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Abstract 

The development and full-scale application of microbial electrochemical technologies (METs) for 

wastewater treatment demand massive amounts of electroconductive carbon materials to promote 

extracellular electron transfer (EET) and biodegradation. While the potential capability of these 

materials and their properties to design efficient systems is still in their infancy, the state-of-the-art 

METs are based on highly-conductive fossil-derived carbons. In this work we evaluate the 

performance of different electroconductive carbon materials (graphite, coke, biochar) for supporting 

microbial EET and treating urban wastewater. Our results reveal that the electroconductive biochar 

was the most efficient biofilter-material, enabling to stimulate bioremediation at anodic potential as 

high as 0.6 V (maximum removal efficiency (92%) and degradation rate (185 g-COD m-3d-1)), and to 

fulfill the discharge limits under conditions where the other materials failed. A deep materials 

characterization suggests that, despite electroconductivity is necessary, the optimal EET on biochar 

can be mainly assigned to its large number of electroactive surface oxygen functionalities, which can 

reversibly exchange electrons through the geobattery mechanism. We propose the modulation of 

quinone-like e-acceptors by anodic polarization to promote the biodegradation capability of carbon 

materials. Because of its great efficiency and sustainability, electroactive biochar will greatly expand 

the applicability of METs at large scale.  
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1. Introduction 

Microbial Electrochemical Technologies (METs) [1,2] constitute a plethora of emerging 

technologies based in the fascinating capacity of some microorganisms, so-called electroactive, for 

establishing a direct redox interaction with electrically conductive materials. Electrons produced by 

the metabolism of electroactive bacteria can be transferred to an electrode, which acts as terminal 

electron acceptor as any other natural acceptor like oxygen, nitrate or Fe(III)-oxides [3,4]. The clear 

advantage of exploiting electro-stimulated communities is that electrodes can boost microbial 

metabolism in anaerobic systems that are typically electron acceptor limited. Electroconductive 

material may represent an inexhaustible source of electron acceptors, hosting the additional 

advantage of providing a more easily modulated redox potential compared to standard, low-reducing 

redox species that generally drive these systems [5]. The redox potential of the electrode depends on 

the chemistry and bioelectrochemistry around the electrode. Moreover, the electrochemical 

characteristics of those microbial-assisted devices can be simply controlled by altering their 

configuration. Thus, they can be operated in different configurations, such as i) short-circuit Cell, 

with no resistors between electrodes [5-8]; ii) Microbial Electrochemical Cell (MFC), able to harvest 

energy in the presence of a resistor [1,2]; and iii) Microbial Electrolysis Cell (MEC) by poising a 

certain electrode potential through a potentiostat or a power source [1,2]. Regardless the 

configuration, one of the main application of MET is the wastewater treatment, a process based on 

oxidizing organic and inorganic matter coupled to a harvested microbial electrical current [1,2]. 

In spite of the limiting number of MET-based technologies with potential to reach full scale 

applications, there is at least one proved to be successful. Such application was originally inspired by 

the biofilter concept in constructed wetlands, a natural system for treating wastewater using inert 

material [9]. The integration of METs in the concept of a constructed wetland resulted in the so-

called METland®, a new hybrid technology for treating urban wastewater in decentralized systems in 

a sustainable way with no energy cost [10]. The newborn configuration [5] was reported for the first 

time by constructing subsurface flow biofilters made of electroconductive coke able to clean-up 

urban effluents at rates higher that standard biofilters made of inert materials, like gravel. Such an 

enhancement was exclusively attributed to a positive effect of the electroconductivity of coke 

without any evidence of clogging classically associated to biofilter systems [5]. 

In this context, full scale applications of METland® using large carbon biofilters (> 50 m3), are under 

construction at present [10]. The nature and properties of the carbon material may determine not only 

the performance of the biofilter, but also the cost and sustainability of this technology. However, the 
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capabilities of different carbon materials have not been explored yet. Thus, while the best candidates 

and/or the required properties that enable the optimization of these systems are still uncertain, the 

potential impact of METland® cannot be estimated. In addition, little can be deduced from literature 

so far because the studies about electroactive bacteria and materials properties are still in their 

infancy. First, the nature of bacteria extracellular electron transfer (EET) mechanisms involved in 

METs is still controversial [11]. Second, despite numerous bacteria-electrode interactions have been 

described in METs [12-17], little is undoubtedly known about the performance-determining 

electrode properties. This must be due to the complex nature of carbon materials, showing a wide 

range of intercorrelated properties, and the lack of systematic studies analyzing the effect of only a 

given electrode property, configuration, etc. In this sense, whereas some authors point out that the 

electroconductivity may be crucial for effective direct electron transfer (e-transfer) from bacteria to 

carbon (graphitic) matrices [18], what has been referred to as “geoconductor” mechanism, others 

suggest that this reaction primarily needs the mediation of electroactive oxygen surface groups [19]. 

Because the transferred electrons can be stored (on carbon basal planes or chemical bonds) and 

reversibly exchanged in biogeochemical processes, both e-transfer mechanisms have been associated 

to the so-called “geocapacitor” and “geobattery” behaviors, respectively [18]. Finally, most of the 

studies deal with MFCs [13-16], aiming at generating electrical power, so it is generally believed that 

the conductivity is the desired property of electrodes to optimize the microbial activity in METs [13-

16]. Hence, systematic studies on the influence of the carbon material and its properties in 

METland® and other METs are necessary. 

On the other hand, environmental concerns arise from the utilization of large amounts of carbon 

materials in full-scale METland® and other METs. In this context, the replacement of highly 

conductive carbon materials obtained from fossil resources, by those derived from renewable wastes, 

biomass and natural polymers, constitutes a hot topic of circular economy and big challenge among 

the scientific community [20-25]. 

Given the lack of fundamental knowledge on the influence of carbon properties in METs 

performance and e-transfer mechanisms; and the need of more sustainable biofilter materials for 

large-scale applications, in this work, the potential application of distinct carbon materials for 

wastewater treatment in METland® was investigated for the first time. Special attention was paid on 

the physicochemical and electrochemical characterization of these materials to find out properties-

performance correlations and more meaningful conclusions. We demonstrate that the electrical 

conductivity is not the property determining optimal EET and biodegradation performance, but it 

governs the current production in these microbial electrochemical systems. Interestingly, 
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electroconductive biochar, exhibiting a large number of electro-active functional groups, revealed 

itself as the most efficient and sustainable biocompatible material for promoting microbial EET. 

Furthermore, we first propose the continuous regeneration of electroactive e-accepting quinone 

functionalities on biochar by anodic polarization to promote or modulate the biodegradation 

performance of carbon biofilters. All these results are considered to greatly progress the 

understanding of the e-transfer mechanisms on carbon surfaces through the geoconductor and 

geobattery mechanisms.  

2. Experimental  

2.1 Bed materials 

The graphite (G) and the coke (C) were provided by METfilter SL. (Spain) The biochar (QB) was 

produced from Quercus wood by Piroeco Bioenergy S.L. A siliceous gravel (Azulejos Manchegos 

S.L., Spain) was used as a non-conductive material (NC). All the materials had a granular structure 

with a particle size ranging between 6 to 12 mm. 

