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Abstract 

Microbial electrochemical technologies (MET) can remove a variety of organic 

and inorganic pollutants from contaminated groundwater. However, despite 

significant laboratory-scale successes over the past decade, field-scale 

applications remain limited. We hypothesize that enhancing the electrochemical 

conductivity of the soil surrounding electrodes could be a groundbreaking and 

cost-effective alternative to deploying numerous high-surface-area electrodes in 

short distances. This could be achieved by injecting environmentally safe iron- 

or carbon-based conductive (nano)particles into the aquifer. Upon transport and 

deposition onto soil grains, these particles create an electrically conductive zone 

that can be exploited to control and fine-tune the delivery of electron donors or 

acceptors over large distances, thereby driving the process more efficiently. 

Beyond extending the radius of influence of electrodes, these diffuse electro-

conductive zones (DECZ) could also promote the development of syntrophic 

anaerobic communities that degrade contaminants via direct interspecies 

electron transfer (DIET). In this review, we present the state-of-the-art in 

applying conductive materials for MET and DIET-based applications. We also 

provide a comprehensive overview of the physicochemical properties of 

candidate electrochemically conductive materials and related injection strategies 

suitable for field-scale implementation. Finally, we illustrate and critically discuss 

current and prospective electrochemical and geophysical methods for measuring 

soil electronic conductivity—both in the laboratory and in the field—before and 

after injection practices, which are crucial for determining the extent of DECZ. 

This review article provides critical information for a robust design and in situ 

implementation of groundwater electro-bioremediation processes.  
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1. Introduction  

Anthropogenic pollution of groundwater by organic and inorganic 

contaminants (e.g., petroleum hydrocarbons, pharmaceuticals, brominated 

flame retardants, per- and poly-fluoroalkyl substances (PFAS), heavy metals, 

and nitrate) is an issue of ever-increasing relevance, particularly considering 

that more than half of the global freshwater supply for drinking, industrial 

uses, and irrigation comes from groundwater [1–5]. These contaminants' 

persistent threats to human, animal, and ecosystem health call for urgent 

remedies [6–8].  

In the last decades, the expanding knowledge gathered on the ability of 

microorganisms to degrade or transform pollutants into harmless end-

products and their degradative metabolic pathways has strikingly boosted 

the interest in bioremediation technologies for the cleanup of contaminated 

sites [9–11]. These are typically based on the possibility of manipulating 

environmental conditions by controlling the redox potential and/or by 

supplying nutrients, electron donors, or acceptors. However, the promise of 

bioremediation as a lower-cost, simpler, and more environmentally friendly 

alternative to conventional physical-chemical approaches is yet to be fully 

realized. Indeed, bioremediation is often associated with limited performance 

regarding process robustness and rates [12]. This is largely due to the limited 

availability of tools for domesticating the biological activity of the pollutant-

degrading microbes in the contaminated matrix in time and space. 

Approximately twenty years ago, research on microbial extracellular electron 

transfer started to gain significant traction [13,14]. The initial breakthrough 

technology was the microbial fuel cell, generating power from organic waste 

or sediments [15–17]. However, it soon became apparent that the influence 

of microbial electrochemical technologies (METs) 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 [18–22]. 

Unlike conventional bioremediation approaches that only provide one redox 

condition, METs can simultaneously reduce (at the cathode) and oxidize (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 and complex 

mixtures [23–26]. 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 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 
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chemical amendments. Another key feature of MET is that the “energy level” 

of the electron donor/acceptor can be regulated, at least partially, using a 

power source, hence providing a unique tool for increasing, manipulating, 

and/or fine-tuning the rate and/or the selectivity of the target reaction(s) 

[19,20]. 

Furthermore, it is worth noting that since the electrode(s) may also support 

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, they tend to concentrate in a highly reactive zone where also the 

biocatalysts occur, and the electron donor/acceptor are simultaneously 

present [27]. 

Over the past few years, electro-bioremediation 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 [19,28,29]. 

Despite this increasingly recognized potential, several hurdles still limit the 

transition of electro-bioremediation techniques from the laboratory to the 

field. The most striking is the lack of effective system configurations suitable 

for in situ applications. Indeed, being surface-based technologies, METs 

typically require high surface area electrodes to attain sufficiently high 

contaminants biodegradation rates and treat large, contaminated areas. In 

the case of large contamination plumes, this would ultimately result in 

unacceptably high costs of electrodes and consequent prohibitive capital 

expenditures (CAPEX) [28,30].  

This review paper brings forward the intriguing hypothesis that making the 

surrounding of an electrode electrochemically conductive through the 

injection into the aquifer of low-cost and environmentally safe (metal- or 

carbon-based) conductive (nano)particles (Fig. 1a) could potentially 

represent a groundbreaking and cost-effective alternative to the use of 

multiple, high surface-area electrodes posted at a short distance one from 

each other. In other words, this approach would result in the creation within 

the aquifer of a so-called “diffuse electro-conductive zone (DECZ),” serving 

itself as a sink or source of electrons over high depths and long-distances 

and thus prompting the in situ bioremediation process more efficiently (Fig. 

1b). Further to extending the radius-of-influence of electrodes, DECZ could 

also promote the development of syntrophic communities exploiting direct 

interspecies electron transfer process (DIET) [31–36] to anaerobically 

degrade organic contaminants under for instance, nitrate-reducing, sulfate-

reducing, or methanogenic conditions (Fig. 1c) [37]. 
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Figure 1.  

 

 

In the past few years, some review papers dealing with the application of 

electro-bioremediation or DIET-based bioremediation approaches have been 

published in the scientific literature [19,20,38–45]. Most of these articles, 

however, have revolved around descriptions of the classes of treated 

contaminants, the involved (reductive or oxidative) biotransformation 

pathways, the key microorganisms, and related microbe-electrode 

extracellular electron transfer mechanisms, as well as the impact of key 

process parameters on treatment efficiency. To the best of our knowledge, 

none of these published documents has presented and discussed in a 

systematic manner practical strategies for in situ implementation of electro-

bioremediation or DIET-based technologies. 

In this specific context, the scope of the present review paper is to: (i) recall 

briefly fundamental aspects of cathodic, anodic, and DIET-based electro-

bioremediation processes; (ii) identify key factors which presently limit 

treatment efficacy, with specific reference to the radius of influence (ROI) of 

electrodes; (iii) review strategies to create DECZ; (iv) review state-of-the-

art methods to measure soil electronic conductivity at field- and laboratory-

scale; (v) identify challenges and research needs for the future application 

of the DECZ concept in electro-bioremediation processes. 

 

 

2. A brief overview of cathodic, anodic and DIET-based electro-

bioremediation opportunities 

 

2.1 Cathodic electro-bioremediation 

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 [46].  

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 [47]. In a recent study [48], direct electron transfer (DET) 

between Axonexus and Desulfovibrio/cathode and indirect electron transfer 
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(IET) via riboflavin for Dehalococcoides was shown to significantly enhance 

trichloroethene (TCE) dechlorination in MET biocathodes. A previous study 

[49] reported TCE sequential hydrogenolysis, with its main conversion into 

less harmful cis-1,2-dichloroethene and ethene as a minor product, in a two-

chamber bioelectrochemical reactor (dechlorination efficiency was 99.1 ± 

0.3%). Bio-cathodic TCE dechlorination to ethene in paddy soil was enhanced 

when a pure D. mccartyi NIT01 culture was added [50], and effective 

dechlorination was mainly attributed to microbial interactions through 

interspecies electron transfer. The possibility of simultaneously achieving 

reductive dechlorination of TCE and oxidation of toluene in a single-stage 

“bio-electrochemical well” simulating in situ treatment of multi-contaminated 

groundwater was also recently reported [23]. Toluene oxidation at the 

bioanode led to the current generation and hydrogen production at the 

cathode, which supported the reductive dechlorination of TCE to less-

chlorinated intermediates and ethene. Results highlighted the potential for 

further optimization, especially concerning mass-transport limitations that 

might have constrained the system's efficiency. Zou et al. [51] investigated 

the removal of 2,4,6-trichlorophenol (TCP) at the biocathode of a two-

chamber bioelectrochemical reactor treating constructed wetland (CW) 

sediments. Bioelectrochemical RD was inferred as the main metabolic 

mechanism in the closed-circuit experiments, with the cathode as the 

electron donor and acetate as the external carbon source for bacterial 

growth.  

