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A B S T R A C T   

Addressing the simultaneous removal of multiple coexisting groundwater contaminants poses a significant 
challenge, primarily because of their different physicochemical properties. Indeed, different chemical com
pounds may necessitate establishing distinct, and sometimes conflicting, (bio)degradation and/or removal 
pathways. In this work, we investigated the concomitant anaerobic treatment of toluene and copper in a single- 
chamber bioelectrochemical cell with a potential difference of 1 V applied between the anode and the cathode. 
As a result, the electric current generated by the bioelectrocatalytic oxidation of toluene at the anode caused the 
abiotic reduction and precipitation of copper at the cathode, until the complete removal of both contaminants 
was achieved. Open circuit potential (OCP) experiments confirmed that the removal of copper and toluene was 
primarily associated with polarization. Analogously, abiotic experiments, at an applied potential of 1 V, 
confirmed that neither toluene was oxidized nor copper was reduced in the absence of microbial activity. At the 
end of each experiment, both electrodes were characterized by means of a comprehensive suite of chemical and 
microbiological analyses, evidencing a highly selected microbial community competent in the biodegradation of 
toluene in the anodic biofilm, and a uniform electrodeposition of spherical Cu2O nanoparticles over the cathode 
surface.   

1. Introduction 

Petroleum hydrocarbons (PHs) and heavy metals (HMs) are the most 
frequent pollutants among all contaminated sites across Europe, as re
ported by Pérez and Rodríguez in a recent survey [1]. Both these classes 
of compounds have the potential to act as carcinogens, mutagens, or 
allergens in humans, and they can lead to a range of other toxic effects 
when they enter the aquatic food chain [2,3]. 

Most literature studies focused on the removal of a specific 
contaminant through a single mechanism, while achieving the simul
taneous elimination of multiple pollutants continues to pose a challenge 
[4]. In fact, the different contaminants present in subsurface environ
ments may possess different physicochemical properties, and the 

method implemented to remove one pollutant can inhibit the removal of 
other pollutants [5]. It is also important to underline that the co- 
occurrence of these compounds in contaminated sites is quite 
frequent, and their combined toxicity usually surpasses the sum of their 
individual toxic effect [6]. Combining multiple contaminant removal 
techniques into a single process can be advantageous in terms of 
versatility and economic benefits [7]. 

Numerous approaches have been investigated for the remediation of 
soil and water contaminated with a combination of PHs and HMs. Some 
approaches can be used to treat both soil and water contaminated by 
these pollutants, such as biological degradation [8,9] and extraction 
processes with surfactants and chelating solutions [10]. Other technol
ogies are specific for water treatment, such as: adsorption on various 
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carbon-based materials (e.g. activated carbon, magnetic ordered carbon, 
lignite, etc.) [11,12], photocatalytic reduction [13,14], and electro
chemical methods, like capacitive deionization combined with electro- 
oxidation hybrid systems [15] and electrocoagulation with Fenton 
processes utilizing sacrificial anodes [16]. 

In recent years, bioelectrochemical systems (BESs) are attracting 
increasing attention as a promising alternative to conventional reme
diation strategies. BESs can provide a virtually endless reservoir of 
electrons, to support microbial metabolism through solid electrodes, 
that can potentially serve as virtually inhexustible electron donors (i.e., 
as cathodes) or electron acceptors (i.e., as anodes) for prompting 
reduction or oxidation of contaminants, respectively. Electrodes can 
thus avoids the disadvantages associated with the introduction of air, 
oxygen, or other chemicals into the aquifer [17], thereby making the 
treatment process greener and more sustainable. Microbial electrolysis 
cells (MECs) are a type of BESs in which an electric potential is applied to 
the electrodes to facilitate otherwise slow or energetically unfavourable 
oxidation reactions at the (bio)anode and/or reduction reactions at the 
(bio)cathode [18]. MECs have been applied for the treatment of PHs at 
the anode [19–26] or removal and recovery of HMs at the cathode 
[27–31]. However, there have been only limited attempts to address the 
simultaneous degradation in electrified systems of both PHs and HMs. 

