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Chapter | — Introduction



l.1 Introduction

Groundwater is a vital natural resource, constituting approximately 30% of the
world’s freshwater supply. In many arid regions, groundwater serves as the sole
source of water, underpinning agriculture, industry, and domestic water needs.
As urbanization intensifies and agricultural practices expand, the vulnerability of
groundwater to contamination has become increasingly evident. Contaminants,
ranging from agricultural nitrates to industrial solvents, percolate through soil and
aquifers, reaching depths that challenge natural remediation processes.
Addressing this contamination is crucial not only for water security but also for
public health and ecological sustainability (Malik et al., 2023; Mineo, 2023,
Ravindiran et al., 2023; Sadia et al., 2023; Xie et al., 2024). The migration of
contaminants within groundwater systems depends on a complex interplay of
hydrogeological, chemical, and biological factors. Physical processes, such as
advection and dispersion, contribute to the transport of pollutants from their
source to surrounding areas (You et al., 2020). In addition, chemical reactions,
including adsorption and ion exchange, determine the contaminants’ fate within
the aquifer (Locatelli et al., 2019). Biological degradation, where microorganisms
break down contaminants, serves as a natural attenuation process in some cases
(Alvarez and lllman, 2005). Understanding these mechanisms is critical to
designing effective remediation techniques. In recent years, the contamination of
groundwater has far-reaching implications beyond just environmental impacts.
Contaminated groundwater, often undetected until it poses acute health risks,
affects millions of people globally (Malik et al., 2023). For example, nitrate
pollution from agricultural fertilizers can lead to “blue baby syndrome” in infants
and other chronic health problems in adults (Majumdar, 2003). Heavy metals and
industrial solvents contribute to elevated cancer risks, while microbial
contamination leads to widespread infectious diseases (Pradhan et al., 2023;
Sinha and Prasad, 2020). Economically, groundwater pollution imposes
significant costs related to medical expenses, loss of agricultural productivity, and
remediation efforts (Reddy and Behera, 2006). The sources of groundwater

contaminants are as varied as they are pervasive. Agricultural activities, while
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essential for food production, introduce vast quantities of nutrients (notably
nitrogen and phosphorus) into groundwater systems (Fernandez-Lépez et al.,
2023; Malik et al., 2023). Industrial operations, including waste disposal and
mining activities, have contributed numerous synthetic chemicals such as
trichloroethylene (TCE) and heavy metals like arsenic and lead (Ravindiran et al.,
2023). Recently, attention has also shifted to emerging contaminants such as
pharmaceuticals, personal care products, and microplastics, which enter
groundwater through wastewater and runoff, and pose uncertain risks to
ecosystems and human health (Pradhan et al., 2023). In Europe, the most
frequently detected groundwater contaminants are chlorinated hydrocarbons
(CHCs), mineral oil, polycyclic aromatic hydrocarbons (PAHs), heavy metals,
phenols, cyanides, aromatic hydrocarbons (BTEX: benzene, toluene, ethyl

benzene, and xylene). Their relative distribution in is reported in Figure I-1.

Overwiev of contaminants affecting groundwater

PAH B BTEX Others M Mineral Oil [ CHC
B Heavy Metals

Figure I-1 The distribution of the contaminants in groundwater (Panagos et al., 2013)
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The persistent threats these contaminants pose to human, animal, and
ecosystem health, call for urgent remedies (Motlagh et al., 2020; Pradhan et al.,
2023; Sinha and Prasad, 2020). The technologies to remove contaminants from
a polluted site can be broadly grouped into two main categories and can be
applied individually or in synergy: physicochemical and biological technologies
(Alvarez and lllman, 2005). Physicochemical technologies can include physical
removal (i.e. excavation of soil and sediment or groundwater pumping), washing
by co-solvents or surfactants, thermal desorption, electrokinetic movement of
contaminants and oxidation or reduction via chemical agents (Alvarez and lliman,
2005; Yasri and Gunasekaran, 2017). Biological technologies (or Bioremediation)
are increasingly being considered since they exploit the vast metabolic diversity
of naturally occurring microorganisms to degrade organic contaminants by using
the pollutant as a source of energy and carbon (Alvarez and lliman, 2005).
Bioremediation relies on the ability of microorganisms to degrade contaminants,
or at least to transform them into less harmful compounds. The goal of
bioremediation is to stimulate the removal of contaminants by overcoming the
limitations to microbial metabolism that would otherwise prevent contaminant
removal. The most common approach involves the stimulation of the indigenous
microorganisms by acting on the factors that are limiting their metabolism, as for
example adding electron acceptors or nutrients (Biostimulation)(Sarkar et al.,
2016). Another strategy, that is often applied when the native populations do not
have the required metabolic abilities to remove the contaminants, is the addition
of selected strains or consortia, to improve the degradation ability of the microbial
community (Bioaugmentation)(El Fantroussi and Agathos, 2005). Biological
processes are often less expensive compared to physicochemical methods and
allows the complete mineralization of the pollutants. However, they frequently
require more time to achieve full remediation (Daghio et al., 2017).

Both physical-chemical and biological treatments can be applied in-situ or ex-situ.
The ex-situ processes involve the extraction of the contaminated matrix (soil or
groundwater) and the treatment in aboveground facilities and plants, while the in-

situ treatments involve the treatment directly into the site, targeting either the
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contaminant plume or the contamination source without extraction. In-situ
treatments offer potential advantages such as lower operating costs (due to the
lower request for energy), lower environmental impact, and the absence (or
minimization) of effluents to be treated and discharged. Moreover, they usually
allow achieving an effective degradation of contaminants rather than a simple
phase transfer (Majone et al., 2015). In-situ microbially-mediated reactions have
been successfully used for the reduction and/or oxidation of petroleum derived
contaminants (Alvarez and Illman, 2005). Despite their promise, a major
challenge of bioremediation processes, is their requirements for a thorough site-
specific, chemical, geochemical, hydrogeological, and microbiological
characterization (that is often more detailed and expensive than for a
physicochemical treatment), in order to assess the actual viability of the approach
and apply the best available technological options (Tyagi et al., 2011).

In this context, it is relevant to define if the process is aerobic (oxygen as terminal
electron acceptor) or anaerobic (nitrate, sulphate or iron as terminal electron
acceptor). One of the factors that mostly influence the biodegradation of organic
compounds is the availability of terminal electron acceptors; for this reason, a
common approach is to supply electron acceptors to stimulate the degradation of
organic compounds (Alvarez and lliman, 2005). Aerobic metabolism is stimulated
by adding oxygen to the contaminated matrix (e.g. by air sparging)(Farhadian et
al., 2008), which has the benefit of faster rates of hydrocarbon removal compared
to anaerobic bioremediation strategies (Weelink et al., 2010). Furthermore, even
though the oxidation of hydrocarbons can occur in anaerobic environments
(Weelink et al., 2010), oxygen is an important reactant for hydrocarbon
breakdown (Baldwin et al., 2009). The oxygen addition strategy suffers of a
number of limitations such as: (I) the high energy consumption associated with
aeration, (1) the low efficiency of oxygen utilization due to the rapid consumption
by reduced mineral substances such as Fe(ll) and HS’, usually abundant in
contaminated matrices (Tuxen et al., 2006)(l1l) the undesired stripping of volatile
contaminants, and (IV) the high growth yield of aerobic microorganisms which

may cause clogging problems near air/oxygen injection points.
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Anaerobic microbial metabolism can be effectively enhanced by adding sulphate
or nitrate (Coates et al., 1996; Vaiopoulou et al., 2005). Moreover, the addition of
chelators, which solubilize Fe®*, or the addition of soluble electron shuttles (e.g.
humic substances) can promote anaerobic metabolisms (Clark et al., 2012;
Lovley, 2008; Lovley and Woodward, 1996). The main drawback of the strategies
mentioned above is that the supplemented reagents can be rapidly consumed
and migrate naturally away from the contaminated area. Continuous amendment
with the depleted reagents or electron acceptors is therefore required, and this
increases the cost of the remediation (Zhang et al., 2010). In in-situ
bioremediation, anaerobic biodegradation plays a more important role than the
aerobic counterpart, in fact anaerobic processes are sometimes the only possible
solution to remove pollutants (Holliger et al., 1997) as it is often difficult to inject
oxygen into the contaminated matrix. Recently, Microbial Electrochemical
Technologies (METs) have been suggested as an alternative strategy to
overcome some of the limitations of the current bioremediation technologies of

soil and water (H. Wang et al., 2015).

[.2 Microbial electrochemical technologies (METS)

Microbial Electrochemical Technologies are systems in which microorganisms
catalyze oxidation or reduction reactions using solid-state electrodes, suitably
deployed in the contaminated matrix, as virtually inexhaustible electron acceptors
or donors, respectively (Zhang et al.,, 2013, 2010). Specific bacteria, often
referred to as exoelectrogens, have the ability to transfer electrons outside the
cell to insoluble electron acceptors (Logan and Rabaey, 2012). Electrons can be
transferred to the anode by electron mediators or shuttles (Rabaey et al., 2005,
2004), by direct membrane associated electron transfer (Bond and Lovley, 2003),
or by so-called nanowires (Lovley, 2011, 2008) produced by the bacteria. The
two main archetypes of METs are the Microbial Fuel Cells (MFCs) and the
Microbial Electrolysis Cells (MECs). MFCs can be used to generate power; in
these systems the electrons produced during the oxidation of the organic matter

(or other reduced chemical species) are employed to generate electric current (
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Logan et al., 2006). In the cathodic compartment of a MFC, an electrochemical
reduction reaction takes place (e.g. oxygen reduction).

By contrast, MECs function with addition of external power to drive the desired,
otherwise energetically unfavourable, reaction (Rozendal et al., 2006). A
microbial anode in combination with a biological or chemical cathode can be
implemented to achieve Hz production.

This kind of system requires about 3 times less potential difference compared to
a conventional chemical electrolysis cell, in which the reactions at the electrodes
are not mediated by microorganisms (Rozendal et al., 2006). When operating a
MEC, there are two electrical control strategies: (I) operation at a fixed potential
(Rozendal et al., 2006) or (II) operation at a fixed current (Andersen et al., 2013).
Operation at a fixed potential has the advantage that a desired reaction can be

driven, or favourable conditions for a certain (bio)catalyst can be created.

Reduced
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substrate - | o substrate
Metabolic é L
products = v— Metabolic
é % products
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v" Sediment : v" Protons
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Figure I-2 Schematic overview of microbially-catalyzed reactions taking place at the anode and
at the cathode of a microbial electrochemical systems.

|.3 Bioremediation applications of METs
Approximately twenty years ago, research on microbial extracellular electron

transfer started to gain significant traction (Bond and Lovley, 2003; Rabaey et al.,
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2009). The initial breakthrough technology was the microbial fuel cell, generating
power from organic waste or sediments (Logan, 2009; Logan et al., 2006).
However, it soon became apparent that the influence of microbial electrochemical
technologies (METSs) extends far beyond this, impacting numerous other domains
of industrial and environmental biotechnology for example allowing processes
such as groundwater bioremediation to be driven by solid-state electron donors
and acceptors in a highly flexible and controllable manner (Aulenta et al., 2010;
Daghio et al., 2017; Feng et al., 2023; Leitdo et al., 2015; Wang et al., 2020).
Unlike conventional bioremediation approaches that only provide one redox
condition, METs can provide simultaneously reducing (at the cathode) and
oxidizing (at the anode) conditions. This process can even be integrated within a
single treatment sequence, thus enabling the complete degradation (and
detoxification) of contaminants with specific characteristics as well as complex
mixtures thereof (Cruz Viggi et al., 2022; Resitano et al., 2024; Tucci et al., 2023).
The most noticeable feature of METs for in situ bioremediation is that the
electrodes can be deployed within the contaminated matrix (i.e., soil, sediment,
or groundwater). The electrodes can therein serve as virtually inexhaustible
electron acceptors or donors for contaminants degradation (or removal via
precipitation as in the case of metals), thus eliminating the need for the external,
continual injection of chemical amendments. Another key feature of MET is that
the “energy level” of the electron donor/acceptor can be set to the desired value
with an external potentiostat (to control individual electrode’s potential in a three
electrode configuration) or a power source (to control the potential difference
between the anode and cathode in a two electrode configuration), hence
providing a unique tool for increasing, manipulating, and/or fine-tuning the rate
and/or the selectivity of the target reaction(s) (Daghio et al., 2017; Wang et al.,
2020). Furthermore, it is worth noting that since the electrode(s) may also serve
as a support for microbial growth, METs facilitate the co-localization of the
electron donor/acceptor and the degrading microorganisms. Since many organic
contaminants (e.g., petroleum hydrocarbons, emerging organic pollutants like

pharmaceuticals) can be adsorbed on the surface of carbon-based electrodes,
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they tend to concentrate in a highly reactive zone where also the biocatalysts
occur, and the electron donor/acceptor are simultaneously present. Over the past
few years, electrobioremediation has attracted considerable interest in the
scientific community and several lab-scale studies have been published which
have provided robust indications that MET can be employed for enhancing the
biodegradation of a wide range of organic and inorganic soil and groundwater
pollutants (Li and Yu, 2015; Saxena et al., 2020; Wang et al., 2020).

I.4 Cathodic electrobioremediation

The possibility of using (bio)cathodes in MET represents a promising and
sustainable approach for groundwater remediation, as microbial processes
occurring at the cathode (biocathode) can be exploited to facilitate the removal of
several, ubiquitous pollutants, including organic contaminants (e.g., chlorinated
solvents), heavy metals, and nitrates, alone or in combination (Ucar et al., 2017).
As for chlorinated organic compounds, their conversion into less chlorinated
intermediates through reductive dechlorination (RD), carried out by organohalide-
respiring bacteria (OHRB), is often limited by the slow metabolism of OHRB and
the lack of sufficient external electron donors in groundwater (Aulenta et al.,
2006). In a recent study (Chen et al., 2023), direct electron transfer (DET)
between Axonexus and Desulfovibrio/cathode and indirect electron transfer (IET)
via riboflavin for Dehalococcoides were shown to significantly enhance
trichloroethene (TCE) dechlorination in MET biocathodes. A previous study
(Chen et al.,, 2019) reported TCE sequential hydrogenolysis, with its main
conversion into less harmful cis-1,2-dichloroethene, and ethene as a minor
product, in a 2-chamber bioelectrochemical reactor. Bio-cathodic TCE
dechlorination to ethene in paddy soil was enhanced when a pure D. mccartyi
NITO1 culture was added (Meng et al., 2022). As reported previously (Cecconet
et al., 2018), biocathodes may offer advantages for the removal of heavy metals
such as chromium and vanadium, including no need for chemical additives and
the use of bacteria for microbial catalysis. However, most of the studies focus on

ex-situ applications, with in-situ treatments requiring further exploration: Wu et al.
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(Wu et al., 2015) developed a Cr(VI)-reducing biocathode by reversing an anodic
exoelectrogenic biofilm, achieving higher microbial density than traditional
biocathodes; Beretta et al. (Beretta et al., 2020) initially developed bio-anodes in
a microbial fuel cell (MFC), then used them as cathodes in microbial electrolysis
cell (MEC), observing high Cr(VI) removal efficiency (93%) at —0.300 V vs. SHE.
Among reducible inorganic contaminants, nitrate derived from agricultural-related
activities is one of the most widespread pollutants (Puggioni et al., 2021). As
groundwater is usually characterised by low organic carbon concentration,
autotrophic denitrification represents the key metabolism for successful nitrate
removal using MET, where a solid-state, virtually inexhaustible electrode can
provide the required electrons. Cecconet et al. (Cecconet et al., 2019) simulated
the in-situ application of MET to achieve autotrophic denitrification. Ceballos-
Escalera et al. (Ceballos-Escalera et al., 2024) designed a compact tubular
bioelectrochemical reactor, suitable for decentralized applications in rural areas
for simultaneous nitrate removal and groundwater disinfection. The system was
capable of high nitrate removal rates (up to 5.0 £ 0.3 kgNO5/m2d), and in-situ

generation of free chlorine at the anode allowed effective water disinfection.

[.5 Anodic electrobioremediation

The microbially-catalyzed anodic oxidation of organic compounds in MET was
initially used to reduce the Chemical Oxygen Demand (COD) and Biochemical
Oxygen Demand (BOD) in domestic wastewater, while simultaneously producing
energy (Logan and Rabaey, 2012). More recently, MET technologies were
employed to stimulate the anaerobic oxidation of petroleum hydrocarbons
(Daghio et al., 2017). In these systems, the anode collects electrons produced
from the oxidation of organic contaminants. The anode electrode can be buried
in anoxic benthic sediment or a contaminated aquifer and connected to a cathode
in the overlying water. The anode can be pre-inoculated or naturally colonized by
resident microbiota capable of electron transfer. Electrons from the anaerobic
oxidation of contaminants flow through a connection to the cathode in the aerobic

water column, where oxygen reduction reaction (ORR) takes place. Clearly, this
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configuration does not allow for power harvesting or activity monitoring. Earlier
studies reported using complex mixtures of highly contaminated refinery
wastewater and diesel-contaminated groundwater as electron donors in MFCs
(Morris et al., 2009; Morris and Jin, 2007) coupling hydrocarbon removal with
power production. When using an anode as an electron acceptor, Diesel Range
Organics (DRO) removal reached 82%, compared to 31% in the open circuit
control. Both alkanes and aromatic hydrocarbons were degraded in BES. The
degradation of polycyclic aromatic hydrocarbons (PAHs) was also reported in
several studies. PAHs are persistent organic pollutants known for their
carcinogenic, mutagenic, and teratogenic properties (Patel et al., 2020). They are
primarily found in soils (such as coal and tar deposits) and are produced by the
thermal decomposition of organic matter. In one study, sediment/soil-based
MFCs were used to assess PAH degradation in polluted soils. The system
enhanced the removal rates of anthracene, phenanthrene, and pyrene while
generating electricity (12 mW/m?2) (Yu et al., 2017). Although electricity production
is a minor aspect of the technology, it serves as a valuable real-time indicator of

degradation.

1.6 DIET-based electrobioremediation

The discovery of direct interspecies electron transfer (DIET) among microbial
cells has brought attention to new and exciting strategies of microbial cooperation
in energy-limited anaerobic ecosystems (Summers et al., 2010). Specifically,
when grown under selective conditions, Geobacter metallireducens and
Geobacter sulfurreducens (two iron-reducing bacteria known for their ability to
exchange electrons with extracellular, insoluble electron acceptors or donors)
were found to form electro-conductive microbial aggregates. In these aggregates,
electrons were transferred from G. metallireducens to G. sulfurreducens during
the syntrophic degradation of ethanol, likely facilitated by c-type cytochromes.
This disruptive discovery challenged the established paradigm that electron
exchange within mixed microbial communities occurs only through diffusion of

soluble molecules like H> or formate (Stams and Plugge, 2009). Experimental
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findings and theoretical calculations have pointed out that DIET is a significantly
faster and more effective energy transfer mechanism compared to interspecies
H> transfer (Viggi et al., 2014). This leads to the intriguing hypothesis that DIET
may be more widespread in natural environments than previously recognized.
Interestingly, further studies reported that adding even small amounts of nano-
sized magnetite nanoparticles (<50 mgFe/L) could trigger DIET with negligible
lag-phase in syntrophic microbial communities and Geobacter species (Kato et
al., 2012). It was suggested that conductive magnetite particles attached to
microbes served as abiotic electron conduits, in contrast to biological electron
conduits like cytochromes, pilins, and pilin-like proteins, connecting redox
reactions catalyzed by different microbial species (Liu et al., 2015). More recently,
a variety of conductive or semi-conductive minerals and materials such as pyrite,
biochar, and graphite were found to substitute for biological connectors to
promote and facilitate cell-to-cell DIET (Cheng and Call, 2016).