As reported previously [52], biocathodes may offer advantages for removing 

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. [53] developed a Cr(VI)-reducing 

biocathode by reversing an anodic exoelectrogenic biofilm, achieving higher 

microbial density than traditional biocathodes; Beretta et al. [54]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; Qiu et al. [55]exploited 

Dysgonomonas capability to reduce V(V) to V(IV) at the biocathode of an 

MFC at neutral pH, without the need for pH conditioning, achieving a power 

density output of 529±12 mW m−2. 

Among reducible inorganic contaminants, nitrate derived from agricultural-

related activities is one of the most widespread pollutants [56]. 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. [57] simulated 
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the in situ application of MET to achieve autotrophic denitrification. Ceballos-

Escalera et al. [58] 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 kgNO₃ m−³ d−1), and in situ generation 

of free chlorine at the anode allowed effective water disinfection. In earlier 

studies, Puggioni and colleagues [56,59] treated saline groundwater with a 

novel three-chamber microbial MEC operated in galvanostatic mode (10 mA), 

achieving simultaneous autotrophic nitrate removal (bio-cathode), 

desalination (central compartment) and chlorine production (anode). Low 

specific energy consumption was observed ([6.8 ± 0.3]×10⁻² kWh per gNO₃-

Nremoved), underpinning the system's efficiency while supporting three 

simultaneous processes. 

 

2.2 Anodic electro-bioremediation 

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 [60]. More recently, MET technologies were employed to 

stimulate the anaerobic oxidation of petroleum hydrocarbons [20]. 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 an oxygen reduction reaction (ORR) takes 

place. A similar setup can be used to stimulate bioremediation in 

hydrocarbon-contaminated aquifers. For example, a borehole anode can be 

an electron acceptor, with a cathode embedded several meters above the 

ground surface. A simpler configuration uses "electrochemical snorkels", 

which are conductive rods spanning aerobic and anaerobic zones, acting as 

both cathode and anode [61]. This 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 [62,63], coupling hydrocarbon removal with power 

production. Diesel range organics (DRO) removal reached 82% when using 

an anode as an electron acceptor, compared to 31% in the open circuit 

control. Both alkanes and aromatic hydrocarbons were degraded in BES.  

In recent studies, a novel reactor configuration called the "bioelectric well" 

was employed to treat synthetic groundwater containing single or multiple 
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contaminants [64,65]. Toluene is the easiest-to-degrade component among 

BTEX compounds (benzene, toluene, ethylbenzene, and xylenes), and its 

degradation was studied under various anode potentials using pure cultures 

and consortia [66]. Benzene was degraded in the anode of a BES by mixed 

cultures enriched from different environmental samples [67]. 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 [68]. They are primarily 

found in soils (such as coal and tar deposits) and are produced by the thermal 

decomposition of organic matter. One study used sediment/soil-based MFCs 

to assess PAH degradation in polluted soils. The system enhanced 

anthracene, phenanthrene, and pyrene removal rates while generating 

electricity (12 mW m−2) [69]. Although electricity production is a minor 

aspect of the technology, it serves as a valuable real-time indicator of 

degradation activity. Another study demonstrated the bioremediation 

capabilities of sediment MFCs in removing naphthalene, acenaphthene, and 

phenanthrene [70]. 

Interestingly, bioanodes have also successfully employed for the anaerobic 

oxidation of inorganic pollutants. As an example, Pous et al. [71] reported 

the oxidation of As(III) to As(V), a form which is more extensively and stably 

adsorbed onto metal-oxides, using a polarized graphite anode (+497 mV vs. 

SHE) serving as the terminal electron acceptor in the microbial metabolism.  

 

2.3 DIET-based (electro)bioremediation 

The discovery of DIET among microbial cells has brought attention to new 

and exciting strategies of microbial cooperation in energy-limited anaerobic 

ecosystems [72]. 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 the 

diffusion of soluble molecules like H2 or formate [73]. Experimental findings 

and theoretical calculations have pointed out that DIET is a significantly 

faster and more effective energy transfer mechanism than interspecies H2 

transfer [74]. 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 mg Fe L−1) could trigger DIET with 
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negligible lag-phase in syntrophic microbial communities and Geobacter 

species [75]. 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 [76]. 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 [77] 

While DIET is now recognized as a key metabolic route in anaerobic digestion, 

its relevance in biogeochemistry and bioremediation remains largely 

unexplored despite a few significant publications highlighting its likely 

importance [39]. 

 

 

3. The radius of influence of electrodes in soils: a grand-challenge 

As highlighted in the previous sections, microbiology is not likely the main 

limiting factor in developing in situ groundwater electro-bioremediation 

technologies. Indeed, under strictly controlled laboratory-scale conditions, 

electrochemical means were already successfully employed to enhance, 

steer, and control a broad (and ever-increasing) range of bioelectro-catalyzed 

reactions targeting a variety of oxidizable and reducing (organic and 

inorganic) groundwater contaminants. 

In general, high-rate MET such as the MFC or the MEC, which aim to produce 

renewable energy from the oxidation of the organic matter contained in 

wastewater, suffer from the low conductivity of the electrolyte (i.e., the 

wastewater). In a landmark paper, Rozendal et al. [78] estimated electrolyte 

ohmic loss (i.e., the voltage loss caused by the movement of ions through 

the electrolyte) at the typical current densities and wastewater conductivities 

expected for bioelectrochemical wastewater treatment in practice. At a 

typical expected current density for full-scale systems of 10 A m−2, referred 

to as the anode geometric area, the electrolyte ohmic loss encountered at 

such low conductivity would be ∼1 V for each cm of distance between the 

anode and cathode. This makes the upscaling of MET for such applications 

extremely challenging. On the other hand, in other environmental 

applications such as groundwater remediation, the required rates of 

contaminants removal and the corresponding current densities can be orders 

of magnitude lower compared to those occurring in laboratory scale MFC or 

MEC, primarily due to the lower concentration levels of the contaminants 

which in most cases hardly exceed the ppm range (and more frequently fall 

within the ppb range) and the relatively low groundwater velocities. Thus, 

groundwater (ionic) conductivity is not expected to be a limiting factor for 

the field implementation of electro-bioremediation technologies. A recent 
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survey of literature [79] examined the impact of soil/groundwater 

conductivities on the electro-bioremediation of petroleum hydrocarbons. 

Interestingly, not only biodegradation occur in a broad range of electric 

conductivities, spanning from 0.2 mS cm−1 (i.e., non-saline soils) up to 

nearly 6 mS cm−1 (i.e., slightly saline soils), but also the process performance 

was only marginally affected by the electrolyte conductivity thus suggesting 

that this parameter alone cannot be a sufficient predictor of electro-

bioremediation performance.  

Conversely, the paper by Tucci and colleagues [79] identified the radius of 

influence (ROI) of soil-deployed electrodes as a main limiting factor of 

electro-bioremediation performance. Indeed, the effect of 

(bio)electrochemical stimulation was found to be confined within (maximum) 

50 cm from the electrodes (Fig. 2). As an example, in a recent pilot-scale 

study employing a 50-L column-type bioelectrochemical system for the 

treatment of petroleum hydrocarbons, the removal efficiency was high (82–

90%) in the proximity of the electrode (up to 35 cm) but rapidly declined at 

a further distance [80]. Based on a statistical assessment and some 

extrapolation, the authors hypothesized the ROI could be extended up to 90 

cm by changing the design of the electrode. However, this speculation 

certainly warrants full-scale investigations. 

Taken as a whole, this finding suggests that extending the ROI is an 

important consideration when large, contaminated groundwater plumes 

must be treated.  

 

 

Figure 2.  

 

 

One possible strategy to extend the ROI at a substantially greater distance 

could involve injecting conductive materials into the subsurface environment, 

provided that they can sustain long-distance electron transfer processes.   