Few notable examples include the work of Chen et al. [15], where the 
combination of capacitive deionization and electro-oxidation (CDI-EO) 
achieved the simultaneous removal of heavy metals and organic con
taminants within a single apparatus. Notably, it achieved the removal of 
Cu2+ ions through cathodic electrosorption and electrodeposition. 
Another noteworthy study employed electrochemical Fenton treatment 
for the concurrent removal of heavy metals and organic pollutants from 
surface finishing wastewater [16]. In another study, Zhang et al., 
developed a highly efficient treatment approach for real wastewater 
containing organic matter, heavy metals, and sulfate, employing a 
sulfur-cycle-mediated Microbial Fuel Cell (MFC) [32]. Lastly, Gambino 
et al. focused their work on the simultaneous removal of organic matter 
and heavy metals from marine sediment through the utilization of 
sediment-based microbial fuel cells (SMFCs) [33]. 

In the above cited papers, the investigated matrix typically consisted 
of wastewaters or sediments/soils, and the oxidizable component was 
represented by undefined “organic substances” present in the waste
waters, and not specifically by petroleum hydrocarbons. 

To the best of our knowledge, no prior studies have explored the 
application of bioelectrochemical processes for the concurrent treat
ment of groundwater contaminated with PHs and HMs. 

Our previous studies proved the efficacy of bioelectrochemical sys
tems in simultaneously treating multiple groundwater contaminants, 
paving the way for the application in real-world scenario [20,25,34,35]. 
We demonstrated that oxidizable and reducible contaminants could be 
efficiently removed in a single stage bioelectrochemical treatment. The 
oxidizable compounds treated at the anode were represented by toluene 
as model substrate, while at the cathode sulphate [25], trichloroethene 
[34] and chloroform [35] have been degraded by reductive biological 
processes. 

In this work, we studied for the first time the application of a bio
electrochemical system to the simultaneous removal PHs and HMs from 
contaminated groundwater with a membrane-less single-chamber 
reactor. The configuration of the reactor was different from that used in 
the previous studies, as well as the feeding and operational conditions. 
The system was spiked with toluene as model PH and Cu2+ as model HM. 
Toluene was chosen as model contaminant because it’s widely studied as 
model contaminant being one of the most pervasive soil and ground
water pollutant due to its high mobility and water solubility [36]. 
Copper was chosen being one of the most studied metals in BES studies 
for HM recovery from contaminated waters [27–31]. The removal of 
toluene at the anode, together with the reduction and precipitation of 
copper at the cathode were evaluated. Overall, this study provides evi
dence for a novel application of bioelectrochemical systems for the 

remediation of sites polluted with mixtures of toluene and copper, which 
can then be applied to sites contaminated by other combinations of pH 
and HM. 

2. Experimental 

2.1. Experimental setup and operations 

The experimental setup used in this study consisted in single- 
chamber bioelectrochemical cells, from now on referred to as E-cell, 
made of gastight borosilicate glass bottles sealed with Teflon-faced butyl 
rubber stoppers, having a total volume of 250 mL. The cells had a two- 
electrode configuration and were equipped with two graphite rods 
(purity: 99.995 %, length: 7.5 cm, ø: 0.6 cm; Sigma-Aldrich), one serving 
as anode and the other as cathode, with a potential difference of 1 V 
applied between them by an IVIUMnSTAT potentiostat (IVIUM Tech
nologies). The chosen cell voltage was high enough to address potential 
losses and support electrode reactions at the highest possible rates, yet 
below the value that would favour water electrolysis. The anode and the 
cathode coexisted in the single-chamber cell without physical separa
tion. The nominal surface area of the electrodes (calculated by taking 
into account only the part of the electrode that was immersed in the 
liquid phase) was 9.7 cm2. The distance between the anode and the 
cathode was approximately 2 cm. Titanium wires (ø: 0.81 mm, Alfa 
Aesar) connected the anode and the cathode to the potentiostat. Each 
cell was filled with 180 mL of anaerobic mineral medium [37], the 
composition of which is reported in the Supporting Information (Tab 
S1). Upon setup, the cells were flushed with a N2/CO2 (70:30 v/v) gas 
mixture to establish anaerobic conditions, and the pH was maintained at 
a value of about 7 by adding an anaerobic solution of bicarbonate (10 % 
w/v) as a buffer. 