Overall, while DIET is now recognized as a key metabolic route in the context of
anaerobic digestion, its relevance in the fields of biogeochemistry and
bioremediation remains largely unexplored, despite a few significant publications
highlighting its likely importance (Aulenta et al., 2021).

|.7 Parameters affecting the MET performances

Different parameters can affect the efficiency of MET, among these the electrode
materials, applied potential, the presence of redox mediator, the radius of
influence and the reactor configuration are of great interest in remediation

applications.

[.7.1 Electrode materials

The nature of the electrode can affect the performances of a MET, in particular it
should comply with the following properties:

() high physical and chemical stability, (II) high electrical conductivity, (llI)
catalytic activity and selectivity for the target compounds, and (IV) low cost/life

ratio. It is of relevant importance to choose an appropriate material because it
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could affect the selectivity and efficiency of the hydrocarbon removal process
(Anglada et al., 2009). The material also affects the Oxygen Evolution Reaction
(OER) overpotential; anodes with low OER overpotential, such as graphite or
platinum, are characterized by a high electrochemical activity towards the OER
and low chemical reactivity toward oxidation of organics. Thereafter, low current
densities are applied at such anodes to drive pollutant oxidation; at higher current
densities, current efficiency is expected to decrease due to the production of
oxygen. In contrast, anodes with a high OER overpotential, such as a DSAs
(Dimensionally Stable Anodes), higher current densities can be applied without
the concern that current efficiency is reduced due to occurrence of the OER.
Oxygen evolution is a process that could affect the electro-bioremediation both
by stimulating the activation of hydrocarbons, or by acting as a side reaction
delivering electrons to the anode which are not linked to the oxidation of the
contaminant, decreasing the efficiency. Adsorption of hydrocarbons on carbon
and organic phases in soil and sediment is known to reduce their bioavailability,
however adsorption on the electrode surface does not appear to negatively affect
biodegradation of hydrocarbon contaminants. Studies showed that contaminants
adsorbed onto the electrode could still be metabolized (Rakoczy et al., 2013;
Zhang et al., 2010).

1.7.2 Redox potential

The anode in a MET is the final electron acceptor in microbial metabolism. The
energy gain for the microorganisms is higher using electron acceptors with a
more positive potential; therefore it is reasonable to hypothesize that a more
positive anodic potential can enhance hydrocarbons oxidation. However, results
correlating anodic potential to bioelectrochemical oxidation of organic substrates
are controversial and do not confirm this expectation. With easily biodegradable
substrates (e.g. acetate) a positive correlation between anode potential and
current production was observed, but other studies have shown the opposite
trend (Aelterman et al., 2008; Wagner et al., 2010). One of the mechanisms to

transfer electrons to the electrode involve the presence of redox mediators that
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could be produced by the microorganisms (e.g. flavins and phenazines) or that
can be artificially provided (e.g. methyl-viologens and quinones). The presence
of redox mediators can influence the metabolism, in fact electrodes in METs may
serve to recycle the natural mediators, which can be re-oxidized at the anode,
providing a continuous source of electron acceptors for the degradative
microorganisms. Nevertheless, artificial mediators can be toxic and inhibitory to
microbial activity; mediator-free METs are preferable during bioremediation
because they could diffuse away from the reaction area and interact with other

processes therefore decreasing the efficiency (Daghio et al., 2017).

1.7.3 Radius of influence of the electrode

The extension of the radius of influence of an electrode is one of the most
important aspects to address before applying BES-based technologies for the
bioremediation of soil and sediments. The reported studies clearly indicate that
several factors may affect the radius of influence in field applications (e.g.
electrode design, water content, soil type, mass transport) and these parameters
may have to be evaluated in site specific conditions in order to obtain the best

treatment efficiency (Daghio et al., 2017).

|.7.4 Reactor configuration

All bioremediation processes are influenced by the physical and chemical
conditions of the contaminated matrix (e.g., soil, groundwater), especially for in-
situ bioremediation. The biodegradation performances are significantly affected
by matrix pH, salinity, temperature, nutrient content, soil water content and soill
Permeability (Leahy and Colwell, 1990). Specifically, for BESs the contaminated
matrix typically requires water saturation for proton transfer from the anode to the
cathode. In addition, background nutrient content, especially N and P, would be
required to be at levels that support anaerobic microbial activity. The MET best
configuration can change depending on the applications. Sometimes the
performances of these systems could be limited because of the large distance

between the anode and cathode, which results in high resistance loss. Column
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or tubular configurations alleviated such problems and have also been shown to
be more effective for the same types of contaminants. A typical column reactor
can be constructed by wrapping an assembly of anode, separator, and cathode
layers around a perforated tube. Such configuration greatly improved the
compactness of the reactor, reduced intrinsic loss, and can be potentially
integrated with current infrastructures such as monitoring wells or piezometers
(Yuan et al., 2010). For remediation of aqueous contaminants, enclosed systems
have been tested in different operational patterns, such as flow through,
recirculation, and multi-chamber integration. Dual-chamber reactors are widely
used in lab scale studies, because separation of the anode and cathode by a
membrane allows simple identification of reaction pathways for a specific
contaminant. So far, most studies were conducted in lab scale, but several groups
have successfully demonstrated MET remediation in pilot scale (H. Wang et al.,
2015). Despite the different advantages and the scientific interest, field scale
bioelectrochemical systems have not yet been tested and verified under fully
representative conditions and concerns have also been raised regarding their
actual scalability. To overcome these limitations, several alternative
configurations are presently being considered (e.g. involving concentric
electrodes), whereby the spacing between electrodes is kept as small as possible
without adversely affecting process performance. More scale-up studies are
expected, and there are several key factors that need to be considered for real-
world applications. For example, compared with METSs for wastewater treatment,
the in-situ field applications for soil and groundwater remediation require more
flexible configurations to adapt to different depths, soil matrix types and other
physical/chemical parameters. In addition, different contaminants generally
coexist in soil, sediment, or groundwater, which may require integrated
remediation strategy. So far, most studies focused on removing one contaminant
or mixed contaminants of the same type (electron donor or acceptor), SO more

studies are needed to tackle co-existing yet different types of chemicals.
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1.8 Aims of the Thesis

Microbial electrochemical technologies (MET) represent promising tools for the
in-situ bioremediation of groundwater contaminated by a wide range of pollutants,
such as petroleum hydrocarbons (PH) and heavy metals. These technologies
provide continuous supply of electron donors or acceptors directly within the
subsurface environment, thus enhancing microbial degradation processes.
However, the mechanisms linking the degradation of contaminants to current
generation are still not fully understood, limiting the development of robust and
scalable systems for field applications. Furthermore, most studies focused on the
treatment of single contaminants under laboratory conditions, whereas real
environmental contexts typically involve multiple co-contaminants requiring more
integrated remediation strategies.

In this context, the main objective of this Ph.D thesis was to develop and assess
the effectiveness of innovative bioelectrochemical reactor configurations for the
in-situ bioremediation of complex groundwater contaminated by organic and
inorganic compounds. The research investigates how reactor design, electrode
materials, and operating conditions influence contaminant removal efficiency,
with also a focus on understanding the microbial processes involved in pollutant
degradation.

In Chapter Il, the thesis presents a further development and assessment of a
recently developed bioelectrochemical reactor configuration, referred to as the
"Bioelectric well" (Fig.I-3) specifically designed for the in-situ treatment of
groundwater contaminated by organic pollutants. Indeed, in a previous study the
viability of such system to treat a synthetic groundwater containing toluene was
demonstrated. This chapter further examined factor and conditions affecting the
anodic toluene oxidation by a mixed microbial community and the corresponding
electricity generation pattern. Interestingly, the electrogenic anaerobic
biodegradation of toluene was found to occur via a syntrophic pathway involving
both hydrocarbon-degrading bacteria and electroactive microorganisms. The

study provides insights into the coupling between microbial oxidation of toluene
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and electron transfer processes at the anode, analyzing how current generation
correlates with contaminant degradation.

Chapter Il builds on this concept, extending for the first time the application of
the “bioelectric well” technology to the treatment of mixed contamination
scenarios. In this chapter, the reactor is exploited for the simultaneous
degradation of toluene and trichloroethene (TCE), a common co-contaminant in
groundwater. Notably, the research demonstrated how the bioelectric well
supports simultaneously both oxidative and reductive degradation pathways, with
toluene being oxidized at the anode and TCE being reductively dechlorinated at
the cathode, via abiotic hydrogen generation. The results highlight the potential
of this system for treating complex mixtures of pollutants in a single-stage
process. In Chapter 1V, the thesis explores the simultaneous removal of toluene
and chloroform (CF) in a continuous-flow bioelectrochemical reactor, addressing,
again, the challenge of co-contamination with organic pollutants requiring
different degradation pathways. This study investigates how the
bioelectrochemical system facilitates the concurrent biodegradation of these two
compounds while analyzing the impact of competitive inhibition when additional
substrates, such as acetate, are introduced. The findings suggest that METs can
be effectively employed in scenarios involving multiple contaminants, although
further optimization is required to maximize removal rates under mixed
contaminant conditions.

Chapter V expands the application of METSs to the treatment of both organic and
metal contaminants. Here, the thesis investigates the removal of toluene and
copper using a single-chamber bioelectrochemical cell. The oxidation of toluene
at the anode drives the reduction and precipitation of copper at the cathode,
resulting in the complete removal of both contaminants. This chapter illustrates
the versatility of METs in simultaneously addressing organic and inorganic
pollutants, showing how they can be employed for also for in-situ remediation of
complex groundwater scenarios.

In Chapter VI, a novel approach combining nitrate electro-bioremediation with

ultrafiltration technology is presented. The objective of this research was to
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develop a system where conductive membranes serve as both electrodes and
filtration media, allowing for the simultaneous filtration of water and
biodegradation of contaminants directly on the membrane surface. This
configuration enhances the efficiency of the bioremediation process by reducing
membrane fouling and co-localizing contaminants and microorganisms at the
membrane, facilitating more effective degradation. The integration of these
conductive membranes enables the application of an electric potential to drive
the nitrate reduction while simultaneously filtering out suspended particles and
other contaminants. This dual functionality provides a significant advantage over
traditional systems, where membrane fouling often limits operational lifespan and
efficiency. The use of this integrated system reduces the need for frequent
membrane cleaning and maintenance, making the technology more sustainable
and applicable to large-scale water treatment operations. The results
demonstrated a significant nitrate removal efficiency, showcasing the potential of
this integrated approach for advanced water remediation applications. This latter
research was conducted during a research stay at The Laboratory of Chemical
and Environmental Engineering (LEQUIA), of the University of Girona (UdG),
under the supervision of Prof. Sebastia Puig. The findings from this study lay the
groundwork for future research aimed at scaling up this innovative technology for

broader environmental applications.
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Figure I-3 lllustration of the prototype named "Bioelectric Well" operated in-situ

27



Chapter Il

Syntrophy drives the microbial electrochemical
oxidation of toluene In a continuous-flow

“bioelectric well”

Adapted From:

Tucci, M., Milani, A., Resitano, M., Viggi, C.C., Giampaoli, O., Miccheli, A., Crognale, S., Matturro,
B., Rossetti, S., Harnisch, F., Aulenta, F., 2022. Syntrophy drives the microbial electrochemical
oxidation of toluene in a continuous-flow ‘bioelectric well’. J. Environ. Chem. Eng. 10, 107799.
https://doi.org/10.1016/j.jece.2022.107799
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[I.1 Introduction

The presence of petroleum hydrocarbons (PHSs) in groundwater is mostly caused
by accidental spills and industrial discharges, and it represents a critical threat to
human health and the ecosystem (Weelink et al., 2010). Due to their high mobility
and water solubility, benzene, toluene, ethylbenzene and xylenes (BTEX) are
particularly dangerous when dispersed in the environment (Akmirza et al., 2017),
often amounting up to 90% of the dissolved pollutants in groundwater
contamination plumes (Suarez and Rifai, 2002). This aspect, combined with the
toxicity, demands for the implementation of effective remediation (Bolden et al.,
2015). 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 (Okoh
et al., 2020). In subsurface environments, however, bioremediation is often
limited by the scarcity of bioavailable electron acceptors or donors, negatively
affecting the removal rates (Modin and Aulenta, 2017). To overcome this
problem, several remediation techniques have emerged, which mainly involve
the injection of electron acceptors (e.g. oxygen) or donors (e.g. lactate) into the
contaminated aquifer to enhance the metabolism of the degrading microbial
communities (Farhadian et al., 2008). 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 (Cecconet et al., 2020). In this way,
several drawbacks linked to traditional bioremediation strategies can be avoided,
such as: (a) quick 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
metabolites derived from the amendment (He and Su, 2015). For this reason,
METSs can result in a more sustainable and cost-effective technology. However,
only few studies have addressed the use METSs for the anaerobic oxidation of
BTEX (Yang et al., 2020), and in order to design effective prototypes for field

applications, a deeper understanding of the removal mechanism is necessary.
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Herein, we studied the degradation of toluene as model BTEX using a prototype
of MET called “bioelectric well”. In previous works this prototype has been
successfully tested for the removal of phenol, toluene or a mixture of BTEX in
continuous-flow mode (Espinoza-Tofalos et al., 2020; Enza Palma et al., 2019,
2018b). 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 mode vs. batch mode, etc., in order to identify the main
factors that influence the degradation process and its possible limitations.
Furthermore, 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.

[I.2 Experimental section

[I.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).

[1.2.2 Reactor setup and operations

The bioelectric well was constructed as described elsewhere (Tucci et al., 2021).
A cylindrical anode made of 8 contiguous graphite rods (purity: 99.995%, length:
30 cm, @: 0.6 cm; Sigma-Aldrich, Italy) and a stainless-steel mesh cathode

(dimensions: 3 x 30 cm; type 304, Alpha Aesar, USA) were concentrically placed
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in a 250 mL glass cylinder (Fig. 1l-1). Anode and cathode were kept physically
separated by a polyethylene mesh (g: 1cm, length 30cm; Fig. 1B), which still
allowed hydraulic connection. Titanium wires (g: 0.81mm Alfa Aesar, USA) were
used to connect anode and cathode to an external circuit. The anode was
continuously polarized at +0.2 V vs. SHE by an IVIUMNnSTAT potentiostat (IVIUM
Technologies, 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 obtained from a petrochemical site in Italy. The

reactor was continuously fed with mineral medium (Tab. II-1).

Table 1lI-1 — Composition of the mineral medium used for the study

Minerals

Compound Concentration (g/L)
NH,4CI 0.5
MgCl, x 6H,0 0.1
CaCl, x 2H,0 0.05
K2HPO4 0.4

Trace metals

Compound Concentration (mg/L)
Nitrilotriacetic acid 4.5
FeSO,4 x 7H,0 0.556
MnSO4 x H,O 0.086
CoCl, x 6H,0 0.17
ZnS0O4 x 7TH,O 0.21
H3BO3 0.019
NiCl, 0.02
NaxMoO, 0.01

Vitamins

Compound Concentration (mg/L)
Biotin (B7) 0.02
Folic acid (B9) 0.02
Pyridoxine (B6) 0.1
Thiamine (B1) 0.05
Riboflavin (B2) 0.05
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Nicotinic acid (B3) 0.05
Pantothenic acid (B5) 0.05
Cyanocobalamin (B12) 0.002
4-aminobenzoic acid (B10) 0.05

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 to 40 mg L (Tab. 11-3). 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*, 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't; model: 323, Watson Marlow, Falmouth, UK; Fig. II-1). 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 whole

study, the system was kept at room temperature (i.e., 24 + 3°C).
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Figure 1l-1 - Schematic representation of the bioelectrochemical reactor “bioelectric well” when

operated in continuous-flow mode: 3D sketch of cylindrical reactor and peripherals

[1.2.3 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 as an Ag/AgCl
electrode (+0.198 V vs. SHE; AMEL, Italy) served as reference.

I1.2.4 Gas analyses

Gaseous samples were analyzed in terms of Oz, H> and CHs 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 gas-chromatograph (Agilent 8860, GC system
USA) equipped with a flame ionization detector (FID). Gas-phase concentrations
were converted into liquid-phase concentrations using tabulated Henry’s Law
constants (Sander, 2015). The GC methods, calibration ranges and LOD of

analytical methods are reported in the Table II-2.
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Table 1I-2 — Description of analytical methods employed for the quantification of toluene and Hz,

CHg4, O2 gases

Toluene analysis

GC system Agilent 8860 with FID detector

Column Agilent DB-624 GC fused silica (60m x 0.53 mm inner diameter, 0.3
um thickness)

Operational GC method: Carrier gas: nitrogen 7 mL/min; Injection Temp: 250

parameters °C; Interface Temp: 300 °C; Oven Temp Program: 100°C for 1.0

min, then ramp 20°C/min up to 150°C, hold for 1 min

Calibration range

0—-29 ppm

LOD 0.3 ppm
LOQ 1 ppm
Gas analysis

GC system Agilent 8860 with TCD detector

Column Agilent Carboxen 1000 stainless steel packed (3.05 m x 0.32cm,
OD, 2 mm ID, Carboxen-1000 packing, mesh size 60/80, pre-
conditioned)

Operational GC method: Carrier gas: Nitrogen 10 mL/min; Injection Temp: 200

parameters °C; Interface Temp: 300 °C; Oven Temp Program: 100°C for 10.0
min

Gas H. CH4 02

Calibration range 23 -69 15- 6.1 65 - 392

(ppm)

LOD 0.3 ppm 0.3 ppm 0.3 ppm

LOQ 1 ppm 1 ppm 1 ppm

11.2.5 *H-NMR analyses of liquid samples
The liquid samples collected during the batch phase operated in OCP mode were
analyzed via Proton Nuclear Magnetic Resonance (*H-NMR) spectroscopy.
Initially, 350 microliters of each sample were added to 350 microliters of
trimethylsilyl propionic-2,2,3,3-d4 acid (TSP)- D20 2mM solution (final
concentration of 1mM). This mixture of each sample was then vortexed and
transferred into precision tubes. After that, *H-NMR spectra were acquired at 298
K using a JEOL JNM-ECZR spectrometer (JEOL Ltd, Tokyo, Japan) equipped
with a magnet operating 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
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s. The identification step was achieved by two-dimensional experiments *H-1H
Homonuclear Total Correlation Spectroscopy (TOCSY), H-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 x 256 data points matrix,
repetition 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 x 256 data
points matrix for the proton and the carbon dimensions, 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 processed 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 & = 0.00.
The quantification of metabolites was obtained by comparing the integrals 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.

[1.2.6 High-Throughput rRNA Gene Sequencing and Bioinformatic Analysis
The contaminated groundwater used to inoculate the reactor (To: 45 mL) and
liquid sample (T 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 TrRNA gene of Archaea (340F 5'-
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CCCTAHGGGGYGCASCA-3’; 915R 5-GWGCYCCCCCGYCAATTC-3)
following the procedure for library preparation and sequencing described in (S.
Crognale et al., 2019). The samples were paired end sequenced (2x301bp) on a
MiSeq platform (lllumina) using a MiSeq Reagent kit v3, 600 cycles (lllumina,
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 (Bolyen et al., 2019) following the
procedure reported elsewhere (Crognale et al., 2021). 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 PRJINA785770. Sequencing results were used for the
calculation of biodiversity indices for each sample by using PAST software
(PALAEONTOLOGICAL STATISTICS, ver. 2.17) (Hammer et al., 2001).