The impact of conductive materials on the performance of MET, in general, 

was well documented in the literature [77,81–83] though very few studies 

targeted specifically subsurface electro-bioremediation processes. Notably, 

most of these studies focused on adding carbon-based materials (e.g., 

biochar) to the soils to enhance electron transfer from microbes to electrodes 

[84–87]. One of these studies [87] reported a four-fold increase in the ROI 

of electrodes (from 4 to 16 cm) when biochar was mixed with the soil. A 

recent study [88] reported a method to create a conductive network within 

a soil matrix using magnetite nanoparticles to improve the interaction 

between microorganisms and hydrocarbons in a plant–rhizosphere 

bioelectrochemical system. This innovative approach accelerated the direct 
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interspecies electron transfer, leading to a 174–232% increase in 

contaminant removal (with a 24.1–29.2% removal rate) in the 

bioelectrochemical system with magnetite, compared to an 8.8% removal 

rate in the control bioelectrochemical system. 

 

 

4. Fundamentals of electrical conductivity: electrons and/or ions “on 

the move.” 

 

4.1 Electronic vs. ionic soil conductivity 

Electrical conductivity (EC), commonly expressed in S m−1, is the ability of a 

material to conduct electric current. This is the reciprocal of the electrical 

resistivity (commonly expressed in  m), which instead represents the 

resistance a specific material offers to the passage of electrical current. 

Electrical conduction in solid matter (electronic conductivity) is 

conventionally triggered by the drift of free electrons in the solid. Electrical 

conductivity is a very important feature of solid materials. Solids can be 

distinguished into three types according to their electrical conductivity: 

conductors (or metals), insulators, and semiconductors. Interestingly, the 

latter category has intermediate conductivity compared to insulators and 

conductors. In metals, the conductivity decreases with the increase of the 

temperature. On the contrary, in semiconductors, the conductivity increases 

with temperature. 

However, electrical conduction can also occur within liquids, where electricity 

is produced through the migration of ions (often referred to as ionic 

conductivity), positively or negatively charged, within the liquid. Indeed, by 

immersing two electrodes (positive and negative) in a liquid and applying an 

electromotive force (emf) across them, a current will flow through the liquid. 

When the electric field is created between the positive electrode (anode) and 

the negative electrode (cathode), ions flow through the liquid.  

The positive ions drift in the direction of the current. Oppositely, the drift of 

negative ions is opposite the direction of the current. The electrical 

conductivity within a liquid strictly depends on the number of ions per unit 

of volume. It is also dependent on the drift velocity of the ions, and the latter 

depends mostly on (i) the intensity of the applied electric field and (ii) the 

electrical mobility of the ions, which in turn depends on the mass and the 

charge of the ion, and on the viscosity of the medium. Consequently, the 

electrical conductivity of different liquids is widely diverse depending on 

various variables. 

For example, oily substances used as insulators in electrical systems possess 

very low conductivity (electrical resistivity values of 10−10 m m). Water or 

alcohols considered pure solvents also have low electrical conductivity 
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quantified in 10−4 m m (electrical resistivity). Adding chemical salts within 

pure water significantly reduces the electrical resistivity with values of 10 m 

m. These are called electrolytic solutions and possess higher conductivity 

than pure solvents. For example, saturated sodium chloride solution has an 

electrical conductivity of 20 m) m, much higher than the distilled water 

quantified in 2×10−4 m m). However, it must be considered that the 

electrical conductivity of electrolytic solutions is way lower than the 

conductivity occurring, for example, in copper, which possesses conductivity 

values of 108 m m).  

It is worth recalling that the electrical conductivity of a saturated porous 

medium is due to three distinct components: the conductivity attributable to 

the soil particles themselves (electronic conductivity), that of the pore water 

(ionic conductivity), and the surface conductivity. This latter can be regarded 

as an additional conductivity of an electrolyte in the proximity of a charged 

solid-liquid interface. Also, in this case, the conductivity is ensured by the 

drift of ionic species rather than electrons. 

Given that most soil particles exhibit negligible bulk electronic conductivity 

due to their non-conductive material composition [89–91], the conductivity 

of the porous medium is predominantly determined by the contributions from 

pore water and surface conductivity [92–94]. Surface conductivity becomes 

particularly significant in soils rich in clay, as these materials feature an 

electrostatic double layer that plays a crucial role in electrical transport 

mechanisms [95,96]. Conversely, in coarse-grained soils, which are 

characterized by high hydraulic conductivity, low surface area, and limited 

clay content, the conduction process is primarily due to the ionic transport 

within the interconnected pore water, as described by Archie [97] and 

subsequently refined by successive models [98,99].  

Overall, it is apparent that a noticeable difference exists between electronic 

conductivity, a physical property related to the ease of movement of 

electrons within solid materials, and ionic conductivity, which is more directly 

dependent on the ease of movement of ionic species in liquids. Importantly, 

while these two distinct properties are often interchangeably used or 

discussed in the scientific literature, especially when dealing with soils 

(wherein the solid, liquid and gas phases often coexist), they intrinsically 

refer to different phenomena. Notably, regarding the DECZ concept, the most 

critical conductivity to be considered is the electronic conductivity whereby 

electrons (rather than ions) are required to flow from an electrode to spatially 

distant electroactive microorganisms, or vice versa. 

 

4.2 EC modification by subsurface injection of conductive materials 

The injection of conductive micro or nanoparticles (CMNPs) directly into the 

groundwater system is envisioned as a possible strategy to enhance the 
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electronic conductivity of soils. In principle, this approach would potentially 

expand the radius of influence of bio-electrodes in optimal conditions but 

requires several concurrent factors to be carefully considered for its 

emplacement, including the type of CMNPs and related colloidal stability, 

injection regime, and approach, post-injection mobility, and costs.  

Particles to enhance the electronic conductivity of natural porous media must 

exhibit high electrical conductivity and demonstrate suitable injectability into 

the subsurface, chemical stability over time, and environmental safety. The 

most promising CMNPs are metal- and carbon-based materials.  

Several metals are characterized by high electrical conductivity (Table 1), 

exceeding values of 107 S m−1. The conductivity in metals is fundamentally 

rooted in their electronic structure and the behaviour of electrons. Factors 

like lattice imperfections, impurities, and temperature can scatter electrons, 

reducing the mobility of electrons and conductivity. However, most metals 

used in electrochemistry are far too expensive (e.g., gold, platinum) or 

unsafe for remediation applications (e.g., silver, tin). Zerovalent iron (ZVI), 

which is commonly used in groundwater remediation applications [100], but 

also aluminum and, to a certain extent, copper, are instead characterized by 

both high electrical conductivity and reduced toxicity (Table 1). Nevertheless, 

under typical aquifer conditions, ZVI and aluminum particles, as well as most 

other metals, often undergo oxidation processes, forming an oxide layer on 

their surface. The bonding in metal oxides is predominantly ionic, where 

electrons are transferred from the metal to oxygen atoms, creating a lattice 

of positively and negatively charged metal ions. Therefore, incorporating 

oxygen into metal oxides significantly transforms the electronic structure of 

pure metals, drastically reducing their electrical conductivity, as detailed in 

(Table 1).  

Alloys generally exhibit lower electrical conductivity than pure metals but still 

conduct electricity much better than metal oxides. This is because, unlike the 

ionic bonding in metal oxides, the metallic bonding in alloys still allows for 

electron mobility, albeit reduced.  

Carbon-based materials exhibit various electrical conductivities, largely 

dependent on their specific structure and form [101]. For instance, graphite, 

a naturally occurring form of carbon, demonstrates high electrical 

conductivity due to its layered structure, allowing electrons to move freely 

along its planes. Conversely, diamond, another form of pure carbon, is an 

excellent electrical insulator under normal conditions because of its tightly 

bonded, tetrahedral lattice structure that restricts electron movement. The 

advent of synthetic carbon structures has significantly expanded the 

conductivity spectrum of carbon materials. Fullerenes, carbon nanotubes, 

and graphene are examples, with graphene being a standout for its 

exceptional electrical conductivity, reaching values as high as 108 S/m. 
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Graphene, a single layer of carbon atoms arranged in a hexagonal lattice, 

possesses remarkably high electron mobility at room temperature, making it 

one of the best conductors known. Carbon nanotubes, cylindrical molecules 

composed of rolled-up sheets of graphene, also exhibit extraordinary 

conductivity (ranging 104–107 S m−1), which can be either metallic or 

semiconducting. A significant limitation of carbon nanotubes (CNTs) lies in 

their cytotoxicity and potential respiratory toxicity. However, ongoing 

research aims to address these challenges and unlock the full potential of 

CNTs across diverse applications. By functionalizing the surface of CNTs with 

biocompatible molecules, including polymers, peptides, and other 

biomolecules, their dispersibility can be enhanced, and the likelihood of 

adverse biological effects can be limited [102,103]. 