2.2 Characterization of bed materials 

The surface morphology of the materials was studied by scanning electron microscopy (SEM), using 

a JSM-840 JEOL microscope working at 15 kV. X-ray diffraction (XRD) measurements were 

performed in a KRISTALLOFLEX K 760−80F diffractometer (Bruker D8-Advance) by using a Ni-

filtered Cu Kα radiation (λ = 1.5416 Å) generated at 40 kV and 40 mA. Diffraction data points were 

recorded stepwise within 2θ = 10-60° at a scan rate of 0.56 or 0.83°/min, for the biochar or the rest of 

samples, respectively, with a scan step of 0.05° in 2θ. The crystallite dimensions (Lc or La), were 

calculated from the full width at half maximum (FWHM) of (002) and (10) reflections, respectively, 

by using the Scherrer’s equation [26]. Raman spectra were recorded on a Jasco NRS-5100 dispersive 

system using a frequency-doubled Nd:YAG 532 nm laser, with a maximal spectral resolution of 1 

cm-1, and a Peltier cooled CCD detector. Electrical conductivity measurements were carried out by 

using a Lucas Lab resistivity equipment with four probes in-line. The samples were dried under 

vacuum for 24 h and shaped into pellets of 0.013 m diameter by applying a pressure of 7.4·108 Pa.  

The porous texture was characterized by N2 adsorption-desorption at -196 ºC and by CO2 adsorption 

at 0 ºC (in the case of microporous samples), using a Quadrasorb-Kr/MP (Quantrachrome 

Corporation) apparatus. Samples were previously outgassed for 6 h at 150 ºC under vacuum. From 

the N2 adsorption/desorption isotherm, the specific surface area (SBET) was calculated using the BET 

equation [27]. The micropore volume (Vt) and the external surface area (At) were determined using 
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the t-method. The mesopore volume (Vmes) was calculated as the difference between total pore 

volume (V0.995, volume at relative pressure of 0.995) and micropore volume [27]. The narrow 

micropore volume (VCO2) and the narrow micropore surface area (SCO2) were estimated for the 

biochar by applying the Dubinin-Radushkevich equation to the CO2 adsorption isotherm [27]. The 

pore volume and dimensions were further characterized by Hg intrusion-extrusion porosimetry, using 

a PoreMaster 60-GT porosimeter (Quantachrome Instruments) with applied pressures from 6.84 to 

408330 kPa. The Washburn equation was utilized to relate the applied pressure with the pore 

diameter [28].  

The surface chemistry of the carbon materials was analyzed by X-ray photoelectron spectroscopy 

(XPS) in a K-Alpha spectrometer (Thermo-Scientific) with MgKα radiation (1253.6 eV). For the 

analysis of the XPS peaks, the C 1s peak position was set at 284.5 eV and used as reference to 

stablish the binding energy of the other peaks. The amount and nature of oxygen surface groups 

present on the carbon materials were studied by temperature-programmed desorption (TPD) 

experiments in a simultaneous TGA/DSC 2 equipment (Mettler-Toledo) coupled to a mass 

spectrometer (ThermoStar GSD 301 T, Pfeiffer Vacuum). In these experiments, around 20 mg of the 

carbon sample were heated up to 1000 ºC at 20 ºC/min under a He flow rate of 100 mL/min. Upon 

heating, surface oxygen groups on carbon materials decompose producing CO and CO2 at different 

temperatures as a function of their thermal stability [35]. The quantification of the evolved CO and 

CO2 groups was done by using a calcium oxalate monohydrate calibration and considering the CO 

disproportionation.  

The microbial electrochemical response was studied by cyclic voltammetry in a H-type cell. Three 

different granules (one of each conductive materials) of ca. 1 cm2 were externally connected and 

used as working electrodes in the same anodic chamber. The electrode potentials were referred 

against an Ag/AgCl/Cl-(sat.) electrode immersed in the chamber. This contained 200 mL of fresh 

water medium with 20 mM acetate as electron donor. Cyclic voltammetry of each granule was 

sequentially performed, at 10 mV/s, just after inoculation (t = 0) with 20 mL of Geobacter 

sulfurreducens pure culture (OD = 0.6); and after polarization of the granules at 0.2 V for 7 days (t = 

7). Further details can be found in the Supplementary Data (SD) file (Fig. S1). 

2.3 Design and construction of biofilters 

Eight laboratory-scale up-flow biofilters were constructed to determine the influence of the bed 

materials in the treatment of urban wastewaters. Four of the systems were constructed with a single 

material/electrode and operated as a snorkel configuration (see Fig. S2A in the SD). This 
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configuration did not allow the conversion of microbial metabolism into electrical current to be 

monitored, since the anode and cathode were not differentiated. The dimensions of the snorkel 

biofilters were 24 cm high and 3 cm internal diameter, with a total bed volume of 170 cm3 and a 

hydraulic volume of 100 mL. Each biofilter outlet for the effluent was located at the top, which 

maintained the water level below the bed’s surface.  

On the other hand, the other systems were assembled with a three-electrode configuration, allowing 

to harvest electrochemical information about the process (see Fig. S2B in the SD). These hybrid 

biofilters hosted one of the electroconductive materials as anode of 78 cm3 (working electrode); a 

bed of 58 cm3 of pyrolyzed coke used as cathode (counter electrode); and a Ag/AgCl/Cl- (sat.) 

reference electrode buried in the anodic bed for its polarization at a given potential. In each system, 

the anode and the cathode were separated with 14 cm3 of inert gravel; and they were externally 

connected through buried graphite rods (1.5 cm × Ø 0.2 cm, Sofacel) used as current collectors. In 

the case of the anode, two buried graphite rods were used to ensure homogenous polarization of the 

particles bed. This condition was confirmed by the constant potential of various granules, registered 

in different parts of the bed, against the reference electrode. Both, the anode potential and electrical 

current were monitored by using different NEV-4 potentiostats (Nanoelectra S.L., Spain). Finally, a 

similar system, but without current collectors and reference electrode, was constructed as a control 

with the gravel material. 

2.4 Operation of the biofilters 

The different systems were operated in parallel to study the influence of several parameters, 

including the bed material, the nature of wastewater (synthetic vs. real urban wastewater), the 

hydraulic retention time and the polarization of bed material at different potentials. In the case of 

synthetic wastewater, biofilters were operated under batch and continuous mode (pulse fed, HRT = 

3.3 days) under snorkel configuration. On the other hand, for real urban wastewater the biofilters 

were operated in continuous mode, fed by pulses, with (i) two different organic loading rates (OLR= 

170 mg/L and 890 mg/L), (ii) two different hydraulic retention times (HRT = 4 and 2 days) and (iii) 

three different anode potentials (short circuit (non-polarized), 0.4 V and 0.6 V vs. Ag/AgCl/Cl- 

(sat.)). In this mode, the measurements started (time of experiment = 0 days) after the systems were 

stabilized, i.e. when the pollutant concentration at the outlet remained steady (error < 5 %) for 3 

subsequent days. This condition was accomplished by subsequently passing and replacing three 

different aliquots of the different wastewater, enabling adsorption equilibriums to be reached. 

