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A B S T R A C T   

Microbial electrochemical technologies (MET) are promising for the remediation of groundwater pollutants such 
as petroleum hydrocarbons (PH). Indeed, MET can provide virtually inexhaustible electron donors or acceptors 
directly in the subsurface environment. However, the degradation mechanisms linking contaminants removal to 
electric current flow are still largely unknown, hindering the development of robust design criteria. 

Here, we analysed the degradation of toluene, a model PH, in a bioelectrochemical reactor known as 
“bioelectric well” operated in continuous-flow mode at various influent toluene concentrations. With increasing 
concentration of toluene, the removal rate increased while the current tended to a plateau, hence the columbic 
efficiency decreased. Operation at open circuit confirmed that the bioelectrochemical degradation of toluene 
proceeded via a syntrophic pathway involving cooperation between different microbial populations. First of all, 
hydrocarbon degraders quickly converted toluene into metabolic intermediates probably by breaking the aro-
matic ring upon fumarate addition. Subsequently, fermentative bacteria converted these intermediates into 
volatile fatty acids (VFA) and likely also H2, which were then used as substrates by electroactive microorganisms 
forming the anodic biofilm. As toluene degradation is faster than subsequent conversion steps, the increase in 
intermediate concentration could not result in a current increase. 

This work provides valuable insights on the syntrophic degradation of BTEX, which are essential for the 
application of microbial electrochemical system to groundwater remediation of petroleum hydrocarbons.   

1. Introduction 

The presence of petroleum hydrocarbons (PHs) in groundwater is 
mostly caused by accidental spills and industrial discharges, and it 
represents a critical threat to human health and the ecosystem [50]. Due 
to their high mobility and water solubility, benzene, toluene, ethyl-
benzene and xylenes (BTEX) are particularly dangerous when dispersed 
in the environment [1], often amounting up to 90% of the dissolved 
pollutants in groundwater contamination plumes [43]. This aspect, 
combined with the toxicity, demands for the implementation of effective 
remediation strategies [3]. 

In this regard, bioremediation is considered an effective strategy: it 
takes advantage of the capability of naturally occurring microorganism 

to use pollutants as substrates and convert them into harmless or less 
dangerous products [30]. In subsurface environments, however, biore-
mediation is often limited by the scarcity of bioavailable electron ac-
ceptors or donors, negatively affecting the removal rates [28]. To 
overcome this problem, several remediation techniques have emerged, 
which mainly involve the injection of soluble electron acceptors (e.g. 
oxygen) or donors (e.g. lactate) into the contaminated aquifer to 
enhance the metabolism of the degrading microbial communities [11]. 
Microbial electrochemical technologies (METs) are emerging as a viable 
alternative to this approach, by supplying a virtually inexhaustible 
electron acceptor or donor directly in the subsurface environment in the 
form of a solid electrode [6,46]. In this way, several drawbacks linked to 
traditional bioremediation strategies can be avoided, such as: (a) quick 
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consumption or migration of the amendment solution; (b) contaminant 
plume shift or dilution caused by the injection; (c) uncontrolled biomass 
growth near injection points and (d) accumulation of unwanted me-
tabolites derived from the amendment [17]. For this reason, METs can 
result in a more sustainable and cost-effective technology. However, 
only few studies have addressed the use METs for the anaerobic oxida-
tion of BTEX [53], and in order to design effective prototypes for field 
applications, a deeper understanding of the removal mechanisms is 
necessary. 

Herein, we studied the degradation of toluene as model BTEX using a 
prototype of MET called “bioelectric well”. In previous works this pro-
totype has been successfully tested for the removal of phenol, toluene or 
a mixture of BTEX in continuous-flow mode [31–33,47]. It consists of a 
membrane-less tubular bioelectrochemical reactor where anode and 
cathode are placed concentrically and in close proximity to each other in 
order to minimize ohmic losses. Importantly, due to the cylindrical 
shape and close inter-electrode spacing even upon scale-up, the 
bioelectric well could be directly installed inside groundwater wells or 
piezometers for in-situ treatment of PH. In this work we analyzed the 
performances of the system in several operational conditions, such as 
different contaminant loads, open circuit vs. polarized, continuous-flow 
mode vs. batch mode, etc., in order to identify the main factors that 
influence the degradation process and its possible limitations. Further-
more, we monitored the concentration of metabolites in the liquid phase 
of the reactor and conducted microbiological analyses to have a deeper 
understanding of the microbial interactions responsible for degradation 
of toluene. 