At the start of the experimentation, two replicated cells were inoc
ulated with 20 mL of groundwater from a PH-contaminated site in Italy. 
The groundwater contained electroactive bacteria capable of degrading 
hydrocarbons, as confirmed by previous experiments [34,35]. In par
allel, different control experiments (each in duplicate) were also set up. 
These included abiotic, non-polarized tests, carried out using an iden
tical experimental setup as in the E-cell, with the aim of assessing the 
possible contribution of abiotic adsorption mechanisms on the observed 
toluene and copper removal. Similarly, abiotic and polarized tests were 
carried to evaluate the possible contribution of electrochemical re
actions on toluene and copper removal. The cells were kept out at room 
temperature (25 ± 2 ◦C) and in the dark to avoid the growth of photo
synthetic microorganisms. Throughout the study, the cells were spiked 
with toluene (5 mg/L) and Cu2+ (10 mg/L) at the start of successive 
cycles, as reported in Table 1. Copper was spiked in Run III-V, after 
evaluating that an electroactive biofilm had established on the anodes 
during Runs I and II. Regarding toluene and copper, added concentra
tions were those commonly found in contaminated groundwater. 

The cells were regularly sampled and analysed for toluene, gases and 
copper concentration. Electrochemical potentiostatic measurements 
were carried out with the potentiostat. 

Table 1 
Main operating conditions applied during the different experimental runs.  

Run Operational 
period 
(days) 

Polarization 
(V vs. SHE) 

Toluene 
concentration 
(mg/L) 

Cu2þ

concentration 
(mg/L) 

I 1–7 1.0 5 0 
II 8–14 1.0 5 0 
III 15–52 1.0 5 10 
IV 53–101 1.0 5 10 
V 102–122 − (Open circuit 

potential) 
5 10  
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2.2. Analytical methods 

Gaseous samples were taken from the cells using gastight syringes 
and analyzed for toluene and other gases using a gas-chromatograph 
(Agilent 8860, GC system) equipped with a flame ionization detector 
(FID) and a thermal conductivity detector (TCD). Gas-phase concen
trations were converted into liquid-phase concentrations using tabu
lated Henry’s Law constants [38]. The GC method, calibration ranges 
and LOD of analytical methods are reported in the Supporting Infor
mation (Tab S2). 

Liquid samples were filtered (nylon filters, pore size 0.2 mm, 47 mm 
diameter, Nuclepore), immediately acidified with 1 % HNO3 Suprapur 
(Sigma-Aldrich) and analyzed by ICP-OES (Model 5800, Agilent) to 
determine the bulk liquid Cu concentration. 

2.3. Microscopy analysis of the microbial communities 

In order to visualise the 3D structure of the biofilms grown on the 
graphite electrodes, cells were stained with 4′,6-diamidino-2-phenyl
indole (DAPI) solution, at room temperature in the dark for 15 min, 
followed by a second staining of 0.15 mM calcofluor-white (Sigma- 
Aldrich Chemie GmbH), at room temperature in the dark for 4 min, for 
EPS visualization. The stained biofilms were then observed under a 
confocal laser scanning microscope (CSLM; Olympus FV1000). Both 
cells and EPS of each biofilm were excited by 405 nm light and emitted 
at 430 to 470 nm (blue color). Graphite surface was visualized by its 
reflection signal (635 nm line of a diodo laser). The three-dimensional 
reconstruction of CSLM images was elaborated by the software 
IMARIS 7.6 (Bitplane) with 3D volume rendering mode. 

2.4. DNA extraction and high-throughput 16S rRNA gene sequencing 

The bulk effluent (20 mL) and the graphite rods (both anode and 
cathode) were collected at the end of the experiment. Graphite rods were 
vortexed in 40 mL PBS 1X (8 g/L of NaCl, 0.2 g/L of KCl, 1.44 g/L of 
Na2HPO4, 0.24 g/L of KH2PO4) for 15 mins in order to disrupt the biofilm 
grown on the rods surface. The effluent and the PBS-suspended biofilm 
were filtered through hydrophilic polycarbonate membranes (0.2 µm 
pore size, 25 mm diameter, Millipore) and immediately used for DNA 
extraction. DNA was extracted by using the DNeasy PowerLyzer Power
Soil Kit (QIAGEN) according to the manufacturer’s instructions. 4 ng of 
DNA were used a template for library construction via PCR amplification 
targeting the V1–V3 region of the 16S rRNA gene (primers 27F: 5′- 
AGAGTTTGATCCTGGCTCAG-3′; 534R: 5′-ATTACCGCGGCTGCTGG-3′). 
The V1–V3 region of the 16S rRNA gene was specifically targeted due to 
its well-established utility in identifying bacterial taxa within microbial 
communities. PCR reactions were conducted in a total volume of 25 μL, 
comprising Phusion Master Mix High Fidelity (Thermo Fisher Scientific) 
and 0.5 μM of 27F and 534R primers with adaptors. All PCR reactions 
were performed in duplicate and subsequently pooled. The amplicon li
braries were purified using Agencourt® AMpureXP-beads (Beckman 
Coulter), and their concentrations were measured using a Qubit 3.0 
fluorometer (Thermo Fisher Scientific). The purified libraries were equi
molarly pooled and then diluted to 4 nM. A Phix control was added at a 
10 % ratio to the pooled libraries. Subsequently, the samples were paired- 
end sequenced (2 × 301 bp) on a MiSeq instrument (Illumina) using a 
MiSeq Reagent kit v3, 600 cycles (Illumina), following standard guide
lines. The procedure employed for library preparation has been also re
ported elsewhere [35,39,40]. Bioinformatic analysis was performed after 
checking read quality with FastQC software (v 0.11.7), as reported else
where [41]. The Silva 132–99 database was used to assign the taxonomy 
(release December 2017, https://www.arb-silva.de/documentation/rel 
ease-132/). A dataset of amplicon sequence variants (ASVs) was gener
ated including 3767 ASVs from the cathode, 17,410 ASVs from the anode 
and 32,231 ASVs from the bulk effluent. Sequencing data have been 
deposited in the DDBJ/ENA/GenBank under the BioProject 

