out by adsorption, [3,4], chemical or electrochemical reduction to
Cr(III), and subsequent precipitation [5,6] or electrokinetics [7]. These methods bring with them some
disadvantages that concern high-energy requirements, excessive chemical consumption, production of
unwanted secondary products and residual highly concentrated toxic sludge [1,5]. Furthermore, some
of these approaches are quite effective at the high chromium concentrations [3,7] of industrial effluents.
Whereas, the removal efficiency greatly decreases at low concentrations, as typically observed in
natural surface and groundwater.
Bioremediation, exploiting the huge microbial metabolic capacity to transform contaminants into
harmless substances, may overcome some of the drawbacks of physical-chemical technologies, and is
a low energy and cost-effective process. Microbes naturally adopt different strategies to survive in
chromium polluted environment, such as biosorption, bioaccumulation and biotransformation for
detoxification of Cr(VI) into the relatively safe Cr(III) form [8]. Bioremediation of Cr(VI) includes all
these mechanisms and may be promoted through the addition of nutrients and/or electron donors to
sustain microbial growth (biostimulation), or even by the injection of selected bacterial strains that are
able to reduce Cr(VI) and enhance the removal process (bioaugmentation).
Recently, great attention has been also paid to Microbial Electrochemical Technology (MET) as
an innovative and sustainable approach for promoting the bioremediation of contaminated sites [9].
In METs, microorganisms catalyze the oxidation or reduction of pollutants using solid-state electrodes
as virtually inexhaustible electron acceptors or donors [10–12].
MET has achieved promising results in the treatment of wastewater contaminated with Cr(VI).
In microbial fuel cells (MFCs), a representative of MET, Cr(VI) in industrial effluents could be effectively
reduced in either, abiotic cathodic chambers, under acidic conditions [13–16] or biocathodes in the
neutral pH range [17,18], while generating electricity from low-grade anodic organic substrates. Cr(VI)
can also be removed in systems relying on an external power supply for creating a bias between two
electrodes or a potentiostat to supplement electrons to the cathode [19,20].
Under anaerobic conditions, Cr(VI) can serve as the final electron acceptor in a process that
usually involves membrane-bound reductases [21], but also soluble enzymes (e.g., c3 cytochrome in
Desulfovibrio v.) [22]. Previous work has confirmed Cr(VI) autotrophic reduction in soil-aquifer that
has involved different species of microorganisms (e.g., Clostridium chromiireducens sp., Pseudomonas
Synxantha) that are able to use hydrogen and CO2 /NaHCO3 as an electron donor, and carbon source,
respectively [23–26]. In the wide variety of bacteria capable of efficient Cr(VI) reduction [27] some,
belonging to the species Shewanella sp. [20], Desulfovibrio sp. [22], Pseudomonas sp. [28], Trichococcus
sp. [18], Stenotrophomonas sp., Serratia sp., and Achromobacter sp. [29] have been in fact reported to be
able to use an electrode as electron donor and Cr(VI) as electron acceptor.
The advantages to exploiting the ability of these microorganisms to bioremediate ensures issues
in electron donors delivery and availability to be avoided, and improved control of parasitic reactions
to avoid the formation of unwanted daughter products [9]. Moreover, the production of an electrical
signal can act as a biosensor for real-time monitoring of the microbial activity [30,31].
This work aimed to determine the effectiveness of a microbial biocathode for CrVI reduction in
comparison to a pure microbial and pure electrochemical control, to start exploring the possibility
of effective Cr(VI) reduction in natural surface water or groundwater at lower Cr(VI) concentrations
than wastewater so far investigated. Therefore, an initial concentration of Cr(VI) of 1 mg L−1 was
applied and no organic substance was added during the chromium removal phase. To minimize the
total energy required and to facilitate the rapid development of an electroactive microbial biofilm, we
divided our work into two phases. In the first phase, electrodes were acclimated in the anodic chamber
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2.1. Reactors Set-Up and Operation
2.1. Reactors Set-Up and Operation
For this study, five identical double-chamber (“H-shaped”) reactors have been set up (Figure 1).
For this study, five identical double-chamber (“H-shaped”) reactors have been set up (Figure 1).
Each reactor consisted of a pair of borosilicate-glass bottles, 1.2 L useful volume each one. The connection
Each reactor consisted of a pair of borosilicate-glass bottles, 1.2 L useful volume each one. The2
between anolyte and catholyte was achieved by a proton exchange membrane (PEM, 4.52 cm ,
connection between anolyte and catholyte was achieved by a proton exchange membrane (PEM, 4.52
Nafion117, FuelCellsEtc, College Station, TX, USA) placed between bottles. Graphite cylinders (ATAL
cm2, Nafion117, FuelCellsEtc, College Station, TX, USA) placed between bottles. Graphite
cylinders
Grafiti, Trezzo sull’Adda, Italy, length 6 cm, diameter 1 cm, geometric area 18.85 cm2 ) served as
(ATAL Grafiti, Trezzo sull'Adda, Italy, length 6 cm, diameter 1 cm, geometric area 18.85 cm2) served
electrodes, both anodes and cathodes. Stainless steel cables (Ø 0.1 cm) fixed in the centre of the
as electrodes, both anodes and cathodes. Stainless steel cables (Ø 0.1 cm) fixed in the centre of the
graphite cylinders were used as current collectors. All cables were covered with heat-shrinkable
graphite cylinders were used as current collectors. All cables were covered with heat-shrinkable
polytetrafluoroethylene (PTFE) tubes (Sigma-Aldrich, Milan, Italy) to limit corrosion phenomena.
polytetrafluoroethylene (PTFE) tubes (Sigma-Aldrich, Milan, Italy) to limit corrosion phenomena.
The distance between anode and cathode within the system was about 10 cm. In the experiments, a
The distance between anode
and cathode within the system was about 10 cm. In the experiments,
a
mineral medium (7 g L−1 NaH2 PO4 · 12H2 O, 3 g−1L−1 KH2 PO4 , 1−1g L−1 NH4 Cl and 0.5
g L−1 NaCl),
mineral medium (7 g L◦−1 NaH2PO
4 ∙ 12H2O, 3 g L KH2PO4, 1 g L NH4Cl and 0.5 g L−1 NaCl), prepre-autoclaved at 120 C for 30 min twice, was used as electrolyte and to support microbial growth.
autoclaved at 120 °C for 30 min twice, was used as electrolyte and to support microbial growth. For
For the entire duration of the test, all the systems were kept at a constant temperature and pH,
the entire duration ◦of the test, all the systems were kept at a constant temperature and pH,
respectively, 18 ± 1 C and 7.4 ± 0.1.
respectively, 18 ± 1 °C and 7.4 ± 0.1.

