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Summary
Groundwater contamination by petroleum hydrocarbons (PHs) is a widespread problem which poses serious environmental and health concerns. Recently,
microbial electrochemical technologies (MET) have
attracted considerable attention for remediation applications, having the potential to overcome some of the
limiting factors of conventional in situ bioremediation
systems. So far, ﬁeld-scale application of MET has
been largely hindered by the limited availability of
scalable system conﬁgurations. Here, we describe the
‘bioelectric well’ a bioelectrochemical reactor conﬁguration, which can be installed directly within groundwater wells and can be applied for in situ treatment of
organic contaminants, such as PHs. A laboratoryscale prototype of the bioelectric well has been set up
and operated in continuous-ﬂow regime with phenol
as the model contaminant. The best performance was
obtained when the system was inoculated with reﬁnery sludge and the anode potentiostatically controlled
at +0.2 V versus SHE. Under this condition, the inﬂuent phenol (25 mg l1) was nearly completely
(99.5  0.4%) removed, with an average degradation
rate of 59  3 mg l1 d and a coulombic efﬁciency of
104  4%. Microbial community analysis revealed a
remarkable enrichment of Geobacter species on the
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surface of the graphite anode, clearly pointing to a
direct involvement of this electro-active bacterium in
the current-generating and phenol-oxidizing process.