Therefore, adsorption effects on the reported results can be neglected. The real urban wastewater was 
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pretreated in an Imhoff tank, in the WWTP of Carrión de los Céspedes (Sevilla, Spain), the chemical 

characterization appears in Table S1. The biofilters were operated under continuous mode for 84 

days (12 weeks). In all cases, the temperature was maintained at 30 ºC in a temperature-controlled 

room. 

2.5 Physical, chemical and statistical analyses 

Samples were taken daily at the inlet and the outlet of the biofilters. Acetate concentrations were 

determined by HPLC coupled to a diode array detector (Varian). The chemical oxygen demand 

(COD) was analyzed following a standard method [29]. The theoretical oxygen demand (ThOD) of 

acetate solutions was determined assuming the complete oxidation of carbon atoms, according to the 

following stoichiometric equation: 

C2H4O2	 + 	2O2 → 2CO2 + 2H2O 

Removal efficiencies were calculated as percentage of the inlets. Removal rates were obtained from 

the inlet-outet difference as mol or grams per cubic meter of bed material per day. The data provided 

in the bar graphs (see Fig. 4 and 5) correspond to the average value of 5 measurements taken, during 

5 successive days, after a steady response was reached. In order to discern the true effect of the bed 

materials for each operation condition, statistical procedures were conducted with these 5 

measurements using R software (R Core Team 2013) and R-comander package (Fox 2005). The 

standard deviation of these measurements is included in these bar graphs. Variance analyses 

(ANOVAs) were used to determine statistical significance (p-value < 0.05) in the performance 

differences among the different bed materials. 

3. Results and discussion  

3.1 Characterization of biofilter materials: physico-chemical properties, electroconductivity and 

EET 

The textural properties of the materials may play a key role on the microbial activity and/or 

colonization, so they were characterized by SEM, Hg porosimetry and gas adsorption. The non-

electroconductive (NC) siliceous gravel showed a smooth surface from milli- and micro-scale (Fig. 

1A) to nano-scale, what was confirmed by the negligible volume of Hg intruded (Fig. 1E and Table 

1) or N2 adsorbed (Table 1) in this material. These features are in line with the geological origin of 

this type of rocks, which were formed by weathering and erosion. 
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By contrast, all the carbonaceous materials presented a differently rough and porous surface. The 

graphite shows a heterogeneous surface (Fig. 1B), combining relatively smooth with ridged regions 

of wrinkled sheets and cracks of ca. 1-10 µm. The coke granules present a very abrupt morphology 

with large crater holes (Fig. 1C). Finally, the biochar exhibits a developed porous structure (Fig. 1D), 

with regular pores of cylindrical morphology and different dimensions. In particular, a series of big 

channels of 50-100 µm, surrounded by several pores of around 1-5 µm (Fig. 1D1), prevail at this 

scale in the biochar. In addition, the magnification of the inner walls at the bigger channels revealed 

the presence of a large amount of well-arranged and defined transverse pores of ca. 1-2 µm (Fig. 

1D2), that seem to interconnect the channels. This extraordinary pore structure comes from the 

distinct channels and/or vascular cells present in the original plant [22].  

 

Figure 1. A-D) SEM micrographs; E) Hg intrusion porosimetry and F) the derived pore size 

distribution of the bed materials before being used as electrogenic biofilters. NC, non-conductive 

gravel; G, graphite; C, coke; QB, Quercus electroconductive biochar. 

Table 1. Textural, structural and chemical parameters of graphite (G), coke (C) and - Quercus 

electroconductive biochar (QB) before and after being used, polarized at 0.6 V, as electrogenic 

biofilter beds. 

 N2 isotherms CO2 isotherms Hg porosimetry XRD Raman TPD 

Biofilter SBET
[a] 

m2/g 
V0.995

[b] 
cm3/g 

Vt [c] 
cm3/g 

Vmes
[d] 

cm3/g 
SCO2

[e] 
m2/g 

VCO2
[f]  

cm3/g 
VHg

[g] 
cm3/g 

ρ [h] 
g/cm3 

0 0 2 [i]  
°2θ 

Lc/La [j]  
Å 

νG 
[k] 

cm-1 
∆νG 

[l]  
cm-1 

CO2 
[m] 

µmol/g 
CO [n] 
µmol/g 

O [o] 
µmol/g 
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The porosity analysis by cumulative Hg intrusion curves (Fig. 1E) clearly indicates that the Quercus 

biochar can intrude a considerably larger volume of Hg than the other materials. As shown in Table 

1, the calculated total pore volume (VHg) of the materials remarkably increases in the order NC << G 

< C < QB up to ca. 1 cm3/g, whereas their density increases in the opposite order from about 1.6 to 

2.7 g/cm.  

From the derived pore size distributions (Fig. 1F), it can be inferred that the graphite presents 

macropores (pore diameter (d) > 50 nm) with a wide spectrum of dimensions and the coke material 

mainly contains pores above 10 µm. Moreover, these materials contain no micropores (Vt) (d < 2 

nm) and mesopores (Vmes) (2 < d < 50 nm) (see N2 isotherms-Fig. S3 in the SD), thus, showing a 

very low specific surface area (SBET) that is comparable to that of gravel (Table 1). By stark contrast, 

the pore size distribution of the electroconductive biochar revealed three defined peaks, with 

maximums at ca. 37 nm, 950 nm and 44.5 µm (Fig. 1F). This porosity well agrees with the features 

found by SEM (Figures 1D, 1D1 and 1D2). In addition, this material presents a large volume of 

micropores (Vt) and, mostly, of narrow micropores (VCO2) (ultramicropores, d < 0.7 nm), leading to 

a specific surface area (ca. 550 m2/g) much larger than the other carbon materials (Table 1). 

Furthermore, the N2 isotherm also revealed the presence of some mesopores in this sample (Table 1), 

what is in line with Hg porosimetry (Fig. 1E). Hence, the electroconductive biochar exhibits a unique 

hierarchical pore architecture gathering ultramicro-, micro-, meso- and macro-pores. 