[1.2.7 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 pL of
2x ddPCR EvaGreen supermix (Bio-Rad, ltaly), 1 uL of each primer (at 7.5uM
concentration), 6 uL of nuclease-free water, and 3 uyL of sample DNA. The
reaction mixture was mixed with droplet generation oil (20 yL mixture + 70 pL oil)
via microfluidics in the Droplet Generator (Bio-Rad, lItaly). 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-Rad) for automatic measurement of fluorescence in each droplet in
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each well (approximately 2 min per well). The benzylsuccinate synthase (bssA),
involved in toluene degradation, was targeted using 7772f — 8546r primer pair
(Winderl et al., 2007). The primer pairs bcrCf-bcrCr and bzdNf-bzdnR were used
for the amplification of the benzoyl CoA reductases class | (bcrC, bzdN) (Kuntze
et al., 2011); while the benzoyl CoA reductase class Il (bamB) was amplified

using bamBf — bamBr primers (Loffler et al., 2011)

[1.2.8 Calculations
The removal rate of toluene r (mg L d?) was calculated using the following

equation:
Froy = ATol 0 (1)

v,

where ATol (mg L) is the difference between the concentration of toluene
measured in the influent (Tolin) and the concentration measured in the effluent
(Tolow), Vr (L) is the empty volume of the reactor and Q (L d!) is the flow rate of
the influent.

The relative toluene removal groi Was calculated as follows:

qToly, = _ATol x 100 (2)

Crol(in)
To calculate electron equivalents per day (mmol d!) generated by the complete
oxidation of toluene (meqra), the following equation was used:

ATol
meqror = p— X fro X Q )

where MWy is the toluene molecular weight (92.14 g molt) and fro represents
the number of mmol of electrons released from the complete oxidation of 1 mmol
of toluene according to the following stoichiometric equation:

C/Hg+ 14 HO=7CO2+ 36 H" + 36 e 4
Therefore, the value of fro is 36.
Analogously, the electron equivalents per day (mmol d*) needed for methane
production (meqmet) were calculated using the following equation:

mequyer = Metoyr X fayer X Q (5)
Where Metouw (mmol L) is the concentration of methane measured at in the

effluent and fwvet represents the number of mmol of electrons necessary for the
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conversion of 1 mmol of CO2 to methane, according to equation (6), which is
equal to 8.

CO2+8H*+8e =CHs + 2 H20 (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, according to the following equation:

i(t)xdt x60x60x24
(meqro)XF

CE(%) =1 % 100 @)

where i is the measured current (mA), dt is the time (s), F is the Faraday’s
constant (96485.3 C mol?), meqro is the amount of electron equivalents of
toluene removed per day (mmol d-1).

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

as follows:

_ (meqpge)XF (8)
CCE(%) = [i()xdt x60x60x24 x 100

where mequet represents the millimoles of electron equivalents needed for the

production of methane.

[1.3 Results and discussion

[1.3.1 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 efficiency (CCE) were calculated. Figure 11-2
exemplifies the calculation (cycle lll, influent toluene concentration: 5.5+ 1 mg L-

1) and the average values for all experimental runs are reported in table 11-3.
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Figure 1I-2 — 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 5.5mg/L).

The highest achieved toluene removal rate (rro) was 71 £ 13 mg L d1, with an
average degradation of the influent contaminant load of about 70%. 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 because a significant
current was generated, even if the influent concentration of toluene was very low
(i.e. 0.9 £ 0.7 mg L1). This aspect of an “impossible” CE will be further discussed
in the following paragraphs. The methane generation, together with the carbon

capture efficiency, decreased throughout the experiment.
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Table 1I-3 — Average values of performance indicators during each experimental run (see
calculation section).

Run Duration Tolin Tolout ITol ol Current Metout CE CCE
(d) (mg L) (mg L) (mg L™*d¥) (%) (mA) (mmol L) (%) (%)
| 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
Il 8 23.7£2.9 104+1.6 29+4 56+3 1.94+0.03 0.10 £0.01 56 + 7 30+3
11 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
\Y 9 9.0+1.2 40+04 11+2 556+3 1.58 + 0.06 0.06 £0.01 123+ 2 23%5
Vv 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+0.6 105+1.0 35+3 60+5 / 0.06 + 0.01 / /

Figure II-3 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. The CV of the
biofilm anode in presence of toluene (inlet toluene concentration: 1 mg L2, 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 microorganisms, metabolically linked to toluene degradation. When
the toluene concentration was increased (inlet toluene concentration: 40 mg L™,
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 pA cm™2.

By calculating the first derivative Ai/AE of the CVs of the bioanode in the presence
of toluene, the formal potential (Er) of the redox sites involved in toluene oxidation
is gained. The average Er 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 -0.1and 0.15 V vs. SHE (Patil et al.,
2012; Riedl et al., 2019; Scarabotti et al., 2021).
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Figure II-3 — Cyclic voltammograms conducted on the electrode without biofilm (abiotic control)
and on the bioelectrode at two different concentrations of toluene (scan rate: 1mV/s). The inset
shows the first derivative of the voltammograms Ai/AE: the blue arrows point to the peaks which

correspond to the formal potentials of the extracellular electron transfer of the bioelectrode.

[1.3.2 Impact of toluene load

The concentration of toluene in the influent had a significant impact on the reactor
performance. As depicted in figure II-4A, toluene removal rate displayed a linear
dependency on the inlet toluene concentration, whereas current generation
shows a non-linear relationship. Specifically, the current increase is linear at low
influent toluene concentrations, while for concentrations higher than 10 mg L+
the curve shows a saturation behaviour (Fig. 1I-4B). 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. II-4C). 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* down to 30% at 40 mg L™t inlet concentration, respectively (Fig.
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[I-4D). 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 this, it is possible that toluene is
degraded under methanogenic conditions. To test this hypothesis, we conducted
a run of the reactor under OCP conditions (Fig. 1I-5), in order to quantify the
contribution of the methanogenic pathway on toluene removal, upon blocking the

microbial electrochemical oxidation.
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However, the obtained results indicate that methane generation accounts only for
a minor share of the removed toluene (Fig. 1I-5). 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.
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Figure II-5 - Trends of toluene (A) concentrations in the influent and effluent of the reactor and

methane (B) produced for the reactor operated in OCP mode.

[1.3.3 Deciphering microbial syntrophy

Considering the previous results, we speculated that the degradation of toluene
involves two different steps: first toluene is converted into metabolic
intermediates without the involvement of the electroactive 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? toluene. Cyclic voltammograms were
performed, at given time intervals, during the experiment to monitor the

bioelectrocatalytic activity, while the abundance of metabolites (i.e., molecules
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which are directly converted into electric current by the electroactive biofilm) was

quantified using NMR.
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In figure II-6 it is possible to see how, while the toluene concentration rapidly

decreases, the oxidative current obtained during CVs increases, reaching a peak
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after about 29 h (phase 1). 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. VFASs,
including formate and also likely H»), 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 (Jin et al., 2016; Kiely
et al., 2011; Rosales-Sierra et al., 2017; Zhang et al., 2019). It can be noticed
how the accumulation process in phase | is much faster than the degradation
process in phase Il, which explains the different behaviour 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.

[1.3.4 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 (To_bulk) the biomarkers of benzoyl-CoA
desaturation (genes bcrC, bzdN, bamB) in the central pathway for the conversion
of benzylsuccinate into acetyl-CoA (Boll et al., 2014; Fuchs et al., 2011) were
present in the range 9.2 3 gene copies L and 3.7 x 10* gene copies L (Fig. II-
7), showing a high biodegradation potential. In line with the performances of the
reactor, the abundances of the functional genes involved in toluene degradation
(e.q., 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
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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 (Von Netzer et al., 2016), with values ranged
from O (b.d.l) to 1.0 x 10° gene copies L. Also, in line with the toluene
degradation data, the abundance of functional genes encoding for the ATP-
dependent class | (brcC, bzdN) and the ATP-independent class Il (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 x 10* gene
copies L1, berC for 1.9 x 107 gene copies L, and bzdN for 2.2 x 10° gene copies
L-1. The key-functional genes involved in the anaerobic toluene degradation
pathway were highly abundant also in the biofilm grown on graphite rods (Fig. II-
7), suggesting an electroactive microbial community highly involved in this
process. In particular, the bcrC showed the highest abundance (1.2 x 107 gene
copies per cm? graphite), followed by bssA (3.7 x 10% gene copies per cm?
graphite), bamB (9.0 x 102 gene copies per cm? graphite), and bzdN (3.3 x 103
gene copies per cm? graphite).
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Figure II-7 - Abundance of key-functional genes involved in anaerobic toluene degradation
estimated by ddPCR in the liquid effluent of the reactor (To and Tr) and biofilm grown on graphite
rods. Data are reported in Log scale.
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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 Rhodoferax (3.3%) genera, followed by 18.4% of reads affiliated with
family Spirochaetaceae (phylum Spirochaetes) (Fig. [lI-8a). The phyla
Actinobacteria, 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 members of Micrarchaeia
(21.4) and Woesearchaeia (9.2%) classes (Fig. 11-8b).

At the end of the operation, a different microbial community composition was
observed in the effluent. In particular, the large majority 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 families, the presence of genera
Mesorhizobium and Zooglea, together with identified members of
Rhodocyclaceae suggested high potentialities of bulk reactor microbiome in
hydrocarbon degradation (Bacosa et al., 2020; Tancsics et al., 2020, 2018;
Weelink et al., 2007). Furthermore, in line with the observed production of acetic
and propionic acids (Goodfellow et al., 2012), a large occurrence of
Propionicicella (52.4%, Fig. |I-8a) 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.ll-8b). The relative abundance
of this hydrogenotrophic methanogen is in line with the CH4 production observed
in this study and consistent with previous reports on archaeal communities in
methanogenic bioelectrochemical reactors (Cheng et al., 2009; Sasaki et al.,
2011; Siegert et al., 2014; Van Eerten-Jansen et al., 2013).
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The microbial community in the anodic biofilm grown on graphite rods provided
direct evidence for the enrichment of electroactive bacteria. The classes
Anaerolineae and Clostridia represented the main taxa colonizing the biofilm.
Within these classes, Anaerolineaceae, a well-known electroactive bacterial
family (Feng et al., 2020; Roustazadeh Sheikhyousefi et al., 2017; Xu et al.,
2016), represented up to 34.1% of total reads (Fig. lI-8a). 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 (Hou et al., 2021; Lovley, 2011). Regarding the archaeal
microbiome, also in the case of biofilm, Methanobacterium dominated the

archaeal community representing up to 90.3% of archaeal reads (Fig. 11-8b).
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Figure II-8 - Relative abundance (% of total reads) of bacterial and archaeal genera ( 21% in at
least one sample) in the liquid effluent of the reactor sampled at the beginning (To) and at the end

(T¢) of the experiment) and biofilm grown on graphite rods (Tf-biofilm).

Microbiological data obtained in this study suggested a close interplay and
synergy between suspended (bulk) and immobilized (biofilm) biomass, in line with
reactor performance (Fig. 11-9). Indeed, according to previous reports (Bacosa et
al., 2020; Tancsics et al., 2020, 2018; Weelink et al., 2007) the hydrocarbon

degraders Rhodocyclaceae and Rhizobiaceae present in the bulk could drive the
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degradation of toluene leading to the production of key intermediates useful for
the subsequent fermentative processes, most likely operated by Propionicicella
members (Goodfellow et al., 2012). Progressively, the VFAs as well as H:
produced by fermentation can be used by electroactive bacteria, namely
Geobacter, Desulfovibrio and Anaerolinaceae, for generating CO2 and H* (Laczi
et al., 2020; Liang et al., 2016, 2015; Rossmassler et al., 2019). At the same time,
the hydrogenotrophic methanogen Methanobacterium can be considered
responsible for the minor methane production observed in the reactor (Cheng et
al., 2009; Sasaki et al., 2011; Siegert et al., 2014; Van Eerten-Jansen et al.,
2013). 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 (Gieg et al., 2014, Laczi et al., 2020). Anyway, the metabolite or electron
transfer between hydrocarbon degraders and methanogenic archaea is complex
and not well-understood so far (Embree et al., 2014; Gieg et al., 2014; Laczi et
al., 2020).
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Figure 1I-9 — Proposed mechanism for the bioelectrochemical degradation of toluene in the
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reactor while polarized and operated in continuous-flow.
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II.4 Conclusions

This study shows that the degradation of toluene to CO: in a bioelectrochemical
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 intermediates 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 biofilm on the
anode or the methanogens in the bulk liquid. This mechanism explains why for
higher toluene concentration the removal is 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.
This study further paves the way for the successful design and implementation 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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Chapter Il

Coupling of bioelectrochemical toluene oxidation
and trichloroethene reductive dechlorination for
single-stage treatment of groundwater containing

multiple contaminants

Adapted from:

Viggi, C.C., Tucci, M., Resitano, M., Crognale, S., Franca, M.L. Di, Rossetti, S., Aulenta, F., 2022.
Coupling of bioelectrochemical toluene oxidation and trichloroethene reductive dechlorination for
single-stage treatment of groundwater containing multiple contaminants. Environ. Sci.
Ecotechnology 11, 100171. https://doi.org/10.1016/J.ESE.2022.100171
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l1I.1 Introduction

Petroleum hydrocarbons (PH) and chlorinated aliphatic hydrocarbons (CAH) are
among the most frequent and harmful soil and groundwater contaminants
(Majone et al., 2015). Their occurrence in subsurface environments, typically
caused by accidental spills, leakage from underground storage tanks, as well as
improper manufacturing or disposal practices, poses severe environmental and
health concerns due to the relevant toxicity and recalcitrance of such compounds
(Lhotsky et al., 2017). In the last decades, the ever-increasing knowledge
gathered on the ability of microorganisms to degrade or transform pollutants into
harmless end-products and on their degradative metabolic pathways has spurred
the interest towards the application of bioremediation approaches for the cleanup
of contaminated sites (Alvarez and Illman, 2005; Megharaj et al., 2011,
Sadanoski et al., 2020; Wu et al., 2017). These are typically based on the
manipulation of environmental conditions through for instance the control of the
redox potential, and/or the supplementation of electron donors or acceptors
(Davoodi et al., 2020). A challenging problem related with the bioremediation of
sites containing a mixture of PH and CAH is, however, the fact that these
contaminants are degraded via distinctive oxidative and reductive pathways, thus
requiring different amendments and redox conditions (Aulenta et al., 2006, 2005;
Rabus et al., 2016; Vogt et al., 2016). In particular, the (aerobic or anaerobic)
oxidative biodegradation of PH can be typically stimulated by providing naturally
occurring microbial communities with an otherwise limiting electron acceptor
(e.g., oxygen, nitrate, sulphate). By contrast, CAH are preferably biodegraded via
a reductive pathway, often referred to as reductive dechlorination (RD) in which
the chlorinated contaminant serves as a respiratory electron acceptor in the
energy metabolism of so-called organohalide-respiring bacteria (OHRB)
(Atashgahi et al., 2016; Aulenta et al.,, 2016). Among them, Dehalococcoides
mccartyi is the only one capable of dechlorinating CAH to harmless ethene
through the catalytic activity of the reductive dehalogenases (i.e., tceA, bvcA,
vcrA) directly responsible for the RD process (Ritalahti et al., 2006). Thus, the
RD of CAH can be stimulated by providing autochthonous OHRB with suitable
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electron donors (i.e., H2> or fermentable substrates). Clearly, to minimize the
establishment of competitive reactions which may adversely affect the rate and
efficiency of the bioremediation process, the supply of the electron acceptor (to
drive the oxidation of PH) and the supply of the electron donor (to drive the RD
of CAH) need to be kept separated in space or time, thereby complicating the
design, operation, and control of the whole bioremediation process. In principle,
a possibility exists that PH may serve as electron donors in the RD of CAH, thus
simplifying the overall treatment of PH and CAH mixtures. However, this chance
is greatly limited by the fact that the majority of OHRB (e.g. Dehalococcoides
mccartyi, the only one capable of dechlorinating chloroethenes all the way to
harmless ethane) are restricted to using H> as the sole electron donor (Loffler et
al., 2013). Hence, a single stage biotreatment of PH and CAH, although of
potentially great practical and economical value, would require the establishment
of a close syntrophic cooperation among PH- and CAH-degrading
microorganisms which is seldom observed both in the field and in laboratory
experiments. In recent years, microbial electrochemical technologies (METS)
have emerged as a novel and highly versatile platform for the treatment of soils
and groundwater contaminated by either PH or CAH (Daghio et al., 2018; H.
Wang et al.,, 2015). METs employ electro-active microorganisms to electro-
catalyze oxidation or reduction reactions using solid-state electrodes as virtually
inexhaustible electron acceptors or donors, respectively. In previous studies,
METs have been successfully employed to stimulate the oxidative treatment of
groundwater containing PH such as benzene, toluene, xylenes, and ethyl-
benzene (BTEX) (Espinoza-Tofalos et al., 2020; Marzocchi et al., 2020; E. Palma
et al., 2019; Enza Palma et al., 2018b), as well as the reductive dechlorination of
a variety of CAH including perchloroethene (PCE), trichloroethene (TCE), and
1,2,-dichloroethane (1,2-DCA) (Aulenta et al., 2008b, 2008a; Lai et al., 2017,
Leitdo et al., 2015; Verdini et al., 2015). However, none of these studies have
attempted to treat simultaneously PH and CAH at the anode and cathode of the
same MET to achieve a single-stage treatment of commingled PH/CAH

groundwater. Here, we explored for the first time the possibility of using a
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“pbioelectric well”, a previously developed MET specifically designed for in-situ
treatment of contaminated groundwater (Enza Palma et al., 2018b), for the
bioremediation of a synthetic groundwater containing a mixture of toluene (model
PH) and TCE (model CAH). Results demonstrated that the electric current
deriving from the microbially-driven oxidation of toluene at the anode generates
H> at the cathode which, in turn can sustain the RD of TCE to less-chlorinated or

eventually non-chlorinated end-products.