2. Materials and methods 

2.1. Chemicals and electrode potentials 

All chemicals were of analytical grade and were supplied from Merck 
KGaA (Darmstadt, Germany). De-ionized water (Millipore, Darmstadt, 
Germany) was used to prepare the microbial medium, and all other 
solutions. All potentials provided in this article refer to the standard 
hydrogen electrode (SHE). 

2.2. Reactor setup and operations 

The bioelectric well was constructed as described elsewhere [47]. A 
cylindrical anode made of 8 contiguous graphite rods (purity: 99.995%, 
length: 30 cm, ø: 0.6 cm; Sigma-Aldrich, Italy) and a stainless-steel mesh 
cathode (dimensions: 3 × 30 cm; type 304, Alpha Aesar, USA) were 
concentrically placed in a 250 mL glass cylinder (Fig. S1). Anode and 
cathode were kept physically separated by a polyethylene mesh (ø: 1 cm, 
length 30 cm; Fig. 1B), which still allowed hydraulic connection. Tita-
nium wires (ø: 0.81 mm Alfa Aesar, USA) were used to connect anode 
and cathode to an external circuit. The anode was continuously polar-
ized at + 0.2 V vs. SHE by an IVIUMnSTAT potentiostat (IVIUM Tech-
nologies, The Netherlands), and an Ag/AgCl electrode (+0.198 V vs. 
SHE; AMEL, Italy) was used as reference electrode. 

The inoculum consisted of 0.25 L of contaminated groundwater ob-
tained from a petrochemical site in Italy. The reactor was continuously 
fed with mineral medium (Tab. S1). Prior to use, the medium inlet was 
sparged with pure nitrogen gas to eliminate oxygen. Then the medium 
was spiked with toluene at a different concentration for each feeding 
cycle, ranging from about 1–40 mg L− 1 (Table 1). The inlet was then 
stored in 5 L collapsible Tedlar® gas bags. The medium was pumped 
into the reactor through a port situated at the bottom of the cylinder 
(flow rate: 0.63 L d− 1, HRT 11 h) using a peristaltic pump (120S, Watson 
Marlow, Falmouth, UK), while the treated effluent exited from a port 
near the upper end by passive overflow. The inlet and at the outlet of the 
reactor were equipped with flow-through sampling cells (volume: 
25 mL). In order to avoid the formation of concentration gradients of 
substrate, products and biomass, the liquid phase of the reactor was 
constantly recycled with another peristaltic pump (flow rate: 
192 mL min− 1; model: 323, Watson Marlow, Falmouth, UK; Fig. S1). All 
the tubings were made of Viton® (Sigma-Aldrich, Italy), which keeps 
volatilization losses and organic contaminant adsorption to a minimum. 
At the end of the experiment the electrodes were disconnected from the 
potentiostat and the reactor was operated at open circuit potential 
(OCP) as a control condition. Furthermore, in a follow-up experiment 
the reactor was operated in OCP and in batch mode to analyze the 
possible accumulation of degradation intermediates. Throughout the 

Fig. 1. Trends of A) toluene concentrations in the influent and effluent of the reactor, B) current generation, C) methane produced, D) coulombic efficiency (CE) and 
cathode capture efficiency (CCE) for the third experimental run of the reactor (Inlet toluene concentration 5.5 mg L− 1). 
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whole study, the system was kept at room temperature (i.e., 24 ± 3 ◦C). 

2.3. Cyclic voltammetries 

Cyclic voltammetries (CVs) were conducted on the bioanode at scan 
rates of 1 mV/s within the potential range between − 0.4 and 0.8 V vs. 
SHE using an IVIUMnSTAT potentiostat (IVIUM Technologies, The 
Netherlands). The stainless-steel cathode was used as counter electrode, 
while an Ag/AgCl electrode (+0.198 V vs. SHE; AMEL, Italy) served as 
reference. 

2.4. Gas analyses 

Gaseous samples were analyzed in terms of O2, H2 and CH4 using a 
gas-chromatograph (Agilent 8860, GC system USA) equipped with a 
thermal conductivity detector (TCD). The concentration of toluene was 
measured by injecting gaseous samples into a gas-chromatograph 
(Agilent 8860, GC system USA) equipped with a flame ionization de-
tector (FID). Gas-phase concentrations were converted into liquid-phase 
concentrations using tabulated Henry’s Law constants [39]. The GC 
methods, calibration ranges and LOD of analytical methods are reported 
in the Supporting Information (Tab S2). 