Figure 1. Schematic diagram of the reactors used in the present study. (a) In the acclimatization phase
Figure 1. Schematic diagram of the reactors used in the present study. (a) In the acclimatization phase
(Ph. I) of the electroactive biofilm (MFC), anode and cathode were connected by a 500 Ω external
(Ph. I) of the electroactive biofilm (MFC), anode and cathode were connected by a 500 Ω external
resistance. (b) In the second phase (Ph. II), in the polarized reactor (POL −0.3 V) and in the abiotic
resistance. (b) In the second phase (Ph. II), in the polarized reactor (POL −0.3 V) and in the abiotic
polarized control (ABI −0.3 V), a potential of −0.3 V versus SHE was imposed.
polarized control (ABI −0.3 V), a potential of −0.3 V versus SHE was imposed.

2.2. Electroactive Biofilm Development in MFC
In the first phase of the work, a MFC was set up in one of the previously described reactors, in
order to develop anodic biofilm able to use the anode as the main electrons acceptor (Figure 1a). Three
electrodes were placed in the anode chamber in parallel, to simultaneously develop an electroactive
biofilm on all three electrodes, and one in the cathodic chamber. The anodic chamber was inoculated
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with anaerobic digester sludge (0.24 L, corresponding to 20% of the volume) and then sodium acetate
was added, up to a concentration of 0.1 g L−1 , as the carbon source for microbial growth. To establish
anaerobic conditions, during the set-up, the anodic solution was flushed with nitrogen and the chamber
immediately sealed with screw caps fitted with PTFE/silicone gaskets. The cathode chamber, filled
with mineral medium, was kept open to air to allow oxygen diffuse into the solution.
For the entire duration of the test, in the external circuit connecting anode and cathode, a constant
resistance (500 Ω) was maintained and voltage drop continuously recorded (PicoLog 1012, Pico
Technology Ltd., Eaton Socon, UK). This allowed the produced current density to be monitored over
time, and to spike further sodium acetate into the anodic compartment, as soon as current density
below 0.5 mA m−2 was recorded.
In this first phase, for the characterization of the microbial community, two samples were taken:
A sample from anaerobic sludge, used as an inoculum in MFC (t0 Ph. I), and a sample of the anodic
solution, used to inoculate the potentiostatically-controlled tests in the following experimental phase
(t0 Ph. II).
2.3. Polarized Bio-Electrode for Cr(VI) Removal
Two out three graphite cylinders, acclimated in the anodic chamber of the MFC, were used to set
up (i) the polarized system at −0.3 V versus SHE for the removal of Cr(VI) (POL −0.3 V), and (ii) an
open circuit control (OC). The configuration of the systems is the same as described above (Figure 1b).
The acclimatized bio-electrode was immersed in the polarized system working chamber filled with
mineral medium, KHCO3 (2g L−1 ) as the sole source of carbon, and K2 Cr2 O7 (Cr(VI) 1 mg L−1 ).
The working chamber housed an Ag/AgCl reference electrode (0.2 V versus SHE). In addition to the
biofilm on the electrode, the same chamber was inoculated with 0.24 L of solution from the anodic
chamber of the MFC. To minimize the amount of dissolved organic carbon, the inoculum was first
subjected to a washing procedure, by repeated centrifugation (10 min at 4000 rpm, Thermo Scientific)
and resuspension of the pellet in fresh mineral medium. The counter electrode chamber was filled up
with the same volume of mineral medium and KHCO3 as used for the working chamber. POL −0.3 V
has been connected to a dual-channel potentiostat controlled by an Arduino board (Politecnico di
Milano I3N-DICA, 2016 Cariplo-BEvERAGE) and a potential of −0.3 V was imposed to the bioelectrode.
As described in [35,36], the potentiostat-board allows setting potential to the bioelectrode, that act as
working electrode (WE), at set point (i.e., −0.3 V versus SHE) against an Ag/AgCl reference electrode