Other interesting carbon-based materials include carbon black, isotropic 

coke, and activated carbon, all holding comparable conductivities [104]. 

These unique properties make carbon-based materials highly versatile and 

promising CMNPs to be used for this specific purpose. 

In soil EC enhancement applications, conductive materials must be injected 

into the subsurface to create a continuous, electrically conductive coating of 

the porous medium grains, thus improving the surface electronic conduction 

properties of the formation. Conductive materials have, therefore, to be 

much smaller than the size of the soil pores to optimally spread within the 

medium and cover the mineral grains sufficiently for a percolating path 

through electrically conductive material to exist without significantly reducing 

permeability. Therefore, Microscale and nanoscale conductive materials are 

preferred over larger particles that could lead to porous medium clogging 

and heterogeneous distribution within the aquifer. Conductive nanoparticles 

suitable for groundwater systems include metallic varieties such as 

zerovalent iron (NZVI) and carbon-based materials.  

Choosing the optimal conductive material depends on several considerations, 

including site hydrogeological characteristics that may bind the injection 

method. Metal-based (nano)materials generally have substantially lower 

costs and higher availability than carbon-based materials [105]. 

Furthermore, it is worth mentioning that different iron-based 

(nano)materials are already commercially available and used for in situ 

groundwater remediation [106]. On the other hand, despite the increasing 

scientific interest due to key properties such as the eco-friendly nature, 

tunable microporosity and sorption properties [107], carbon-based 

(nano)materials are still limitedly employed for in situ groundwater 

remediation.  

Regardless of the type of electrically conductive material, a major aspect that 

also needs to be considered is that when dimensions become very small, as 

in the case of nano-sized particles, the physical, chemical, biological, and 
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even toxicological properties of the material can become very different from 

those of the same material in bulk form. Hence, upon subsurface injection, 

it is necessary to understand the long-term fate and behaviour of such 

materials and verify whether, over time, they retain their pre-injection 

nominal size, structure, and related properties, including toxicity. Further 

research on these aspects is certainly warranted. 

 

4.3 Colloidal stability of electrically conductive particles 

Ensuring the colloidal stability of particles intended for injection is crucial for 

their effective distribution in the subsurface. The stability of these systems 

to sedimentation primarily depends on the particles' density and size, as 

described by Stokes' law. Similarly, their ability to avoid aggregation is 

influenced by the particles' nature, surface charge, and the chemistry of the 

water, among other factors, typically described through classical or extended 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [108,109]. Carbon-

based particles, characterized by small size distribution, low density, and high 

surface charge, exhibit a reduced tendency towards aggregation and 

sedimentation. Conversely, zero-valent iron particles, and more in general 

metal nanoparticles, are more susceptible to these processes due to their 

higher density and the magnetic interactions occurring among particles 

[110–112]. 

If the CMNPs are not stable enough, two primary approaches can be 

employed to mitigate particle aggregation and sedimentation: 

thermodynamic and kinetic stabilization. With thermodynamic stabilization, 

a suitable polymer is adsorbed on the surface of the particles to provide 

electrostatic, steric, or electrosteric stability. The stabilization effect is, 

therefore, due to electrostatic repulsion induced by the adsorbed polymer or 

by its physical presence in the case of the steric effect. Alternatively, kinetic 

stabilization can be achieved by dosing agents, increasing the viscosity and 

limiting the particles' Brownian motion. Prior research has indicated that 

biodegradable green polymers effectively provide steric and viscous (kinetic) 

stabilization for particle suspensions [113,114]. For instance, xanthan gum 

was an efficient medium for highly concentrated suspensions of NZVI and 

micrometric ZVI (MZVI), enhancing their permeability in column experiments 

and aiding the injection process [115,116]. This is attributed to the shear-

thinning properties of the dispersions, where the viscosity of the fluid 

increases with a decrease in shear rate, which accompanies radial flow during 

injection. Consequently, biopolymer solutions improve the stability of iron 

dispersions during storage—owing to high viscosity that counteracts 

gravitational settling and particle aggregation—and facilitate injection 

procedures, which are performed at high shear rates, thereby reducing the 

fluid's viscosity. 
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4.4 Injection strategies 

The field injection of CMNPs within the aquifer system can be implemented 

under two regimes (Fig. 3): permeation injection, which produces a uniform 

particle distribution in the subsurface, facilitating the contact between 

particles, contaminants, and bacteria [117]; and fracturing injection, which 

involves injecting fluids and particles at pressures exceeding the porous 

medium's critical fracturing pressure, potentially leading to higher migration 

distances, but also to an uneven distribution if not carefully managed [118]. 

 

 

Figure 3. 

 

 

Permeation regime is often preferred due to the possibility of achieving more 

homogeneous particle distribution. However, this approach can be applied 

only in aquifer systems characterized by medium/high hydraulic conductivity 

and for injecting relatively small particles. To enhance the efficacy of material 

delivery through permeation, it is crucial to extend the ROI of the injection 

and minimize the injection pressure. Generally, larger ROIs, in the order of 

1.5–2.5 m, have been reported at the field scale for the injection of fairly 

stable suspensions of micro- and nanoparticles dispersed in water-based 

solutions having viscosity close to water’s, such as iron oxides [119–121]. 

Lower ROI, in the order of 0.7–1.5 m, has been reported for particles 

stabilized using viscous suspensions [113]. Reducing pressure during 

permeation injection is essential to prevent the generation of preferential 

flow paths [122] which would lead to inhomogeneous distribution of the 

CMNPs. Additionally, strategies must be implemented to prevent the 

accumulation of particles near the injection well, which could lead to the 

clogging of the porous medium and further increase pressure [123]. 

Achieving these objectives involves optimizing the properties of the particle 

suspension, particularly the colloidal stability and the operational conditions 

of the injection, tailored to the site-specific granulometry and permeability 

of the aquifer system [113]. As an example, the selection of the optimal 

injection discharge should meet two criteria: (i) it must be low enough to 

prevent exceeding the critical pressure of the porous medium that would 

generate preferential flow paths (and therefore deviating from the 

permeation regime), and (ii) yet high enough to maintain colloidal stability 

throughout the injection process. Thus, the optimal operating conditions are 

usually a compromise among maximizing the radius of influence, minimizing 

the injection time, and avoiding the risk of forming preferential paths. It's 

important to note that employing very low discharge rates and extending the 
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overall delivery time significantly increases costs due to prolonged field 

injection operations. Enhancing the delivery of particles and maximizing the 

ROI of permeation injections can also be achieved using CMNPs, which are 

stable from the colloidal point of view, e.g., by adding polymeric stabilizers. 

Principles similar to those discussed for the injection discharge also apply to 

determining the optimal stabilizer concentration to be dosed: it should be 

sufficiently high to keep the particles suspended for the duration of the 

injection yet low enough to avoid excessive pressure buildup in the well. 

In groundwater remediation, permeation injections are often performed via 

ordinary wells or direct push systems operated at low pressures. In such 

conditions, the design of field-scale CMNP injections can be aided by 

transport models through a hybrid experimental-modelling approach. 

Specifically, an initial injection experiment in a radial transport setup provides 

data on the transport behaviours of a commercial NZVI-based reactive gel. 

Data analysis using the MNMs 2023 software [124] 

(https://areeweb.polito.it/ricerca/groundwater/software/mnms/) helps 

determine the kinetic parameters affecting NZVI particle movement in sandy 

porous media. These parameters then inform a comprehensive analysis that 

explores how changes in operational conditions and aquifer properties modify 

the injection's ROI. The findings facilitate the creation of diagrams that assist 

practitioners in designing particle suspensions and their injections for specific 

site conditions [113]. 