Introduction
Subsurface contamination by spilled PHs is a widespread problem, which poses serious environmental and
health concerns (Poulsen et al., 1992; Durmusoglu
et al., 2010). Bioremediation is typically regarded as a
viable and sustainable technique to remediate PH-contaminated sites, which exploits the vast metabolic diversity of microorganisms that use contaminants as carbon
and energy sources in their metabolism (Atlas, 1995).
The majority of PHs are biodegradable under aerobic
conditions; therefore, typical bioremediation strategies
involve oxygen delivery into the contaminated matrix to
enhance the metabolism of naturally occurring aerobic
hydrocarbon-degrading microbial populations (Farhadian
et al., 2008). Although widely applied, this strategy suffers
of a number of limitations such as (i) the high energy consumption associated with aeration, (ii) the low efﬁciency of
oxygen utilization due to the rapid consumption by
reduced mineral substances such as Fe(II) and HS, (iii)
the undesired stripping of volatile contaminants and (iv)
the high growth yield of aerobic microorganisms which
may cause clogging problems near air/oxygen injection
€hener and Ponsin, 2014).
points (Boopathy, 2000; Ho
In recent years, microbial electrochemical technologies
(MET) have attracted considerable attention for remediation applications. MET are anaerobic systems in which
microorganisms catalyse oxidation or reduction reactions
using solid-state electrodes, suitably deployed in the
contaminated matrix, as virtually inexhaustible electron
acceptors or donors, respectively (Aulenta et al., 2009;
Zhang et al., 2010, 2013; Lovley et al., 2011; Rodrigo
Quejigo et al., 2016; Lai et al., 2017). Laboratory-scale
studies have shown that MET can be employed to stimulate the anaerobic oxidation of a variety of reduced contaminants in soil and groundwater, including lower
chlorinated compounds and PHs (Daghio et al., 2017).
In principle, MET have several potential advantages
compared with conventional aerobic bioremediation
strategies, such as (i) the possibility to promote the complete oxidation of contaminants with no need for adding
oxygen or other electron acceptors [e.g. nitrate or soluble Fe(III) species]; (ii) the possibility to colocalize the
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microorganisms and the electron acceptor (i.e. the electrode) as well as (iii) the possibility to drive, control and
monitor the biodegradation reaction (in the subsurface)
with electrochemical means (Daghio et al., 2017). Collectively, all these aspects have the potential to dramatically increase the reliability, predictability and in turn
applicability of in situ bioremediation systems. In spite
of their promise, however, ﬁeld-scale applications of
MET for subsurface remediation are still hindered by
the poor availability of scalable bioelectrochemical reactor conﬁgurations that are amenable for in situ applications (Zhang and Angelidaki, 2013; Wang et al., 2015;
Nguyen et al., 2016). Indeed, while few MET designs
have been proposed to treat contaminated soils (Lu
et al., 2014; Mao et al., 2016), very limited information
is available on systems designed for the treatment of
contaminated aquifers, possibly containing contaminants as a (lighter or denser) separate non-aqueous
phase. In this framework, the aim of this study was to
describe and asses the bioremediation potential of a
novel bioelectrochemical reactor conﬁguration, hereafter
named ‘the bioelectric well’, which can be installed
directly within a groundwater well and that can be
applied for in situ treatment of organic contaminants,
such as PHs.
Results and discussion
Phenol degradation and electric current generation
The laboratory-scale bioelectric well was operated continuously for a period of 56 days, corresponding to 128
hydraulic retention times (Fig. 1). During Run I (i.e.
days 033), phenol removal gradually increased from
12% to approximately 50%. Accordingly, electric current
generation slowly increased from 0.3 mA to approximately 1.9 mA. On average, phenol removal rate and
coulombic efﬁciency were 23  1 mg l1 d and
72  8% respectively (Table 1).
The performance of the system remarkably improved
following bioaugmentation with a small volume (25 ml) of
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reﬁnery wastewater. Indeed, efﬂuent phenol concentration dropped from 9 mg l1 (on day 33) to below instrumental detection limits, by day 40. Correspondingly, the
average current output (5.3  0.2 mA) and coulombic
efﬁciency (104  4%) were also markedly higher compared with Run I. Coulombic efﬁciency values exceeding
100% are most likely due to electron recycling effects,
involving the anodic (bio)electrochemical oxidation of the
hydrogen produced at the cathode, as also previously
reported in the literature (Villano et al., 2011).
These ﬁndings suggest that the reﬁnery wastewater
harboured microorganisms capable of anaerobically oxidizing phenol using the graphite granules as terminal
electron acceptors. Notably, the high value of coulombic
efﬁciency observed during this run is consistent with
phenol being completely oxidized to carbon dioxide and
water. This hypothesis was also supported by measured values of the total organic carbon in the reactor
efﬂuent, which remained stably <5 mg l1 during Run
II. Notably, the herein obtained coulombic efﬁciencies
are among the highest reported in the literature with
phenol as the sole carbon and energy source, both in
pure and mixed culture studies (Luo et al., 2009; Friman et al., 2013).
From day 46 to 49 (Run III), the bioelectric well was
maintained at open circuit. The efﬂuent phenol concentration rapidly increased and equalled the inﬂuent value
on day 49. On average during Run III, the phenol
removal rate was 2  1 mg l1 d, hence providing a further conﬁrmation that phenol removal during Run I and
Run II was directly linked to electric current generation.
On day 50 (Run IV), the electrical continuity was reestablished, with the anode potentiostatically set at
+0.2 V versus SHE. Consequently, phenol degradation
rate, electric current and coulombic efﬁciency rapidly
resumed to values that were similar to those observed
during Run II, thereby indicating that the system was
resilient to short periods of starvation (Table 1).
During experimental runs with the anode potentiostatically set at +0.2 V versus SHE, methane was stably

Fig. 1. Performance of the bioelectric well throughout the experimental period.
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Table 1. Performance of the bioelectric well during continuous-ﬂow operation under different conditions. For each run, average values (and
associated standard error) of relevant parameters were calculated from data collected after the system had been operated for at least three
hydraulic retention times.

Run

Day

Inoculum

Anode potential
(V versus SHE)

Average phenol
removal rate (mg l1 d)

I
II
III
IV

0–33
34–45
46–49
50–56

Municipal Activated sludge
Reﬁnery wastewater
Reﬁnery wastewater
Reﬁnery wastewater

+0.2
+0.2
OCP
+0.2

23
59
2
53






1
3
1
1

Average
current (mA)

Average coulombic
efﬁciency (%)