2.5. 1H NMR analyses of liquid samples 

The liquid samples collected during the batch phase operated in OCP 
mode were analyzed via Proton Nuclear Magnetic Resonance (1H NMR) 
spectroscopy. Initially, 350 microliters of each sample were added to 
350 microliters of trimethylsilyl propionic-2,2,3,3-d4 acid (TSP)- D2O 
2 mM solution (final concentration of 1 mM). This mixture of each 
sample was then vortexed and transferred into precision tubes. After 
that, 1H NMR spectra were acquired at 298 K using a JEOL JNM-ECZR 
spectrometer (JEOL Ltd, Tokyo, Japan) equipped with a magnet oper-
ating at 14.09 Tesla and at 600.17 MHz for 1H frequency. All the spectra 
were recorded with 64k points and 128 scans, setting spectral width to 
9.03 KHz (15 ppm), with and irradiation attenuator of 48 dB, a pre- 
saturation pulse length of 2.00 s, relaxation delay of 5.72 s, for an 
acquisition time of 5.81 s. The identification step was achieved by two- 
dimensional experiments 1–1H Homonuclear Total Correlation Spec-
troscopy (TOCSY), 1H-13C Heteronuclear Single Quantum Correlation 
(HSQC) on selected samples and confirmed by literature comparison. 
TOCSY experiments were recorded at 298 K with a spectral width of 
15 ppm in both dimensions, using 8k ×256 data points matrix, repeti-
tion time of 3.00 s and 80 scans, with a mixing time of 80.00 ms. HSQC 
experiments were acquired with a spectral width of 9.03 KHz (15 ppm) 
in proton dimension and 30 KHz (200 ppm) in the carbon dimension, 
using 8k × 256 data points matrix for the proton and the carbon di-
mensions, respectively, with a repetition delay of 2 s and 96 scans. One- 
dimensional NMR spectra were processed and quantified by using the 
ACD Lab 1D NMR Manager ver. 12.0 software (Advanced Chemistry 
Development, Inc., Toronto, ON, Canada); 2D NMR spectra were pro-
cessed by using JEOL Delta v5.3.1 software (JEOL Ltd, Tokyo, Japan). 
All the NMR spectra were manually phased, baseline corrected and 
referenced to the chemical shift of the TSP methyl resonance at δ = 0.00. 

The quantification of metabolites was obtained by comparing the in-
tegrals of their diagnostic resonances with the internal standard TSP 
integral and normalized for their number of protons, and then multiplied 
for two, in order to consider the dilution factor. Final concentration was 
expressed as mM. 

2.6. High-throughput rRNA gene sequencing and bioinformatic analysis 

The contaminated groundwater used to inoculate the reactor (T0: 
45 mL) and liquid sample (Tf: 10 mL) taken at the end of the operation 
were filtered through polycarbonate membranes (pore size 0.2 mm, 
47 mm diameter, Nuclepore) and immediately stored at − 20 ◦C. In 
addition, the biofilm grown on the graphite rods was also collected at 
the end of the operation for subsequent microbiological analyses. The 
DNeasy PowerSoil Pro Kit (QIAGEN - Germantown, MD) was used for 
the DNA extraction. The genomic DNA was utilized as template for the 
amplification of the V1-V3 region of 16S rRNA gene of Bacteria (27F 5′- 
AGAGTTTGATCCTGGCTCAG-3′; 534R 5′-ATTACCGCGGCTGCTGG-3′) 
and the region V3–V5 of 16S rRNA gene of Archaea (340F 5′- 
CCCTAHGGGGYGCASCA-3′; 915R 5′-GWGCYCCCCCGYCAATTC-3′) 
following the procedure for library preparation and sequencing 
described in [9]. The samples were paired end sequenced (2×301bp) on 
a MiSeq platform (Illumina) using a MiSeq Reagent kit v3, 600 cycles 
(Illumina, USA) following the standard guidelines for preparing and 
loading samples. Phix control library was spiked at a concentration of 
20%. 

Bioinformatics elaborations were performed using QIIME2 v. 2018.2 
[5] following the procedure reported elsewhere [8]. High-throughput 
sequencing of the V1-V3 and V3-V5 regions of the bacterial and 
archaeal 16S rRNA gene yielded a total of 32,274 and 60,744 sequence 
reads after quality control and bioinformatic processing that resolved 
into 579 and 81 ASVs, respectively. Dataset are available through the 
Sequence Read Archive (SRA) under accession PRJNA785770. 
Sequencing results were used for the calculation of biodiversity indices 
for each sample (Shannon, Simpson) by using PAST software (PALAE-
ONTOLOGICAL STATISTICS, ver. 2.17) [16]. 