(+0.2 V versus SHE) placed in the same chamber of the WE. The third electrode acts as counter electrode
(CE) and potentiostat adjusts the current flow in CE to maintain the fixed potential to the WE.
The OC system, to assess the biological Cr(VI) reduction, was set up exactly like POL −0.3 V
without connecting the external circuit. Two abiotic control reactors were also set up (i) ABI −0.3 V in
which a new electrode was polarized at −0.3 V, to evaluate electrochemical Cr(VI) removal and (ii)
ABI-OC, in which no potential was imposed to assess any absorption phenomena. The configuration
of the abiotic controls was the same as the POL −0.3 V. The solutions were sterilized in an autoclave
twice (120 ◦ C for 30 min) before filling up abiotic controls.
Cr(VI) removal test POL −0.3 V and OC lasted respectively 6 and 12 days, until more than 90%
chromium removal was reached. Whereas abiotic tests (ABI −0.3 V and ABI-OC) lasted 12–14 days
until no further changes in chromium concentrations were observed. Through these different systems,
it was possible to compare the reduction of Cr(VI) exclusively by the electrochemical, biological and
bio-electrochemical way.
The different phases of the experimental work, the acronyms used and their descriptions are
summarized in Table 1 and Figure 2.
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2.4. Analyses and Data Processing
The samples were periodically collected from all the systems for the analysis of Cr(VI) by means
of a spectrophotometer (DR 6000, Hach Company, Loveland, CO, USA), according to the APHA
Standard Methods 3500—B method [37]. Detection limit of spectrophotometric method was 18 µg
Cr(VI) L−1 . Only Cr(VI) was monitored because of its soluble form and because the risks for human
health associated with the trivalent forms of dissolved chromium are much lower, compared to Cr(VI).
To characterize the microbial communities, (i) samples of the anaerobic sludge, the anodic solution
of the MFC and the solutions of OC and POL −0.3 V were filtered on 0.45 µm sterile paper filters and
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(ii) the biofilms attached to the POL −0.3 V electrode and OC graphite were scraped with a sterile
scalpel obtaining graphite powder and biofilm. The genomic DNA was extracted using the FastDNA
Spin Kit for Soil (MP Biomedicals, Solon, OH, USA) according to the manufacturer’s instructions.
The V5-V6 hypervariable regions of the 16S rRNA gene were PCR-amplified using the 783F and
1046R primers [38,39]. The bacterial PCR was performed in 20 µL volume reactions with GoTaq®
Green Master Mix (Promega Corporation, Madison, WI, USA) and 1 µM of each primer. After the
amplification, DNA quality was evaluated spectrophotometrically and DNA was quantified using
Qubit® (Life Technologies, Carlsbad, CA, USA). The sequencing was carried out at Consorzio per
il Centro di Biomedicina Molecolare (CBM). Bioinformatics elaborations have been performed as
previously reported [40]. Classification of the representative sequences of each Operational Taxonomic
Unit (OTU) was done using the RDP classifier (≥80% confidence) [41]. Rarefaction curves, OTU
richness, Shannon and Chao1 alpha-diversity indices were generated for each sample using R (vegan).
2.5. Calculations
The MFC current was calculated as I = V/R (A), where V (V) is the voltage drop across the external
resistance, R (in Ω). The current density (mA m−2 ) was calculated as J = I/AE where AE is the geometric
area of the electrode (m2 ). Coulombic efficiency (EC) is the percentage of electrons circulating in
the system, compared to the total electrons theoretically present in the oxidizable organic substrate
(Equation (1)). The EC of the MFC, therefore, indicates the microbial conversion efficiency of the
substrate into electric current. EC was calculated by assuming the dosed acetate as the only oxidizable
substrate and sole electron source in the reactors,
EC =