[11.2 Experimental Section

[11.2.1 Reactor setup and operations

The bioelectrochemical reactor used in the present study consisted of a 250 mL-
glass cylinder filled with river sand to simulate a real groundwater environment
and increase the surface area where microorganisms can adhere, and housing 8
contiguous graphite rods (purity: 99.995%, length: 30 cm, @: 0.6 cm; Sigma-
Aldrich, Italy) and a concentric stainless-steel mesh cathode (dimensions: 3 x 30
cm; type 304, Alpha Aesar, USA) (Figure 1A). Anode and cathode were kept
physically separated by a polyethylene mesh (@: 1cm, length 30 cm; Figure 1B),
which still allowed hydraulic connection between the anodic and cathodic zones.
An Ag/AgCl reference electrode (+198 mV versus the standard hydrogen
electrode, SHE) was placed on top of the cylinder to control, by means of an
IVIUMNSTAT potentiostat (IVIUM Technologies, The Netherlands), the potential
of the anode at the desired value (i.e., +200 mV vs. SHE). Titanium wires (@:
0.81mm Alfa Aesar, USA) were used to connect anode and cathode to the
potentiostat. At the start of the study the reactor was inoculated with 0.2 L of
groundwater from a toluene-contaminated site in Italy (Tucci et al., 2021) and with
50 mL of a TCE-to ethene dechlorinating enrichment culture (Masut et al., 2021).
Throughout the study, the reactor was continuously fed with a synthetic
groundwater consisting of an anaerobic mineral medium spiked with toluene and
TCE (Sigma-Aldrich, Italy) at the desired concentrations (Tab.lIlI-1). The medium
contained the following components: NH4Cl (0.5 g/L), MgCl2:6H20 (0.1 g/L),
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KoHPO4 (0.4 g/L), and CaCl>-2H>0 (0.05 g/L), 2 mL/L of a trace metal solution
(Balch et al., 1979), 2 mL/L of vitamin solution (Zeikus, 1977)(Tab II-1). The
electrical conductivity of the medium was 4.8 mS/cm, hence within the range of
values typically reported for highly contaminated groundwater (i.e., 0.67 to 7.98
mS/cm) (Naudet et al., 2004). During operation, the synthetic groundwater was
maintained in a 5 L collapsible Tedlar® bag and entered the reactor through a
port situated at the bottom of the cylinder (flow rate: 0.75 L/d, HRT 9.3 h), while
the treated effluent exited from a port positioned near the upper end (Fig. IlI-1).
The inlet and the outlet of the reactor were equipped with flow-through, vigorously
stirred, sampling cells (volume: 25 mL). All the tubes were made of Viton®
(Sigma-Aldrich, Italy), which keeps volatilization losses and organic contaminant
adsorption to a minimum. Throughout the whole study, the system was kept at

room temperature (i.e., 24 £ 3°C).
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Figure IllI-1. Schematic drawing of the continuous flow bioelectrochemical reactor (A); cross-

sectional view of the bioelectrochemical reactor displaying the relative position of electrodes.
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Table lll-1. Main operating conditions applied during the different experimental runs

Run | Run Il Run Il | Run IV
Operational period (days) 0-10 11-24 25-38 39-53
Anode polarization (V vs. SHE) +0.2 +0.2 +0.2 OCP
HRT (h) 9.3 9.3 9.3 9.3
Average influent Toluene conc. (umol/L) | 170+6 161+7 82+8 119+3
Average influent TCE conc. (umol/L) 170+15 - 110+9 157+6

[11.2.2 Gas analyses

Gaseous samples, taken from the sampling cells using gastight syringes, were
analyzed in terms of Oz, H> and CHas using a gas-chromatograph (Agilent 8860,
GC system USA) equipped with a thermal conductivity detector (TCD). The
concentration of toluene, TCE, cis-dichloroethene (cis-DCE), vinyl chloride (VC)
and ethene (ETH), were measured by injecting gaseous samples into gas-
chromatograph (Agilent 8860, GC system USA) equipped with a flame ionization
detector (FID). Gas-phase concentrations were converted into liquid-phase
concentrations using tabulated Henry’s Law constants (Sander, 2015). The GC
methods, calibration ranges and LOD of analytical methods are reported in Table
1-2.

[11.2.3 High-Throughput bacterial and archaeal 16S rRNA Gene Sequencing
Sample of effluent at the beginning of the experiment To: 1 L) and at the end of
Run 11l (15 mL) were filtered through polycarbonate membranes (pore size 0.2
mm, 47 mm diameter, Nuclepore) and immediately stored at -20°C. Genomic
DNA was extracted with the DNeasy PowerSoil Pro Kit (QIAGEN - Germantown,
MD) and 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
(340F 5-CCCTAHGGGGYGCASCA-3’; 915R 5-
GWGCYCCCCCGYCAATTC-3’) following the procedure for library preparation

Archaea
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and sequencing described in Crognale et al., (2019). The paired end sequencing
(2x301bp) was performed on a MiSeq platform (lllumina) 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 analyses were carried out using QIIME2 v. 2018.2 (Bolyen et al.,
2019) following the procedure previously reported (Crognale et al., 2021). High-
throughput sequencing of the V1-V3 and V3-V5 regions of the bacterial and
archaeal 16S rRNA gene yielded a total of 20,438 and 30,988 sequence reads
after quality control and bioinformatic processing that resolved into 318 and 15
ASVs, respectively. Datasets are available through the Sequence Read Archive
(SRA) under accession PRINA799244.

I11.2.4 Droplet Digital PCR quantification of key-functional genes

The QX200™ Droplet Digital™ PCR System (ddPCR™, Bio-Rad, USA) was
used to perform absolute quantification of the functional genes involved in the
anaerobic degradation of PH and CAH. For the estimation of PH related genes,
such as benzylsuccinate synthase (bssA gene) and benzoyl CoA reductases
class | (bcrC, bzdN) and class Il (bamB), the ddPCR reaction mixture consisted
of 11 yL of 2x ddPCR EvaGreen supermix (Bio-Rad, USA), 1 yL of each primer
(at 7.5 uM concentration), 6 pL of nuclease-free water, and 3 pL of sample DNA.
For the quantification of the reductive dehalogenase genes tceA, bvcA and vcrA,
the PCR reaction mixtures were prepared in a 22 pL total volume for each
sample, including ddPCR Supermix for Probes® (Bio-Rad, USA), 3 uL of DNA as
a template, 900 nM of each primer and 300 nM of TagMan probe. The set of
primer and probes used are summarized in Table S1. Droplets were generated
using an eight-channel DG8 cartridge and cartridge holder (Bio-Rad, USA). 20 yL
of PCR reaction mixture were combined with 70 pL of droplet generation oil and
placed in QX200 Droplet Generator (Bio-Rad, USA). Following droplet
generation, 40 pL of water-in-oil droplets were transferred to a standard 96-well
PCR plate, which was heat sealed with foil plate using the PX1™ PCR plate
sealer (Bio-Rad, USA) and amplified with the T100 thermal cycler (Bio-Rad,
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USA). PCR cycle parameters for PH-related genes were as follows: 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 (ramping speed at 2°C/s), followed by 5 min hold at 4°C and 5 min
at 95°C. Whereas the PCR cycling conditions for the tceA, bvcA and vcrA genes
were: 10 min at 95° C, 39 cycles for 30 sec at 94°C and 1 min at 60°C (ramping
rate set to 2 °C/s), 10 min at 98°C, ending at 4°C. Upon completion of PCR, the
plate was transferred to QX200 Droplet Reader (Bio-Rad, USA) to detect positive
and negative fluorescent droplets for calculation of the targeted gene
concentrations. Data were analyzed using QuantaSoft Software® (Bio-Rad,
USA) and quantitative data were reported as gene copy numbers per volume of

sample (95% confidence intervals).

[11.2.5 Calculations
The removal rate of toluene and TCE q (umol/L d) were calculated using the

following equation:

Cin—Cout

QZTQ 1)

where Cin and Cout (umol/L d) are the toluene or TCE liquid phase concentrations

measured in the influent and the effluent, V; (L) is the empty volume of the reactor
and Q (L/ d) is the volumetric flow rate.

Similarly, the formation rate of TCE reductive dechlorination products gro (ueq/L

d) was calculated as:

_ Coutpcg X2 + Courye x4 + Coyr grH X6 2
qrp = v Q )
T

Where Coutbce, Coutve, and Coutetn (umol/L d) are the measured liquid phase

concentration of dechlorination products and 2, 4, or 6 are the number of moles
of electrons required for the formation of 1 mol of cis-DCE, VC, ethene from TCE,

respectively (Aulenta et al., 2011).
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The toluene or TCE removal « were calculated as follows:

Ty, = 0t X 100 €)

in

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, according to the following equation:

() xdtx60x60x24
CE(%) - J.l (ﬂToleTol)XF X 100 (4)

where i is the measured current (mA), F is the Faraday’s constant and At is the
amounts of removed toluene per day (mmol/d), fro represents the number of
mmol of electrons released from the complete oxidation of 1 mmol of toluene.

The apparent activation energy of the current-producing, toluene degradation
rate was estimated as reported elsewhere (Liu et al., 2011). In brief, as electric
current is proportional to toluene degradation rate, which is in turn proportional to
the rate constant, then in a narrow temperature range (15-25 °C), it is possible to

represent the data by the following Arrhenius equation:
Ink =InA— Ea/RT (5)

where k is the rate constant, Ea (J/mol) the apparent activation energy, R the gas

constant (J/mol K), T (K) the temperature, and A the preexponential factor.

[11.3 Results and discussion

[11.3.1 Performance of the continuous flow bioelectrochemical reactor

The continuous flow bioelectrochemical reactor was operated for a period of 53
days (i.e., corresponding to nearly 140 HRT) under different operating conditions,

as summarized in Table IlI-1.
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Figure lll-2. Performance parameters of the continuous flow bioelectrochemical reactor under the
different experimental Runs. Time-course of influent and effluent toluene concentration and
toluene removal efficiency (A); electric current generated from toluene oxidation (B); influent and
effluent TCE concentration and effluent methane concentration (C); concentration of TCE

reductive dechlorination products (D).
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During Run |, the feed solution contained a mixture of toluene (170+6 pmol/L)
and TCE (170+£15 umol/L) as co-contaminants, while the anode of the reactor
was poised at +0.2 V vs. SHE. On average, during this run, 23+5% of the influent
toluene was removed (Fig. ll1I-2A). Toluene removal was accompanied by electric
current generation, which gradually increased from around 0.55 mA to 0.85 mA,
throughout the run (Fig. IlI-2B). The resulting average coulombic efficiency was
40+4 %, thus likely indicating that other biotic (e.g.,, methanogenic
biodegradation) or abiotic (e.g., adsorption and/or volatilization) processes also
contributed to the observed toluene removal. Interestingly, TCE removal (Fig. llI-
2C) also increased over time (up to nearly 100% by day 7), as well as the sum of
reductive dechlorination products (Fig. IlI-2D), mainly consisting of cis-DCE
(50%, on an electron equivalent basis), VC (30%) and ETH (20%), thus mirroring
the observed trend of the electric current. Methane was also detected in the
effluent of the reactor at an average concentration of 38+3 umol/L. In principle,
methane production could derive both from the syntrophic conversion of toluene
(Edwards and Grbi¢-Gali¢, 1994), a metabolic process in competition with electric
current generation, or from the biological reduction of carbon dioxide fuelled by
cathodic H.. Throughout the whole experimental period, the pH of the influent
and effluent of reactor were typically in the range 6.5-7 and were statistically
indistinguishable. This reflects the fact that the (proton-releasing) anodic reaction
and the (proton-consuming) cathodic reaction occurred in the same reaction
environment, hence preventing the establishment of pH gradients.

During Run II, TCE was omitted from the synthetic groundwater and the reactor
was fed with toluene as the only organic contaminant. This change resulted in a
slight increase in toluene removal which averaged 33+4 % (Fig. 11I-3A), in electric
current generation which steadily increased up to nearly 1.2 mA (Fig. 111-3B), and
in the average coulombic efficiency which accounted for 58+7 %. This latter value
clearly indicates that electric current generation was the primary biological
mechanism underlying toluene removal. Taken as a whole, these findings point

to a slight inhibitory effect of TCE on the conversion of toluene into electric
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current, which can at least partially explain the lower toluene degradation rates
observed in the present study compared to previous investigations in which,
however, toluene was supplied as the only organic contaminant (E. Palma et al.,
2018; Tucci et al., 2021). During Run lll, the influent toluene concentration was

halved (82+8 umol/L) and the influent TCE concentration was reduced by 35%.

(Fig. llI-2). This resulted in a decrease of the average toluene removal rate (Fig.
[11-3A) and of the produced electric current (Fig. IlI-3B), hence confirming the
existing correlation between these two parameters. Analogously to what
observed during Run [, also during Run Il the removal of TCE (and the
corresponding formation of RD products) steadily increased over time until
reaching, by the end of the run, values comparable to those observed during Run
I (Fig. llI-3C). Collectively, this finding suggests that TCE dechlorination was
apparently not limited by electron donor (H2> or electrons) availability, in
agreement with the stoichiometry of the involved reactions which indicates that
the complete electrogenic biodegradation of 1 mol of toluene (equation 5) would
provide sufficient H> (equation 6) to drive the complete reduction of 6 mol of TCE

to ethene (equation 7).

C,Hg + 14H,0 — 7C0, + 36H" + 36e C,Hg + 14H,0 — 7C0, + 36H* + 36e~

(5)
36e” + 36H* — 18H,36e~ + 36H* — 18H, (6)
6C,HCl; + 18H, — 6C,H, + 18HCI6C,HCl; + 18H, — 6C,H, + 18HC! 7)

During the last operational run, toluene and TCE were simultaneously fed to the
bioelectrochemical reactor which, however, was maintained at open circuit
potential (OCP). Notably, upon removal of anode polarization, toluene
biodegradation ceased almost immediately, and the effluent concentration rapidly
equalled the influent concentration (Fig. IlI-2A). Upon interruption of the anodic
polarization, the RD of TCE ceased to increase and stabilized at values similar to
those observed during the previous runs. Most probably, during the whole Run

1, the reductive dechlorination of TCE was fuelled by electrons deriving from the
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endogenous decay of the biomass present within the bioreactor (e.g., the anodic
biofilm grown on toluene). Although such a metabolic activity is clearly meant to
decline over time and therefore cannot be sustained over a long-term, it may still
be important in buffering TCE dechlorination during periods in which electrode

polarization is temporarily dismissed.
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Figure IlI-3. Average toluene removal rate (A), electric current generation (B), and cumulative
reductive dechlorination rate (C) during the different experimental runs. As for the reductive
dechlorination rate, reported values refer to the last data points of each run when a nearly stable

activity was achieved. The error bar indicates the standard error of the mean.
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[11.3.2 Mass-transport limitations

The observed inhibitory effect of TCE on the electrogenic toluene degradation
was not sufficient to explain the substantially lower (around 3-fold) performance
of the bioelectrochemical reactor, particularly in terms of toluene removal and
electric current generation, relative to previous studies, notwithstanding the fact
that the same inoculum and identical anodes were employed no such citation. In
that previous case, however, the bioelectrochemical reactor was equipped with
an internal recycle of the liquid phase to minimize the establishment of
substrate/products concentration gradients and was not filled with sand, as in the
present case. Hence, to verify whether the performance of the reactor was
controlled by mass-transport limitations triggered by the adopted changes in the
reactor configuration, we analyzed the existing correlations between the electric
current and the ambient temperature (Fig. IlI-4A). In brief, as the electric current
is proportional to the rate of toluene oxidation which is in turn proportional to the
rate constant of the reaction, experimental data collected during Run IIl were
plotted in Arrhenius form (In i vs. 1/T) to determine the “apparent” activation
energy of the reaction (i.e., the current response of the system to temperature
variations; Fig. l11-4B). Although, to the best of our knowledge, no other values of
the activation energy are available in the literature for the electrogenic toluene
oxidation reaction, the herein obtained value of 25.9 + 0.3 kJ/mol is substantially
lower with respect to values reported for other bioelectrocatalytic reactions, or for
(bio)chemical reactions in general, which typically fall within the range (40-80
kJ/mol) (Bailey, 1980; Liu et al., 2011; Villano et al., 2011). Collectively, this result
provides a strong line of evidence that the electric current deriving from the
microbially-driven toluene oxidation was in turn rate-limited by mass-transport of
the substrate (or products) rather than by the intrinsic kinetics of the

bioelectrocatalytic reaction.
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[11.3.3 Microbial community characterization
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Figure IlI-5. Microbial characterization at genus-level of bacterial (A) (only genera >1% of total
reads in at least one sample are depicted) and archaeal (B) communities within the

bioelectrochemical reactor estimated by high-throughput sequencing.

The biomolecular characterization revealed slight differences among microbial
communities at the beginning of the experiment and at the end of Run Il within
the bioelectrochemical reactor. The results obtained with the high-throughput
sequencing of bacterial and archaeal 16S rRNA gene suggested an initial high
potential in PH degradation and TCE-RD. Indeed, the microbiome at Tg is mainly
composed by genera Pseudomonas (24.2% of total reads), Acinetobacter
(13.0%), Dechloromonas (5.7%), Dehalococcoides (4.4%), Dechlorobacter
(1.0%), and unidentified members of Burkholderiaceae family (19.0%) (Fig. IlI-
5a). The presence of these genera was often reported in previous studies for their
capability to degrade petroleum hydrocarbon and to reduce chlorinated
compounds (Crampon et al.,, 2018). The archaeal microbiome was mostly
composed by genus Methanobrevibacter (91.0%), followed to minor extent by
Methanospirillum (5.2%) and Methanobacterium (2.4%) (Fig. IlI-5a).

The characterization at the end of Run Il revealed a bacterial community mainly
represented by genera Azospira (30.9%), Thermincola (7.0%), Zooglea (6.7%),
and Azovibrio (6.5%). Overall, AVSs affiliated with Rhodocyclaceae family

represented 45.5% of the total sequences. Notably, its members are commonly
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found in polluted environments and are typically associated with the anaerobic
biodegradation of a wide range of aromatic hydrocarbons. The presence of
genera Thermincola and Zooglea can be related to the toluene degradation
observed in the bioelectrochemical reactor. These genera are, indeed, reported
to be active degraders of petroleum hydrocarbons (Tancsics et al., 2020; Toth et
al., 2021). The presence of Azovibrio, a microaerophilic, N2 fixing bacterium,
capable of using oxygen, nitrate or even perchlorate as terminal electron
acceptor, have been previously demonstrated to boost bioremediation processes
in oil-contaminated soils (Sarkar et al., 2016; Yang et al., 2014). Members of
genus Dechloromonas, together with the closely related Azospira, are considered
to represent the predominant perchlorate-reducing bacteria in the environment
and have been found to be ubiquitous (Chakraborty et al., 2005; Coates et al.,
1999; Weelink et al., 2010). Several strains of Dechloromonas have been studied
for their capability to degrade benzene, toluene, ethylbenzene, and xylene
compounds both aerobically and anaerobically with perchlorate or chlorate as a
suitable electron acceptor (Chakraborty et al., 2005). Furthermore, in line with
low CHs4 production herein measured and with previous evidence in
methanogenic bioelectrochemical reactors (Cheng et al., 2009; Sasaki et al.,
2011; Siegert et al., 2014; Van Eerten-Jansen et al., 2013), archaeal microbiome
was mostly represented by hydrogenotrophic methanogens affiliated with genera
Methanobacterium (79.9%), Methanospirillum (10.4%), and Methanobrevibacter
(9.2%) (Fig.5b). In line with sequencing output and process data, the abundance
of key-functional genes involved in PH-degradation (i.e., bssA, brcC, bzdN,
bamB) and TCE-reductive dechlorination (i.e., tceA, vcrA, bvcA) were quantified
in the samples at To and at the end of run Il (Fig. 11l-6). In detail, the abundance
of benzylsuccinate synthase (bssA), the biomarker gene of anaerobic toluene
degrading bacteria that use fumarate addition pathway (Von Netzer et al., 2016),
showed similar values between the beginning of the experiment and the end of
run 11l (on average 2.1 x 10° gene copies/L; Fig. Ill-6a), consistently with the
toluene degradation rate observed in the reactor. Furthermore, the abundance of

bcrC and bzdN genes, encoding for the ATP-dependent class | benzoyl CoA
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reductases (Boll et al., 2014; Fuchs et al., 2011), decreased from 4.4 x 10" to 1.8
x 10° and from 1.4 x 10° to 4.0 x 10* gene copies/L, respectively (Fig. Ill-6a). A
slight increasing trend was, instead, observed for the ATP-independent class Il
(bamB) benzoyl CoA reductases counting 6.2 x 10% gene copies/L in the sample
at To and 1.8 x 10° gene copies/L at the end of run Il (Fig. Ill-6a)

a. Toluene-related functional genes b. TCE-related functional genes
108 10°
N bssA N tceA
1 s bamB S verA
— bcerC £ bvcA L 108
107 [ bzdN

L 107
106 4

L 106
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TO End of Run Il TO End of Run IlI
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Figure 111-6. Abundance of key-functional genes involved in anaerobic toluene degradation (a)
and TCE reductive dechlorination (b) estimated by ddPCR in the effluent of the reactor at the

beginning of the experiment (TO) and at the end of run Ill. Data are reported in Log scale.