2.7. Droplet digital PCR quantification of key-functional genes 

The QX200™ Droplet Digital™ PCR System (Bio-Rad, Pleasanton, 
CA) was used in order to quantify the functional genes involved in 
anaerobic degradation of petroleum hydrocarbons. The ddPCR reaction 
mixture consisted of 11 μL of 2 × ddPCR EvaGreen supermix (Bio-Rad, 
Italy), 1 μL of each primer (at 7.5 μM concentration), 6 μL of nuclease- 
free water, and 3 μL of sample DNA. The reaction mixture was mixed 
with droplet generation oil (20 μL mixture + 70 μL oil) via microfluidics 
in the Droplet Generator (Bio-Rad, Italy). Following droplet generation, 
the water-in-oil droplets were transferred to a standard 96-well PCR 
plate, which was heat sealed with foil plate seal (Bio-Rad) and placed on 
a Bio-Rad CFX96 thermocycler (ramping speed at 2 ◦C s− 1) for PCR 
amplification using the following conditions: 5 min at 95 ◦C, followed 
by 39 cycles of 30 s at 95 ◦C and 1 min at 55–60 ◦C according to the 
primer pair, followed by 5 min hold at 4 ◦C and 5 min at 95 ◦C. Upon 
completion of PCR, the plate was transferred to a Droplet Reader (Bio- 

Table 1 
Average values of performance indicators during each experimental run (see calculation section).  

Run Duration (d) Tolin (mg L− 1) Tolout (mg L− 1) rTol (mg L− 1 d− 1) qTol (%) Current (mA) Metout (mmol L− 1) CE (%) CCE (%) 

I 8 17.0 ± 1.6 3.9 ± 0.3 28 ± 3 76 ± 3 1.86 ± 0.04 0.18 ± 0.02 55 ± 7 56 ± 5 
II 8 23.7 ± 2.9 10.4 ± 1.6 29 ± 4 56 ± 3 1.94 ± 0.03 0.10 ± 0.01 56 ± 7 30 ± 3 
III 15 5.5 ± 0.1 1.8 ± 0.3 8 ± 1 68 ± 6 1.33 ± 0.09 0.049 ± 0.002 134 ± 10 21 ± 1 
IV 9 9.0 ± 1.2 4.0 ± 0.4 11 ± 2 55 ± 3 1.58 ± 0.06 0.06 ± 0.01 123.1 ± 0.2 23 ± 5 
V 7 0.9 ± 0.7 0.2 ± 0.1 2 ± 1 76 ± 7 1.06 ± 0.07 0.03 ± 0.02 2275 ± 753 11 ± 6 
VI 4 39.7 ± 8.8 7.1 ± 3.4 71 ± 13 85 ± 5 2.44 ± 0.45 0.03 ± 0.01 30 ± 9 8 ± 1 
OCP 8 26.4 ± 0.6 10.5 ± 1.0 35 ± 3 60 ± 5 / 0.06 ± 0.01 / /  
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Rad) for automatic measurement of fluorescence in each droplet in each 
well (approximately 2 min per well). 

The benzylsuccinate synthase (bssA), involved in toluene degrada-
tion, was targeted using 7772 f – 8546r primer pair [51]. The primer 
pairs bcrCf-bcrCr and bzdNf-bzdnR were used for the amplification of 
the benzoyl CoA reductases class I (bcrC, bzdN) [21]; while the benzoyl 
CoA reductase class II (bamB) was amplified using bamBf – bamBr 
primers [25]. 

3. Calculations 

The removal rate of toluene r (mg L− 1 d− 1) was calculated using the 
following equation: 

rTol =
ΔTol

Vr
Q (1)  

where ΔTol (mg L− 1) is the difference between the concentration of 
toluene measured in the influent (TolIn) and the concentration measured 
in the effluent (Tolout), Vr (L) is the empty volume of the reactor and Q (L 
d− 1) is the flow rate of the influent. 

The relative toluene removal qTol% was calculated as follows: 

qTol% =
ΔTol

CTol(in)
× 100 (2) 

To calculate electron equivalents per day (mmol d− 1) generated by 
the complete oxidation of toluene (meqTol), the following equation was 
used: 

meqTol =
ΔTol

MWTol
× fTol × Q (3)  

where MWTol is the toluene molecular weight (92.14 g mol− 1) and fTol 
represents the number of mmol of electrons released from the complete 
oxidation of 1 mmol of toluene according to the following stoichio-
metric equation:  

C7H8 + 14H2O → 7 CO2 + 36H+ + 36 e-                                          (4) 

Therefore, the value of fTol is 36. 
Analogously, the electron equivalents per day (mmol d− 1) needed for 

methane production (meqMet) were calculated using the following 
equation: 

meqMet = MetOut × fMet × Q (5)  

Where MetOut (mmol L− 1) is the concentration of methane measured at 
in the effluent and fMet represents the number of mmol of electrons 
necessary for the conversion of 1 mmol of CO2 to methane, according to 
Eq. (6), which is equal to 8.  