1.2  0.1
5.3  0.2
N.A.
4.8  0.2

72  8
104  4
N.A.
108  6

detected in the headspace of the sampling cell in the
outlet of the bioelectric well, consistently with hydrogen
evolution likely being the predominant reaction occurring
at the stainless steel cathode. Notably, the rapid conversion of abiotically produced hydrogen (which never accumulated within the system) into methane gas was
essential to prevent pressure build-up within the system.
Finally, throughout the study, oxygen was never
detected either in the headspace of the bioelectric well
or in the headspace of the inﬂuent and efﬂuent sampling
cells.
Characterization of the bioelectric well microbial
communities
At the end of Run IV, DNA was extracted from the graphite granules and from the efﬂuent of the reactor. The
bacterial communities were characterized by sequencing
of the 16S rRNA gene and compared with those of the
municipal activated sludge (Inoculum 1) and of the reﬁnery wastewater (Inoculum 2) used as inoculum at the
start of Run I and Run II, respectively. The bacterial
diversity was lower on the graphite (H0 = 0.9) compared
with the microbial inocula (Inoculum 1, H0 = 2.8; Inoculum 2, H0 = 2.6) and to the efﬂuent (H0 = 2.3). In particular, members of the genus Geobacter were highly
enriched on the graphite (67% of the bacterial
sequences) and were detected also in the efﬂuent of the
reactor (Fig. 2). This result is consistent with previous
ﬁndings reporting the enrichment of Geobacter species
at the anode of microbial fuel cells treating phenolic
wastewater (Zhang et al., 2017) and with phenol being
individuated as a key metabolic intermediate during benzene degradation by Geobacter metallireducens (Zhang
et al., 2013).
The most abundant OTUs enriched on the graphite
were OTU_1 and OTU_3 (36% and 29% respectively).
Both OTU_1 and OTU_3 were classiﬁed within the
genus Geobacter (80% conﬁdence) and were observed
with a lower relative abundance (~1%) in the efﬂuent of
the reactor. Sequences of same OTUs (~0.2%) were
detected in the reﬁnery wastewater (Inoculum 2) while
only a low amount (OTU_1 < 0.001%), or no sequences

Fig. 2. Taxonomic composition of the bacterial communities at the
genus level. Only the genera with abundance of 5%, or higher, in at
least one sample have been reported.

(OTU_3), were detected in the municipal activated
sludge (Inoculum 1). The enrichment of Geobacter on
the graphite can thus be likely attributed to the addition
of the reﬁnery wastewater at the start of Run II, although
it remains unclear which microorganisms were responsible for the initial slow bioelectrochemical oxidation of
phenol during Run I.
Implications for in situ treatment of contaminated
aquifers
The herein described bioelectric well has speciﬁc design
and functional characteristics which hold promise for a
potential ﬁeld implementation of this bioremediation technology. To start with, the concentric geometry of the system, with the cathode positioned in very close proximity
of the granular anode, allows minimizing voltage and in
turn energy losses. As an example, during sustained
operation under optimal conditions (i.e. Run II), cell voltage remained stably below 0.90 V, which would in turn
correspond to an electric energy consumption associated
with contaminant degradation of 0.007 kWh per g of
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phenol removed (not accounting for the energy associated with groundwater recirculation). This value is extremely low, especially if compared with other (bio)
treatment technologies, such as biosparging (Suthersan,
1997). Importantly, with the proposed system architecture, the distance between anode and cathode is not
expected to increase substantially upon scaling up. Furthermore, it should also be noted that this energy consumption was associated with values of phenol
degradation rates and electric current as high as
59 mg l1 d and 5.3 mA, respectively. In the ﬁeld,
groundwater contamination levels and required contaminant degradation rates are typically substantially lower
than those applied in this study. Hence, actual electric
energy consumption required to drive the bioelectrochemical oxidation process may be lower. Clearly, this
scenario may change in case of groundwater characterized by conductivity values substantially lower than those
used in this study (i.e. 3.2 mS cm1), which, however,
falls within the range of values typically reported for contaminated groundwater (i.e. 0.67–7.98 mS cm1) (Naudet et al., 2004).
Notably, the fact that cell voltage did not substantially
increase is also a straightforward indication that the electrocatalytic activity of the stainless steel cathode did not
deteriorate over time, as it happens in some cases due
to the precipitation of salts (e.g. calcium carbonate) or to
corrosion phenomena.
Finally, it should also be considered that the bioelectric well concept could be easily integrated within existing groundwater well designs and bioremediation
schemes (Fig. 3A).
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As an example, groundwater wells such as those
based on the Groundwater Circulation Well technology
(IEG, Germany), which are speciﬁcally designed to create a circulation ﬂow of groundwater within the aquifer
with the scope to mobilize contaminants and/or accelerate (anaerobic) biodegradation processes, are already
commercially available (Pierro et al., 2017). In these
systems, the contaminated groundwater is recirculated
several times within the well before it ﬂows downstream,
hence allowing to control the groundwater retention time
within the treatment zone independently of the groundwater ﬂow velocity. The ‘capture zone’ of the well and, in
turn, its radius of inﬂuence can be accordingly manipulated by changing the groundwater recirculation ﬂow
conditions and the size and positions of well screens.
Along this line, a row of suitably spaced bioelectric wells
can be employed to intercept and treat a contamination
plume (Fig. 3B) or possibly to mobilize and treat a contamination source, thereby reducing its longevity. Necessarily, further studies are needed to optimize the
technology with respect to a number of operational
parameters (e.g. anode and cathode size and working
potential, contaminant type and load rate, recycle ﬂow
rate). These efforts will eventually spur future ﬁeld testing of this novel technology.
Experimental
The bioelectric well set-up and operation
The laboratory-scale prototype of the bioelectric well
consisted of a 250 ml glass cylinder ﬁlled with graphite
granules, serving as the bioanode, and housing a