PRJNA1039752. 

2.5. X-ray photoelectron spectroscopy of graphite electrodes 

The surface chemical composition of the graphite rods was assessed 
through X-ray photoelectron spectroscopy (XPS). This analysis was 
conducted using a VG Escalab MkII spectrometer (VG Scientific Ltd) 
equipped with a 5-channeltron detection system and an unmono
chromatized radiation source of Al Kα (1486.6 eV). Spectra were 
registered in selected-area mode, operating with electrostatic lenses and 
fixing the entrance slit of analyser at A3x12, to collect photoelectrons 
from a sample area of about 3 mm diameter. The binding energy (BE) 
scale was calibrated positioning the C1s peak of graphite at BE = 284.6 
eV. All the spectra were acquired at the pass energy of 50 eV. Spectro
scopic data were acquired and processed using Avantage v.5 software, 
using a peak-fitting routine with Shirley background and Scofield 
sensitivity factors for elemental quantification. 

2.6. Scanning electron microscopy (SEM) and energy Dispersive 
spectroscopy (EDS) of graphite electrodes 

The graphite electrodes were broken into small pieces, fixed with 
glutaraldehyde 2.5 % in Na-cacodylate buffer 0.1 M for 1 h at room 
temperature, washed in buffer and post-fixed with osmium tetroxide 1 % 
in 0.1 M Na-cacodilate for an additional 1 h. After rinsing, samples were 
dehydrated through a graded series of ethanol solutions, from 30 % to 
100 %. Then, ethanol was gradually substituted by hexamethyldisila
zane (HMDS) through an incubation of 30 min in 1:1 (ethanol: HMDS) 
solution, followed by pure HMDS for 1 h and then by a final drying 
process under chemical hood for 1 h (totally removing HMDS and 
leaving to evaporate all the liquid phase). The dried graphite rods were 
mounted on aluminium stubs with silver paint, carbon coated and 
analyzed by FE-SEM Quanta Inspect F (FEI − Thermo Fisher Scientific) 
equipped with an EDAX detector used for the EDS analysis on the 
cathode surface. 

2.7. Calculations 

The coulombic efficiency (CE) for each cycle was calculated as the 
ratio between the transferred charge (that is the integral of the electric 
current over time) and the theoretical charge deriving from the oxida
tion of the toluene, according to the following equation: 

CE(%) =

∫
i(t) × dt

Δtol × 36 × F
(1)  

where i is the measured electric current (mA), F is the Faraday’s con
stant, Δtol is the amount of removed toluene (mmol) and 36 is the 
number of mmol of electrons released from the complete oxidation of 1 
mmol of toluene. 