The structure of the bed materials was analyzed by XRD and Raman. A detailed compilation of all 

the spectral parameters can be found in the SD (Tables S2 and S3), but most important ones are 

included in Table 1. The X-ray diffractograms of the gravel (see Fig. S4) indicated that this material 

is mainly formed of α-quartz (SiO2) microcrystallites. In the case of the carbon materials, two 

characteristic diffraction peaks appear centered at around 2θ = 23 - 27° and 42 - 44° (Fig. 2A). The 

first peak is related to the vertical ordering/stacking of graphene sheets aligned along the (002) plane 

G < 1 0.001 0.000 0.000 --- --- 0.133 
2.153 26.577 628/653 1579 21.3 

45 19 109 

G0.6 < 1 0.004 0.000 0.000 --- --- 0.135 --- --- --- 

C < 1 0.001 0.000 0.001 --- --- 0.322 
1.781 25.404 22/43 1599 57.5 

49 38 178 

C0.6 < 1 0.002 0.000 0.001 --- --- 0.306 --- --- --- 

QB 250 0.135 0.120 0.010 550 0.187 1.019 1.610 
23.520 10/20 1587 77.2 

683 1230 2596 

QB0.6 210 0.117 0.098 0.012 526 0.179 0.794  --- --- --- 

[a] Specific surface area from BET model. [b] Total pore volume at P/Pº = 0.995. [c] Micropore volume from t-method. [d] Mesopore volume. [e] 
Specific surface area and [f] Ultra-micropore volume from Dubinin-Radushkevich. [g] Total Hg intrusion volume. [h] Material density. [i] Position of 
the 002 peak. [j] Calculated crystallite dimensions of the graphite crystalline structure. [k] Position and [l] width of the G band. [m] Integrated CO2- and 
[n] CO-evolving oxygen surface groups from TPD. [o] Total surface oxygen O = CO + 2 CO2. 
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in graphite; whereas the second one is associated to the horizontal arrangement of these sheets along 

the (100) plane [30,31]. In the case of the graphite, the center (2θ) of these peaks greatly approaches 

that found for highly-ordered pyrolytic graphite (HOPG) at 26.53° and 42.44°, respectively (see 

Tables 1 and S2). This involves that the lattice parameters (d-spacings along with c/a axis) of this 

sample are close to those expected for graphite crystals, thus, reflecting its superior structural order. 

As observed in the inlet of Fig. 2A and Table 1, the diffraction peaks for the coke and, in more 

extent, the biochar separate from those of the graphite. On the other hand, the narrower these peaks 

are, the larger the Lc/La dimensions of these crystals. The size of crystallites in the graphite were 

calculated to be ca. 630-650 Å, and greatly decreased to 20-40 Å and 10-20 Å for coke and biochar, 

respectively (Table 1).  

 

Figure 2. Normalized X-ray diffractograms (A) and Raman spectra (B); the electrical conductivity 

from 4 probe measurements (C); and TPD (D) of the carbon materials used as electrogenic biofilters. 

NC, non-conductive gravel; G, graphite; C, coke; QB, Quercus electroconductive biochar. 

Respect to Raman characterization, the observed two main bands of the first-order spectrum of the 

carbon materials (Fig. 2B), called the D-band (~1340-1360 cm-1) and the G-band (~1579-1599 cm-1), 

provide information on the structural defects or graphitic order, respectively, related to the degree of 

two-dimensional orientation of the crystalline units. On the other hand, the overtone of the D band in 

the second order spectrum, called the 2D-band (~2700 cm-1), has been associated to the degree of 

three-dimensionally graphitic orientation [31]. In the case of graphite, the G-band position and width, 

comparable to the values found for HOPG (νG = 1578-1582 cm-1 and ∆νG = 17-20 cm-1) [32,33], the 

relative low-intensity and narrow D-band, and the high relative intensity of the 2D-band are all 

characteristic of a graphitic material (Table S3). On the contrary, the wider D, G- and 2D-bands, 

obtained for coke and Quercus biochar reflect their more defective structure, which is exacerbated 

for the later. All these results point out the poorer crystallinity (structural order) of the coke and, 

specially, the biochar, and can be well correlated with their electrical conductivity (Fig. 2C). Thus, 
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the studied graphite shows a high conductivity of around 15 S/cm, which is in the order of these 

structurally ordered materials [34]. Interestingly, this conductivity is ca. 40 and more than 40000 

times higher than those of coke and biochar, respectively. 

The surface oxygen content of the carbonaceous samples, from XPS analysis, was found to be 1.7; 

6.5 and 16.7 wt.% for the graphite, coke and biochar, respectively (Table S4). This trend is in line 

with the quantified evolving groups during TPD experiments (Table 1). From the TPD profiles (Fig. 

2D), it can be clearly deduced that the electroconductive biochar presents a remarkably richer surface 

chemistry. Particularly, this material is by far characterized by a large CO evolution from 500 ºC, 

with a hump and a maximum at ca. 700 and 800 ºC, respectively, which have been assigned to 

phenol and quinone/carbonyl functionalities in carbon materials [35]. These oxygen groups have 

been found to be electroactive [36]. Moreover, it contains a considerable amount of oxygen surface 

groups evolving as CO2 between 150-400 ºC, attributed to carboxylic-like functionalities, and some 

other groups, like anhydrides and lactones, at higher temperatures [35]. To summarize, whereas the 

graphite and coke exhibit a higher conductivity because of their superior crystalline structure (mainly 

in the former case); the electroconductive biochar displays a higher surface area, a hierarchical pore 

architecture and a richer surface chemistry, including a large amount of electroactive oxygen 

functionalities. 

The microbial EET capability of the different materials was studied by cyclic voltammetry. Figure 3 

compares the voltammetric profiles of a single granule of each material before inoculation and after 

7 days of promoted (potentiostatic) biofilm growth. Just after inoculation (grey lines), the CV 

revealed how the different materials display a redox couple attributed to surface e-transfer (acetate - 

carbon electrode) mediated by cytochrome C of bacteria [37]. In all cases, the current density and/or 

charge involved in this EET increased after biofilm growth (colored lines). However, evident 

differences can be observed among the tested materials. First, the voltammograms obtained from 

electroconductive biochar (Fig. 3C) were comparatively more tilted than those from graphite and 

coke (Fig. 3A-B); a response that can be related to the inherent lower electroconductivity of the 

former material (Fig. 2C). Second, the shape and current density of these electrochemical processes, 

including its relative increase after biofilm growth, depended on the nature of the biofilter material. 

Specifically, the coke and the graphite show quite similar straight voltammograms with broad peaks 

and relative increments of e-transfer capability after biofilm growth (Fig. 3A-B). Nevertheless, the 

current density of graphite is one order of magnitude higher. 
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Figure 3. Steady-state cyclic voltammograms of a single granule of the different biofilter materials 

just after inoculation (Geobacter sulfurreducens) (t = 0) and after polarization at 0.2 V (vs. 

Ag/AgCl/Cl-(sat.)) for 7 days (t = 7) to promote biofilm growth; scan rate = 10 mV/s; fresh water 

medium, 20 mM acetate. 

On the other hand, the electroconductive biochar (Fig. 3C) exhibited much higher voltammetric 

currents throughout all the analyzed potential window in comparison with the rest of tested materials, 

even just after inoculation. This is assigned to the higher specific surface area of electroconductive 

biochar (Table 1). In this case, however, the relative increase in current density after biofilm growth 

seemed to affect to a narrower potential window, leading to more intense and define peaks. As a 

result, the charge associated to the e-transfer on the biochar was considerably larger than in the case 

of graphite and coke. This may be due to a property unlike conductivity. 

3.2 Biofilters performance for treating wastewater using different electroconductive bed materials 

The mere presence of electroconductive material has been shown to stimulate microbial 

biodegradation of pollutants in a number of studies [5-8]. Thus, we decided to explore such a 

response using the different materials (graphite, coke, electroconductive biochar and gravel as non-

conductive control material) for constructing the biofiltering bed. 