In addition, at the beginning of the experiment, tceA (2.4 x 108 gene copies/L)
and vcrA (2.7 x 108 gene copies/L) were the most abundant reductive
dehalogenase genes found, while bvcA (1.1 x 10° gene copies/L) was detected
at minor extent (Fig. llI-6b). In line with the decrement of the cumulative RD rate
observed at the end of the run I, all the reductive dehalogenase genes analysed
decreased at least by one order of magnitude and accounted for 7.4 x 10°, 1.1 x
107 and 3.3 x 10* gene copies/L of tceA, vcrA, and bvcA, respectively (Fig. llI-
6b). Overall, differences in terms of microbial composition and abundance of key-
functional genes were observed at the end of run Il in comparison with To, most
likely due to the various experimental conditions tested. However, even though

these variations affected the microbial communities, a microbiome highly
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involved in the simultaneous toluene degradation and TCE-reductive
dechlorination was strongly established. In fact, the microbiological results fully
supported the PH-degradation and TCE-reductive dechlorination rates observed

in this study.

l11.4 Conclusions

This study demonstrated, for the first time, the possibility to treat a (synthetic)
groundwater containing a mixture of toluene and TCE using a single stage
bioelectrochemical system which exploited a graphite anode (for toluene
oxidation) and a stainless-steel cathode (for TCE reduction) positioned in the
same reaction environment. The electric current (up to nearly 1 mA) resulting
from the microbially-catalyzed oxidation of toluene (with a maximum observed
removal rate of 150 ymol/L d), with a polarized anode (+0.2 V vs. SHE) serving
as terminal electron acceptor. The hydrogen produced (abiotically) at the cathode
sustained, in the bulk of the reactor, the partial dechlorination of TCE to less-
chlorinated intermediates (i.e., cis-DCE, VC, and ETH), at a maximum rate of 500
peg/L d. Toluene degradation and current generation were, however, found to be
rate-limited by external mass transport phenomena. Further studies, focusing on
the identification of alternative packing materials and on the application of
different hydrodynamic regimes are thus needed to improve the catalytic
efficiency of the treatment system. Furthermore, in spite of the abundance of
Dehalococcoides mccartyi and of the related dechlorination functional genes (up
to nearly 107 copies/L for tceA and vcrA), TCE degradation appeared to be
relatively slow and incomplete, likely due to an ineffective utilization of the
generated hydrogen. Thus, also in this case, further research efforts are certainly
warranted to increase the rate and yield of TCE conversion, possibly into

harmless non-chlorinated end products.
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Chapter IV

Toluene-driven anaerobic biodegradation of
chloroform in a continuous-flow

bioelectrochemical reactor

Adapted from:

Tucci, M., Fernandez-Verdejo, D., Resitano, M., Ciacia, P., Guisasola, A., Blanquez, P., Marco-
Urrea, E., Viggi, C.C., Matturro, B., Crognale, S., Aulenta, F., 2023. Toluene-driven anaerobic
biodegradation of chloroform in a continuous-flow bioelectrochemical reactor. Chemosphere 338,
139467. https://doi.org/10.1016/J. CHEMOSPHERE.2023.139467
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IV.1 Introduction

Due to their widespread usage, chlorinated compounds and aromatic
hydrocarbons are among the most frequent groundwater and soil contaminants
(Rivett et al., 2011). Their occurrence in subsurface environments is mainly
caused by industrial activities, surface runoff, accidental spills from tanks and
pipes, improper handling or disposal practices (Blazquez-Palli et al., 2019;
Collins et al., 2002). Due to their toxicity and persistence in the environment,
these contaminants pose high risks to human health and the ecosystem (Chary
and Fernandez-Alba, 2012). Bioremediation is considered a very effective
approach to treat these kinds of pollutants, having in general lower requirements
in terms of costs, equipment, labour and energy, and a lower environmental
impact compared with conventional physicochemical techniques, such as air
sparging and activated carbon adsorption, which also typically result in a phase
transfer of contaminants without an effective degradation (Lhotsky et al., 2017).
However, the presence of multiple types of contaminants in the same site may
complicate operations and increase the costs of bioremediation, since different
treatments need to be implemented in different times and space to meet the
distinct metabolic needs of the different microbial degraders (Megharaj et al.,
2011; Rabus et al., 2016). As aromatic hydrocarbons are preferentially degraded
via oxidative pathways, the microbial community requires availability of high
potential electron acceptors such as oxygen or nitrate (Allard and Neilson, 1997;
Jabbar et al., 2022). On the contrary, the reductive dechlorination of chlorinated
compounds, carried out by organohalide-respiring bacteria (OHRB), requires an
electron donor (i.e. molecular hydrogen) while the contaminant serves as the
respiratory electron acceptor (Farhadian et al., 2008).

Theoretically, it would be possible to exploit the oxidation of aromatic
hydrocarbons as source of electrons for the reduction of chlorinated compounds.
However, since most OHRB are restricted to using H> as electron donor, the
possibility of carrying out the simultaneous removal of both types of pollutants in
a single-step reaction is very limited (Soder-Walz et al., 2022). Microbial

electrochemical systems (MESSs) are being proposed as a promising alternative
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to conventional bioremediation strategies. They are able to provide inexhaustible
source and/or sink of electrons to sustain microbial metabolism in form of a solid
electrode, thus avoiding the drawbacks connected to the injection of air, oxygen
or other chemicals in the aquifer (He and Su, 2015). Many studies on
bioremediation with MESs focused on Microbial Fuel Cells, which can
spontaneously oxidize organic compounds at the anode by using oxygen as the
terminal electron acceptor at the cathode (Kronenberg et al., 2017). However, in
contaminated subsurface environments, the access to Oz is strongly limited due
to rapid depletion, thus hindering the biodegradation of pollutants (Wartell et al.,
2021). In Microbial Electrolysis Cells (MECs), a potential difference is applied to
the electrodes in order to catalyze sluggish or thermodynamically unfavourable
oxidation reactions at the (bio)anode and/or reduction reactions at the
(bio)cathode (Kadier et al., 2016). Several studies demonstrated the possibility to
use MECs to treat aromatic hydrocarbons at the anode (Friman et al., 2013;
Marzocchi et al., 2020; Enza Palma et al., 2018a, 2018b; Tucci et al., 2022) or
chlorinated compounds at the cathode (Aulenta et al., 2011; Lai et al., 2017,
Leitdo et al., 2015; Verdini et al., 2015) in anaerobic conditions. Nevertheless,
the research on coupling aromatic hydrocarbon oxidation at the anode and
chlorinated compounds reduction at the cathode with MECs is still very limited
(Tucci et al.,, 2022b). Recently, we proposed a prototype of MEC named
“Bioelectric well” (Enza Palma et al., 2018b): its tubular design allows insertion in
groundwater wells and piezometers for in-situ groundwater treatment. Moreover,
the absence of membrane between anode and cathode minimizes the ohmic
losses and facilitates its upscaling. Recent works proved that the bioelectric well
is able to remove at the same time oxidable (toluene, TPH) and reducible
(sulphate, TCE) contaminants from a synthetic groundwater (Cruz Viggi et al.,
2022; Tucci et al., 2021). In this study we performed the simultaneous
degradation of toluene, as a model aromatic hydrocarbon, and chloroform (CF),
a highly toxic and possibly carcinogen chlorinated pollutant (Yamamoto et al.,
2002), in a continuously fed bioelectric well operated for over 190 days.

Importantly, CF biodegradation has never been previously studies in a
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continuous-flow bioelectrochemical reactor. Here, toluene was oxidized by the
electroactive microbial consortium at the anode, while CF was converted to
harmless end products via a two-step process involving first a reductive
hydrogenolysis step leading to dichloromethane (DCM) followed by the

fermentation to acetate and formate.

IV.2 Experimental Section

IV.2.1 Chemicals and electrode potentials

All chemicals used for the experiments were of analytical grade. All of them were
purchased from Merck KGaA (Germany). De-ionized water (Millipore, Germany)
was used to prepare the mineral medium and all other solutions. All potentials

reported in this work are referred to the standard hydrogen electrode (SHE).

IV.2.2 Reactor setup and operations

The bioelectric well was set up as previously reported in I11.2.1 Reactor setup
and operations (Tucci et al., 2021a): the anode consisted of a cylinder made of
8 contiguous graphite rods (purity: 99.995%, length: 30 cm, @: 0.6 cm; Merck
KGaA, Germany), whereas the cathode was a stainless steel mesh (dimensions:
3 x 30 cm; type 304, Alpha Aesar, USA) (Fig. IV-1A). Anode and cathode were
contained in a 250 mL glass cylinder and were kept separated by a polyethylene
mesh (g: 1 cm, length 30 cm; Fig. IV-1B), which allowed free circulation of the
electrolyte. The distance between the anodic and the cathodic surfaces was
2mm. The two electrodes were connected to an external circuit with titanium wires
(2: 0.81mm Alfa Aesar, USA). During the experiments, the anode was polarized
at +0.4 V vs. SHE by means of an IVIUMnNSTAT potentiostat (IVIUM
Technologies, The Netherlands). This potential was chosen according to the
findings of previous studies with the bioelectric well, where the bioelectrochemical
oxidation peak of toluene on graphite ranged between 0.2 and 0.4V (Tucci et al.,
2022c). The counter electrode potential was periodically measured throughout
the experiment. A saturated Ag/AgCl electrode (+0.198 V vs. SHE; AMEL, ltaly)

was used as reference electrode.
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Figure IV-1 — The bioelectric well: A) schematic representation of the setup used for the
experiments, where WE is the working electrode, CE is the counter electrode and RE is the

reference electrode; B) cross-sectional view showing the relative position of electrodes.

To ensure the presence of microbes able to degrade toluene, the reactor was
inoculated with 0.25 L of real groundwater contaminated with petroleum
hydrocarbons collected from a petrochemical site in Italy. During the experiment,
the reactor was fed in continuous mode with mineral medium (pH 7) in which O3
was eliminated through N2 sparging. The medium composition is reported in the
Table 1l-1. The medium was spiked with the contaminants toluene and CF as
summarized in Table IV-1. Acetate was also added to the medium to study the
impact of a readily available substrate on the reactor performances. The inlet was
stored in 5 L collapsible Tedlar® gas bags and pumped in the reactor through the

bottom port (flow rate: 0.63 L d?, HRT 11 h) by means of a peristaltic pump (120S,

76



Watson Marlow, Falmouth, UK). The treated effluent was discharged from the
upper port by passive overflow. Flow-through sampling cells (volume: 25 mL)
were installed at the inlet and at the outlet of the reactor for liquid and gas
monitoring. 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) to avoid gradients of substrates, products and/or biomass. The tubes were
made of Viton® (Merk KGaA, Germany) to minimize volatilization losses and
adsorption of organic contaminants. During the whole study the system was
maintained at room temperature (i.e., 24 + 3°C).The experiment lasted 190 days,
during which different conditions were tested (Tab. IV-1). The first run was an
acclimation phase for the toluene degrading consortium in absence of CF. Then,
CF was added to the mineral medium at a concentration of 14 mg L™ and the
reactor was inoculated (10% vol/vol) with two microbial cultures: one enriched
with Dehalobacter spp. and the other with Dehalobacterium formicoaceticum,
capable to perform the reductive hydrogenolysis of CF to DCM and the
subsequent fermentation of DCM to acetate and formate, respectively
(Fernandez-Verdejo et al., 2022; Trueba-Santiso et al., 2020, 2017). At this point
three different concentrations of toluene (in the range of 15-36 mg L) were
tested from runs 2 to 4. In runs 5 and 6 the electrodes were disconnected from
the potentiostat to study the removal of contaminants at open circuit potential
(OCP). Finally, in runs 6 and 7 acetate was omitted from the mineral medium and

during run 7 the system was reconnected to the potentiostat and polarized.
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Table IV-1 - Operational conditions for all the different runs operated with the bioelectric well

Toluene Chloroform Acetate Polarization

Run Days
(umol LY (umol LY)  (umol LY) (Vvs. SHE)
1 0-13 260 / 920 +0.4
2 14-36 260 120 920 +0.4
3 37-46 390 120 920 +0.4
4 47-80 160 120 920 +0.4
5 81-114 130 120 920 OCP
6 115-127 100 120 / OoCP
7 128-190 100 120 / +0.4

IV.2.3 Cyclic voltammetries

The bioanode and (bio)cathode developments were monitored with Cyclic
voltammetries (CVs, scan rate: 1 mV s?) using an IVIUMnSTAT potentiostat
(IVIUM Technologies, The Netherlands). The stainless-steel cathode and the
graphite anode were used as counter electrode during the anodic and cathodic
CVs, respectively. For all CVs, an Ag/AgCIl electrode (+0.198 V vs. SHE; AMEL,
Italy) was used as reference.

IV.2.4 Gas-chromatographic analyses

The quantification of Oz, H> and CH4 was performed using a gas-chromatograph
(Agilent 8860, GC system USA) equipped with a thermal conductivity detector
(TCD); the quantification of toluene, CF and acetate was performed with a gas-
chromatograph (Agilent 8860, GC system USA) equipped with a flame ionization
detector (FID). The methods for the GC, the calibration ranges and detection
limits (LOD) are reported in the Table II-2. Gas-phase concentrations were
converted into liquid-phase concentrations using tabulated Henry’'s Law
constants (Sander, 2015).
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IV.2.5 High-Throughput rRNA Gene Sequencing and Bioinformatic Analysis
The liquid effluent (15 mL) and the biofilm grown on the graphite rods were
collected at the end of the operation, filtered through polycarbonate membranes
(pore size 0.2 mm, 25 mm diameter, Nuclepore) and immediately stored at -20°C.
The DNA extraction was performed by using the DNeasy PowerSoil Pro Kit
(QIAGEN - Germantown, MD) following manufacturer's instructions. 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’) following the procedure for library preparation
and sequencing described elsewhere (Simona Crognale et al., 2019). The
samples were paired end sequenced (2x301bp) on a MiSeq platform (lllumina)
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 analysis were performed using QIIME2 v.
2018.2 (Bolyen et al., 2019) following the procedure reported elsewhere (Simona
Crognale et al., 2021). High-throughput sequencing of the V1-V3 region of the
bacterial 16S rRNA gene yielded a total of 16,934 sequence reads after quality
control and bioinformatics processing that resolved into 150 amplicon sequence
variants (ASVs).

IV.2.6 Quantification of key-functional genes

The genomic DNA was also used as template for the quantification of functional
genes involved in the upper pathway of anaerobic toluene degradation (bssA,
bcrC, bzdN, bamB), CF to DCM reduction (cfrA) and DCM fermentation (mecE,
mecF). 16S rRNA of Dehalobacter spp. and D. formicoaceticum were also
quantified. Absolute quantification assays were performed via Digital Droplet
PCR (ddPCR) with the QX200™ Droplet Digital™ PCR System (Bio-rad, United
States) as describe elsewhere (Di Franca et al., 2022).

The steps for the quantification assays included: i) preparation of the PCR
reaction mixture for each targeted gene (22 pl total volume: ddPCR EvaGreen
Supermix ® (Bio-Rad, United States), 3 pl of DNA as a template, and 900 nM of
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each primer); ii) droplets generation (20 pl of PCR mixture and 70 pl of Droplet
Generation Oil® (Bio-Rad, United States) with the QX200 Droplet Generator (Bio-
Rad, United States); iii) PCR amplification on 40 pl of the droplets’ mixture with a
T100 thermal cycler (Bio-Rad, United States) (cycling conditions: 5 min at 95°C,
39 cycles for 30 s at 95°C and 1 min at 60°C (ramping rate set to 2°C/s), 5 min
at 4°C, 5 min at 90°C, ending at 4°C); iv) quantitative data reading with QX200
Droplet Reader (Bio-Rad, United States) to determine the positive and negative
fluorescent droplets and calculate the targeted gene concentrations. The data
were analyzed using the QuantaSoft® software (Bio-Rad, United States) by
calculating the ratio of the positive droplets over the total droplets in each sample.
Quantitative data have been reported as gene copies L of liquid effluent or gene

copies cm of graphite rod (95% confidence intervals).

IV.2.7 Calculations
The removal rate r (umol L d?) of toluene and CF were calculated using the

following equation:

= AConc. Q (1)

Vr

where AConc. (umol LY) is the difference between the concentration of toluene
or CF measured in the influent (Cin) and the concentration measured in the
effluent (Cour), Vr (L) is the empty volume of the reactor and Q (L d?) is the flow
rate of the influent.

The relative removal g« of toluene and CF were calculated as follows:

_ AConc

Qo = x 100 (2)

mn

V.3 Results and discussion

IV.3.1 Reactor performances

The bioelectric well was operated for 190 days in different conditions (Tab. IV-1).
In figure IV-2A the current profile for all the different runs is reported. After a

start-up phase with toluene as the only contaminant (run 1), the current started
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to increase and CF was added (run 2). Then, the current reached a steady level
with an average value of 3.4 mA (runs 3 and 4). During run 5 and 6 the system
was kept in OCP, and thereafter re-connected in run 7. It can be noticed how, as
soon as the electrodes were polarized again, the current increased until it
reached values similar to those of the previous polarized runs. The recorded CVs
clearly point to a gradual formation of an electroactive biofilm on the anode,
starting from TO to the end of run 3 (Fig. IV-2B). Indeed, it can be noticed the
formation of peaks associated with a redox couple (red line) and a time-
dependent increase of the oxidative current. The cathodic reductive current also
increased overtime, probably due to the accumulation of hydrogenase-containing
microorganisms at the electrode, which can facilitate H> formation at the cathode
(Fig. IV-2C) (Aulenta et al., 2012). Furthermore, the measured cathodic potential
maintained a value of 0.77+ 0.07 V vs. SHE throughout the experiment, which is
suitable for Hz generation.
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Figure IV-2 — A) Current trend of the bioelectric well during the different runs. B) CVs of the
(bio)anode at TO, in run 1 and 3. C) CVs of the (bio)cathode at TO, in run 1 and 3.

The current generation is strictly linked to the degradation of toluene, as it can be
observed in figure IV-4A. At the beginning of the experiment, electroactive
bacteria started to degrade toluene at the anode in presence of acetate.
However, even at the lowest influent toluene concentration (i.e. 160 umol L?),
only a fraction of the toluene load was removed. Conversely, during run 7, where

acetate was not present in the inlet, almost 100% of toluene was degraded.
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During OCP (runs 5 and 6), as expected, negligible toluene degradation was
observed. The consumption of acetate was also monitored (Fig. 1V-3): acetate
was completely consumed during the polarized runs (1-4), while almost no
removal was observed during OCP (run 5). When acetate was omitted from the
inlet (runs 6 and 7), no residual amounts were detected in the reactor. Regarding
CF, the degradation started quickly as soon as it was added to the reactor (Fig.
IV-4B). As a result, the dechlorination product DCM (deriving from the reductive
hydrogenolysis of CF) started to being produced. At the same time, DCM

fermentation commenced, hence slowly decreasing its concentration in the

reactor.
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Figure IV-3 — Trend of acetate concentration in the inlet and in the outlet of the reactor

During OCP, the dechlorination of CF slowed down but it was still present, being
probably sustained by DCM fermentation and the endogenous decay of biomass.
Indeed, it is well documented that the slow release of electron donors generated
by fermentation processes is effective in sustaining reductive dechlorination
processes (Amanat et al., 2022; Yang and McCarty, 2000). When the system was
polarized again (run 7), the previous level of CF removal was restored. It is worth

noticing that, towards the end, almost all CF and its metabolite DCM were
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removed. Furthermore, no adverse effects on toluene degradation were observed
with the addition of CF. Methanogenesis started at the beginning of run 1,
sustained by electrochemically produced H: (Fig. 1V-4C). However, methane
generation decreased over time after CF addition, probably due to the inhibitory
effect caused by this contaminant on methanogens (Yu and Smith, 2000). During
OCP runs (5 and 6) no hydrogen was generated, and thus no CH4 was produced.
Once almost all CF was removed by the dehalogenating bacteria (run 7),
methanogenesis started again.
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Table IV-2 — Reactor performances in terms of toluene and CF removal during polarized mode

vs. OCP mode in absence of acetate.