The cathode capture efficiency (CCE) of each cycle was calculated as 
the ratio between the cumulative equivalents of produced methane 
(mmoleqCH4) and the cumulative equivalents deriving from current 
(mmoleqi), according to the following equation: 

CCE(%) =
mmoleqCH4

mmoleqi
(2)  

3. Results and discussion 

3.1. Bioelectrochemical experiments 

From the chemical analysis, it can be observed that toluene was 
removed almost completely (95 % and 99 % of removal in Run I and II, 
respectively), and the duration of the cycles was relatively short (around 
6 days for each cycle), pointing to the presence at the anode of an 
electroactive biofilm capable of efficiently oxidizing toluene. As shown 
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in Fig. 1A, the rapid and quantitative toluene depletion during the first 
two cycles corresponded to two current peaks of 0.06 and 0.04 mA, 
respectively. When toluene was completely depleted, the current drop
ped to the initial values in both cycles. This fact indicates that current 
generation was dependent on the presence of toluene, which most likely 
served as the main carbon and energy source for the anodic biofilm. 

The resulting average CEs were 62.9 ± 7.9 % and 72.1 ± 16.7 % in 
the first and in the second run, respectively. It can be hypothesized that 
toluene was converted into electric current through the formation of 
intermediates, such as VFA (Volatile Fatty Acids), which accumulated in 
the cells medium and were not totally converted into current, as indi
cated by CEs substantially lower than 100 %. In a previous work, it was 
found that the bioelectrochemical degradation of toluene proceeded via 
a syntrophic pathway involving cooperation between different micro
bial populations. Firstly, hydrocarbon degraders quickly converted 
toluene into metabolic intermediates probably by breaking the aromatic 
ring upon fumarate addition. Subsequently, fermentative bacteria con
verted these intermediates into volatile fatty acids (VFA) and likely H2, 
which were then used as substrates by electroactive microorganisms 
forming the anodic biofilm [19]. A similar removal mechanism can 
therefore be hypothesized. Methane production started immediately at 
the beginning of both cycles, reaching concentrations of 0.25 and 0.21 
mg/L in Run I and II, respectively (Fig. 1C). 

Average values of CCEs of 72.9 ± 6.6 % and 86.3 ± 9.4 % were 

calculated in Run I and II, respectively. These fairly high CCE values are 
consistent with methane production being driven by the hydrogen 
produced at the cathode (Fig. 5). 

Since after Runs I and II an electroactive biofilm was well established 
on the anodes, toluene was added along with copper (in the form of 
Cu2+) to assess the possibility of simultaneously removing hydrocarbons 
and heavy metals through bioelectrochemical processes. In both cycle III 
and IV, the presence of Cu2+ significantly slowed down the removal of 
toluene, likely due to inhibition phenomena. Many bacterial species are 
efficiently killed on copper or copper alloy surfaces. It is thought that 
contact killing proceeds by a mechanism whereby the metal-bacterial 
contact damages the cell envelope, which, in turn, makes the cells sus
ceptible to further damage by copper ions [42]. Nevertheless, toluene 
was completely removed in both cycles. Despite toluene removal was 
slower and substantially delayed (particularly during Run IV) compared 
to the cycles carried out in the absence of Cu2+, current production 
reached remarkably higher current peaks accounting to 0.09–0.11 mA 
(Fig. 1A), thus nearly doubling the values recorded in the previous cy
cles (Run I and II). The corresponding CE were higher than 200 % in 
both cycles. This finding could be due to two different factors: the 
hydrogen formed at the cathode was partially re-oxidized at the anode 
via a so-call electron recycling process [43], and/or the intermediates of 
toluene (such as VFA, as above mentioned), that had been accumulated 
during the first two feeding cycles, were now fully and more rapidly 
oxidized at the anode, resulting in high current peaks. Further in
vestigations would be warranted to shed light on this interesting 
behavior. 

Regarding copper, its concentration decreased significantly imme
diately after addition in both cycles, likely because of adsorption phe
nomena onto the graphite electrodes. After this initial rapid removal 
mechanism, copper concentration progressively decreased down to 
values below instrumental detection limits in both cycles (Fig. 1B), thus 
confirming the possibility of simultaneously removing toluene and 
copper through bioelectrochemical oxidation and cathodic reduction, 
respectively. 

Copper addition also slowed down methane production during cycle 
III and IV, although ultimately methane reached even higher concen
trations than in the previous cycles, also in line with the higher gener
ated electric current (Fig. 1C). On the contrary, the cathode capture 
efficiencies (towards methane production) decreased. In fact, CCEs of 
38.7 ± 0.5 % and 35.3 ± 10.3 % were calculated in Run III and IV, 
respectively. The cathode capture efficiencies decreased since in these 
cycles the hydrogen was no longer only converted into methane, but it 
was also re-oxidized at the anode, as previously hypothesized. Copper 
electro-reduction may also have contributed (up to 20 %, based on the 
removed copper) to reducing the yield of conversion of electric current 
into methane. 