(A)

(B)

Fig. 3. Cross-sectional (A) and plan (B) view of an in situ groundwater bioremediation system based on the bioelectric well concept.
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Fig. 4. A. Schematic drawing of the laboratory-scale scale experimental set-up. B. Cross-sectional view of the bioelectric well.

concentric stainless steel mesh (90 cm2 geometric surface area), serving as the cathode (Fig. 4).
Prior to use, the graphite granules were pretreated as
described elsewhere (Gregory et al., 2004). A graphite
rod (30 cm 9 1.2 cm; Sigma-Aldrich, Milan, Italy) was
inserted into the bed of graphite granules and was connected to the external circuit by a titanium wire. A titanium wire was also used to connect the stainless steel
cathode to the external circuit. The graphite anode was
kept physically separated (yet hydraulically connected)
by the stainless steel cathode by means of a polyethylene mesh (Fig. 4). An Ag/AgCl reference electrode
(+198 mV versus SHE) was placed on top of the cylinder to control, by means of an IVIUMnSTAT potentiostat
(IVIUM Technologies, The Netherlands), the potential of
the bioanode at the desired value (i.e. +200 mV versus
SHE). The glass cylinder was equipped with a number
of ports positioned along its length. During operation, the
system was continuously fed with synthetic contaminated
groundwater, at a ﬂow rate of 0.6 l d1, through a port
positioned at the bottom of the cylinder, while the treated
groundwater was continuously discharged from a port
positioned near the upper end of the cylinder. The synthetic groundwater used in the study contained (g l1):