(MI∆t)
(FbVan ∆S)

(1)

where M (59 g mol−1 ) is the molecular weight of CH3 COO− , I (A) the recorded current in time ∆t (s). F
is the Faraday constant (96,485.3 Coulomb mol−1 of electrons), b is the stoichiometric factor = 8 moles
of electrons per mole of acetate, Van (L) is the volume of the anodic compartment in the MFC and ∆S
the consumed substrate over time (g L−1 ). The consumed substrate was calculated by assuming the
complete oxidation of acetate recorded current was below 0.5 mA m−2 .
Chromium removal efficiency was calculated by considering the percentage residual dissolved
Cr(VI) concentration with time, or,
Residual Cr(VI ) =

C(t)
× 100
C0

(2)

where C0 (µg L−1 ) and C(t) (µg L−1 ) are the initial concentration and concentration at time t (days),
respectively. Cr(VI) removal efficiency with time is therefore:
!
C(t)
Cr(VI ) removal e f f iciency = 1 −
× 100
C0

(3)

3. Results
3.1. Current Density in the MFC
The current density in the MFC, throughout the experiment, varied from a minimum of 0.5 mA m−2
to a maximum of 237 mA m−2 (Figure 3). At the beginning of the test, from the set-up (day 0) to the
first spike of acetate (day 3), the current density and the EC reached the peak values of, respectively,
160 mA m−2 , and 2.5%. Following the third addition of acetate (day 7), both an increase in current
density (max ~ 230 mA m−2 ) and in EC (18%) was observed. Even after the fourth addition of
acetate, the response of the system in terms of current density was the same for previous spikes (max
~ 230 mA m−2 ), while the EC value (16.5%) was slightly reduced. The decrease in EC was probably
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reduction, such as enzyme reduction (soluble or membrane-associated reductase) [21], intracellular
detoxification mechanisms [45,47] and adsorption on the cell surface [48,49] may have occurred equally
in both biological systems.
ABI-OC showed adsorption onto materials did not provide any significant contribution to the
removal of Cr(VI), with an overall efficiency not exceeding 3% in the operational conditions of the test.