3.2.1 Biofilter performance for treating synthetic wastewater 

The four biofilters were independently operated up-flow with acetate-based synthetic wastewater 

under batch or continuous mode. The initial concentrations of acetate were different depending on 

the operational mode. In batch mode, the initial concentration of acetate was 40 mM, showing a 

ThOD of 1279.4 mg/L. When the biofilters were operated in continuous mode, the initial acetate 

concentration was 20 mM (ThOD = 639.7 mg/L), to mimic the organic compound content of a 

standard urban wastewater. Regardless the operating mode, the residual concentration of acetate in 

the effluent was lower in those biofilters whose bed was made of electroconductive material (Figure 

4). Nevertheless, despite its lower conductivity, the electroconductive biochar was the most efficient 
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material for biodegrading acetate under any operating mode. Particularly, in batch operation (Fig. 

4A) it removed 100 % of the acetate in 2 days (4.14 mol acetate m-3d-1), working at double rate than 

the other tested conductive materials; in contrast, biofilter made of inert gravel only removed 25 % 

of acetate during the same period. 

When operated under continuous mode (Fig. 4B), the electroconductive biochar biofilter showed also 

removal efficiencies close to 100 % after 2 days, implying removal rates of 2.79 mol acetate m-3d-1. 

In this case, however, the other two electroconductive materials were not able to remove more than 

ca. 70 % of the acetate even after 4 days of treatment (1.0-1.2. mol acetate m-3d-1) and the gravel was 

totally inefficient under these conditions. 

 

Figure 4. Evolution of acetate concentration in the biofilters operating in (A) batch and (B) 

continuous (HRT = 3.3 days) mode. NC, non-conductive gravel; G, graphite; C, coke; QB, Quercus 

electroconductive biochar. 

3.2.2 Biofilter performance for treating real urban wastewater 

In order to evaluate the performance of the biofilters under a more real scenario, they were fed with a 

real urban wastewater under a continuous mode. Moreover, in real scenarios the HRT and the OLR 

are critical parameters, so their influences were analyzed. Statistical test revealed significant 

differences (p < 0.05) in the COD from effluents at all OLRs and HRTs tested.  
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Respect to the effect of HRT, as expected, the effluent COD discharges decreased, and the removal 

efficiencies increased, with the HRT; i.e. by extending the biofilter-wastewater contact time. In the 

case of a 170 mg/L COD influent, for example, the performances of both the coke and graphite 

biofilters were within the limits of discharge of the European Directive 91/271/CEE [38] at a HRT of 

4 days. In contrast, biofilters made of gravel required an HRT above 4 days to fulfill the limits. 

Interestingly, only the electroconductive biochar biofilter fulfilled the requirements of the directive 

for COD at HRT as low as 2 days. Considering the more practical benefits of minimizing the HRT, 

the following studies exploring both the influence of the OLR or the material polarization were 

carried out at a HRT of 2 days.  

Regarding the influent concentration (OLR), real urban wastewaters typically show a variable nature 

according to human activity along the day. To quantify the robustness of the system to variations in 

the organic load, the biofilters were fed with influents showing 5-fold differences in COD levels: 170 

and 890 mg/L (Figure 5). As mentioned above, when the influent COD was 170 mg/L the only 

system that fulfilled the requirements of the directive for COD discharge was the electroconductive 

biochar biofilter, which actually removed COD at ca. 31 g m-3d-1.  

 

Figure 5. Average COD removal rate including ± standard errors in each biofilter without 

polarization, referred to HRT = 2 days and two different OLRs in urban wastewater. NC, non-

conductive gravel; G, graphite; C, coke; QB, Quercus electroconductive biochar. 

Under higher COD loads (890 mg/L), the electroconductive biochar was also the biofilter with the 

best performance (Fig. 5). Moreover, the removal rate was increased more than 4-fold in the different 

electroconductive biofilters, specially up to 137 g m-3d-1 for the biochar, while the gravel biofilter did 

not remove more than ca. 37 g m-3d-1. Interestingly, in spite of the high electroconductive nature of 

the graphite, its performance was worse than that of coke. Hence, a remarkable conclusion is that the 
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conductive character of the carbon biofilters seems to be responsible of the their much better 

performance than gravel, but something different to conductivity may govern the performance 

among the carbon biofilters to explain the greater response of the poorly conductive biochar. 

3.2.3 Biofilter performance for treating real urban wastewater using polarized beds 

With the aim of exploring the role of the electroconductive bed for accepting electrons from 

microbial metabolism, we constructed three independent biofilters with anodic beds subjected to 

electrochemical control by polarizing them at either 0.4 V or 0.6 V (vs. Ag/AgCl/Cl- (sat.)) and the 

produced current was monitored. For comparison purposes, the biofilters were also operated without 

polarization (NP) under short circuit mode. The systems worked under continuous mode (HTR = 2 

days), fed by pulses, with a high COD load influent (ca. 800 mg/L). Figure 6 compilates the results 

in terms of biodegradation and current production of the different wastewater treatments.  

First, in respect of the biodegradation performance, the analysis of variance (ANOVA) revealed 

significant differences (p < 0.05) among the tested materials. As a general response, without 

polarization (NP bars in Fig. 6A), none of the studied biofilters was able to fulfill the discharge limits 

at such high organic load. On the other hand, the anodic polarization of the electroconductive 

biofilters (0.4 or 0.6 V) remarkably enhanced their COD removal capacity (Fig. 6A). In contrast, the 

gravel biofilter performance was not affected by polarization, what is assigned to its non-

electroconductive nature. Hence, electroconductivity was found a necessary property to optimize the 

microbial activity of the biofilters by external polarization. 

Particularly, the polarized electroconductive biochar was the most effective biofilter for cleaning-up 

wastewater among all the tested materials and conditions (Fig. 6). At 0.4 V, the polarization of the 

electroconductive biochar bed reduced (by 3.5-fold) the COD level at the effluent down to 100 ppm 

(Fig. 6A), fulfilling the regulative policy. In this case the COD removal efficiency greatly increased 

from 56 to 87 % (average value in Fig. 6C) and the removal rate from 112 to 176 g m-3d-1 (Fig. 6B). 

For the other two conductive biofilters, made of coke and graphite, the removal efficiency just 

increased in 6.1 and 19.4 % (up to 53 and 58 %, average values in Fig. 6C), respectively; what was 

not enough, however, to fulfill the requirements of the directive for COD levels (Fig. 6A). 