During the last operational run (V), the circuits of the two bio
electrochemical cells were disconnected and maintained at open circuit 
potential (OCP) after toluene and copper were added. Upon removal of 
polarization, toluene degradation ceased almost immediately, as well as 
the production of methane. Except for the sharp decrease observed right 
after its addition, which is likely due to adsorption phenomena, copper 
concentration remained constant throughout the OCP cycle. This evi
dence confirms that the removal in the previous cycles was primarily 
dependent by the polarization. 

An additional experiment was conducted using two identical cells 
without inoculum and not connected to the potentiostat, to assess the 
possible adsorption of copper onto graphite rods or other abiotic 
mechanisms involved in the copper removal. Control cells were oper
ated in batch mode for about 120 days, showing an initial decrease after 
metal addition likely due to adsorption phenomena, and remaining 
approximately constant throughout the experiment (Figure S1). The 
trend of copper concentration observed in these abiotic and non- 
polarized experiments was similar to the one observed in the OCP run. 

Finally, an abiotic and polarized experiment was performed, to 
Fig. 1. Performances of the bioelectric cell. Trends of: A) toluene removal and 
current generation; B) copper removal; C) methane production. 
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evaluate the possible contribution of electrochemical reactions on cop
per removal. This last experiment evidenced the absence of significant 
copper and toluene removal in not inoculated conditions, even when a 
potential difference of 1 V is applied between the anode and the cathode 
(Figure S2). 

To summarize, the following removal mechanism can be hypothe
sized: during polarization toluene was converted into metabolic in
termediates (such as VFAs), which were in turn oxidized at the anode, 
generating an electric current that was used at the cathode for the 
reduction and precipitation of copper (Fig. 2). Further insights into the 
mechanisms of contaminants removal are gathered through electrodes 
characterization. 

3.2. Electrodes characterization 

At the end of the experiment, graphite rods were collected for the 
microbiological characterization of the biofilm and the analysis of the 
chemical composition of the surface. Electrodes characterization was 
aimed at clarifying the mechanisms of contaminants removal observed 
in the bioelectrochemical experiments. 

3.2.1. Anode characterization 
The anode collected from the cells at the end of the experimental 

period was divided in different parts for subsequent microbiological, 
microscopy and spectroscopy analyses. 

Fig. 2A shows the CLSM combined images showing the spatial dis
tribution (X − Y, X − Z, and Y − Z planes) of DAPI stained cells and EPS 
(stained by Calcofluor White) attached to the graphite electrode used as 
anode. The CLSM revealed the presence of a nearly 20 μm-thick biofilm 
on the surface of the electrode. Both cells and EPS are blue, while the 
surface of the electrode is visualized by its reflection signal in the same 
microscopic field, and appears grey. The presence of a biofilm was 
confirmed by SEM images of the anode (Fig. 2B), which show an elec
trode uniformly covered by a biofilm, mostly composed by bacilli 
(morphology: ~1 µm long and 0.5 µm wide) and to a lesser extent by 
cocci. 

The 16S rRNA gene amplicon sequencing revealed a highly selected 
microbial community of the biofilm collected at the end of the experi
ment from the anode surface and the bulk effluent (Fig. 3). The bacterial 
composition of the bulk effluent was also analyzed. In particular, the 

anodic biofilm was dominated by members of the class of Alphaproteo
bacteria (41 %) and members of Actinobacteria (40 %) and Firmicutes (11 
%) phyla. They were all previously identified in bioelectrochemical 
systems and reported to be involved in the syntrophic degradation of 
aromatic hydrocarbons, as detailed below. 