CO2 + 8H+ + 8 e- → CH4 + 2H2O                                                   (6) 

The columbic efficiency (CE) was calculated as the ratio between 
charge that is the integral of the electric current over time and the 
theoretical charge deriving from the oxidation of removed toluene, ac-
cording to the following equation: 

CE(%) =

∫
i(t) × dt × 60 × 60 × 24

(meqTol) × F
× 100 (7)  

where i is the measured current (mA), dt is the time (s), F is the Faraday’s 
constant (96,485.3 C mol− 1), meqTol is the amount of electron equiva-
lents of toluene removed per day (mmol d− 1). 

The cathode capture efficiency (CCE) of the methane generation was 
calculated as follows: 

CCE(%) =
(meqMet) × F

∫
i(t) × dt × 60 × 60 × 24

× 100 (8)  

where meqMet represents the millimoles of electron equivalents needed 
for the production of methane. 

The specific (electric) energy consumption (sEC, kWh mM− 1) was 
calculated, for each run, from the average value of the electric current (i, 
A), the measured cell voltage (V), and the average toluene removal rate 
(rTol, mg L− 1 d− 1), according to the following equation: 

sEC (kWh mM− 1) =
i × V

3600 × 1000
MWTol × 24 × 60 × 60

rTol
(9)  

4. Results and discussion 

4.1. Reactor performance 

The bioelectric well was operated in continuous-flow mode for about 
50 days, and six different runs were performed at different influent 
toluene concentrations. For each run, current, concentration of toluene 
in the influent and effluent and methane generation were measured. 
Moreover, the coulombic efficiency (CE) and the cathode capture effi-
ciency (CCE) were calculated. Fig. 1 exemplifies the calculation (cycle 
III, influent toluene concentration: 5.5 ± 1 mg L− 1) and the average 
values for all experimental runs are reported in Table 1. 

The highest achieved toluene removal rate (rTol) was 71 ± 13 mg L− 1 

d− 1, with an average degradation of the influent contaminant load of 
about 70%. The corresponding specific (electric) energy consumption 
was 6.8 × 10− 5 kW h mM− 1, a value which compares favorably with 
those reported for other (ground)water treatment processes, particularly 
advanced oxidation processes (AOPs) [27]. 

The CE was highly dependent on the influent toluene concentration 
with broad variations. In run V the CE value is as high as 2275 ± 735%, 
which is due to the fact that a significant current was generated, even if 
the influent concentration of toluene was very low (i.e. 0.9 
± 0.7 mg L− 1). This aspect of an “impossible” CE will be further dis-
cussed in the following paragraphs. 

The methane generation, together with the carbon capture effi-
ciency, decreased throughout the experiment. Importantly, through all 
the experimental runs, the pH of the effluent was in the range 6.8–7.2 
and statistically indistinguishable from the pH of the influent. This is 
primarily due to the fact that anode and cathode were kept in the same 
reaction environment, thus preventing pH unbalances (i.e. acidification 
of the anode and basification of the cathode) typically observed in 
bioelectrochemical systems employing anionic or cationic membranes 

Fig. 2. Cyclic voltammograms conducted on the electrode without biofilm 
(abiotic control) and on the bioelectrode at two different concentrations of 
toluene (scan rate: 1 mV/s). The inset shows the first derivative of the vol-
tammograms Δi/ΔE: the blue arrows point to the peaks which correspond to the 
formal potentials of the extracellular electron transfer of the bioelectrode. 
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to separate electrodic compartments. 
Fig. 2 shows cyclic voltammograms (CV) recorded during different 

operational runs. No redox peaks were observed on the blank (abiotic) 
electrode either in the absence (black line) or in the presence of toluene 
(Fig. S2). The CV of the biofilm anode in presence of toluene (inlet 
toluene concentration: 1 mg L− 1, red line) shows a clear signal with an 
oxidation peak at 0.22 V vs. SHE. This strongly suggests the colonization 
of the electrode surface by a biofilm comprising of electroactive mi-
croorganisms, metabolically linked to toluene degradation. When the 
toluene concentration was increased (inlet toluene concentration: 
40 mg L− 1, yellow line), a corresponding rise of the oxidative current is 
apparent, showing a clear catalytic wave, with a maximum current 
density of ca. 9.3 µA cm− 2. 

By calculating the first derivative Δi/ΔE of the CVs of the bioanode in 
the presence of toluene, the formal potential (Ef) of the redox sites 
(directly or indirectly) involved in toluene oxidation is gained. The 
average Ef obtained for all feeding cycles is 0.03 ± 0.02 V vs. SHE. This 
value is slightly higher than the ones reported in literature for Geobacter- 
dominated anodic biofilms, which is between − 0.10 V and 0.15 V vs. 
SHE [34,35,41]. 