to endogenous electron reserves, the electrode posed at −0.3 V can act as a further electron source
[46], that could have promoted chromium reduction. Additional biological mechanisms of chromium
reduction, such as enzyme reduction (soluble or membrane-associated reductase) [21], intracellular
detoxification mechanisms [45,47] and adsorption on the cell surface [48,49] may have occurred
equally
in12,both
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ABI-OC showed adsorption onto materials did not provide any significant contribution to the
removal of Cr(VI), with an overall efficiency not exceeding 3% in the operational conditions of the
In ABI −0.3 V about 35% removal was recorded over 12 days. Following an initial rapid decline, in the
test. In ABI −0.3 V about 35%−1removal
was recorded over 12 days. Following an initial rapid decline,
first 3 days, about 68.5 µg L day−1−1 , Cr(VI)
removal rate slowed down, leading in about a week to
in the first 3 days, about 68.5 µ g L day−1, Cr(VI) removal
rate slowed down, leading in about a week
an asymptotic residual concentration of 728 ± 35 µg L−1 , corresponding to 31 µg L−1 day−1 average
to an asymptotic residual concentration of 728 ± 35 µ g L−1, corresponding to 31 µ g L−1 day−1 average
removal rate. This purely electrochemical Cr(VI) reduction appears to be somehow limited by the
removal rate. This purely electrochemical Cr(VI) reduction appears to be somehow limited by the
operating conditions, neutral pH (7.4 ± 0.1) and poised working electrode potential, as already pointed
operating conditions, neutral pH (7.4 ± 0.1) and poised working electrode potential, as already
out, even at higher initial Cr(VI) concentrations, in previous experiences [50,51]. Moreover, as already
pointed out, even at higher initial Cr(VI) concentrations, in previous experiences [50,51]. Moreover,
reported in other studies, Cr(III) precipitation could passivate the electrode further limiting Cr(VI)
as already reported in other studies, Cr(III) precipitation could passivate the electrode further
reduction [14].
limiting Cr(VI) reduction [14].
By comparing Cr(VI) removal rates in the different tests, it is possible to observe how, in our
By comparing Cr(VI) removal rates in the different tests, it is possible to observe how, in our
experimental conditions, biolelectrochemical reduction in POL −0.3 V, about 150 µg L−1 Cr(VI),−1appears
experimental conditions, biolelectrochemical reduction in POL −0.3 V, about 150 µ g L Cr(VI),
to be about 20% faster than the simple superimposition of purely electrochemical and bioreduction
appears to be about 20%
faster than the simple superimposition of purely electrochemical and
mechanisms (31.4 µg L−1 day−1 in ABI −0.3 V and 75 µg L−1 in OC).
bioreduction mechanisms (31.4 µ g L−1 day−1 in ABI −0.3 V and 75 µ g L−1 in OC).
Due to the presence of an electroactive biofilm in this study, it was possible to observe more than
Due to the presence of an electroactive biofilm in this study, it was possible to observe more than
90% hexavalent chromium reduction at neutral pH. Conversely, in previous studies, the electrochemical
90% hexavalent chromium reduction at neutral pH. Conversely, in previous studies, the
reduction of Cr(VI) was found to be strongly dependent on the pH of the cathodic solution [13,15].
electrochemical reduction of Cr(VI) was found to be strongly dependent on the pH of the cathodic
Singhvi and Chhabra demonstrated low pH increases the reduction rate of Cr(VI) to Cr(III) and the
solution [13,15]. Singhvi and Chhabra demonstrated low pH increases the reduction rate of Cr(VI) to
concomitant production of electrical energy in abiotic cathodes, while Gangadharan and Nambi did
Cr(III) and the concomitant production of electrical energy in abiotic cathodes, while Gangadharan
not observe any reduction in a cathodic solution at pH 7 [50,52].
and Nambi did not observe any reduction in a cathodic solution at pH 7 [50,52].
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Microbial Communities
3.3. Microbial
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reads reads