Polarized OCP

(Run 7) (Run 6)
Tol.rem. Rate (umol L*d?) 47+3 0.1+0.2
Tol.rem. % 9% +1 0.2+0.2
CF rem. Rate (umol L d?) 60+ 1 47 +2
CFrem. % 94 +1 77+1

During the polarized run, in absence of acetate (run 7), 47 umol Lt d** of toluene
and 60 pmol? d* of CF were removed, corresponding to 96% and 94% of the
contaminant load, respectively (Tab. IV-2). This proves the effectiveness of the
bioelectrochemical system, since only 0.1 pmol L d! of toluene (i.e. 0,2%) and
47 umol Lt d* of chloroform (i.e. 77%) were removed during OCP. Nevertheless,
the degradation rate of toluene obtained in this work is considerably lower than
the ones obtained in previous studies with the bioelectric well, which were as high
as 336 and 150 pmol L d*' when sulphate and TCE were used as co-
contaminants, respectively (Cruz Viggi et al., 2022; Tucci et al., 2021a). It is likely
that the co-contamination with acetate and CF limited the presence of toluene-
degrading microorganisms within the microbial community, the first one through
competition and the second through inhibition. As a matter of fact, CF has well
documented toxic effects on bacteria, including anaerobic consortia (Pollice et
al., 2001). As a result, the microbial community showed a reduced toluene
degradation potential and thus a lower removal rate. The maximum CF
consumption rate obtained in this experiment (60 umol L d') was lower as
compared to the one obtained in previous experiments conducted with a two-
vessel BES (132 pmol L* d1) (Fernandez-Verdejo et al., 2022). The reason
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behind this decrease in CF degradation rate could be the lower supplied
concentration of CF in the system, leading to overall lower reaction kinetics. A
similar phenomenon was observed with toluene in previous studies conducted
with the bioelectric well where a clear dependency of bioreaction rates on

substrate concentration, in the mg/L range, was observed (Tucci et al., 2022c).

IV.3.2 Effects of toluene concentration and acetate addition

The influent toluene concentration is a key-factor influencing the kinetics of the
anodic bio-oxidation (Fig. IV-5A). In this study, toluene removal increased with
the inlet concentration up to 280 umol L, where the system became apparently
saturated. This is in contrast with previous studies, where a direct correlation
between the amount of toluene and its removal rate was observed in a similar
system up to 434 umol L (Tucci et al., 2022c). Once more, the effect of the co-
contamination with CF may be the cause for the limitations in the toluene removal
efficacy. Conversely, CF removal rate did not seem correlated to the
concentration of toluene (Fig. IV-5B). This is likely due to the fact that, during
cycles 2, 3 and 4, electrons were also generated by the oxidation of acetate, thus

masking a possible correlation with the concentration of toluene.
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Figure IV-5 — Effect of the toluene concentration on the toluene A) and CF B) removal rates

calculated as averages of the cycles 2,3 and 4.
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In figure V-6 it is possible to see how the degradation of toluene was lower when
acetate was added to the inlet, both in absolute terms and as percentage of the
contaminant load in the inlet. This phenomenon is probably caused by the fact
that both toluene and acetate competed for the active catalytic sites at the anodic
biofilm, with acetate likely being preferentially metabolized compared to toluene
(Edwards and Grbi¢-Gali¢, 1994; Zhang et al., 2010). It is worth noticing that
higher toluene degradation in absence of acetate indirectly resulted in higher CF
removal. However, the mechanism behind this phenomenon is unclear and
warrants further investigation. It is worth noticing that only in the absence of
acetate (run 7), it was possible to reach an almost complete degradation of both
contaminants.
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Figure IV-6- Effect of acetate on the removal of toluene and CF in terms of rate A) and percentage

B) of the contaminant load in the influent. The error bar indicates the standard error of the mean.
IV.3.3 Characterization of the mixed microbial communities

The amplicon sequencing of the 16S rRNA gene revealed a highly selected
microbial community both in the liquid effluent and in the biofilm taken at the end
of the operation of the reactor (Fig. IV-7). In particular, the liquid effluent was
mostly constituted by members of the genus Propionicicella (-62% of total reads)
capable to produce acetic and propionic acids. Some Propionicicella strains (i.e.
P. superfundia (Bae et al., 2006), have been isolated from groundwater
contaminated with chlorinated ethanes and vinyl chloride and are facultative

anaerobe capable of utilizing fermentative metabolic strategies. Candidatus
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Endomicrobium, unidentified members of family Lentimicrobiaceae and
Acetobacterium were also found (= 8%, each), the latter known to produce
acetate and formate when grown in mixed bacterial culture with DCM and H2
(Trueba-Santiso et al., 2017). Furthermore, reads affiliated with families
Anaerolineaceae, Burkholderiaceae, Geobacteraceae, and Rikenellaceae
counted together up to 6.5% of total reads suggesting the potentialities of the
effluent’s microbiome in hydrocarbon degradation (Weelink et al., 2010).
Burkholderiaceae is considered a key family of toluene degradation with several
members, as for example Ralstonia pickettii, involved in the complete toluene
degradation pathway via two successive ring-hydroxylating reactions (Lunsmann
et al., 2016). The dominant role of this family can be due to occurrence of toluene
monooxygenase and dioxygenases-encoding genes, which would allow the
microorganisms harbouring this type of enzymes to be adapted to grow on some
aromatic compounds (Martinez-Lavanchy et al., 2015). Differently from the liquid
effluent, the microbiome composition of the biofilm grown on graphite rods was
mostly represented by unidentified members of Actinobacteria order OPB41
(41.0%). The direct involvement of members of this order in toluene degradation
was not discussed so far even though they were reported as a component of
microbial community in previous works concerning hydrocarbons degradation
(Chen et al., 2016; Laso-Pérez et al., 2019). In line with previous evidence in
similar bioelectrochemical studies (Tucci et al., 2022c, 2022a), the enrichment of
the electroactive microbiome in the biofilm was suggested by the presence of
members of family Anaerolinaceae (19.0%) and genus Geobacter (8.6%).
Furthermore, 6.5% of total reads were affiliated with family Lentimicrobiaceae,
comprising strictly anaerobic gram-negative bacteria able to form a consortium
with other electroactive microorganisms to convert acetate into electric energy
(Xiao et al., 2015; Zhu et al., 2022).
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least one sample) in the liquid effluent of the reactor and biofilm grown on graphite rods.

The key functional enzymes involved in the initial two steps of the anaerobic
toluene and CF degradation pathways (Lueders, 2017; Tang and Edwards, 2013;

Von Netzer et al., 2016) have been quantified both in the liquid effluent and on

the biofilm established on the graphite rods (Fig. IV-8).

The functional genes involved in the anaerobic toluene degradation are the
benzylsuccinate synthase (bssA), encoding for the enzyme that catalyzes the
anaerobic toluene activation by fumarate addition (Winderl et al., 2007); the bcrC,
bzdN genes encoding for the ATP-dependent class | benzoyl-CoA reductases
(Kuntze et al., 2011); the bamB gene encoding for the ATP-independent class Il

benzoyl CoA reductase (Loffler et al.,, 2011). According to kinetic data, these
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genes were highly abundant both in the effluent and in the biofilm of the graphite
rods (Fig. IV-8A). In the liquid effluent, genes involved in the toluene degradation
accounted for 1,73E+09 (bcrC), 4,62E+08 (bzdN), 4,95E+08 (bamB) and
2,75E+08 (bssA) gene copies L (Fig. IV-8A). Similarly, in the biofilm of the
graphite rods, the same concentration trend was observed, with bcrC gene as
the most abundant one (1,1E+07 gene copies cm graphite rod). Regarding the
CF degradation, the presence of the anaerobic bacteria Dehalobacter spp.,
responsible for the reductive hydrogenolysis of CF to DCM, and of D.
formicoaceticum involved in the fermentation of DCM to acetate and formate,
were also ascertained both in the liquid effluent and on the graphite surface,
although not spotted by the 16S rRNA gene amplicon sequencing (Grostern et
al., 2010; Justicia-Leon et al., 2014). Moreover, process-specific biomarker
genes were quantified to track CF to DCM (cfrA gene) transformation and DCM
fermentation (meckE and mecF homologous genes belonging to the methylene
chloride catabolism gene cassette, recently identified as prognostic and
diagnostic tools supporting bioremediation of matrices impacted by DCM
(Murdoch et al., 2022). 16S rRNA of Dehalobacter (dre gene in Fig. IV-8B) was
found with 1,63E+09 16S rRNA gene copies L effluent and 4,15E+06 gene
copies cm* graphite. cfrA gene was also found at high concentration in the liquid
effluent (1.74E+09 gene copies L) and on the graphite surface (1,18E+06 gene
copies cm). These results are in line with the observed performances of the
reactor and previous evidence (Tucci et al., 2022c, 2022a) suggesting that,
though likely catalyzed by different microorganisms, toluene utilization in the
liquid medium and on the graphite’s biofilm shared the same initial degradation
steps likely commencing with fumarate addition and involving benzoyl-CoA as a
central intermediate. Moreover, D. formicoaceticum was highly abundant in the
liquid effluent (3,54E+08 gene copies L) and in the biofilm (4,15E+06 gene
copies L-.cm). Similarly, mecE and mecF homologous genes were found both in
the liquid effluent and on the graphite surface with high concentrations (Fig. V-
8B).
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Figure IV-8 — Quantification of functional genes involved in toluene degradation (bssA, bcrC,
bzdN, bamB) (7A), in CF to DCM degradation (Dehalobacter spp., cfrA) and in DCM fermentation

(D. formicoaceticum, mecE and mecF genes)

IVV.4 Conclusions

For the first time, the removal of toluene was coupled with the CF degradation in
a single- stage bioelectrochemical reactor. The bioelectric well proved once again
to be effective in treating complex mixtures of contaminants and exploiting both
the oxidation and the reduction reaction simultaneously. Furthermore, the reactor
was able to achieve almost complete removal of the target contaminants.
However, the presence of CF reduced the reactor’s capability of degrading
toluene as compared to previous studies. Indeed, it is likely that CF partially
inhibited the activity of the anodic toluene-degrading microbial community.
Another important finding is that a readily biodegradable substrate such as
acetate has an adverse effect on the degradation of toluene, probably due to its
competitive inhibition effects for the catalytic sites of the electroactive biofilm.
Taken as a whole, these results highlight the importance of studying the effect of
multiple contaminants on the performance of novel bioremediation technologies,
in order to properly address real-world scenarios. Thus, our findings are an
important stepping-stone towards the application of the bioelectric well for in-situ
bioremediation of multi-contaminated subsurface environments.
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Chapter V

Anaerobic treatment of groundwater co-
contaminated by toluene and copper in a single

chamber bioelectrochemical system

Adapted from:

Resitano, M., Tucci, M., Mezzi, A., Kaciulis, S., Matturro, B., D’'Ugo, E., Bertuccini, L., Fazi, S.,
Rossetti, S., Aulenta, F., Viggi, C.C., 2024. Anaerobic treatment of groundwater co-contaminated
by toluene and copper in a single chamber bioelectrochemical system. Bioelectrochemistry 158,
108711. https://doi.org/10.1016/J.BIOELECHEM.2024.108711
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V.1 Introduction

Petroleum hydrocarbons (PHs) and heavy metals (HMs) are the most frequent
pollutants among all contaminated sites across Europe, as reported by Pérez and
Rodriguez in a recent survey (Paya Pérez and Rodriguez Eugenio, 2018). 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 (Sonone et al., 2021; Tang et al., 2011). Most
literature studies focused on the removal of a specific contaminant through a
single mechanism, while achieving the simultaneous elimination of multiple
pollutants continues to pose a challenge (Deng et al., 2013). In fact, the different
contaminants present in subsurface environments may possess different
physicochemical properties, and the method implemented to remove one
pollutant can inhibit the removal of other pollutants (Markowicz et al., 2016). 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 (Gauthier et al., 2014).
Combining multiple contaminant removal techniques into a single process can be
advantageous in terms of versatility and economic benefits (Bi et al., 2021).
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 (Polti et al., 2014; Zhou et al.,, 2014) and extraction
processes with surfactants and chelating solutions (Cao et al., 2013). Other
technologies are specific for water treatment, such as: adsorption on various
carbon-based materials (e.g. activated carbon, magnetic ordered carbon, lignite,
etc.) (Li and Helmreich, 2014; Yang et al., 2015), photocatalytic reduction (Deng
et al.,, 2017; Hu et al., 2014), and electrochemical methods, like capacitive
deionization combined with electro-oxidation hybrid systems (Chen et al., 2023)
and electrocoagulation with Fenton processes utilizing sacrificial anodes (Ya et
al., 2018). In recent years, bioelectrochemical systems (BESs) are attracting

increasing attention as a promising alternative to conventional remediation
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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 (Padhye et al.,
2023), 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 (Kadier et al., 2016). MECs have been applied for the treatment
of PHs at the anode (Cruz Viggi et al., 2023; Friman et al., 2013; Marzocchi et
al., 2020; Enza Palma et al., 2019; Tucci et al., 2022c, 2022b, 2021a; Zhang et
al., 2010) or removal and recovery of HMs at the cathode (Hemdan et al., 2022;
Mitov et al., 2018; Modin et al., 2012; Wang and Ren, 2014; Wang et al., 2022).
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. (Chen et al., 2023), where the combination of
capacitive deionization and electro-oxidation (CDI-EO) achieved the
simultaneous removal of heavy metals and organic contaminants 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 (Ya et al., 2018). In another
study, Zhang et al., developed a highly efficient treatment approach for real
wastewater containing organic matter, heavy metals, and sulphate, employing a
sulfur-cycle-mediated Microbial Fuel Cell (MFC) (Zhang et al., 2018). 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) (Gambino et al., 2021). In the above cited papers,

the investigated matrix typically consisted of wastewaters or sediments/soils, and
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the oxidizable component was represented by undefined "organic substances"
present in the wastewaters, 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 treatment of groundwater
contaminated with PHs and HMs. Our previous studies proved the efficacy of
bioelectrochemical systems in simultaneously treating multiple groundwater
contaminants, paving the way for the application in real-world scenario (Cruz
Viggi et al.,2022; Tucci et al.,, 2021a). 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
(Tucci et al., 2021a), trichloroethene (Cruz Viggi et al., 2022) and chloroform
(Tucci et al., 2023) have been degraded by reductive biological processes. In this
work, we studied for the first time the application of a bioelectrochemical 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
Cu?* 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
groundwater pollutant due to its high mobility and water solubility (Zanello et al.,
2021). Copper was chosen being one of the most studied metals in BES studies
for HM recovery from contaminated waters (Hemdan et al., 2022; Mitov et al.,
2018; Modin et al., 2012; Wang and Ren, 2014; Wang et al., 2022). The removal
of toluene at the anode, together with the reduction and precipitation of copper at
the cathode were evaluated. Overall, this study provides evidence 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.
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V.2 Experimental section

V.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. Tested in batch mode (Fig. V-8). The cells had a two-
electrode configuration and were equipped with two graphite rods (purity:
99.995%, length: 7.5 cm, @: 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 Technologies). 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
separation. 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 cm?. The distance between the anode and the cathode was approximately 2
cm. Titanium wires (g: 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 (Viggi et al., 2020), the composition of which is reported in the Table II-
1. 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% wi/v) as a buffer. At the start
of the experimentation, two replicated cells were inoculated 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 (Cruz Viggi et al., 2022; Tucci et al., 2023). In parallel,
different control experiments (each in duplicate) were also set up. These included
abiotic, non-polarized tests, carried out using an identical 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
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electrochemical reactions 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
photosynthetic microorganisms. Throughout the study in batch mode, the cells
were spiked with toluene (5 mg/L) and Cu?* (10 mg/L) at the start of successive
cycles, as reported in Table V-1. Copper was spiked in Run Il1-V, after evaluating
that an electroactive biofilm had established on the anodes during Runs | and II.
Regarding toluene and copper, added concentrations 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 V-1: Main operating conditions applied during the different experimental runs.

Run Operational Polarization Toluene Cu?

period (V vs. SHE) concentration concentration
(days) (mg/L) (mg/L)

I 1-7 1.0 5 0

[l 8-14 1.0 5 0

11 15-52 1.0 5 10

\Y, 53-101 1.0 5 10

Vv 102-122 (Open circuit potential) 5 10

V.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 concentrations were converted into
liquid-phase concentrations using tabulated Henry's Law constants (Sander,
2015). The GC method, calibration ranges and LOD of analytical methods are
reported in the Table II-2. Liquid samples were filtered (nylon filters, pore size 0.2

mm, 47 mm diameter, Nuclepore), immediately acidified with 1% HNO3z Suprapur
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(Sigma-Aldrich) and analyzed by ICP-OES (Model 5800, Agilent) to determine

the bulk liquid Cu concentration.

V.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-phenylindole (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.

V.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 (8g/L of NaCl, 0.2g/L of KCI, 1.44g/L of Na2HPO4, 0.24g/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 um pore size, 25 mm diameter, Millipore) and immediately used
for DNA extraction. DNA was extracted by using the DNeasy PowerLyzer
PowerSoil 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 TrRNA 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 pL, comprising Phusion Master
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Mix High Fidelity (Thermo Fisher Scientific) and 0.5 pM of 27F and 534R primers
with adaptors. All PCR reactions were performed in duplicate and subsequently
pooled. The amplicon libraries 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 equimolarly
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 x 301
bp) on a MiSeq instrument (lllumina) using a MiSeq Reagent kit v3, 600 cycles
(lumina), following standard guidelines. The procedure employed for library
preparation has been also reported elsewhere (Di Franca et al., 2022; Tucci et
al., 2023). Bioinformatic analysis was performed after checking read quality with
FastQC software (v 0.11.7), as reported elsewhere (Callahan et al., 2016). The
Silva 132-99 database was used to assign the taxonomy (release December
2017, https://www.arb-silva.de/documentation/release-132/). A dataset of
amplicon sequence variants (ASVs) was generated including 3767 ASVs from
the cathode, 17410 ASVs from the anode and 32231 ASVs from the bulk effluent.
Sequencing data have been deposited in the DDBJ/ENA/GenBank under the
BioProject PRINA1039752.

V.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 MKkIl spectrometer (VG Scientific Ltd) equipped with a 5-channeltron
detection system and an unmonochromatized radiation source of Al Ka (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. Spectroscopic 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.
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V.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 0.1M for 1h at room temperature, washed in buffer
and post-fixed with osmium tetroxide 1% in 0.1M Na-cacodylate for an additional
1h. After rinsing, samples were dehydrated through a graded series of ethanol
solutions, from 30% to 100%. Then, ethanol was gradually substituted by
hexamethyldisilane (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 1h (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.