4.2. Impact of toluene load 

The concentration of toluene in the influent had a significant impact 
on the reactor performance. As depicted in Fig. 3A, toluene removal rate 
displayed a linear dependency on the inlet toluene concentration, 
whereas current generation shows a non-linear relationship. Specif-
ically, the current increase is linear at low influent toluene concentra-
tions, while for concentrations higher than 10 mg L− 1 the curve shows a 
saturation behavior (Fig. 3B). This aspect is further confirmed by the CV 
analysis (using CV data collected during the different runs), when 
plotting the value of current (at 0.7 V vs. SHE during the anodic scan of 
the CV) as a function of toluene concentration (Fig. 3C). Obviously, the 
mismatch between toluene removal and current generation trends has a 
major impact on the CE, which shows an inverse correlation with the 
toluene load, dropping from 134% at 5 mg L− 1 down to 30% at 
40 mg L− 1 inlet concentration, respectively (Fig. 3D). This phenomenon 
seems to indicate that, at high concentrations of toluene, another route 
of toluene removal, which is not linked to electric current generation, 
becomes predominant. 

Along this, it is possible that toluene is degraded under methano-
genic conditions. To test this hypothesis, we conducted a run of the 
reactor under OCP conditions (Fig. 4), in order to quantify the contri-
bution of the methanogenic pathway on toluene removal, upon blocking 
the microbial electrochemical oxidation. 

However, the obtained results indicate that methane generation ac-
counts only for a minor share of the removed toluene (Fig. 4). Indeed, 
the methane conversion efficiency (i.e., the percentage of the removed 
toluene which was recovered as methane) was as low as 7.7%. Thus 
methanogenic toluene degradation cannot explain the observed 
uncoupling between current generation and toluene removal. 

4.3. Deciphering microbial syntrophy 

Considering the previous results, we speculated that the degradation 
of toluene involves different steps in series: first toluene is converted 
into metabolic intermediates without the involvement of the electro-
active microorganisms, subsequently these intermediates are oxidized 
by the electroactive bacteria in the anodic biofilm. This hypothesis was 
tested by performing another open circuit experiment with the reactor 
being operated, this time, in batch mode so as to magnify the possible 
accumulation of metabolic intermediates. 

To this aim, the reactor was emptied to remove all metabolites and 
microorganisms present in the planktonic phase and then completely 
filled with fresh medium spiked with 10 mg L− 1 toluene. Cyclic vol-
tammograms were performed, at given time intervals, during the 

experiment to monitor the bioelectrocatalytic activity, while the abun-
dance of metabolites (i.e., molecules which are directly converted into 
electric current by the electroactive biofilm) was quantified using NMR. 

In Fig. 5 it is possible to see how, while the toluene concentration 
rapidly decreases, the oxidative current obtained during CVs increases, 
reaching a peak after about 29 h (phase I). After that the current starts 
decreasing again (phase II). 

These results show that the microbial electrochemical activity is 
linked to the abundance of certain metabolites stemming from toluene 
degradation. They also seem to confirm that bioelectrochemical toluene 
degradation requires a syntrophic or cooperative interaction between 
different microbial populations: initially toluene is rapidly converted 
into metabolic intermediates (i.e. VFAs, including formate and also 

Fig. 3. Influence of the toluene concentration on A) toluene removal, B) cur-
rent generation C) oxidative current obtained during CVs, in correspondence to 
an anodic potential of 0.7 V vs. SHE, and D) coulombic efficiency. 
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Fig. 4. Trends of toluene concentrations in the influent and effluent of the reactor and methane produced for the reactor operated in OCP mode.  

Fig. 5. A) Trend of the toluene concentration and the oxidative current recorded at 0.7 V vs. SHE during cyclic voltammograms while the reactor was operated in 
batch mode in OCP. B) Cyclic voltammograms recorded at different times during the step of intermediate accumulation. C) Cyclic voltammograms recorded at 
different times during the step of intermediate depletion. D) Trend of VFA and formic acid concentration, as determined by NMR. E) VFA composition after 150 h. 
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likely H2), then the intermediates are further oxidized by electroactive 
bacteria present on the anode or, to a minor extent, in a methanogenic 
pathway in the bulk of the reactor. Therefore, VFAs are likely employed 
as electron carriers in a sort of metabolite cross-feeding. Indeed, VFAs 
are well-known substrates for electroactive microorganisms [19,20,36, 
54]. It can be noticed how the accumulation process in phase I is much 
faster than the degradation process in phase II, which explains the 
different behavior of toluene removal and current generation, which 
was mainly observed during the reactor’s runs at high concentrations of 
toluene and under polarization. This mechanism can also explain why in 
run V the current was still relatively high even in absence of toluene: the 
metabolic intermediates present in the bulk or stored within the biofilm 
were still available for oxidation by the bioanode. 