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From the
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samples,
a total
of 98,719
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were obtained.
Rarefaction
curves
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representation
of the realofOTU
four samples
(t0samples
Ph. II, OC,
POLII,−0.3
and
showed
an appreciable
representation
the richness
real OTUfor
richness
for four
(t0 Ph.
OC,VPOL
POL
−0.3
V
electrode)
(Figure
S1).
Whereas,
the
observed
OTU
richness
is
probably
an
underestimation
−0.3 V and POL −0.3 V electrode) (Figure S1). Whereas, the observed OTU richness is probably an
of the real richnessofofthe
samples
Ph. I and
graphite.
To overcome
thisgraphite.
underestimation,
the Chao1
underestimation
real t0
richness
of OC
samples
t0 Ph.
I and OC
To overcome
this
index was calculated,
orderindex
to estimate
the exact richness
Data analysis
shows
that the[53].
diversity
underestimation,
the in
Chao1
was calculated,
in order[53].
to estimate
the exact
richness
Data
of the microbial
communities
decreased
on the electrodes
compared
withon
the
bulks.
The decrease
in
analysis
shows that
the diversity
of the microbial
communities
decreased
the
electrodes
compared
diversity was shown by both a decrease in the Shannon and Chao1 indices from the bulks (Shannon:
ranging from 4.33 for POL −0.3 V to 4.43 for OC; Chao1: ranging from 333.23 for t0 Ph. I to 635.19
for POL −0.3 V), compared to the electrodes (Shannon: 4.14 for OC graphite and 3.68 for POL −0.3 V
electrode; Chao1: 343.77 for OC graphite and 437.00 for POL −0.3 V electrode). These decreases in
diversity likely resulted from the selection of electroactive microorganisms on the electrodes (Table S1).
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The results of the microbiological analyses showed an evolution bacterial community to begin
from the inoculum (t0 Ph. I) to the inoculum of POL −0.3 V and OC (t0 Ph. II) (Figure 5). The microbial
communities show an increase in the relative abundance of bacteria belonging to the Burkholderiales (from
<1.5 to 25.5%), Bacteroidales (from 3.1 to 11.7%), Pseudomonadales (from <1.5 to 9.4%) and Clostridiales
(from 10.4 to 12.6%) orders. The representatives of the Burkholderiales (Alcaligenaceae, Comamonadaceae),
Bacteroidales (Porphyromonadaceae), Pseudomonadales (Pseudomonadaceae) orders have been previously
described as bacteria able to perform electrochemical interactions with the anode [54–58]. Likewise,
the presence of the families Porphyromonadaceae, Comamonadaceae and Pseudomonadaceae were described
on the cathode [59] or in cathodic chambers [60].
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Furthermore,
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havesource
been observed
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The
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the structure of
systems,
both
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inorganic
compounds,
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H
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the bacterial community from the beginning of the second phase (t0 Ph. II). Compared to the inoculum,
mixotrophic
conditions
[63,65],
and for Cr(VI)
bioreductionBacteroidales
[21,66].
both
in POL −0.3
V and in
OC systems,
Pseudomonadales,
and Clostridiales reduced their
The results of 16S rRNA gene sequencing of the biofilms developed on the polarized electrode
relative abundances by about 80%, 50% and 30%, respectively. Viceversa, in OC, an increase in the
(POL −0.3 V electrode) and on the graphite in the open circuit control (OC graphite) were compared,
relative abundance of the Nitrosomonadales, from <1.5% to 8.8%, was observed. On the other hand,
starting from the order level (Figure 6) and it was deepened on a genus level (Table 2). The
in POL −0.3 V there was a slight increase in the orders Burkholderiales due to a net increase in the
Burkholderiales Order, observed in both the solutions of the inoculated systems (17.4% in OC and
population of Comamonadaceae, from 2.8% in t0 Ph. II to 10.1%. In the same system also relative