If the aquifer's formation is excessively tight or particle suspensions are 

unstable or overly coarse, permeation injection becomes impractical, 

necessitating fracturing injection to disperse CMNPs within the aquifer. This 

method involves maintaining a high injection rate to induce sufficient 

pressure in the well, exceeding the threshold for fracturing pressure and 

enabling preferential flow [118]. Repeating this process at consistent depth 

intervals makes a nearly uniform distribution of conductive particles around 

the injection point achievable, with ROI values potentially higher than 

permeation injection [118,125]. Hydrofracturing is typically executed via 

direct push techniques or valved tubing, as standard wells fail to offer 

controlled particle distribution, rendering them ineffective for this type of 

application. 

 

4.5 Particle mobility and deposition 

Upon injection, nanoparticles migrate and interact with the porous medium 

through a combination of hydrodynamic and physico-chemical mechanisms, 

which determine the final fate of the particles [126]. The physical deposition 

phenomena encompass mechanical dispersion, filtration, and straining, 

affecting individual particles and aggregates. Meanwhile, physico-chemical 

interactions between the particles and the porous medium induce dynamic 
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deposition and release phenomena, exhibiting variable behaviours during the 

initial and advanced deposition stages [127,128]. The colloidal deposition 

within porous media, under conditions of low particle concentration, can be 

effectively modelled and predicted by the clean bed filtration theory [129], 

whereas at higher particle concentrations, specialized numerical models such 

as Hydrus [130], MNMs, and MNM3D (developed at Politecnico di Torino) 

offer refined predictive capabilities [131,132]. While it is beneficial for CMNPs 

to migrate effectively during and immediately after injection to increase the 

ROI, ensuring high electrical conductivity requires proper contact between 

particles. In this regard, particles with limited mobility during injection, such 

as zerovalent iron, are less prone to remobilization afterwards, facilitating 

interparticle contact. Conversely, highly stable CMNPs like powdered carbon, 

iron oxides, and other metals are very mobile, which increases the risk of 

losing interparticle continuity. To address this, specific strategies can be 

applied to reduce particle mobility post-injection, thereby preventing losing 

connectivity and diminishing the effectiveness of the intervention [133]. 

 

4.6 Living conductive materials: the case of cable bacteria 

Cable bacteria are multicellular, filamentous bacteria capable of conducting 

electrons over centimetre-long distances via periplasmatic fibres [134]. This 

allows them to couple oxygen or nitrate reduction at the sediment surface 

with sulfide oxidation at 2–3 cm [135–137]. This unique physiology appears 

to be restricted to specific members of the Desulfobulbacea family [138]. 

Species richness and morphological diversity within cable bacteria likely 

reflect their adaptation to various environmental conditions [139]. 

Accordingly, several studies indicate their ability to occupy diverse habitats, 

including marine, brackish, freshwater, and groundwater environments 

[140–144]. 

Their capacity to promote oxidation of sulfide to sulfate in anoxic sediment 

results in elevated rates of sulfate reduction [145], which in turn stimulates 

anaerobic degradation of organic pollutants such as alkanes, PAHs, pyrene, 

and toluene [146,147]. Besides contributing to the self-healing capacity of 

sediment and soil upon contamination, cable bacteria can potentially serve 

as self-regenerating conductive materials that could extend the radius of 

influence of subsurface-deployed electrodes. Although cable bacteria lack the 

genetic basis for “canonical” extracellular electron transport [148], they have 

been shown to electrically interface with electrodes [149]. 

In marine surface sediment, the co-presence of cable bacteria and 

bioelectrochemical snorkels resulted in alkane degradation rates equal to the 

sum of the two “components” alone, suggesting an additive effect [146]. 

Cable bacteria increased the thickness of the sulfide-free sediment horizon 

and reduced overall sulfide concentration compared to sediment with the 
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snorkel alone, confirming an extended volume of influence. pH microprofiles 

indicate that in the presence of the snorkel, cable bacteria grew over longer 

distances, possibly chasing the receding sulfidic horizon induced by 

bioelectrochemical sulfide oxidation on the snorkel surface. Persisting pH 

maxima at the sediment subsurface, compatible with cathodic oxygen 

reduction by cable bacteria [137], indicated that a significant portion of the 

cable bacteria population maintained contact with the oxygen diffusing from 

the overlying water and thereby did not extend from the electrode. 

The detection of cable bacteria on the surface of anodes of MFC deployed in 

anoxic marine sediment supports the hypothesis that cable bacteria can use 

solid electron acceptors without oxygen [149]. In a recent study, Bonne and 

co-authors [150] inserted electrodes into a modified microscopy glass slide 

and provided visual evidence that cable bacteria enrich on an anode poised 

at +200 mV. Furthermore, inoculating cable bacteria in the slide increased 

the current generation fourfold compared to controls. However, this increase 

in current could be conclusively linked to cable bacteria due to other 

electroactive bacteria in the original inoculum. Overall, these observations 

support the hypothesis of a potential link between cable bacteria and 

electrodes in the absence of oxygen and nitrate, whereby cable bacteria 

connect to conductive material, radially expanding their volume of influence.  

The finding of aerobic bacteria closely associated with the anodic portion of 

the cable bacterial filaments led to the intriguing hypothesis of interspecies 

electron transfer, whereby aerobes can live in otherwise anoxic sediment by 

using cable bacteria as electron donors [151]. The same mechanisms were 

previously invoked to explain anomalous isotope labelling in sediment with 

cable bacteria [152]. If confirmed, such interactions may expand the 

repertoire of oxidative reactions induced by cable bacteria in anoxic 

sediment. Yet, limited experimental evidence on the occurrence and 

mechanisms regulating such interactions is available in the literature. 

 

 

5. Measuring the electrical conductivity of soils: proving and sizing a 

DECZ 

Measuring soil's electrical conductivity (and/or the electrical continuity) is not 

trivial due to the diverse and heterogeneous components of the matrix and 

the spatial variability of soil properties. One of the simplest methods is 

probably the electrical resistance method, preferably employed for analyzing 

(relatively small-sized) soil samples in the laboratory. Other electro-

geophysical methods are more appropriate for field-scale noninvasive 

mapping and monitoring under saturated and unsaturated conditions. 

Although geophysical methods predominantly target ionic phenomena, they 

are also sensitive to the presence and continuity of electronic conductive 
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materials, traditionally consisting of ore particles and veins [153]. Therefore, 

they can be important for identifying and sizing DECZ. 

The more commonly used electro-geophysical methods in this context are 

active: they are based on generating an electric field by applying a voltage 

difference between two current injection electrodes [154]. Among them, 

electric resistivity tomography (ERT) images have been explored more 

frequently to investigate the electric resistivity of the soil at the field scale, 

along with the induced polarization (IP) method, which extends the ERT 

method to measure polarization in addition to conductivity. In this paragraph, 

an overview of the cited methods is provided, and their potential applicability 

to the characterization of the DECZ is discussed. 

 

5.1 Electrical resistance methods 

The electrical resistance method is based on the application of the following 

fundamental equation: R = L/(EC × A), where EC is the electrical 

conductivity, L is the length of the sample, and A is the cross-sectional area 

of the piece of material to be investigated [155]. Resistance measurements 

involve the utilization of alternating currents (ACs) at extremely low 

frequencies (<30 Hz), thus avoiding capacitance and electrolytic effects and 

amplifier distortions [156]. A digital ohmmeter is then used to measure EC. 

This device is a probe composed of two metal electrodes. A constant current 

(I) is applied to the electrodes and the soil (sandwiched in the middle of the 

electrodes), and a voltage drop is measured across the two electrodes (ΔV). 

The soil resistance is calculated using Ohm’s Law (R = ΔV/I). The EC can be 

calculated from the following equation: EC= kI/∆V, where k is the ratio 

between length (l) and area (A), a known value for each probe. 