NH4Cl (0.5), MgCl26H2O (0.10), K2HPO4 (0.4),
CaCl26H2O (0.05) and 10 ml l1 of a trace metal solution (Zeikus, 1977), and 1 ml l1 of vitamin solution
(Balch et al., 1979). Once prepared, it was ﬂushed with
a N2/CO2 (70:30 v/v) gas mixture in order to remove oxygen, the pH was adjusted at 7 by adding a NaHCO3
solution (10% w/v) and then it was transferred into a 2 l
collapsible Tedlar gas bag, prior to being spiked with
phenol to a ﬁnal concentration of 25 mg l1. During
operation, the liquid phase within the glass column was
continuously recycled at a ﬂow rate of 75 ml min1 to
minimize the establishment of substrate, products and
biomass concentration gradients. The average hydraulic
retention time, estimated from a stepwise tracer (i.e. bromide) experiment, was 10.5 h. All tubings were made of
Viton (Sigma-Aldrich, Italy) to minimize adsorption of
phenol and volatilization losses. The system was also
equipped with two ﬂow-through, vigorously stirred sampling cells, each having a total volume of approximately
25 ml, which were placed at the inlet and at the outlet of
the bioelectric well and which enabled sampling the inﬂuent and efﬂuent liquid streams for analysis of phenol and
pH, as well as the headspace for analysis of hydrogen,
methane and oxygen. Throughout the study, the system
was maintained at room temperature (i.e. 20  3°C). At
the start of the study, the bioelectric well was inoculated
with 25 ml of a municipal activated sludge (Rome, Italy);
on day 34, the system was bioaugmented with 25 ml of
reﬁnery wastewater from a petrochemical plant, as a
potential source of phenol-degrading microorganisms.
System performance was primarily assessed in terms of
phenol removal rate, electric current generation and
coulombic efﬁciency.
Ampliﬁcation of 16S rRNA genes, sequencing and
sequence analyses
At the end of the study, 20 g of graphite granules and
100 ml of liquid efﬂuent were sampled from the bioelectric well and processed for microbial community analysis
via next-generation sequencing. The same analysis was
carried out on a sample of the municipal activated
sludge and of the reﬁnery wastewater used to inoculate
the reactor.
The genomic DNA was extracted using the FastDNA
Spin Kit for Soil (MP Biomedicals, Solon, OH, USA)
according to the manufacturer’s instructions. Before DNA
extraction, liquid samples were ﬁltered on 0.22 lm polycarbonate ﬁlters and genomic DNA was extracted from
the ﬁlters. The V5-V6 hypervariable regions of the 16S
rRNA gene were PCR-ampliﬁed using the 783F and
1046R primers (Huber et al., 2007; Wang and Qian,
2009). PCR was performed as previously reported (Ferrentino et al., 2016). Amplicons were puriﬁed with the
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Wizard SV Gel and PCR Clean-up System (Promega
Corporation, Madison, WI, USA) according to the manufacturer’s instructions and quantiﬁed using Qubit
(Life Technologies, Carlsbad, CA, USA). Sequencing
was performed at Parco Tecnologico Padano (Lodi,
Italy) by MiSeq Illumina (Illumina, San Diego, CA,
USA). Reads from sequencing were demultiplexed
according to the internal barcodes. The UPARSE pipeline (Edgar, 2013) was used for the bioinformatics elaborations as previously reported (Daghio et al., 2016).
Classiﬁcation of the sequences representative of each
OTU was performed using the RDP classiﬁer (≥ 80%
conﬁdence) (Wang et al., 2007). The sequences were
deposited in the European Nucleotide Archive with
accession number PRJEB20095. The Shannon–Weiner
index (H0 ) was calculated at the genus level to measure the a diversity. The unclassiﬁed sequences were
not considered in the calculation of the microbial
diversity.
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The coulombic efﬁciency (g, %) was calculated as the
ratio between the measured electric current and the theoretical electric current which would be generated from
the complete oxidation (to carbon dioxide and water) of
the removed phenol, according to the following equation:
g¼

i
qVBW

MWPHENOL

f
 243600
F

 100;

(2)

where i (mA) is the electric current ﬂowing in the circuit;
MWPHENOL (mg mmol1) is the molecular weight of phenol; f is the number of mmol of electrons released from
the complete oxidation of 1 mmol of phenol; and F is the
Faraday’s constant.
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Analytical methods
Hydrogen, methane and oxygen were analysed by injecting 50 ll of headspace sample (with a gastight syringe)
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Supelco; N2 carrier gas 20 ml min1, oven temperature
150°C, injector temperature 200°C, thermal conductivity
detector temperature 200°C).
Phenol was quantiﬁed by injecting 1 ll of liquid-phase
samples into a PerkinElmer GC 8500 gas chromatograph (2 m 9 2 mm glass column, packed with 60/
80 mesh Carbopak B/1% SP-1000 Supelco; N2 carrier
gas 18 ml min1; oven temperature 210°C; ﬂame ionization detector temperature 250°C).
Chemicals
Phenol (99.5+%) was purchased from Sigma-Aldrich
(Italy). All of the other chemicals used to prepare analytical standard or feed solutions were of analytical grade
and were used as received.
Calculations
Phenol removal rate (q, mg l1 d) was calculated
according to the following equation:
q¼

ðCIN  COUT Þ
 Q;
VBW

(1)

where CIN and COUT (mg l1) are the measured phenol
inﬂuent and efﬂuent concentrations; Q (l d1) is the inﬂuent ﬂow rate; and VBW (l) is the total empty volume of
the bioelectric well.