A further increase in the electrode potential up to 0.6 V resulted in a better performance of the 

conductive biofilters by increasing the COD removal rates (Fig. 6B). In this case, however, the most 

electroconductive biofilters (made of coke and graphite) experienced the largest relative increments 

in COD removal efficiency, 27 % and 18 %, respectively (vs the efficiency at 0.4 V). Nevertheless, 

the removal efficiency of the biochar (92 % average, Fig. 6D) was still considerably higher than 
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those of coke and graphite (80 and 75 % average, respectively, Fig. 6D). These effects were also 

observed for the removal rates (Fig. 6B), reaching a maximum degradation rate of 185 g m-3d-1 in the 

case of electroconductive biochar. As a result of these different performances, the effluent from the 

biochar biofilter (64.13 ± 5.3 mg/L COD) was again the only one not exceeding the discharge limits 

(Fig. 6A). Hence, by simple modulation of the potential, the electroconductive biochar can clean up 

urban wastewaters even with influents load as high of ca. 800 mg/L COD. Interestingly, such a 

higher biodegradation performance of the electroconductive biochar biofilter suggests some kind of 

EET process that was experimentally confirmed by the e-transfer capability between bacteria from 

genus Geobacter and this material (Fig. 3). 

 

Figure 6. (A) Average effluent COD (showing discharge limit* [38]); and (B) COD removal rate, 

including ± standard errors, in each biofilter submitted to different polarization conditions (NP = 

non-polarized, in which the open circuit potentials were: -420 mV, -427 mV and -429 mV for the 

graphite, coke and biochar, respectively). (C-D) Evolution of the COD removal efficiency (dots) and 

the microbial electrical current (lines) while treating real urban wastewater using electroconductive 

biofilters anodically polarized at (C) 0.4 V and (D) 0.6 V (vs. Ag/AgCl/Cl- (sat.)). Influent COD = 

800 mg/L; HRT = 2 days. NC, non-conductive gravel; G, graphite; C, coke; QB, Quercus 

electroconductive biochar. 
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Second, production of significant electrical current was detected and monitored during the 

polarization assays (Fig. 6C-D). Interestingly, the progressive addition of new inlet media caused an 

immediate increase in the electrical current production due to the microbial response. This current-

production profile was similar for all systems regardless the material used for the bed. Thus, using 

the polarized materials as electron acceptors confirmed the conversion of the microbial metabolism 

into transferable electrons. 

In particular, by polarizing at 0.4 V the monitored average currents were 0.78, 3.65 and 6.13 mA for 

the biochar, coke and graphite biofilters, respectively (Fig. 6C). This trend in current production 

seems to agree with the increasing conductivity of these materials (Fig. 2C). With an increment of 

the electrode potential to 0.6 V, the average current in coke and graphite biofilters slightly increased 

to 3.74 and 6.69 mA, respectively, in contrast with the practically unaffected current from biochar 

(Fig. 6D). From all these results, it can be concluded that the raise in the electrode potential at higher 

values (at least from 0.4 to 0.6 V) to increase the COD removal capability and the current production 

was less effective for biochar, the least conductive carbon biofilter. Another important conclusion is 

that the current production in these polarized bed-like biofilters is not directly correlated to COD 

removal, which generally increases in the opposite order, this is graphite < coke < biochar, (Fig. 5-6). 

Regarding that the soluble electron donor (organic matter) present in wastewater is not a limiting 

factor, this fact could be explained by different reasons. Firstly, previous reports suggested the 

presence of alternative biodegradation pathways, using methanogens [39,40] or sulfate-reducing 

bacteria [40], which do not contribute to current production [41]. Secondly, part of these “lost” 

electrons could be utilized in the promotion of syntrophic metabolism by biochar-mediated 

Interspecies Electron Transfer [42-44]. Thus, Chen et al. (2014) proposed that the electrons can 

migrate from electron-donating to electron-accepting cells by inducing intrinsic charge differences 

between sections of biochar [42]. This intra-particle electron migration, however, cannot be 

measured as current. In this sense, the harvested current must be exclusively associated to the 

capability of the bed of carbon particles to move and extract the electrons from their surface to other 

particles and, finally, the current collector, i.e. to the inter-particle electron migration. Such ability 

must be directly related to the intrinsic conductivity of the material and its shape and conformation in 

the biofilter, i.e. the conductivity of the particles bed. This is line with Sun et al. (2017) [18], who 

suggested that the electrical conductivity may lead to a relatively longer-distance transport of 

electrons through carbon matrices. Hence, the most reasonable explanation could be a higher 

electrical resistance of the biochar particles bed. This agrees with the lower conductivity of the 
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biochar respect to that of the coke and graphite (Fig. 2C), together with the insignificant effects on 

biodegradation by rising the potential of biochar biofilter from 0.4 to 0.6 V (Fig. 6). 

On the other hand, although both galvanostatic (Fig. 6C-D) and voltammetric (Fig. 3) measurements 

reflect a greater microbial activity on biochar, they seem to diverge in the relative capability of the 

different materials for current production. It must be considered, however, that the experimental 

conditions in these measurements were substantially different. First, in the case of galvanostatic 

experiment, the nature of the e-donor (real urban wastewater) was much more complex, showing 

lower coulombic efficiencies (CE ca.10 % or below depending on the influent COD) [5] than the 

acetate-based medium (CE ca. 95 %) [45] used in voltammetry. Second, while the galvanostatic 

experiment was performed over a bed of granules, a single granule was used for voltammetric 

analysis. The fact that greater currents are registered on biochar when using a single granule, and that 

the opposite occurs in the bed-like configuration, strongly supports the occurrence of higher current 

losses (resistance) among the particles of the biochar. 

3.3 Giving insight into the extracellular electron transfer to electroconductive carbon materials 

To understand the previous results, the nature of microbial electrochemical processes should be 

considered. Although the involved mechanisms are not fully understood, the e-transfer capability of 

carbon materials (e-acceptors) with bacteria has been generally attributed to their electroconductivity 

[18] and/or the presence and mediation of electroactive hydroquinone-quinone (HQ/Q) surface 

moieties [19]. See a proposed scheme of these processes in Figure 7.  

On the one hand, the electroconductivity-based mechanism, recently referred to as the geoconductor 

behavior [18] involves a direct e-transfer to/from the carbon matrix (aromatic structure) and has been 

reported for carbons prepared at higher temperatures, i.e. minimizing the contribution of surface 

oxygen surface groups [18,46] Nevertheless, the promotion of direct interspecies electron transfer 

(DIET) for different syntrophic associations of microorganisms in soils has been assigned to the 

electrical conductivity in both low-conductive carbons, like biochar [42-44], and more conductive 

materials, like graphite [43]. Indeed, not only the conductivity but also the capability of the 

conjugated π-electron system of the condensed aromatic rings in carbon materials to accept/donate 

electrons (redox character) [47] may contribute in this mechanism. 

On the other hand, the mechanism based on the HQ/Q reversible redox reaction was proposed to 

explain how biochars promote interspecies e-transfer in soils [19] acting as rechargeable reservoirs 

of bioavailable electrons, i.e. the so-called geobattery behavior [48]. However, these specific (HQ 

and Q) functionalities were not experimentally observed or quantified in most of these previous 
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works. On the contrary, the TPD technique has been used in this work to quantify the amount of 

these groups [36]. Most of the CO-evolving groups in Fig. 2D, around 1000-1100 µmol/g, 

correspond to these types of functionalities. Then, it is reasonably to propose that the considerably 

greater e-transfer capability (Fig. 3) and higher biodegradation efficiency (Figures 4-6) observed for 

the much poorly conductive biochar is assigned to the larger amount of electroactive oxygen 

functionalities. Similarly, the slightly better performance of the coke compared to graphite, could be 

also explained by this mechanism (see the amount of CO-evolving groups in Table 1). Then, the 

bioelectrochemical response of the studied biofilters seems to be governed by the geobattery 

mechanism. 