The above-described basic electrical resistance (two-point) method suffers 

from the fact that the sensor measures not only the resistance of the 

conductor but also the resistance of the probe electrodes and the wiring. The 

four-point method overcomes such limitations. In the four-point method, two 

electrodes are used to inject the current into the soil, and two other 

electrodes are used for measuring the voltage drop. Thus, the electrode and 

wiring resistances are eliminated, and the interpretation of data is more 

straightforward. A schematic representation of the four-probe configuration 

is shown in Fig. 4 [157]. 

 

 

Figure 4.  

 

 

As far as the electrical resistance methods are concerned, it should be noted 

again that current conduction (net charge movement) and polarization 
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(reversible charge separation) are fundamentally ionic processes in soils and 

rocks [158]. As previously explained, pore water dominates the current 

conduction under most conditions because the conductivity of the minerals 

is typically low. Hence, the conductivity strongly depends on the water 

saturation, salinity, and pore continuity [97]. Some minerals, most 

importantly clay, can contribute to the electrolytic conduction thanks to the 

adsorbed ions [159,160]. Hydrocarbons have low conductivity compared to 

typical pore waters [161]. Nonetheless, their spatial redistribution and 

alternation influence their impact on the conductivity of porous medium 

[162]. In fact, the arrangement of the individual elements within the porous 

medium (e.g., pore connectivity) significantly affects how their individual 

conductivities contribute to the overall “bulk” conductivity. 

Electrolytic polarization arises when the movement of the ions is constrained 

by electrochemical interactions at the mineral-pore fluid interface [163]. 

Therefore, electrolytic polarization strongly relates to the extent and 

electrochemical properties of the mineral-pore fluid interfaces. As for 

conductivity, clays polarize more than other minerals thanks to their larger 

specific surface area and adsorption capacity [164]. Microbial cells and 

biofilms are a second source of electrolytic polarization due to their charged 

membranes, accumulating ions with limited mobility [165]. Electronic 

conduction in soils is typically limited to some oxides and sulfides of metals 

or regions with active redox reactions. In addition, a wide range of conductive 

particles have been increasingly used in environmental applications 

[35,166]. Electrolytic and electronic polarization are often distinguishable 

based on the polarization intensity, temporal scale, and prior information. 

 

5.2 Application of Electrochemical Impedance Spectroscopy. 

Although low-frequency AC is commonly used to determine soil EC, as 

discussed in the previous section, more information can be obtained by 

measuring the system's response over a wide range of frequencies (10−4–

106 Hz). This method, which is widely used in electrochemistry, is called 

electrochemical impedance spectroscopy (EIS), and it is a powerful analytical 

technique used to investigate the electrical properties of materials, devices, 

and systems. EIS provides detailed insights into various processes such as 

charge transfer, diffusion, and double-layer capacitance and is widely used 

in studying batteries, fuel cells, corrosion, coatings, and sensors [167]. A key 

feature of EIS is its ability to deconvolute complex electrochemical 

phenomena into individual components, enabling precise analysis of system 

behaviours. Nyquist plots, a common way to represent EIS data, graphically 

display impedance with the real part on the x-axis and the imaginary part on 

the y-axis. These plots facilitate the identification of different impedance 

elements and the implementation of electrical circuit models, making it 
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easier to interpret and model the electrochemical processes occurring within 

the system. 

Despite the technique's potential, there are few examples of using EIS in soil 

EC measurements. Following preliminary work highlighting the possibilities 

[168], EIS was applied to correlate soil EC with moisture content, showing 

soil impedance spectra (Nyquist plots) and constructing interpretative 

models in terms of equivalent circuits to deconvolve the different 

contributions [169]. Other recent examples of the application of EIS to soil 

analysis include determining the law of variation of electrical impedance of a 

saline sulphate soil under different salinity and water content conditions 

[170], describing the electrochemical properties and microstructure of silty 

soils with temperature changes [171], and obtaining a calibration function to 

derive water content in pyroclastic soils [172].  

These works testify to EIS's possibilities in determining soil electrical 

properties; however, the increasingly frequent use of EIS is desirable in this 

field. Compared to traditional methods, EIS could not only provide a more 

accurate measurement of EC, with the selection of the appropriate frequency 

but also separate different contributions and allow the deconvolution of 

electronic conductivity, electrolytic conductivity and interfacial phenomena. 

 

5.3 Electric resistivity tomography  

Among electro-geophysical active methods, electric resistivity tomography 

(ERT) images the subsurface conductivity by measuring the distribution of 

the electric potential field resulting from the current injection with a set of 

potential electrodes. Field applications rely on tens of electrodes that are 

alternately used in pairs for current injection and measurement of the electric 

potential. Modern multi-channel resistivity meters enable fast and automatic 

acquisition of thousands of measurements. The measurements are chosen 

among the possible configurations according to the desired resolution, 

investigation depth, and spatial extension [173]. The positioning of the 

electrodes can also be adapted to control the spatial sensitivity of the ERT 

survey [174]. Electrodes are commonly and conveniently deployed on the 

surface, but borehole electrodes are advantageous when focusing on a 

specific volume at depth. Initial ERT breakthroughs came from the use of 

borehole electrodes for monitoring water tracers [175], solute-transport 

[176] and stimulated bioremediation [177,178]. Today, field applications 

range from the kilometre scale [179] to the sub-meter scale [180] and offer 

continuous monitoring over several months [181]. 

Several ERT investigations successfully characterized and monitored the 

distribution of organic compounds, their degradation, and the associated 

leachate and gas emissions. Caterina et al. [182] monitored the evolution of 

hydrocarbon contamination for two years using a surface array of electrodes. 
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They found that the microbial activity and seasonality controlled the 

spatiotemporal conductivity changes. Clément et al. [183] successfully 

monitored a leachate recirculation induced to stimulate anaerobic 

methanogenesis and biodegradation in a municipal waste landfill. Bichet et 

al. [184] also characterized the leachate infiltration below two landfills in the 

methanogenic phase. They concluded that ERT supported estimating the 

landfill thickness and concentration of organic materials and resulting 

leachate. Georgaki et al. [185] performed surface ERT surveys to improve 

landfill emissions estimation. André et al. [186] characterized the distribution 

of cellulose and lignin in a dry batch of anaerobic digestion (AD) before its 

inoculation. They found that the imaged regions of higher conductivity were 

associated with higher cellulose content (relative to the lignin regions) and 

higher methane production after the inoculation. Other examples of ERT 

studies on organic compounds include farm animal effluents [187], long-

term monitoring of organic leachate from a landfill [188], olive oil mill waste 

[189], fuel spillage and remediation [190–192], tracking and extraction of 

light non-aqueous phase liquids (LNAPLs) [193–195], and mapping of dense 

non-aqueous phase liquids (DNAPLs) [196,197]. Atekwana and Atekwana 

[162] reviewed some additional applications to introduce the concept of 

biogeophysics. The above field observations are also well supported by 

laboratory studies. For example, Cassidy et al. [198] specifically investigated 

the conductivity changes associated with anaerobic, aerobic, and abiotic 

degradation of diesel fuel. The conductivity increases were significant in all 

three experiments but were greatest under anaerobic conditions, thanks to 

the organic acids that increased the electrolyte concentration and enhanced 

the mineral dissolution. Additionally, ERT has been widely used to define the 

hydrological setting in biogeochemical studies; see examples in Ref. 

[199,200]. 

 

5.4 Induced polarization method 

The induced polarization (IP) method extends the ERT method to measure 

the polarization and the conductivity. IP can provide additional valuable 

information for MET and DIET, given the sensitivity of polarization to (i) 

electronically conductive particles, (ii) microbial cells, and (iii) geochemical 

changes associated with microbial activity. The polarization induced by the 

applied electric field is measured in the time or frequency domain [201,202]. 

In the time domain, measurements are performed by applying a direct 

current (DC) square wave voltage, similar to ERT. The DC voltage is applied 

for a few seconds to induce the medium's polarization and then temporally 

turned off to measure the polarization and its decay. In addition to the 

maximum value of polarization, polarization decay provides valuable 

information on the characteristic time of polarization (i.e., relaxation time). 
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In the frequency domain, a sequence of sinusoidal voltage waveforms is used 

instead, ranging from a few mHz to tens of kHz [163]. Measurements in the 

frequency domain are more time-consuming but directly capture the 

frequency dependence of the polarization [203]. 