V.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 oxidation of the toluene, according to the

following equation:

CE (%) = Ji®xatr. @

Ato1X36XF

where i is the measured electric current (mA), F is the Faraday’s constant, Al 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 (mmoleqcns) and the
cumulative equivalents deriving from current (mmoleq;), according to the

following equation:
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mmoleq;
V.3 Results and discussion

V.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 | and IlI, 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 in Figure 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
dropped 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 indicated 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 microbial
populations. Firstly, hydrocarbon degraders quickly converted toluene into
metabolic intermediates probably by breaking the aromatic ring upon fumarate
addition. Subsequently, fermentative bacteria converted these intermediates into
volatile fatty acids (VFA) and likely H2, which were then used as substrates by
electroactive microorganisms forming the anodic biofilm (Tucci et al., 2022c). 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 | and Il, respectively (Fig. V-1C). Average values of
CCEs of 72.9+6.6% and 86.31£9.4% were calculated in Run | and Il, respectively.
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These fairly high CCE values are consistent with methane production being
driven by the hydrogen produced at the cathode (Fig. V-8). Since after Runs |
and Il an electroactive biofilm was well established on the anodes, toluene was
added along with copper (in the form of Cu?*) to assess the possibility of
simultaneously removing hydrocarbons and heavy metals through
bioelectrochemical processes. In both cycle Il and IV, the presence of Cu?*
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 susceptible to further damage by copper ions (Mathews et al., 2013).
Nevertheless, toluene was completely removed in both cycles. Despite toluene
removal was slower and substantially delayed (particularly during Run V)
compared to the cycles carried out in the absence of Cu?*, current production
reached remarkably higher current peaks accounting to 0.09-0.11 mA (Fig. V-
1A), thus nearly doubling the values recorded in the previous cycles (Run | 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 (Korth
et al.,, 2020), 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 investigations would be warranted to shed light on this interesting
behavior. Regarding copper, its concentration decreased significantly
immediately after addition in both cycles, likely because of adsorption
phenomena 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. V-1B). While toluene is not
adsorbed on the electrodes, as demonstrated in the control test (Fig.V-3), thus
confirming the possibility of simultaneously removing toluene and copper through

bioelectrochemical oxidation and cathodic reduction, respectively. Copper
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addition also slowed down methane production during cycle Ill and IV, although
ultimately methane reached even higher concentrations than in the previous
cycles, also in line with the higher generated electric current (Fig. V-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
[l 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.
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Figure V-1: Performances of the bioelectric cell. Trends of: A) toluene removal and current

generation; B) copper removal; C) methane production.

During the last operational run (V), the circuits of the two bioelectrochemical cells

were disconnected and maintained at open circuit potential (OCP) after toluene
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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 evidence 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 operated 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 (Fig. V-2). 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 evaluate
the possible contribution of electrochemical reactions on copper 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 (Fig. V-3). To summarize, the following
removal mechanism can be hypothesized: during polarization toluene was
converted into metabolic intermediates (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. V-4). Further insights into the
mechanisms of contaminants removal are gathered through electrodes

characterization.
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V.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.

V.3.3 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.

Figure V-4A shows the CLSM combined images showing the spatial distribution
(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 um-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. V-4B), which show
an electrode uniformly covered by a biofilm, mostly composed by bacilli

(morphology: ~1 um long and 0.5 um wide) and to a lesser extent by cocci.

HV ﬂgportr m’a’g HFW mode WDV
10.00 kV| 3.0 20 000 x 12.8 pm SE 9.8 mm

Figure V-4: 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
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micrograph of the anodic biofilm. Both CLSM and SEM images were taken at the end of the cells

operation.

The 16S rRNA gene amplicon sequencing revealed a highly selected microbial
community of the biofilm collected at the end of the experiment from the anode
surface and the bulk effluent (Fig. V-5). The bacterial composition of the bulk
effluent was also analyzed. In particular, the anodic biofilm was dominated by
members of the class of Alphaproteobacteria (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.
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Figure V-5: 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.

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
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dominant (68%). Members of this family have been reported to be involved in the
degradation of aromatic hydrocarbons (Singha and Pandey, 2020; Teng et al.,
2015; Zhang et al., 2012). In particular, the single sequence ASV1 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 identified as genera capable of degrading toluene
in polluted environments (Konya et al., 2023), and also found in anode microbial
communities in MFCs (Phung et al., 2004). Interestingly, Rhizobiaceae were
highly abundant also in the bioelectrochemical 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 Hz production (Tucci et al., 2022c). Other
taxa present in the biofilm on the anode surface were affiliated with Actinobateria,
including Coriobacteriia_ OPB41 (30%) and Cellulomonadaceae Actinotalea
(7%). A direct involvement of unidentified members of Actinobacteria order
OPBA41 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 (Chen et al., 2016; Laso-Pérez et
al., 2019; Tucci et al., 2023, 2022c). Anyway, Khomyakova and colleagues have
recently isolated two pure cultures of anaerobic actinobacteria belonging to
OPBA41 (Khomyakova et al., 2022). In particular, strain MOBDHBT 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 compounds. Analysis of strain
MO8SDHBT genome did not reveal any complete aerobic or anaerobic pathways
of aromatic compounds degradation, but some crucial determinants of
protocatechuate oxidation have been identified. Actinotalea was recently
identified in the anodic community of a MFC (Szydlowski et al., 2022). Szydlowski
and colleagues identified the presence of numerous sequences related to

electron transfer in its genome, e.g., the type IV pilus biosynthesis gene pilB,
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confirming that this organism can respire through anodes, just like the model
electrogenic microorganism Geobacter. They also documented the presence of
novel and unique enzymes, such as NADH translocases, that could provide
resilience to high Cu content. Actinotalea is also reported to be involved in
aromatic hydrocarbons degradation (Kang et al., 2023; Li et al., 2019) both in
electrified (Li et al., 2019) and in not electrified (Kang et al., 2023) 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 (PAHsS). Members of this family were the most
abundant microorganisms in bioaugmented inocula for the remediation of PAH
contaminated soils (Ferraro et al., 2021). 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
(Yang et al., 2021). In particular Thermincola members have been previously
found in a toluene/TCE degrading bioelectrochemical reactor (Cruz Viggi et al.,
2022), 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 (Lin etal., 2022).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, propionate and
isovalerate (Hashemi et al., 2022), 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
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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 impurities mainly consisting of silicon (as SiO>), oxygen

(as OH-), and alumina (as Al203), photoemission spectra of the untreated

graphite rod revealed only the presence of graphitic carbon (C 1s spectrum, C-C
bond at 284.6 eV). In contrast, the C 1s 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 presence of N 1s peak located
at BE = 400.4 eV, which is characteristic for C = NH, C-NH2 bonds.

V.3.4 Cathode characterization

The cathode collected at the end of the experiment was partitioned into various
segments for subsequent analysis. The surface of the cathodes 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. V-6) showed no significant presence of microorganisms and confirmed
uniform Cu electrodeposition over the surface of the cathode. Specifically, it can
be observed the presence of spherical copper nanoparticles, with size 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 (Sui et al.,
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2010; Xu et al., 2010). Various shapes of copper nanostructures, including cubes,
prisms, spheres and wires, have been obtained using a variety of techniques of
deposition (Mandke and Pathan, 2012). 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 nanopatrticles similar to those obtained in this study
through electrodeposition techniques (Mandke and Pathan, 2012; Pagnanelli,
2019; Pedersen et al., 2008; Yeshchenko et al., 2007).

e <=

Figure V-6: SEM micrograph of the pherical copper nanopar'ticIeAs‘, shoWing the five different
spots in which Energy Dispersive Spectroscopy (EDS) analysis was performed

Energy Dispersive Spectroscopy (EDS) analysis was performed in five different
spots, as showed in Figure V-6, 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 % (Fig. V-7), confirming that copper was abiotically reduced and
deposited at the cathode as Cu20. 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-NHz, all attributable to bacterial cells, although the latter are present
in smaller percentages), the presence of Cu peaks at 933.2 eV attributable to
Cu20 and Cu peaks at 935.5 eV most likely assigned to Cu(OH)..
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Figure V-7: Energy Dispersive Spectroscopy (EDS) analysis of the cathodic deposit.
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V.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 copper, exploiting both the oxidation and
the reduction reaction simultaneously. 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 nanopatrticles 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 conditions (e.g., cell
voltage). It would also be interesting to assess process performance in the
presence of even more complex mixtures of contaminants to verify the possible
occurrence of competitive effects. The recovery of metal nanopatrticles 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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Chapter VI

Innovative approach for water remediation:
bioelectroremediation combined with carbon
nanotubes conductive membranes for

ultrafiltration
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VI.1 Introduction

VI.1.1 Environmental Problem

Groundwater is the largest source of drinking water, but its usability is
compromised by various pollutants (European Environment Agency, 2022). The
presence of multiple contaminants from both human and geological sources
necessitates the development of sustainable technologies to deal with them.
Among others, nitrate pollution, largely due to intensive agriculture, is a global
concern.(Bijay-Singh and Craswell, 2021). The World Health Organization
(WHO) identifies nitrate as a hazardous inorganic contaminant in groundwater
(WHO and UNICEF, 2021) and the Nitrates Directive (91/767/EU) sets a nitrate
concentration limit of 11.3 mg N-NOs~ L™ (50 mg NOs L) in drinking water
(Commission, 2000) .Conventional treatments for nitrate-polluted groundwater
typically use separation technologies that, while effective, are often energy-
intensive and produce waste brines requiring further treatment (e.g., lon
exchange, reverse osmosis, reverse electrodialysis) (Fernandez-Lopez et al.,
2023). On the contrary, biological denitrification, which reduces nitrate all the way
to atmospheric nitrogen gas (N2) in four biochemical steps, offers environmental
and economic benefits because nitrate is ultimately converted into a harmless
product, thus eliminating the need of waste disposal and (at least potentially)
allowing nearly complete water recovery (Thakur and Medhi, 2019).

However, contaminated groundwater typically lacks sufficient electron donors to
allow such a reaction to occur, thus necessitating a continuous supply of

chemicals like acetate or hydrogen gas.

VI1.1.2 Electro-bioremediation

An alternative method to remove nitrates by biological means without the need
for supplying chemicals is electro-bioremediation. This method is a primary
microbial electrochemical technology (MET) and emerges as a sustainable
alternative for groundwater treatment. MET is based on bioelectrochemical

systems (BES) harnessing the capacity of electroactive microorganisms to
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perform oxidation and reduction reactions with solid electron conductors (e.g.,
electrodes). Thereby, these electroactive microorganisms are able to use the
anode and the cathode as an inexhaustible electron acceptor or donor,
respectively, allowing the removal of pollutants by using electricity as the sole
external input (Puig et al., 2012).

In this approach, autotrophic denitrification uses the cathode as an electron donor
and inorganic carbon as the carbon source, addressing the issue of insufficient
electron donors in groundwater and eliminating the need for chemical additives
(Pous et al., 2015; Puggioni et al., 2022). When nitrate is the target pollutant,
autotrophic denitrification can be performed using only the cathode as electron
donor and inorganic carbon as carbon source, which is usually largely available
in groundwater in form of bicarbonate. Interestingly, autotrophic denitrifications
typically characterized by an extremely low biomass growth, which eliminates (or
at least minimizes) the need for sludge removal and disposal (Ceballos-Escalera
et al., 2024a, 2024b, 2021). This technique also offers significant advantages
over conventional treatments, such as reducing environmental impacts such as
brine production or chemicals dosing. The challenges to implement this
technology are that using a biofilm, some bacteria may still be released into the
effluent. The use of a membrane ensures that no microorganisms are released
to the effluent, thereby reducing the need for water clarification and disinfection.
Additionally, there is limited research on the effect of electrode materials on
denitrification rates. Scaling up these technologies remains a challenge, but
integrating electrochemistry with well-established methods like ultrafiltration (UF)
could potentially improve the scalability of the system (Rashed et al., 2023a,
2023b).

VI.1.3 Ultrafiltration and conductive membranes

Recently, electrocatalytic membrane reactors (ECMRSs) have been developed the
simultaneous separation and electrocatalytic degradation of organic pollutants.
In ECMRSs, electrically conductive membranes function as both filters and active

electrodes for water treatment (Huang et al., 2015). Consequently, designing
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active electrodes membranes involves creating selective membrane layers that
are highly porous and electrically conductive (Sun et al.,, 2021). Engineered
carbonaceous nanomaterials such as CNTs have been increasingly reported as
typical buildings units for the active electrodes in electrochemical cells and
ECMRs due to their intrinsic physicochemical and electrical properties. When
voltage is applied, these membranes interact with contaminants via electro-
oxidation, electrostatic adsorption, and electrostatic repulsion, processes

responsible for water decontamination (Liu et al., 2022).

VI.1.4 Aims of the study

The rationale of this study is to combine nitrate electro-bioremediation processes
with ultrafiltration technology, utilizing conductive membranes that would serve
as both electrodes and membranes. This approach could allow driving the
filtration of water and the biodegradation of contaminants directly on the
membrane, thereby reducing membrane’s fouling issues and co-localize the
contaminant and the microorganism by mechanically forcing their contact, to

enhance the biodegradation process.

VI.2 Experimental Section

VI.2.1 Bioreactor Setup
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Figure VI-1 Experimental setup of the Bioelectrochemical system, featuring a CNT-CNF
membrane as the working electrode (left), a carbon cloth counter electrode, and a plastic
separator. The right side includes plug-ins for the anode and cathode, an external reference

The setup consisted of two replicates of a rectangular plastic cell with a net
volume of 1.5 mL. Each cell included a carbon cloth layer in contact with an
electrical collector as the anode (counter electrode), measuring 2.5 cm x 2.5 cm,
and a CNT-CNT layer in contact with an electrical collector as the cathode
(working electrode), also measuring 2.5 cm x 2.5 cm, with a working area of 6.25
cm2. The two electrodes were physically separated by a plastic separator (PTFE)
to prevent contact between them (Fig.VI-1). The electrodes were connected to
the potentiostat (VSP, BioLogic, France) using banana plug-in connectors and
worked in galvanostatic mode, current applied -2 mA, resulted in -0.2 V vs
Ag/AgCI of cathodic potential. The cell was connected to an external buffer tank
with a liquid volume of 100 mL and a headspace volume of 20 mL. An Ag/AgCI
saturated KCI reference electrode (SE 11, Xylem Analytics Germany Sales
GmbH & Co. KG Sensortechnik Meinsberg, Germany) was positioned externally
to the cell along the recirculation line. The cell had an inlet line, a purge line, and
an outlet line where the permeate flowed out (Fig. VI-1). At the beginning of the
test, the system was set anoxic by flushing with N> gas. Temperature was
maintained at a value of 25+1 °C and pH at 7.4+0.05.
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VI.2.2 CNT-CNF membrane

CNT-based membranes were fabricated by dry spinning of carbon nano tubes
(CNT) layers from the CNT forest using layer by a layer stacking method
previously reported to produce resilient CNT assemblies for sensing and energy
storage applications (Gbordzoe et al., 2017; Y. Wang et al., 2015; Zhang et al.,
2018). The CNT layers were collected on a rotating drum collector supported by
synthesized carbon nano fibers (CNF) support membranes at a fixed speed of 15
rpm. The membrane used is a 30 layers CNTs 1K twill carbon fiber. CNTs 263
um, 51.6 mg cm3, 850 Q/w (Kumari et al., 2021; Rashed et al., 2023a, 2023b).

VI.2.3 Reactor start-up and operation

The system was inoculated with a pure culture of Thiobacillus denitrificans and
operated with a medium prepared with distillate water and contained; 420.0 mg
L~ NaHCOs as inorganic carbon source, 7.5 mg L™ KH,PO4 , 1.9 mg L™’
NazHPO, , 100.0 mg L™" NaCl, 75.2 mg L™ MgSO4 x7H20, 10.0 mg L™" NH4CI
and 0.1 mL L' of a trace minerals solution (Balch et al., 1979; Ceballos-Escalera
et al., 2021). The system was set anoxic by flushing with dinitrogen gas at the
beginning of each cycle. In batch mode, the three lines are connected to a serum
bottle functioning as a buffer tank, with a liquid volume of 100 mL and a
headspace volume of 20 mL. When nitrate was exhausted, half of the liquid
volume was removed and replaced with fresh mineral medium containing nitrate
enough to set an initial concentration of 60 mgN L-t. From day 0 to 76 (5 batch
cycles), the system was operated under galvanostatic mode at -2mA, which
allowed to obtain a cathode potential around -0.2V vs Ag/AgCl. While from day

48 to 76 (2 batch cycles), the system was operated under open circuit conditions.

VI.2.4 Biotic OCP Membrane-less Control

A 120 mL serum bottle was used, containing an inoculum and 100 mL of mineral
medium, with an initial nitrate concentration of 80 mgN L. The reactor was made
anaerobic at the start of the experiment by flushing it with pure N,. The test was

conducted for 360 hours, during which liquid samples were collected, filtered
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using a 0.22 um filter, and analyzed by ionic chromatography (ICS 5000, Dionex,
USA). The reactor was kept under agitation using a submerged magnetic stirrer

and a magnetic plate.

VI.2.5 Control with Membrane Immersed in Inoculated Medium

In the same 120 mL serum bottle, with the same inoculum and mineral medium
(pH ~7) and nitrate, a 2.5x2.5 cm section of CNT-CNF membrane was added
after initial membrane-less operation. The system was re-flushed with N, to

restore anaerobic conditions, and the test continued for an additional 300 hours.

VI.2.6 Abiotic Control with Polarized Membrane

A parallel abiotic control experiment was set up, following the same bioreactor
configuration but without the addition of inoculum. The mineral medium was
supplemented with 60 mgN L* of nitrate, and the CNT-CNF membrane was
polarized as the cathode using a galvanostatic technique with a constant current

of -2 mA, replicating the conditions of the main biotic reactor.

VI.2.7 Ecotoxicological testing of conductive membranes

Six 120 mL serum bottles (3 with membrane and 3 without) were prepared. Each
bottle contained inoculum from the main reactor, mineral medium with 120 mg/L
of nitrate, and 5 g/L of thiosulfate. The bottles were stirred using a multi-position
magnetic stirrer. Daily sampling was performed, with liquid-phase samples
filtered using a 0.22 pym filter for nitrate, nitrite, and sulfate analysis. Unfiltered

samples were used to measure optical density (OD) and pH evolution.

VI.2.8 Electrochemical Characterization of the membranes
Electrochemical impedance spectroscopy. AC amplitude 10mV, Frequency
Range: scan from 100 kHz to 100mHz. Two-electrode configuration, CNT-CNF

membrane setted as working electrode and carbon cloth as counter electrode.
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VI.2.9 Cyclic Voltammetries
Scan Rates: 10mV/s, Scanning potential window: from 0 to -1V, Number of
Cycles: 3 For all CVs, an Ag/AgCl electrode (+0.198 V vs. SHE; AMEL, Italy) was

used as reference.

VI.2.10 Permeability Test and Permeate Flow

For the Permeability test, the membrane placed into the reactor, where a
pressure difference is applied across the membrane. The permeate is collected,
and the flux is calculated. Permeate flow refers to the rate at which the permeate
passes through the membrane. Permeate flow is measured by collecting the

permeate over time and calculating the flow rate (Equation 2)

VI.2.11 Chemical analyses and calculations

All liquid samples were analysed in the laboratory by ionic chromatography (ICS
5000, Dionex, USA) according to APHA standard water measurements (APHA,
2005) with special attention to these ions: nitrate (NO3z’), nitrite (NO2). A N2O
liquid-phase microsensor (Unisense, Denmark) located in the recirculation loop
of the reactor.

Nitrate Removal Rate was calculated as the milligram of Nitrate removed divided
by the day and the surface area of the electrode-membrane.

Nitrate Removal Rate = NO3—(mg) (2)

Time (days) X Surface area (m?2)

Permeability was calculated as the ratio between liters per square meter per hour
(LMH) and the transmembrane pressure (TMP). LMH is a measure of specific
permeate flux, defined as the volume of liquid (in liters) that passes through one
square meter of membrane surface per hour it is used to express the efficiency
of the membrane in terms of its capacity to filter liquid. A high LMH value indicates
good permeability of the membrane. While TMP stands for transmembrane
pressure, which is the difference in pressure between the feed side and the
permeate side of the membrane. It indicates the driving force required to push

the fluid through the membrane and depends on the resistance offered by the
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membrane and any fouling that may occur. TMP is a critical parameter because

it influences both the permeate flux and the lifespan of the membrane.