 

Figure 7. Scheme of the proposed geoconductor and geobattery e-transfer mechanisms between 

bacteria and carbon materials, emphasizing their possible modulation, externally, by polarization. 

Concerning the kinetics of the process, it was reported that the direct e-transfer (geoconductor 

behavior) through carbon matrixes is three times faster than through HQ/Q processes [18]. However, 

this study did not consider the effect of the different material’s electroconductivity on the reaction 

kinetics and, additionally it was carried out under abiotic conditions, by analyzing the electron 

exchange between carbon electrodes and dissolved species [18]. In contrast, both the higher acetate 

and COD removal-rates (Figures 4-6) obtained in biochar-made biofilters in this work suggest that e-

transfer between carbon materials and bacteria is faster when mediated by HQ/Q functionalities 
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The enhancement in removal efficiency upon polarization observed for these electroconductive 

biofilters, together with the significant increase in the COD removal rates (Fig. 6B), is assigned to a 

stimulation of the biodegradation rate of microorganisms on these systems. It has to be considered 

that a polarization at 0.4 - 0.6 V (vs. Ag/AgCl/Cl-) is remarkable, since the typical environment in 

anaerobic biofilters reach a very negative redox potential (ca. -350 mV vs. Ag/AgCl/Cl-). 

Interestingly, our polarized biofilters may support bacterial growth able to exchange electrons with 

the material substrate at oxidative potentials as high as 0.6 V, a value which is not far from the value 

exhibited by oxygen (0.8 V vs. Ag/AgCl/Cl-) in typical aerobic biological systems. As a result, by 

providing an electron acceptor with a high potential using electrochemical tools we may optimize the 

oxidation of the pollutants while avoiding the cost of supplying oxygen into the liquid phase. 

This modulation of the e-accepting capability of the biofilter supports the occurrence of the 

geoconductor mechanism. Thus, the anodic polarization causes a depletion of π-electrons from 

aromatic rings that may favor their e-accepting capability from bacteria (see Fig. 7). Despite such 

electron extraction is expected to be easier at higher conductivity, the obtained results point out that 

the polarization at 0.4 V causes a much greater biodegradation promotion on the biochar (Fig. 6A 

and 6B). This effect could be explained by the electrochemistry of HQ/Q couple. In fact, several 

works on the electrochemistry of biomass-derived carbon materials report that 0.4 V (vs. 

Ag/AgCl/Cl-) is a high-enough electrode potential to oxidize hydroquinone (HQ) groups into 

quinone (Q) ones [49,50]. Considering that these Q groups are the e-acceptors in the geobattery 

mechanism, the polarization at 0.4 V greatly augments the number of e-acceptors on the biochar and, 

therefore, its biodegradation ability. Furthermore, the HQ/Q is a well-known reversible redox couple, 

so that, once the bacteria transfer the electrons to the Q groups, and reduce them into HQ ones, the 

effect of the anodic polarization may restore again the quinone functionalities (as schematized in Fig. 

7). From the experimental results, this cyclical regeneration of quinone e-acceptors by polarization is 

proposed to remarkably enhance the biodegradation rate and efficiency of the carbon material. 

Moreover, this e-transfer from bacteria to the continuously recycled quinones (geobattery 

mechanism) seems to be favored against the e-transfer towards the e-accepting aromatic rings 

(geoconductor mechanism). As a consequence, these results suggest that external polarization 

enables the modulation of the e-accepting capability of carbon materials not only through the 

aromatic rings (geoconductor mechanism), but also by adjusting the ratio of HQ/Q groups 

(geobattery mechanism). 

Nevertheless, the ca. 1000-times larger amount of CO-evolving groups (those potentially 

electroactive) on the biochar (Table 1) cannot explain why the removal efficiencies and rates of this 
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material are “only” less than double those of the conductive carbon materials (Fig. 6). This effect 

could be reasonably explained by considering two facts. First, from this total amount of oxygen 

groups, only those accessible to electroactive bacteria and/or possible redox mediators may 

participate in e-transfer. Thus, XPS may provide a more realistic estimation of the (most accessible) 

surface oxygen functionalities. As it can be seen in Table S4, the proportion (%) of surface oxygen in 

the electroconductive biochar is “only” 2-10 times higher than in the other materials. Second, in a 

more amorphous and poorly conductive material like the biochar, the anodic polarization must be 

necessarily less efficient, so that a great part of its carbonaceous structure, including a large amount 

of potentially electroactive Q groups, may remain electrically disconnected and unaffected by 

polarization. 

Finally, the proposed modulation of e-accepting Q groups and the electrical disconnection on poorly 

conductive biochar were confirmed when they were polarized at 0.6 V. Thus, compared to 0.4 V, at 

0.6 V the conductive materials (coke and graphite) experienced a 20-30 % increment in COD 

removal efficiency, whereas the biochar only a 5 % (Fig. 6). If most of HQ groups on the biochar 

were oxidized at 0.4 V (as hypothesized), then a further increment of the electrode potential up to 0.6 

V may lead to a lesser significant effect on the generation of Q groups and on the biodegradation. In 

addition, if the structure of this material is partly disconnected (as hypothesized), the e-accepting 

capability of aromatic rings (geoconductor mechanism) may be not so influenced by a higher 

potential than in the case of the high conductive materials. Consequently, a further increase in the 

electrode potential mainly increases the biodegradation capability of the most conductive carbon 

materials through the geoconductor mechanism. In other words, despite being globally less important 

than the geobattery phenomenon, the geoconductor mechanism becomes more significant with the 

electroconductivity of the carbon materials when they are polarized at higher potentials. 

3.4 Characterization of the bed materials after microbial colonization 

The bed materials were physico-chemically characterized also after being used as polarized working 

electrodes at 0.6 V to study the biofilm formation. The structural properties of the materials (XRD 

and Raman) were found to be practically unaffected, whereas their surface-related features changed 

after the wastewater treatment. The used gravel showed a surface morphology very similar to that 

before usage and individual bacteria were not discerned (Fig. S5). Nevertheless, the parallel decrease 

and slightly increase in the relative intensity of the Si(2p) and C(1s) XPS core-level signals, 

respectively (Table S4), suggested the formation of some biofilm.  
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On the contrary, more or less uniform biofilms were clearly observed on the different carbon 

materials (Figure 8). On the graphite, individual bacteria were identified only on some smooth 

regions (Fig. 8A-B), so that most of the wrinkled graphite sheets were covered by a roughened 

biofilm (Fig. 8C). As observed in this figure, this biofilm closely imitated the surface morphology of 

the pristine material, leaving the cracks and void regions unaffected. Accordingly, the Hg intrusion 

curves of this material and the derived textural parameters (Table 1) were practically identical before 

and after usage (Fig. 9A).  