The most abundant bacterial taxa found on the anode surface were 
Rhizobiaceae (39.5 % of total reads). Similarly, also within the bulk 
effluent, Rhizobiaceae were dominant (68 %). Members of this family 
have been reported to be involved in the degradation of aromatic hy
drocarbons [44–46]. In particular, the single sequence ASV1 (Tab S3) 
was the most abundant found on the anode surface and in the bulk 
effluent of the bioelectrochemical reactor developed in the current 
study. The ASV1 sequence shows 100 % similarity (BLAST analysis, RID: 
NENPHDUZ013) with Aminobacter species, the latter previously identi
fied as genera capable of degrading toluene in polluted environments 
[47], and also found in anode microbial communities in MFCs [48]. 
Interestingly, Rhizobiaceae were highly abundant also in the bio
electrochemical reactor of a previous study treating toluene, where the 
authors hypothesized that it could drive the degradation of toluene 
leading to the production of key intermediates useful for the subsequent 
fermentative processes for VFA and H2 production [19]. Other taxa 
present in the biofilm on the anode surface were affiliated with Actino
bateria, including Coriobacteriia_OPB41 (30 %) and Cellulomonada
ceae_Actinotalea (7 %). A direct involvement of unidentified members of 
Actinobacteria order OPB41 in toluene or hydrocarbons degradation 
was not discussed so far even though they were reported as a component 
of microbial community in previous works concerning hydrocarbons 
degradation [19,35,49,50]. Anyway, Khomyakova and colleagues have 
recently isolated two pure cultures of anaerobic actinobacteria 
belonging to OPB41 [51]. In particular, strain M08DHBT has the ability 
to grow on the aromatic compound 3,4-dihydroxybenzoic acid. This 
compound, with a trivial name protocatechuate, could be formed during 
aerobic or anaerobic degradation of lignin-associated phenolic com
pounds. Analysis of strain M08DHBT genome did not reveal any com
plete aerobic or anaerobic pathways of aromatic compounds 
degradation, but some crucial determinants of protocatechuate oxida
tion have been identified. 

Actinotalea was recently identified in the anodic community of a MFC 
[52]. Szydlowski and colleagues identified the presence of numerous 
sequences related to electron transfer in its genome, e.g., the type IV 

Fig. 2. A) CLSM combined images showing the spatial distribution (X − Y, X − Z, and Y − Z planes) of DAPI stained cells and EPS attached to the graphite electrode 
used as anode. B) SEM micrograph of the anodic biofilm. Both CLSM and SEM images were taken at the end of the cells operation. 
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pilus biosynthesis gene pilB, confirming that this organism can respire 
through anodes, just like the model electrogenic microorganism Geo
bacter. They also documented the presence of novel and unique en
zymes, such as NADH translocases, that could provide resilience to high 
Cu content. Actinotalea is also reported to be involved in aromatic hy
drocarbons degradation [53,54] both in electrified [54] and in not 
electrified [53] systems. Both kind of the cited systems were amended 
with electrically conductive particles of biochar. 

Member of Firmicutes, such as Peptococcaceae_Thermincola (5.5 %) 
and Gracilibacteraceae_Lutispora (5 %), were also found on the anode 
surface. Firmicutes were also found to be involved in the anaerobic 
biodegradation of polycyclic aromatic hydrocarbons (PAHs). Members 
of this family were the most abundant microorganisms in bioaugmented 
inocula for the remediation of PAH contaminated soils [55]. Firmicutes 
were also identified in the bioanode biofilm of BES for accelerating the 
anaerobic biodegradation of Resorcinol, a typical aromatic contaminant 
as well as a key central intermediate (other than benzoyl-CoA) involved 
in anaerobic biodegradation of aromatics [56]. 

In particular, Thermincola members have been previously found in a 
toluene/TCE degrading bioelectrochemical reactor [34], as well as in a 
tubular microbial fuel cell to remove benzene and toluene, together with 
the exoelectrogens Geobacter as the main species on the anodic surface 
[57]. These previous evidences suggest a role of Thermincola member in 
toluene biodegradation. Regarding the Lutispora member found on the 
anode surface, it has been previously reported this microorganism as key 
degrader of VFA, which end products are acetate, isobutyrate, propio
nate and isovalerate [58], thus suggesting a role in the VFA metabolism 
within the system. 

As expected, the bulk effluent showed a similar composition to the 
anode biofilm, with Alphaproteobacteria (70 %), Actinobacteria (11 %) 
and Firmicutes (9.8 %). 

Overall, the microbiological characterization of the electrogenic 
biofilm revealed a highly selected bacterial community competent in the 

biodegradation of toluene. It is likely that members of Rhizobiaceae, 
particularly Aminobacter, along with Coriobacteriia_OPB41, and to a 
lesser extent Peptococcaceae_Thermincola, are the primary bacterial 
players responsible for toluene degradation within the system, while 
Lutispora likely contributes to toluene transformation into VFAs. 

X-ray photoelectron spectroscopy was finally employed to identify 
the chemical species present on the surface of the graphite rods retrieved 
at the end of the experiment. For comparative purposes, an identical, 
unused graphite rod was also analyzed. Besides trace amounts of im
purities mainly consisting of silicon (as SiO2), oxygen (as OH− ), and 
alumina (as Al2O3), photoemission spectra of the untreated graphite rod 
revealed only the presence of graphitic carbon (C 1 s spectrum, C–C 
bond at 284.6 eV). 