26.8% in POL −0.3 V) and in OC graphite (22.1%), is present instead with a relative minor abundance
abundance
of Xanthomonadales increased respect to the inoculum. Both the POL −0.3 V and the OC
on POL −0.3 V electrode (16.5%). On the polarized bioelectrode bacteria belonging to the orders
showed
relative
abundance
increase,
compared
to the inoculum
the bacteria
belonging
to the
Flavobacteriales (16.9%
compared
to 4.1%
in OC graphite),
Rhizobiales of
(13.7%
compared
to 5% in OC
Flavobacteriales
from 0.3%
to 3.6%,
and 4.4%,
respectively.
graphite), andorder,
Deinococcales
(4.9%
compared
to 1.7%
in OC graphite) were more abundant; instead
The
lack
of
organic
electron
donors,
such
as acetate, (Flavobacteriales
has influenced3.6–4.4%,
the structure
of the
the same were almost absent in the planktonic communities
Rhizobiales
suspended
bacterial <1.5%).
community, suggesting a possible advantage for autotrophic microorganisms
<1.5%, Deinococcales
(Nitrosomonadales and Flavobacteriales) able to use carbonates and ammonium in the mineral medium
as carbon source and inorganic electron donor [61]. In the POL −0.3 V solution, the presence of the
polarized electrode may have favored bacteria belonging to Burkholderiales order (Comamonadaceae
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and Alcaligenaceae families), as already reported in other studies as components of the electroactive
communities, enriched from anaerobic digester sludge and chromium tolerant—resistant/autotrophic
microrganisms [62–64].
Furthermore, bacteria belonging to these two families have been observed in bioelectrochemical
systems, both for the removal of inorganic compounds, such as H2 S and NO3 − under autotrophic or
mixotrophic conditions [63,65], and for Cr(VI) bioreduction [21,66].
The results of 16S rRNA gene sequencing of the biofilms developed on the polarized electrode (POL
−0.3 V electrode) and on the graphite in the open circuit control (OC graphite) were compared, starting
from the order level (Figure 6) and it was deepened on a genus level (Table 2). The Burkholderiales Order,
observed in both the solutions of the inoculated systems (17.4% in OC and 26.8% in POL −0.3 V) and
in OC graphite (22.1%), is present instead with a relative minor abundance on POL −0.3 V electrode
(16.5%). On the polarized bioelectrode bacteria belonging to the orders Flavobacteriales (16.9% compared
to 4.1% in OC graphite), Rhizobiales (13.7% compared to 5% in OC graphite), and Deinococcales (4.9%
compared to 1.7% in OC graphite) were more abundant; instead the same were almost absent in the
planktonic
communities (Flavobacteriales 3.6–4.4%, Rhizobiales <1.5%, Deinococcales <1.5%).
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The only
that was
detected within the Rhizobiales order was Nitrobacter. Bacteria that belong to the Nitrobacter genus are
known for oxidizing nitrite to nitrate, and have been previously observed in autotrophic biocathodes
for nitrate removal [72,73]. The whole Deinococcales order was constituted by Truepera genus. This
genus has been previously described in electroactive cathodic communities also consisting of
microorganisms belonging to the genera Moheibacter and Nitrosomonas [72,74]. Although, an
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within the Rhizobiales order was Nitrobacter. Bacteria that belong to the Nitrobacter genus are known for
oxidizing nitrite to nitrate, and have been previously observed in autotrophic biocathodes for nitrate
removal [72,73]. The whole Deinococcales order was constituted by Truepera genus. This genus has
been previously described in electroactive cathodic communities also consisting of microorganisms
belonging to the genera Moheibacter and Nitrosomonas [72,74]. Although, an ecological relationship has
not yet been defined, the abundance of these genera on the polarized bioelectrode suggests they were
at an advantage compared to open circuit system.
Table 2. Relative abundance at order and genus level of the biofilm developed on graphite of the open
circuit system (OC graphite) and on polarized electrode (POL −0.3 V electrode).
Order