In the case of coke, the surface was totally covered by a biofilm (Fig. 8D), and some individual 

bacteria were difficult to discern (Fig. 8E). The biofilm was so dense (Fig. 8F) that it seemed to 

soften the crater-like holes of this material (compare Fig. 8D with Fig. 1C) and it even suffered from 

delamination in some zones (inset of Fig. 8F). Thus, unlike graphite, the biofilm slightly reduced the 

porosity of this material (Table 1), mainly affecting pores in the range of 20-10 µm (Fig. 9A). 

 

Figure 8. SEM micrographs of the carbonaceous bed materials after being used as polarized (0.6 V) 

electrogenic biofilters: (A-C) graphite; (D-F) coke; and (G-I) Quercus-derived biochar. 
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The biofilm formed on the biochar was quite different (Fig. 8G-I). The magnified images of the 

biochar (Fig. 8G) show that only the inner walls of the larger channels were colonized by 

microorganisms (Fig. 8H). This reflects certain selectivity of the bacteria for zones with, up to now, 

unknown particular features (dimensions, accessibility, etc.). Further magnification of these images 

reveals that the biofilm presents a spherical morphology (Fig. 8I). In addition, it can be observed 

that, despite forming a continuous film, they do not cover/block the pores of 1-2 µm in the inner 

walls of the large channels (see the Fig. 8G). Hence, the biofilm was found to affect mainly the pores 

of d < 300 nm (Fig. 9A and 9B), including the micropores (Vt) and ultramicropores (VCO2), reducing 

the specific surface area of this material (Table 1). The comparison of surface chemical composition 

of the graphite and coke materials before and after usage as biofilters shows a relative decrease in 

surface C wt% probably related with the increase in O wt%, other heteroatoms (N, P, S) and metal 

impurities, mainly Fe (Table S4). The same trend was observed for the biochar, but in this case the O 

wt% was practically unaffected. 

 

Figure 9. Hg Intrusion curves of the different carbon materials (A) and the pore size distribution of 

the Quercus-derived biochar, before and after being used as biofilters polarized at 0.6 V. G, graphite; 

C, coke; QB, Quercus electroconductive biochar. 
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It is well-known that these elements O, N, P, S and Fe are essential macro- and micro-nutrients for 

all organisms. Thus, although the original carbon materials contain some of these elements and 

although some adsorption from the contaminated water could occur, this more heterogeneous and 

complex surface of the used materials is attributed to the presence of the biofilm or its assimilated 

elements. In this sense, as a general trend, the biochar is the material showing the largest gain in Fe, 

N and S nutrients. 

3.5 Electroconductive biochar: a sustainable material for constructing microbial electrochemical 

systems 

The development of full-scale applications of METs for treating urban wastewater (ca. 150 

L/habitant) will demand enormous amounts of carbon materials. In this context, the potential 

replacement of conductive carbon materials produced from fossil resources, like coke and graphite, 

by electroconductive biochars constitutes an attractive and sustainable strategy based on circular 

economy. In addition, the high COD removal efficiencies of the biochar will lead to such a 

remarkable reduction of biofilter dimensions and/or area requirements to treat a given volume of 

water. Furthermore, considering that the electroconductive biochar shows the lowest density among 

the studied materials (Table 1), it can be easily deduced that a considerably lower mass of this 

material will be necessary for treating a given volume of wastewater. Finally, after its service life, 

the spent electroconductive biochar can be reutilized as soil amendment for giving a second life to 

this material.  

Respect to cost, at present the production of biochar is in the same price range (400-600 euros/Tm) 

that cokes and graphites, which are obtained from large chemical industries or mining and subjected 

to market changes. However, the energy (thermal treatment) needed to prepare biochar is by far 

lower than that used to obtain mineral conductive materials. Consequently, electroconductive biochar 

production shows a lower CO2 fingerprint, in addition to its “carbon negative” feature for taking 

more carbon out of the atmosphere than it puts back into it. 

On the other hand, when polarized at 0.4 V and 0.6 V the biochar biodegradation rates lead to 

effluents with 4.2- and 6.6-fold lower residual COD values, respectively, than those produced by 

classical biofilter made of inert gravel. Hence, the results of this work allow to expand the up-to-now 

estimated potentiality of biofilter-based systems like the so-called METland® [5]. Even more 

important, our results may help to discern which are the best properties of a carbon material to 

optimize its performance for enhancing COD removal and/or for current production in METs. 

Among these properties, the presence of e-accepting quinone surface groups seems to be the 
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essential to achieve higher biodegradations efficiencies, whereas the conductivity is probably the 

property determining the current-production. However, other typical properties of carbon materials, 

not considered until now, could also participate in the promotion of the biodegradation, so their study 

and understanding could lead to further optimization of METs. 

In this sense, the present investigation demonstrates that the biochar exhibits various interesting 

features that cannot be found in the coke or graphite. For example, the high micropore volume and 

the presence of mesopores and small macropores (d < 300 nm) is exclusive of the biochar (Table 1). 

On the one hand, it is well known that the micropores are essential for the biochar (and other 

carbons) to storage electrons on the electrical double layer for energy storage [51]. The accumulation 

of a large number of electrons from bacteria, effectively compensated by the adsorption of ions on 

the micropores of the biochar, is likely to happen because of the low conductivity of this material. 

This could contribute to explain why all electrons released by bacteria are not “measured” as 

electrical current in our polarization assays (Fig. 6C-D). This agrees with the geobattery mechanism, 

in which biochars can storage and reversibly exchange electrons [48]. On the other hand, it has been 

reported that small pores or other oxygen functionalities, like the carboxylic ones, could act as 

physical or chemical anchoring sites, respectively, to attach specific proteins or other functional parts 

of bacteria [52]. In addition, bigger pores may be necessary to host bacteria and biofilms. 

Consequently, apart from the proposed e-transfer mechanisms, the promotion of bioelectrochemical 

processes in METs could be also determined by the capability of the carbon materials to host 

bacteria, biofilms and/or electrons. 

4. Conclusions  

In this work, the performance of two fossil-derived and highly-conductive carbon materials (coke 

and graphite) for stimulating electroactive bacteria was compared with the one exhibited by biochar 

with lower electroconductivity but presenting a large volume of different pores and a rich variety of 

oxygen functionalities. Our studies revealed enhanced microbial EET and higher biodegradation 

rates when biochar was used as bed material for constructing biofilters under a wide range of 

operating conditions from non-polarized to polarized conditions. This optimal biodegradation 

performance has been mainly attributed to the electroactive oxygen functionalities on biochar, 

whereas the electroconductivity of the material and that of the biofilter bed determine the current 

production in these systems. Furthermore, we propose the modulation and promotion of its e-

accepting capability by polarization, not only through the geoconductor mechanism, but also through 

the continuous regeneration of quinone-like functionalities (geobattery mechanism). The higher 
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biodegradation efficiency showed by the electroconductive biochar (up to 6.6-fold higher than inert 

gravel) and the sustainability associated to its production (using renewable natural precursors at 

remarkably lower temperatures), will satisfy all circular economy criteria to expand the applicability 

of METs to biofilter-based systems like METland®. 
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