In contrast, the C 1 s spectrum of the anode clearly revealed, in 
addition to graphite, a second component at 288.2 eV due to the bonds 
of C = O and/or C-N, most likely attributable to the presence of adherent 
bacterial cells. Consistently, the nitrogen spectrum revealed the pres
ence of N 1 s peak located at BE = 400.4 eV, which is characteristic for C 
= NH, C-NH2 bonds. 

3.2.2. Cathode characterization 
The cathode collected at the end of the experiment was partitioned 

into various segments for subsequent analysis. The surface of the cath
odes coming from the electrified cells showed a reddish coloration to the 
naked eye, which is typical of copper deposition. 

The microbiological characterization of the cathode revealed a very 
low number of ASVs (3767) from the 16S rRNA gene sequencing with a 
heterogeneous bacterial composition, confirming that no significant 
biological process took place at the cathode. 

As proof of this, SEM images of the cathode (Fig. 4) showed no sig
nificant presence of microorganisms and confirmed uniform Cu elec
trodeposition over the surface of the cathode. Specifically, it can be 
observed the presence of spherical copper nanoparticles, with size 

Fig. 3. Bacterial community composition revealed by the 16S rRNA gene amplicon sequencing. Data are reported as the relative abundance of ASVs as a percentage 
of total reads in both the biofilm on the anode surface and the bulk liquid. 
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ranging between 200 and 300 nm. 
Copper nanostructures have recently garnered significant attention 

in the literature. This is primarily because the face-centered cubic 
structure of copper is considered an ideal alternative material, owing to 
its remarkable stability, excellent electrical conductivity, catalytic 
properties, and cost-effectiveness when compared to metals such as 
silver and gold [59,60]. Various shapes of copper nanostructures, 
including cubes, prisms, spheres and wires, have been obtained using a 
variety of techniques of deposition [61]. Electrochemical deposition 
stands out as a promising method for making copper nanoparticles due 
to its user-friendliness and cost-effectiveness. Several research groups 
have reported the synthesis of spherical copper nanoparticles similar to 
those obtained in this study through electrodeposition techniques 
[61–64]. 

Energy Dispersive Spectroscopy (EDS) analysis was performed in five 
different spots, as showed in Figure S3, to determine the elemental 
composition of the cathodic deposit. The EDS measures resulted in an 
average atomic ratio of Cu:O = 2.07 ± 0.14 % (Figure S4), confirming 
that copper was abiotically reduced and deposited at the cathode as 

Cu2O. 
Copper electrodeposition as cuprous oxide was confirmed by XPS 

analysis, which revealed, in addition to what was found for the anode 
(peaks related to graphite, bonds of C = O and/or C-N and bonds of C =
NH, C-NH2, all attributable to bacterial cells, although the latter are 
present in smaller percentages), the presence of Cu peaks at 933.2 eV 
attributable to Cu2O and Cu peaks at 935.5 eV most likely assigned to Cu 
(OH)2. 

4. Conclusions 

For the first time, the degradation of toluene was coupled with 
copper removal in a single-chamber bioelectrochemical cell. The system 
was able to achieve almost complete removal of both toluene and cop
per, exploiting both the oxidation and the reduction reaction simulta
neously. Through a comprehensive set of chemical and microbiological 
analyses, the mechanism of contaminants removal was elucidated: 
toluene was oxidized at the bioanode, generating an electric current that 
was used at the cathode for the abiotic reduction and precipitation of 
copper. Electrodes characterization evidenced a highly selected and 
competent microbial community in the anodic biofilm, directly engaged 
in the biodegradation of toluene, and a uniform electrodeposition of 
spherical copper nanoparticles across cathode surface. 

The herein studied bioelectrochemical process is at an initial stage of 
development and would warrant further investigations in order to single 
out the operating conditions for contaminants removal, primarily in 
terms of reactor design, electrode materials, and applied working con
ditions (e.g., cell voltage). It would also be interesting to assess process 
performance in the presence of even more complex mixtures of con
taminants to verify the possible occurrence of competitive effects. The 
recovery of metal nanoparticles from the electrode can possibly open 
new opportunities in the broad area of the valorization of contaminated 
(waste)water from a circular economy perspective. 
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