Permeability = LMH 2
TMP
LMH = Permeate volume (L) (3)

Membrane surface area (m2) X Time (h)

TMP = P feed (mBar)+ P retentate(mBar)
2

— P permeate(mBar) (4)
Where:

Preed IS the pressure on the feed side,

Pretentate IS the pressure on the retentate side

Ppermeate IS the pressure on the permeate side

The faradaic efficiency of the denitrifying biocathode was calculated as the ratio
between the cumulative equivalents of nitrate removed (mmolegnosz’) and the
cumulative equivalents deriving from current applied (mmoleq;), according to the
following equation:

Faradaic Efficiency = mmoleqNo3~ (5)
mmoleqi
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VI.3 Results and Discussion

VI.3.1 Batch Mode with synthetic groundwater

External CNT-CNF Plastic Carbon Cloth
Reference (Cathode) Separator (Anode)
(Ag/AgCl)

Figure VI-2 Schematic representation of the electrochemical reactor system. The diagram
illustrates the flow of influent through the reactor
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Figure VI-3 Evolution of nitrate (N-NO;7) and nitrite (N-NO, ") concentrations. The blue line
represents nitrate concentration. The orange line shows nitrite concentration, remaining low
throughout the experiment. The arrows indicate the distinct nitrate spikes associated with each
treatment cycle, with the last two cycles conducted under open circuit conditions (OCP).

The concentrations of nitrate and nitrite anions were systematically monitored
over time during a total of 5 feeding cycles in batch mode operation (Fig. VI-3).
In each cycle, nitrate was completely removed, and no accumulation of nitrite was
observed. During the first cycle, the rate of nitrate removal was notably the
slowest (609 mgN m2 d?) attributed primarily to the initial metabolic adaptation
phase of the microorganisms, during which they acclimated to the substrate and
initiated the formation of a biofilm on the electrode-membrane. Thiobacillus
denitrificans was initially grown using thiosulfate as an electron donor before
being used as a reactor inoculum. Once inoculated, it adapted to using the
electrode-membrane as an electron donor. As the process advanced into the
second and third cycles, a marked increase in the removal rate was observed,
respectively 1017 mgN m=2 d*and 972 mgN m d, which stabilized at a higher
level, indicating that the microbial community had effectively adapted to the
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environmental conditions and substrate availability. Throughout the entire
experimental duration, no detectable accumulation of nitrite or nitrous oxide
(N20) was observed, confirming the occurrence of complete denitrification. This
fact is commonly observed in MET-based denitrification studies, confirming the
good electrode-like behaviour of conductive membranes.

From the second cycle the optical density (OD at 600 nm) remained constant at
0.022 £ 0.0023, and the pH values measured along the whole experiment
remained constant at 7.40 + 0.05, which was expected as both anode and

cathode were present in the same media.
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Figure VI-4 Evolution of Optical Density at 600nm. The arrows indicate the distinct nitrate spikes
associated with each treatment cycle, with the last two cycles conducted under open circuit
conditions (OCP).

In the fourth and fifth cycles, the system was operated under open circuit potential
conditions as a control to observe the influence of polarization on the nitrate
removal process. The nitrate removal rate observed during the fourth cycle was
848 mgN m dt, which was comparable to the rates observed in the second and

third cycles, 1017 mgN m2 d-tand 972 mgN m2 d-1, respectively. However, in the
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fifth cycle, the removal rate 630 mgN m? d, suggesting that polarization was

necessary to maintain a higher nitrate removal rate.

We propose the following hypotheses to explain the observed nitrate removal in

the absence of an external current supply:

ii)

Presence of an Electron Donor: One possibility is that an electron donor
was naturally present in the system. To test this, we conducted an
experiment where we monitored nitrate concentrations in a Biotic OCP
membrane-less reactor. This allowed us to determine whether nitrate
reduction can occur independently of any electrochemical processes.
(Figure VI-3, first cycle)

The Electrode alone facilitates Nitrate Removal: Another hypothesis is that
the electrode-membrane CNT-CNF itself may support the removal of
nitrates, possibly due to its surface characteristics or interactions with
microbial communities. To evaluate this, we immersed the CNT-CNF in a
solution containing both bacteria and nitrate, without applying any current,
and tracked the changes in nitrate concentration. (Figure VI-3 second
cycle)

Electrode Capacitance: The third hypothesis involves the capacitance of
the electrode. It is possible that the electrode and the conductive biofilm
stores charge during the periods when current is applied and releases this
stored energy to drive the reduction of nitrates even when no external
current is supplied. Investigating the electrode's capacitance behavior
could reveal whether this stored charge is sufficient to support ongoing

nitrate removal in the absence of continuous power input.

VI.3.2 Biotic OCP membrane-less
Biotic Open Circuit Potential (OCP) Membrane-less Control: This control setup

involves the operation of the system without the CNT-CNF membrane under

biotic conditions, where microbial activity is present. In this scenario, both nitrate

and sulfate concentrations remain stable over a duration of 350 hours, indicating
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no significant removal or transformation of these anions in the absence of the

membrane and the polarization (Fig. VI-5).

VI.3.3 Biotic OCP with membrane immersed

Membrane Immersed in Mineral Medium with Inoculum: This control setup
examines the potential of the CNT-CNF membrane to donate electrons, an
essential factor in its role in redox reactions. The membrane is submerged in a
mineral medium inoculated with microorganisms. Over a period of 350 hours, the
concentrations of nitrate remain stable as shown in figure VI-5, indicating that
under these conditions, there is no significant electron donation by the CNT-CNF
membrane, nor is there any notable reduction or transformation of nitrate or

sulfate.

VI.3.4 Abiotic Polarized with flow through membrane
The same configuration of the main test, but abiotic and polarized in galvanostatic
mode, applying the same current of -2mA and obtaining a voltage of -0.2 vs

Ag/AgCI. Observed a removal rate of nitrate of 58 mgN m2 d! (Fig. VI-5)
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Figure VI-5 Control Test - Evolution of nitrate (N-NO; ") and nitrite (N-NO,") concentrations
during the three different configuration of the control test. Biotic OCP membrane-less (from O to
350 hours). Biotic OCP with membrane dived (from 351 to 700 hours). Abiotic polarized flow
through membrane (from 701 to 1000 hours)

VI.3.5 Membranes Characterization: Permeability Test

Permeability testing and permeate flow analysis are critical for evaluating the
performance of membranes. Shown in figure VI-6, the permeability test
measured the ability of the membrane to allow substances to pass through it. The
permeability is expressed in terms of flux, which is the amount of permeate
passing through a unit area of the membrane per unit time (Liters per square
meter per hour LMH) under a certain pressure difference (Trans-Membrane
Pressure TMP).
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Figure VI-6 Results from the permeability test , reported as LMH/TMP

VI.3.6 Electrochemical Impedance Spectroscopy between Cathode and
Anode

Electrochemical characterization of membranes using Electrochemical
Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV) is crucial for
understanding the membrane's properties. EIS is a powerful technigque used to
investigate the electrical properties of membranes over a wide range of
frequencies. It provides information about the resistance, capacitance, and
diffusion processes within the membrane. EIS is conducted using a two-electrode
setup, where the membrane serves as the working electrode. A small AC
perturbation 10 mV is applied over a range of frequencies from 100 kHz to
100mHz.

The data is presented in a Nyquist plot, where the imaginary part of the
impedance (Z") is plotted against the real part (Z'). The shape of the Nyquist plot
can reveal important information. High-Frequency Region: a semicircle is
observed, which corresponds to the charge transfer resistance. This change over

time suggests an increase in surface heterogeneity and an additional impedance
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contribution from the biofilm layer, which affects the overall electrochemical

behaviour.
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Figure VI-7 The graph shows a Nyquist plot, where the imaginary part of the impedance (Z") is
plotted against the real part (Z'). In orange the initial time of the membrane and in blue the final
time after 2000 hours of operation.

VI.3.7 Cyclic Voltammetry (H-type cell characterization)

Cyclic Voltammetry (CV) is used to investigate the electrochemical stability, redox
behaviour, and ion transport properties of the membrane. It involves sweeping
the potential of the working electrode-membrane linearly with time and recording
the resulting current. CV is conducted in a three-electrode cell. Peaks in the
voltammogram indicate redox processes occurring at the membrane surface. The
position, shape, and height of these peaks can provide insights into the redox-

active species within or interacting with the membrane.
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Figure VI-8 Cyclic Voltammetries performed in a H-Type cell to characterize the CNT-CNF
membrane at different times

VI.3.8 Ecotoxicological Test for Assessing the Ecotoxicity of the CNT-CNF
Membrane

This test involves an ecotoxicological assessment aimed at investigating the
potential ecotoxicity of a novel carbon nanotube - carbon nanofiber (CNT-CNF)
membrane. The experimental setup includes a Thiosulfate and Nitrate removal
test, conducted with and without the inclusion of CNT-CNF membranes. The
results provide insights into the comparative removal efficiencies of thiosulfate
and nitrate in the presence and absence of the membranes, as well as any
associated ecotoxicological impacts. No significant differences were observed in
terms of nitrate removal rates, nitrite formation and elimination, or sulphate
production from thiosulfate removal, demonstrating that the membrane did not
exhibit measurable toxic effects on the bacteria involved in the removal of
thiosulfate and nitrate, confirming its biocompatibility for use in similar

environments.
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Figure VI-9 The graph shows the results of the Ecotoxicological test done with and without
membrane over 180 hours,

V1.4 Conclusions

This study demonstrates the potential of integrating bioelectrochemical systems
(BES) with conductive carbon nanotube (CNT) membranes for the effective
remediation of nitrate-contaminated water. By leveraging electroactive
microorganisms capable of autotrophic denitrification, the proposed system
eliminates the need for external chemical electron donors. The membranes serve
a dual role: not only do they act as ultrafiltration barriers, preventing microbial
contamination of the effluent, but they also function as electrodes that facilitate
the biodegradation of nitrates through bioelectrochemical processes. The
experimental results indicate that the system efficiently removes nitrates,
achieving complete denitrification without nitrite accumulation. The use of CNT-
CNF membranes as cathodes enables the development of a biofilm that
accelerates nitrate reduction over time, with removal rates stabilizing at values

above 900 mgN m d after the adaptation phase. The transition to open circuit
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potential (OCP) conditions provided insights into the reliance of the system on
polarization to maintain high removal efficiency, suggesting that ongoing electron
transfer from the cathode is essential. The combination of bioelectroremediation
with CNT-CNF membrane filtration addresses several challenges faced by
conventional treatment methods, such as high sludge production, the need for
chemical dosing, and energy-intensive separation technologies. Additionally, this
system significantly reduces fouling potential, as contaminants are biodegraded
directly on the membrane surface, enhancing long-term operational stability.
Furthermore, the CNT-CNF membrane’s electrochemical characteristics, as
evidenced by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) analyses, indicate that it maintains good conductivity and
stability, which are critical for the scalability of the technology. However, several
challenges remain. The release of some bacteria from the biofilm still poses a
potential issue, though ultrafiltration offers a promising solution for preventing
microbial contamination. Potential scaling-up of the system would require further
investigation, particularly in optimizing electrode materials and ensuring cost-
effective membrane production. Overall, this innovative approach to water
remediation, combining electro-bioremediation and conductive CNT membranes,
offers a promising alternative for nitrate removal with minimal environmental
impact, making it a potential candidate for future applications in groundwater
treatment. Further studies are needed to optimize system performance, scale-up

the technology, and evaluate long-term economic and ecological sustainability.
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VII.1 Conclusions

The main objective of this Ph.D research was to promote the development and
optimization of microbial electrochemical technologies (METs) for the
bioremediation of groundwater contaminated by complex mixtures of pollutants,
including petroleum hydrocarbons (PH), chlorinated solvents, nitrate, and metals.
Through experimental works conducted at the laboratory scale, both in batch and
continuous flow modes, under a broad range of operating conditions, valuable
insights were gained into the possibility to steer the electrode-driven
biodegradation of different contaminants and mixtures thereof. The results
obtained from these studies can support the future development of microbial
electrochemical technologies (METs) as a promising technology for in-situ
groundwater pollution treatment. The first set of experiments (Chapter II)
explored the degradation of toluene, a model petroleum hydrocarbon, in a
bioelectrochemical system referred to as a "bioelectric well." The study
demonstrated that toluene degradation occurred through a syntrophic interaction
between hydrocarbon degraders and electroactive microorganisms. Toluene was
initially converted into metabolic intermediates such as volatile fatty acids (VFA),
formate, and hydrogen, which were subsequently used by electroactive bacteria
in the anodic biofilm. The toluene degradation rate was faster than the
fermentation of intermediates, explaining the observed plateau in current
generation despite a higher contaminant load. These results are significant for
understanding syntrophic degradation of aromatic hydrocarbons and underscore
the importance of promoting diverse microbial populations for efficient
bioelectrochemical degradation processes. The study also identified limitations,
such as the plateau in coulombic efficiency at higher concentrations due to the
accumulation of intermediates, suggesting potential areas for process
optimization in real-world applications. The second study (Chapter IIl) expanded
on the first by investigating the simultaneous bioremediation of a mixture of
toluene (a model hydrocarbon contaminant) and trichloroethylene (TCE, a model
chlorinated solvent contaminant), demonstrating the feasibility of using a single-

stage bioelectrochemical system for the degradation of mixed contaminants
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requiring two opposing redox environments, namely oxidative and reductive. In
this system, the oxidation of toluene at the graphite anode generated an electric
current that fueled the abiotic production of hydrogen at the stainless-steel
cathode, supporting the reductive dechlorination of TCE. Phylogenetic analysis
confirmed the presence of microbial communities capable of both oxidizing
toluene under anaerobic conditions and dechlorinating TCE, with degradation
processes occurring in parallel. The study provided proof of concept for
integrating oxidative and reductive bioremediation pathways within a single
reactor. However, mass transport limitations hindered toluene oxidation and
current generation, indicating that further process refinements, such as
hydrodynamic optimization, are essential to improve overall efficiency.
Additionally, while TCE degradation was achieved, the process was slower than
expected, requiring further investigations to enhance hydrogen utilization and
accelerate dechlorination. In a further exploration of mixed contaminant
treatment, the third study (Chapter V) examined the simultaneous removal of
toluene and chloroform (CF), another chlorinated hydrocarbon commonly
detected in contaminated groundwater. Again, the bioelectrochemical system
achieved simultaneous degradation of both compounds, but the presence of CF
negatively impacted toluene degradation rates, likely due to inhibitory effects on
the anodic microbial community. This finding highlights the complexity of
interactions between co-contaminants in bioelectrochemical systems and the
importance of understanding microbial competition dynamics in multiple
contamination scenarios. The study also demonstrated that acetate, a readily
biodegradable substrate, was preferentially consumed over toluene, hindering its
removal and complicating the design of systems capable of handling diverse
contaminant profiles. The fourth study (Chapter V) introduced the
bioelectrochemical removal of toluene and copper in a single-chamber reactor.
Toluene oxidation at the anode generated an electric current that supported the
abiotic reduction and precipitation of copper as Cu,O nanoparticles at the
cathode. This system demonstrated a dual-function approach, where microbial

activity drove the oxidation of organic pollutants while simultaneously facilitating
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the recovery of metals at the cathode. The study also highlighted the potential for
coupling bioelectrochemical degradation with the recovery of valuable resources,
thus potentially contributing to the circular economy. However, challenges
remain, such as optimizing electrode materials, reactor design, and process
scalability for real-world applications. The final phase of the research (Chapter
VI) focused on integrating bioelectrochemical systems with membrane
technology, specifically ultrafiltration, for the treatment of nitrate-contaminated
water. This work was conducted at the Laboratory of Chemical and
Environmental Engineering (LEQUIA) of the University of Girona (UdG), under
the scientific supervision of Prof. Sebastia Puig. An innovative system combining
bioelectroremediation and ultrafiltration was tested using carbon nanotube (CNT)
conductive membranes. This dual-function system enabled the simultaneous
biodegradation of nitrates by electroactive microorganisms and the filtration of
contaminants directly at the membrane surface, achieving high nitrate removal
efficiency. The use of conductive membranes as electrodes provided the added
benefit of reducing membrane fouling by directly removing filtered contaminants,
improving long-term operational stability. This research presents a promising
alternative to conventional nitrate removal techniques, offering lower energy
consumption, reduced chemical usage, and minimized sludge production.
However, challenges such as bacterial release from biofilms and CNT membrane
scalability require further investigation. Conducted research opens multiple
possibilities for future investigations. First, the scalability of bioelectrochemical
systems remains a critical challenge. Real-world applications will require
optimizing reactor design, electrode materials, and operational parameters to
ensure cost-effective and efficient contaminant removal. In particular, the
influence of hydrodynamics and mass transport phenomena on process
efficiency must be further explored. In fact, a challenging aspect of
bioelectrochemical systems is that being surface-based technologies, they
require high surface area electrodes to attain sufficiently high contaminants
biodegradation rates as well as for treating large, contaminated areas. In the case

of large contamination plumes, this would ultimately result in unacceptably high
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costs of electrodes and consequent prohibitive capital expenditures (CAPEX)
(Puig et al., 2021; Saxena et al., 2020) New strategy are thus warranted to
overcome the unsustainable use of multitude of high-surface area electrodes, as
the bioelectric well, posted at short distance one from the other. In principle, this
could be achieved through the injection in the aquifer of environmentally safe
(iron- or carbon-based) conductive (nano)particles. Upon transport and
subsequent deposition over soil grains, these particles create an electrically
conductive zone which could be exploited to control and fine-tune the delivery of
electron donors or acceptors over a large distance, and accordingly drive the
electro-bioremediation process in a more efficient manner. Further to extending
the radius-of-influence of electrodes, such diffuse electro-conductive zones
(DECZ) could also be exploited to promote the development of syntrophic
anaerobic communities degrading contaminants via direct interspecies electron
transfer (DIET) process. Clearly, this intriguing hypothesis would require future
ad hoc investigations. Second, the interactions between different types of
contaminants, as observed with the inhibitory effects of CF and acetate, highlight
the need for more detailed studies on microbial community dynamics in
environments with multiple contaminants. Understanding these interactions will
be essential for adapting microbial electrochemical systems to specific
contamination profiles. Third, combining pollutant degradation with resource
recovery, as demonstrated by the bioelectrochemical copper recovery system,
represents a promising direction for valorizing contaminated water and
environmental remediation processes within the circular economy framework.
Future research should focus on developing similar systems for other metals and
contaminants, as well as optimizing the recovery process to enhance both
economic and environmental sustainability, also in the broad context of municipal
and industrial wastewater treatment. Finally, integrating bioelectrochemical
processes with membrane filtration presents a unique opportunity to advance
water treatment technologies. Further studies are needed to optimize conductive
membrane materials, improve long-term stability, and address operational

challenges, such as microbial release and fouling. Scaling this system for
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practical applications will be crucial for advancing the field of
bioelectroremediation. In conclusion, the work carried out in this thesis has made
significant progress in understanding and applying microbial electrochemical
technologies for groundwater remediation. The results provide a solid foundation
for future research aimed at overcoming the technical and operational challenges
of these innovative bioremediation systems. Clearly, in order to accelerate the
transition of these novel technologies from the laboratory to the market, pilot
studies conducted at field scale and highly representative conditions are urgently
needed. Hopefully, results of these studies will catalyze the interest of
stakeholder, authorities and also common people for bioelectrochemical
technologies and their sustainable, tunable, and multifaceted features. By
harnessing the potential of electroactive microbial communities,
bioelectrochemical systems offer a promising solution to the pressing
environmental issue of groundwater contamination, while also opening up

possibilities for resource recovery and sustainable water treatment in the future.
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