4.4. Microbial community features 

The key functional genes involved in the anaerobic degradation of 
petroleum hydrocarbons were quantified using ddPCR assays. In 
particular, in the contaminated groundwater (T0_bulk) the biomarkers 
of benzoyl-CoA desaturation (genes bcrC, bzdN, bamB) in the central 
pathway for the conversion of benzylsuccinate into acetyl-CoA [4,13] 
were present in the range 9.2 3 gene copies L− 1 and 3.7 × 104 gene 
copies L− 1 (Fig. 6), showing a high biodegradation potential. 

In line with the performances of the reactor, the abundances of the 
functional genes involved in toluene degradation (e.g., bssA, brcC, bzdN, 
bamB) were substantially higher in the liquid effluent sampled at the end 
of the reactor operation than in the groundwater used as inoculum. In 
particular, an enrichment of the benzylsuccinate synthase (bssA), a 
biomarker gene of anaerobic toluene degrading bacteria that use 
fumarate addition pathway was observed [29], with values ranged from 
0 (b.d.l.) to 1.0 × 106 gene copies L− 1. Also, in line with the toluene 
degradation data, the abundance of functional genes encoding for the 
ATP-dependent class I (brcC, bzdN) and the ATP-independent class II 
(bamB) benzoyl CoA reductases were higher in the bulk at the end of the 
reactor operation rather than in the inoculum. In detail, the bamB gene 
accounted for 5.7 × 104 gene copies L− 1, bcrC for 1.9 × 107 gene copies 
L− 1, and bzdN for 2.2 × 105 gene copies L− 1. 

The key-functional genes involved in the anaerobic toluene degra-
dation pathway were highly abundant also in the biofilm grown on 
graphite rods (Fig. 6), suggesting an electroactive microbial community 
highly involved in this process. In particular, the bcrC showed the 
highest abundance (1.2 × 107 gene copies per cm2 graphite), followed 
by bssA (3.7 × 104 gene copies per cm2 graphite), bamB (9.0 × 103 gene 

copies per cm2 graphite), and bzdN (3.3 × 103 gene copies per cm2 

graphite). 
The microbial community analysis by means of high-throughput 

sequencing revealed a high diversity in both bacterial (Simpson index: 
0.93, Shannon: 3.37) and archaeal (Simpson index: 0.85, Shannon: 2.12) 
composition in the groundwater used as inoculum of the reactor. The 
bacterial microbiome of the liquid phase was mainly characterized by 
the presence of Betaproteobacteriales affiliated with Undibacterium 
(12.7% of total reads), Curvibacter (7.3%), Ralstonia (4.6%), and Rho-
doferax (3.3%) genera, followed by 18.4% of reads affiliated with family 
Spirochaetaceae (phylum Spirochaetes) (Fig. 7a). The phyla Actino-
bacteria, Chloroflexi, Bacteroidetes, and Firmicutes represented up to 
34.8% of total reads. The archaeal portion of microbial community was 
mainly composed by Methanocella (16.2%), Methanoregula (21.4%), and 
Candidatus Methanoperedens (11.3%), followed by not identified mem-
bers of Micrarchaeia (21.4) and Woesearchaeia (9.2%) classes (Fig. 7b). 

At the end of the operation, a different microbial community 
composition was observed in the effluent. In particular, the large ma-
jority of the bacterial reads recovered by the sequencing were affiliated 
with the families Propionibacteriaceae (52.7%), Rhodocyclaceae (18.5%), 
Rhizobiaceae (12.0%), and Burkholderiaceae (2.6%). Among these fam-
ilies, the presence of genera Mesorhizobium and Zooglea, together with 
identified members of Rhodocyclaceae suggested high potentialities of 
bulk reactor microbiome in hydrocarbon degradation [2,44,45,49]. 
Furthermore, in line with the observed production of acetic and propi-
onic acids [15], a large occurrence of Propionicicella (52.4%, Fig. 7a) was 
observed. The archaeal microbiome was strongly selected (Simpson 
index 0.07, Shannon 0.19) and mainly represented by Methanobacterium 
(96.6% of total reads) (Fig. 7b). The relative abundance of this hydro-
genotrophic methanogen is in line with the CH4 production observed in 
this study and consistent with previous reports on archaeal communities 
in methanogenic bioelectrochemical reactors [7,40,42,48]. 