Since its early description, IP sensitivity to dispersed electronic conductive 

particles has been fundamental in ore prospecting [204]. Most IP studies 

successfully approximated these particles as perfect capacitors. Electrons 

move toward the positive pole of the external field and accumulate at the 

boundary of the particle without charge transfer across the interface. Here, 

the coupling with the surrounding electrolyte is limited to forming an 

electrical double layer of counterions. The relaxation time is related to the 

radius of the particles [205] and the conductivity of the surrounding medium 

[206,207]. The intensity of the polarization is controlled by the volumetric 

content of conductive particles [204], their size [205], and their type [208]. 

In addition, particle surface insulation (passivation) can effectively hinder 

polarization [209]. Meanwhile, this insulation effect potentially limits the IP 

sensitivity to some ore deposits; it is rather promising for environmental 

applications that aim to monitor the condition of active surfaces. 

Beyond the perfect-capacitor model, the relevance of the net redox charge 

transfer caused by the temporary accumulation of electrons and ions has 

also been studied [210–212]. Redox reactions allow some current to flow 

across the interface even at low frequency, reducing and delaying the 

interface's polarisation. Both reduction and delay (i.e., longer relaxation 

times) were theoretically described and experimentally confirmed, including 

the concentration of redox-active species [211] and particle anisotropy 

[213]. Personna et al. [214] monitored the increase in the IP response 

caused by iron sulfide mineralization during stimulated sulfate reduction. 

Interestingly, an IP increase preceded the formation of visible precipitate due 

to IP sensitivity to the incipient interfacial changes. Williams et al. [215] 

characterized the spatiotemporal evolution of stimulated microbial iron and 

sulfate reduction, taking advantage of the strong polarization signals. Flores-

Orozco et al. [216] successfully imaged the injection pathways of zerovalent 

iron particles for groundwater remediation. The polarization increased by 

20 % upon injection, with larger increases (50%) matching preferential flow 

and accumulation regions. Wu and Peruzzo [217] explored the effect of 

salinity and pH on the IP signals of micrometre-sized graphite in silica sand, 

varying the graphite concentration and particle size. In agreement with 

previous studies, the polarization initially increased when graphite was added 

up to around 10%. At higher concentrations, the increasing electrical 

interconnection among the particles hindered further polarization rises. Pore 

fluid conductivity and pH had minor but systematic effects over the explored 

graphite concentration range. 
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Atekwana and Slater [218] extensively reviewed IP use to detect microbial 

cells. Specifically, IP captures the low-frequency component of the dielectric 

effects that have long been observed in biological and medical experiments 

[219]. As for mineral interfaces, this low-frequency polarization arises from 

the ion diffusion processes near the membranes, known as 𝛼 polarization 

[220,221]. More recently, Mellage et al. [222] performed laboratory column 

experiments to investigate the IP signature of anaerobic microbial processes 

in ferrihydrite-coated and pure silica sand. The polarization increased for low 

cell densities (<108 cells mL−1) and then dominated the IP response, even 

relative to the electronic polarization of the iron coating. Importantly, the 

authors could successfully distinguish the polarization of microbial cells and 

silica sand based on their different polarization relaxation times. Zhang et al. 

[223] controlled laboratory tests to monitor the frequency-domain IP 

response to bacterial growth in suspension and silica sand. The polarization 

increased in both growing conditions and showed different relaxation times, 

attributed to the complexity of the interfacial polarization in the presence of 

bacterial protrusions. Aal et al. [224] obtained similar polarization increases 

while investigating the biodegradation of hydrocarbons in real soil samples. 

In line with the other studies, the authors attributed the enhanced 

polarization signals to the formation of biofilms imaged with scanning 

electron microscopy (SEM). Previous studies [225,226] investigated the 

polarization of plant tissues in frequency-domain IP, and both found very 

high values of polarization associated with the intra-cell (symplastic) current 

pathways. These studies are examples of how the IP method can successfully 

take advantage of the polarization of living cells, leveraging and extending 

the research done in bioelectrical impedance to new applications [227]. 

In addition to the intrinsic direct IP signature of microbial cells, the indirect 

effects of the associated biogeochemical changes have also been studied. 

Flores-Orozco et al. [216] studied the distribution of biogeochemical hotspots 

within an old municipal solid waste landfill. Based on successive excavation 

information, the authors found that the imaged regions of high polarization 

contained the highest amount of degradable organic carbons and evidence 

of biogeochemical degradation processes. On the contrary, the conductivity 

was most sensitive to leachate accumulation. A similar investigation was 

performed by Katona et al. [228], who imaged the distribution of anaerobic 

biogeochemical hotspots within a wetland in a low-altitude catchment. The 

IP surveys resolved the regions with the highest phosphate and organic acids 

concentrations, which were used as main proxies. AD depends on and 

potentially alters the pH conditions. Peruzzo et al. [229] found that even 

relatively small pH decreases (from 5.6 to 5.0) strongly reduced the 

polarization of silica sand by enhancing the interface protonation. The 

authors also showed that this pH effect remained dominant when changing 
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the pore fluid salinity over common soil values. These results agree with 

earlier investigations [163,230] which theoretically predicted and observed 

a minimum polarization at the silica isoelectric point (near pH 2). While these 

and other studies emphasized the sensitivity of IP to pH, the underlying 

mechanisms vary significantly, and the interpretation remains ambiguous in 

real soils, particularly if it is not supported by prior information. For example, 

previous studies [231,232] showed how pH-dependent or microbial-induced 

calcite precipitation increases the polarization response by modifying the 

surface morphology and electrochemical properties. Numerous other 

laboratory and field studies also highlighted the sensitivity to salinity 

[233,234] and hydrocarbons[235–237]. In conclusion, the IP method is 

sensitive to numerous phenomena naturally associated with DIET and MET. 

While promising, this sensitivity also calls for careful interpretations 

supported by multidisciplinary investigations and adequate prior information.  

 

5.5 Mise-a-la-masse and MET Electrodes 

The Mise-a-la-masse (MALM) method is less commonly used than ERT and 

IP, but it is considered the last electrical method here because of its specific 

potential for MET applications. MALM differs from ERT and IP in that it directly 

targets a specific conductive fluid or solid body, represented here by the MET 

electrodes with the possible surrounding conductive amendments. The key 

practical difference is that one of the two current electrodes is directly 

connected to the target. This way, its shape and conductivity are contrasted 

with the surrounding control. They can be inferred by the distribution of the 

electric field, which is mapped using a set of potential electrodes, like in ERT. 

The MALM method was traditionally developed to map ore bodies [238]. More 

recently, its use has been extended to environmental applications. A frequent 

application is the location of leaks and leachate pathways in landfills, owing 

to the formation of preferential current pathways [239]. For example, 

DeCarlo et al. [240] combined ERT and MALM results with numerical 

simulations to detect leachate accumulation below a high-density 

polyethylene liner of a large landfill (20–40 m deep). The MALM method has 

also been adapted to monitor the migration of injected tracers [241–243]. 

Perri et al. [244] extended these early works by adding the numerical 

simulation of the MALM response based on the resistivity model obtained 

with concurrent ERT surveys. The coupling of ERT and MALM can also provide 

further information on the regions where the current passes from the target 

body to the surroundings. These regions are commonly identified as current 

leaking regions; see Peruzzo et al. [245] and references therein. As for ERT 

and IP, the survey scale can vary from tens of meters [246] to laboratory 

centimetre scale [247]. Similarly, using borehole electrodes can significantly 

enhance the survey resolution [248]. While this possibility has yet to be 
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explored, the combination of ERT and MALM method appears to be a 

promising solution for mapping the effective radius of the MET electrodes in 

porous media. 