Conﬂict of interest
None declared.

References
Atlas, R.M. (1995) Bioremediation of petroleum pollutants.
Int Biodeterior Biodegradation 35: 317–327.
Aulenta, F., Canosa, A., Reale, P., Rossetti, S., Panero, S.,
and Majone, M. (2009) Microbial reductive dechlorination
of trichloroethene to ethene with electrodes serving as
electron donors without the external addition of redox
mediators. Biotechnol Bioeng 103: 85–91.
Balch, W.E., Fox, G.E., Magrum, L.J., Woese, C.R., and
Wolfe, R.S. (1979) Methanogens: reevaluation of a
unique biological group. Microbiol Rev 43: 260–296.
Boopathy, R. (2000) Factors limiting bioremediation technologies. Bioresour Technol 74: 63–67.
rez-Sua
rez, A.,
Daghio, M., Vaiopoulou, E., Patil, S.A., Sua
Head, I.M., Franzetti, A., and Rabaey, K. (2016) Anodes
stimulate anaerobic toluene degradation via sulfur cycling
in marine sediments. Appl Environ Microbiol 82: 297–307.
Daghio, M., Aulenta, F., Vaiopoulou, E., Franzetti, A.,
Arends, J.B.A., Sherry, A., et al. (2017) Electrobioremediation of oil spills. Water Res 114: 351–370.
Durmusoglu, E., Taspinar, F., and Karademir, A. (2010)
Health risk assessment of BTEX emissions in the landﬁll
environment. J Hazard Mater 176: 870–877.
Edgar, R.C. (2013) UPARSE: highly accurate OTU
sequences from microbial amplicon reads. Nat Methods
10: 996–998.
Farhadian, M., Vachelard, C., Duchez, D., and Larroche, C.
(2008) In situ bioremediation of monoaromatic pollutants
in groundwater: a review. Bioresour Technol 99: 5296–
5308.

ª 2017 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 11, 112–118

118

E. Palma et al.

Ferrentino, R., Langone, M., Gandolﬁ, I., Bertolini, V., Franzetti, A., and Andreottola, G. (2016) Shift in microbial community structure of anaerobic side-stream reactor in
response to changes to anaerobic solid retention time and
sludge interchange ratio. Bioresour Technol 221: 588–597.
Friman, H., Schechter, A., Ioffe, Y., Nitzan, Y., and Cahan,
R. (2013) Current production in a microbial fuel cell using
a pure culture of Cupriavidus basilensis growing in acetate or phenol as a carbon source. Microb Biotechnol 6:
425–434.
Gregory, K.B., Bond, D.R., and Lovley, D.R. (2004) Graphite
electrodes as electron donors for anaerobic respiration.
Environ Microbiol 6: 596–604.
€hener, P., and Ponsin, V. (2014) In situ vadose zone
Ho
bioremediation. Curr Opin Biotechnol 27: 1–7.
Huber, J.A., Mark Welch, D.B., Morrison, H.G., Huse, S.M.,
Neal, P.R., Butterﬁeld, D.A., and Sogin, M.L. (2007)
Microbial population structures in the deep marine biosphere. Science 318: 97–100.
Lai, A., Aulenta, F., Mingazzini, M., Palumbo, M.T., Papini,
M.P., Verdini, R. and Majone, M. (2017) Bioelectrochemical approach for reductive and oxidative dechlorination of
chlorinated aliphatic hydrocarbons (CAHs). Chemosphere
169: 351–360.
Lovley, D.R., Ueki, T., Zhang, T., Malvankar, N.S.,
Shrestha, P.M., Flanagan, K.A., et al. (2011) Geobacter.
The microbe electric’s physiology, ecology, and practical
applications. Adv Microb Physiol 59: 1–100.
Lu, L., Huggins, T., Jin, S., Zuo, Y., and Ren, Z.J. (2014)
Microbial metabolism and community structure in
response to bioelectrochemically enhanced remediation of
petroleum hydrocarbon-contaminated soil. Environ Sci
Technol 48: 4021–4029.
Luo, H., Liu, G., Zhang, R., and Jin, S. (2009) Phenol degradation in microbial fuel cells. Chem Eng J 147: 259–264.
Mao, D., Lu, L., Revil, A., Zuo, Y., Hinton, J., and Ren, Z.J.
(2016) Geophysical monitoring of hydrocarbon-contaminated soils remediated with a bioelectrochemical system.
Environ Sci Technol 50: 8205–8213.
gasNaudet, V., Revil, A., Rizzo, E., Bottero, J.-Y., and Be
sat, P. (2004) Groundwater redox conditions and conductivity in a contaminant plume from geoelectrical
investigations. Hydrol Earth Syst Sci 8: 8–22.
Nguyen, V.K., Park, Y., Yu, J., and Lee, T. (2016) Bioelectrochemical denitriﬁcation on biocathode buried in
simulated aquifer saturated with nitrate-contaminated
groundwater. Environ Sci Pollut Res 23: 15443–15451.
Pierro, L., Matturro, B., Rossetti, S., Sagliaschi, M., Sucato,
S., Alesi, E., et al. (2017) Polyhydroxyalkanoate as a