The microbial community in the anodic biofilm grown on graphite 
rods provided direct evidence for the enrichment of electroactive bac-
teria. The classes Anaerolineae and Clostridia represented the main taxa 
colonizing the biofilm. Within these classes, Anaerolineaceae, a well- 
known electroactive bacterial family [12,38,52], represented up to 
34.1% of total reads (Fig. 7a). Furthemore, the occurrence of several 
reads affiliated with genera Geobacter and Desulfovibrio are in line with 
previous evidences of these typical electroactive microorganisms in 
electrode biofilms [18,26]. Regarding the archaeal microbiome, also in 
the case of biofilm, Methanobacterium dominated the archaeal commu-
nity representing up to 90.3% of archaeal reads (Fig. 7b). 

Fig. 6. Abundance of key-functional genes involved in anaerobic toluene degradation estimated by ddPCR in the liquid effluent of the reactor (T0 and Tf) and biofilm 
grown on graphite rods. Data are reported in Log scale. 
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Microbiological data obtained in this study suggested a close inter-
play and synergy between suspended (bulk) and immobilized (biofilm) 
biomass, in line with reactor performance (Fig. 8). Indeed, according to 
previous reports [2,44,45,49], the hydrocarbon degraders Rhodocycla-
ceae and Rhizobiaceae present in the bulk could drive the degradation of 
toluene leading to the production of key intermediates useful for the 
subsequent fermentative processes, most likely operated by Propionici-
cella members [15]. Progressively, the VFAs as well as H2 produced by 
fermentation can be used by electroactive bacteria, namely Geobacter, 
Desulfovibrio and Anaerolinaceae, for generating CO2 and H+ [22–24,37]. 
At the same time, the hydrogenotrophic methanogen Methanobacterium 
can be considered responsible for the minor methane production 
observed in the reactor [7,40,42,48]. The microbiome described in the 
present study strongly supported the previous idea of a syntrophic 
interaction between hydrocarbon degrading bacteria, fermenters and 
electroactive microorganisms in bioelectrochemical systems [14,22]. 

Anyway, the metabolite or electron transfer between hydrocarbon de-
graders and methanogenic archaea is complex and not well-understood 
so far [10,14,22]. 

5. Conclusions 

This study shows that the degradation of toluene to CO2 in a bio-
electrochemical system known as the “bioelectric well” is based on a 
syntrophic interaction between different groups of microorganisms. The 
degradation process involves at least two steps with different rates: in 
the first and faster step toluene is broken down to metabolic in-
termediates like VFAs by microbes able to open the aromatic ring (most 
probably following an initial fumarate addition). Secondly in a slower 
step VFAs are competitively consumed by either the electroactive bio-
film on the anode or the methanogens in the bulk liquid. This mecha-
nism explains why for higher toluene concentration the removal is 

Fig. 7. Relative abundance (% of total reads) of bacterial and archaeal genera ( ≥1% in at least one sample) in the liquid effluent of the reactor sampled at the 
beginning (T0) and at the end (Tf) of the experiment and biofilm grown on graphite rods (Tf-biofilm). 
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linearly correlated with the toluene load, while the current generation 
tends to a plateau, causing a decrease of the columbic efficiency. Indeed, 
the metabolic intermediates accumulate in the reactor or are stored in 
the biofilm, causing current generation even in absence of the only 
carbon source (i.e. toluene). 

These findings highlight the importance of a diverse microbial 
environment for the successful bioelectrochemical degradation of 
recalcitrant pollutants such as aromatic petroleum hydrocarbons. 
Additionally, the bioelectric well prototype proved to be an interesting 
tool to investigate the biodegradation pathways of organic contami-
nants, thanks to the combination of chemical, electrochemical and 
biomolecular analyses. The absence of a membrane separating anodic 
and cathodic compartments allowed to gather insights on the complex 
interplay between the different microbial populations and electrodes. 
This study further paves the way for the successful design and imple-
mentation of bioelectrochemical technologies applicable either in-situ 
or on site. 

Future research should focus on fine-tuning the reactor architecture 
and microbial and operational characteristic of the bioelectric well in 
order to optimize the removal efficiency and rate, especially in real 
environments. 
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Stable isotope probing of hypoxic toluene degradation at the Siklós aquifer reveals 
prominent role of Rhodocyclaceae, FEMS Microbiol. Ecol. 94 (2018), https://doi. 
org/10.1093/femsec/fiy088 fiy088. 

[46] M. Tucci, C. Cruz Viggi, A. Esteve Núñez, A. Schievano, K. Rabaey, F. Aulenta, 
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