 

5.6 Other geophysical methods and multidisciplinary approaches 

This section focused on geophysical electrical methods due to their direct 

relevance for MET and DIET and wide use in related environmental 

applications. For completeness, it is appropriate to highlight the advantages 

of multidisciplinary investigations and, thus, possible contributions of other 

geophysical methods. For example, the frequency electromagnetic induction 

(FDEM) method is widely used to map the conductivity distribution over wide 

areas [249]. Instead of the ERT electrodes, an antenna containing a set of 

coils is more conveniently and quickly carried over the investigated area to 

induce and measure the current conduction in the subsurface. While the ERT 

imaging can better adapt to the required depth and lateral scales and 

resolutions, FDEM surveys are significantly faster. For this reason, the two 

methods are often used together: preliminary FDEM maps can guide the ERT 

surveys and then extend the ERT interpretations over the entire site. Ground 

penetrating radar (GPR) has characterised contaminated sites and 

remediation processes. Because GPR uses higher electromagnetic 

frequencies than FDEM, it is sensitive to the electrical permittivity of the 

subsurface, which is a valuable source of information in addition to the 

conductivity [162]. GPR antennas can also be used in boreholes, which is 

advantageous when monitoring specific regions at depth [250]. For example, 

early studies [193,251] combined surface and borehole ERT, FDEM, and GPR 

measurements to study contaminated sites. Similarly, seismic methods offer 

yet different and independent information; for example, they have been used 

to complement the characterization of waste deposits [252] or general 

hydrogeological conditions [253,254].  

Modelling also offers an exceptional tool for understanding electrical 

conductivity in soils. However, no universal method exists to accurately 

represent conductivity in porous media [255]. One major limitation is the 

lack of comprehensive data on pore structures at multiple scales, which 

complicates the accuracy of models. As a result, models are often simplified 

based on pore size distribution. Research has shown that some low-porosity 

formations exhibit unexpectedly high conductivity compared to more porous 

rocks, highlighting the complexity of current flow in porous media. 

Additionally, electrical conductivity is influenced by pore volume and 

geometric properties such as pore interconnection and tortuosity. Further 

research is needed to improve the accuracy of the models to be a useful tool 

for environmental applications 
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6. Concluding remarks 

Electro-bioremediation is increasingly recognized as a flexible and 

sustainable strategy to tackle the problem of groundwater contamination. A 

decisive milestone towards the market deployment of this technology will be 

the development of viable field implementation strategies. In this context, 

we have presented and critically analyzed the approach known as the "diffuse 

electro-conductive zone (DECZ)." This method, based on a review of 

contemporary advancements in the field, has the potential to address one of 

the most significant challenges associated with subsurface electro-

bioremediation processes, namely, the small radius of influence of 

electrodes. Based on laboratory studies, carbon- and iron-based materials, 

with dimensions spanning from nanometer- to millimeter-scale, appear to be 

the most effective ones. However, filed applications remain extremely 

limited, and ad hoc protocols and methodologies for injection within the 

aquifers still need to be developed and validated. Analogously, the analytical 

protocols currently employed to measure soil electrical conductivity for 

agronomic practices appear inadequate to track the efficiency of injection or 

to size the extension of DECZ, as these protocols predominantly measure 

ionic conductivity instead of electronic conductivity. Electrochemical 

impedance spectroscopy holds some potential to overcome this problem 

since, at least in principle, it would allow discriminating among the two 

different types of conductivities. However, geophysical methods and 

techniques appear more appropriate and have a greater potential for field 

application.  
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Figure Captions 

 

Figure 1. a, The creation of a “diffuse electro-conductive zone (DECZ)” 

within a contaminated aquifer through the injection of iron- or carbon-based 

materials. b, Extending the radius of influence (ROI) of anodes and cathodes 

exploiting the DECZ concept. c, Promoting the anaerobic, direct interspecies 

electron transfer (DIET)-based, cooperative degradation of reduced 

pollutants under methanogenic or sulfate-reducing conditions by exploiting 

the DECZ concept. 

 

Figure 2. The apparent effect of distance from the anode on the fold increase 

of petroleum-hydrocarbon bioelectrochemical removal relative to open circuit 

potential (OCP) control experiments [79]. 

 

Figure 3. Injection strategies that can be applied for subsurface delivery of 

conductive micro and nanoparticles: a, permeation injection; b, fracturing 

injection. 

 

Figure 4. The schematic of the four-probe configuration to measure soil 

conductivity [157]. DC, direct current. 
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Table 1. Metal- and carbon-based conductive materials: electrical properties, toxicological parameters and 1 

concentration limits in groundwater. 2 

Compound 

Concentration 

limit in 

groundwatera 

(µg L−1) 

Oral chronic 

reference 

doseb 

(mg kg−1 d−1) 

Oral slope 

factorb 

(mg kg−1 d−1) 

Conductivity 

(S m−1) 

Resistivity 

(Ω m) 

Oxide 

conductivity 

(S m−1) 

Oxide 

resistivity 

(Ω m) 

Metals 

Aluminum 200 1 - 3.5×107 2.8×10−8 ~10−14 ~1014 

Antimony 5 4×10−4 - 2.5×104 4.0×10−5 - - 

Arsenic 10 3×10−4 1.5 3.3×104 3.0×10−5 - - 

Beryllium 4 2×10−3 - 2.5×107 4×10−8 - - 

Cadmium 5 5×10−4 - 1.3×107 7.3×10−8 - - 

Chromium 50 3×10−3 5×10−1 7.9×106 1.25×10−7 - - 

Cobalt 50 3×10−4 - 1.7×107 6.24×10−8 - - 

Copper 1000 4×10−2 - 5.9×107 1.68×10−8 ~10−5 to 10−6 ~105 to 106 

Gold - - - 4.1×107 2.44×10−8 - - 

Iron 200 7×10−1 - 1.0×107 1.0×10−7 ~10−1 to 10−3 ~10 to 103 

Lead 10 - 8.5×10−3 4.8×106 2.2×10−7 - - 

Manganese 50 1.4×10−1 - 6.9×105 1.44×10−6 - - 

Mercury 1 1.6×10−4 - 1.0×106 1.0×10−6 - - 

Nickel 20 2×10−2 - 1.4×107 6.9×10−8 - - 

Platinum - - - 9.4×106 10.6×10−8   

Selenium 10 5×10−3 - 1.0×104 1.0×10−4 - - 

Silver 10 5×10−3 - 6.3×107 1.59×10−8 - - 

Thallium 2 1×10−5 - 6.7×106 1.5×10−7 - - 

Tin - 6×10−1 - 9.2×106 10.9×10−8 - - 

Titanium - - - 2.3×106 4.2×10−7 - - 

Zinc 3000 3×10−1 - 1.7×107 5.9×10−8 ~10−2 to 102 ~10−2 to 102 

Carbon-based materials 
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Diamond - - - 
1×10−13 to 

1×10−16 

1×1013 to 

1×1016 
- - 

Graphene - - - 1×108 1×10−8 - - 

Graphite - - - 
2.5×105 to 

5.0×106 

2×10−5 to 

4×10−4 
- - 

Metal alloys 

Brass (5% 

Zn) 
- - 3.34×107 3.00×10−8 - - - 

Brass (30% 

Zn) 
- - 1.67×107 5.99×10−8 - - - 

Electrical 

steel (Non-

oriented) 

- - ~4.0×106 ~2.5×10−7 - - - 

Low carbon 

steel 
- - ~6.0×106 ~1.7×10−7 - - - 

High carbon 

steel 
- - ~5.5×106 ~1.8×10−7 - - - 

Stainless 

steel 304 
- - ~1.4×106 ~7.1×10−7 - - - 

Stainless 

steel 316 
- - ~1.3×106 ~7.7×10−7 - - - 

Silicon steel - - ~4.5×105 ~2.2×10−6 - - - 

Tool steel - - 
~2.5×106 to 

7.0×106 
Varies - - - 

a Italian Legislative Decree n. 152/06 3 
b RAIS Risk Assessment Information System https://rais.ornl.gov/index.html 4 
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Highlights 

 

1. In situ electro-bioremediation is constrained by the limited radius of influence of traditional 

electrodes. 

2. Subsurface injection of conductive materials enables the formation of diffuse electro-

conductive zones (DECZ). 

3. DECZ significantly enhance the effectiveness of in situ electro-bioremediation processes. 

4. Electrochemical and geophysical techniques provide reliable methods for assessing and 

sizing DECZ. 
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