slow-release carbon source for in situ bioremediation of
contaminated aquifers: from laboratory investigation to
pilot-scale testing in the ﬁeld. N Biotechnol 37: 60–68.
Poulsen, M., Lemon, L., and Barker, J.F. (1992) Dissolution
of monoaromatic hydrocarbons into groundwater from
gasoline-oxygenate mixtures. Environ Sci Technol 26:
2483–2489.
€rﬂer, U., Schroll, R., and EsteveRodrigo Quejigo, J., Do
~ez, A. (2016) Stimulating soil microorganisms for minn
Nu
eralizing the herbicide isoproturon by means of microbial
electroremediating cells. Microb Biotechnol 9: 369–380.
Suthersan, S.S. (1997) Remediation Engineering : Design
Concepts. Boca Raton, USA: CRC-Lewis Publishers.
Villano, M., Monaco, G., Aulenta, F., and Majone, M. (2011)
Electrochemically assisted methane production in a bioﬁlm reactor. J Power Sources 196: 9467–9472.
Wang, Y., and Qian, P.Y. (2009) Conservative fragments in
bacterial 16S rRNA genes and primer design for 16S ribosomal DNA amplicons in metagenomic studies. PLoS
ONE 4: e7401.
Wang, Q., Garrity, G.M., Tiedje, J.M., and Cole, J.R. (2007)
Naive Bayesian classiﬁer for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl Environ
Microbiol 73: 5261–5267.
Wang, H., Luo, H., Fallgren, P.H., Jin, S., and Ren, Z.J.
(2015) Bioelectrochemical system platform for sustainable
environmental remediation and energy generation.
Biotechnol Adv 33: 317–334.
Zeikus, J.G. (1977) The biology of methanogenic bacteria.
Bacteriol Rev 41: 514–541.
Zhang, Y., and Angelidaki, I. (2013) A new method for
in situ nitrate removal from groundwater using submerged
microbial desalination–denitriﬁcation cell (SMDDC). Water
Res 47: 1827–1836.
Zhang, T., Gannon, S.M., Nevin, K.P., Franks, A.E., and
Lovley, D.R. (2010) Stimulating the anaerobic degradation
of aromatic hydrocarbons in contaminated sediments by
providing an electrode as the electron acceptor. Environ
Microbiol 12: 1011–1020.
Zhang, T., Tremblay, P.L., Chaurasia, A.K., Smith, J.A.,
Bain, T.S., and Lovley, D.R. (2013) Anaerobic benzene
oxidation via phenol in Geobacter metallireducens. Appl
Environ Microbiol 79: 7800–7806.
Zhang, D., Li, Z., Zhang, C., Zhou, X., Xiao, Z., Awata, T.,
and Katayama, A. (2017) Phenol-degrading anode bioﬁlm
with high coulombic efﬁciency in graphite electrodes
microbial fuel cell. J Biosci Bioeng 123: 364–369.

ª 2017 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 11, 112–118