OC Graphite (%)

Genus
Burkholderiales

22.4
Advenella
Cupriavidus
Polaromonas

Flavobacteriales

16.5
14.7
2.8
1.6

4.2
Moheibacter

Nitrosomonadales
Nitrosomonas

17.0

9.1

9.2
Rhodococcus

5.0

Stenotrophomonas
Dyella
5.1

Geobacter

3.5

4.2

Truepera

1.8

Petrimonas
Pseudomonas
Sphingobacteriales
Enterobacteriales
Escherichia/Shigella
Acidimicrobiales
Other orders <1.5%
Others genera <1.5%
Unclassified order
Unclassified genus

1.8
4.9

3.2

Pseudomonadales

1.8
2.9

1.8

Bacteroidales

3.1
<1.5

1.8
5.4

Deinococcales

1.5
5.0

3.0
3.3

Clostridium XI
Desulfuromonadales

9.9
4.4

6.9

Clostridiales

11.9
14.0

<1.5

Nitrobacter

Xanthomonadales

16.7
11.9

5.2

Actinomycetales

8.2
1.6
<1.5

4.1
9.3

Rhizobiales

POL −0.3 V Electrode (%)

4.9
1.7
<1.5

1.7
3.3

1.4
<1.5

3.1
1.6
3.5

2.9
<1.5
3.5

<1.5
8.9

<1.5

1.8
7.5
24.4

6.1

21.9
2.7

16.1

16.7

4. Conclusions
The acclimatization phase in the MFC allowed for the rapid development of the electroactive
biofilm, which was able to couple organic substrate oxidation with bioenergy production. Furthermore,
the development of an electroactive biofilm shortened the time for Cr(VI) reduction. The bioelectrode
polarized at −0.3 V (versus SHE) reduced dissolved Cr(VI) with larger efficiency (above 90%) and/or
less time than the controls. Bioelectrochemical reduction overcame both, purely electrochemical
reduction, showing only 35% Cr(VI) removal under neutral pH, and bioreduction, characterized by
high overall efficiency and a significantly slower rate. Furthermore, the bioelectrochemical reduction
rate was 20% faster than the other mechanisms (biological and electrochemical reduction).
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Electroactive biofilm was proven to be essential for the removal of dissolved chromium.
Community analyses suggest that Moheibacter, Nitrobacter and Truepera were selectively enriched
in the biofilm of the polarized system. Bacteria belonging to the Flavobacteriales, Nitrosomonadales and
Rhizobiales orders play a dominant role in electroactive communities enriched in POL −0.3 V. This work
was done to demonstrate, on a laboratory scale, that the bioelectrochemical removal of Cr(VI) can occur,
even in the absence of organic carbon. The results of this study corroborate the results of previous
studies, that reported high efficiency in bioelectrochemical Cr(VI) removal polarized electrodes at
−0.3 V. Although, bioelectrochemical Cr(VI) reduction requires further research, especially at the pilot
scale with real contaminated groundwater, this approach can be considered the basis for a new and
sustainable technology for groundwater remediation.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/2/466/s1,
Figure S1: Rarefaction curves of bacterial communities based on OTUS, from the following reactors: t0 Ph. I, t0 Ph.
II, POL −0.3 V electrode, POL −0.3 V, OC graphite, OC; Table S1: Species richness and diversity estimates.
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