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Abstract: Constructed wetlands are an effective biofilter-based technology for treating wastewater 12 

in a sustainable way; however, their main disadvantage is a large area footprint. To cope with this 13 

limitation a new generation of constructed wetlands, the METlands®, have been recently reported. 14 

METlands® replace gravel with a granular electrically conductive material to enhance the oxidative 15 

metabolisms of electroactive bacteria by facilitating the flux of electron through the material and, 16 

consequently, increase bioremediation rates. In this work we evaluated the performance of a new 17 

electron sink (e-sink) device with the purpose of controlling and enhancing the electrochemical 18 

consumption of electrons from microbial metabolism without energy consumption.  The e-sink device 19 

was integrated inside the biofilter bed and was tested using different electron acceptors with high 20 

redox potentials, like oxygen and hypochlorite. Interestingly, the presence of the e-sink allowed novel 21 

redox gradients to form inside the METland® and, consequently, a new electron flow was 22 

demonstrated by measuring both the electric potential and current density profiles of the bed.  Three 23 
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independent biofilters were constructed and operated under flooded conditions. Ec-coke and 24 

electroconductive biochar (ec-biochar) were used as electrically conductive bed materials, while 25 

gravel was used as an inert control. Furthermore, e-sink integration inside the electrically conductive 26 

bed outperformed METlands® for removing pollutants, already much more efficient than standard 27 

gravel biofilters. COD removal was increased from 90% in METland® to 95% in the e-sink METland® 28 

as compared to 75% for the control, while total nitrogen removal was enhanced from 64% in 29 

METland® to 71% in e-sink METland® as compared to 55% for the control. Our results indicate that 30 

increasing the electrochemical availability of electron acceptors by using the e-sink will be a suitable 31 

method for controlling the electron flow inside the filter bed and can be integrated in full scale 32 

METlands® for achieving high removal rates.  33 

Keywords: constructed wetland, METland®, microbial electrochemical technologies, electroactive 34 

bacteria, ec-biochar. 35 
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1. Introduction 37 

Constructed wetlands (CW) are biological wastewater treatment systems that mimic the physical, 38 

chemical, and biological degradation processes taking place in natural wetlands. This technology 39 

emerged several decades ago (Brix, 1994) as a robust, eco-friendly, and cost-effective decentralized 40 

treatment system that requires low operational and maintenance costs (Brix et al., 2007; Dotro et al., 41 

2017; Vymazal, 2008; H. Wu et al., 2014). CWs can be used to treat a wide range of water pollutants 42 

such as domestic wastewater (García et al., 2010), industrial wastewater (Vymazal, 2014), mine 43 

drainage (Isosaari P. & Sillanpää M. , 2016), agricultural runoff (Roley et al., 2012) and urban storm 44 

runoff (Carleton et al., 2000). However, when compared to conventional biological wastewater 45 

treatments CW’s main disadvantages are the large footprint of land required and certain limitations 46 

for nutrient removal (Kadlec and Wallace, 2009). 47 

Therefore, to reduce the surface area requirements, constructed wetlands have been evolving 48 

from passive into intensified systems (Wu S. et al., 2014) by supplying oxygen to enhance oxidative 49 

metabolism. More recently, the new-born discipline of microbial electrochemistry has been applied 50 

to constructed wetlands in the name of intensification (Ramírez-Vargas et al., 2018)). Redox gradient 51 

profiles along the depth of a CW are produced as it transitions from aerobic zones at the top to 52 

anoxic zones at the bottom. This scenario lends to the application of a microbial electrochemical 53 

system where pollutants can be converted into electrical current by the metabolic activity of the 54 

electroactive bacteria and form a new gradient to increase removal efficiency (Corbella et al., 2014; 55 

Aguirre-Sierra et al., 2016; Wang et al., 2017). 56 

The integration of microbial electrochemical technologies (MET) into constructed wetlands is 57 

illustrated by the many different configurations used (Ramírez-Vargas et al., 2018). The microbial 58 

fuel cell (MFC) is able to harvest energy from the wetland using an anode located in the anaerobic 59 

zone (bottom) and a cathode located in the aerobic zone (top). These are separated by a layer of 60 

inert material (gravel) and connected through an external circuit (Zhao et al., 2013; Corbella et al., 61 

2014). Microbial electrolysis cells (MEC) are integrated into the wetland in a similar manner as the 62 

MFC but the electrodes are polarized through a potentiostat or a power source (Aguirre-Sierra et al., 63 

2016; Srivastava et al., 2018). Microbial electrochemical snorkels (MES) are the most basic 64 
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configuration, simply a conductive bed that forms a redox gradient according to the chemical 65 

environment around the material. Anodic and cathodic reactions are not occurring under different 66 

electrodes but in different locations of a unique conductive body. This situation is ideal when the 67 

objective is to raise electrochemical reaction rates that do not require a strict control of redox 68 

potential. In contrast with standard two-electrode systems, the microbial metabolism cannot be 69 

converted into electric power (Aguirre-Sierra et al., 2016; Ramírez-Vargas et al., 2019) (Fig. 1S). 70 

Despite their good performance at the laboratory scale, full scale implementation of the CW-MFC is 71 

under development due to a number of challenges. Mainly, internal resistance in the CW–MFC is 72 

dependent on both the resistance of the electrolyte and the material-based electrical resistance 73 

between the electrodes. This resistance increases linearly as the size and distance between 74 

electrodes increases (Doherty et al., 2015).  75 

The METland® (Aguirre-Sierra et al., 2016) is an alternative configuration based on a continuous 76 

bed of electrically conductive material, also known as a MES. This material promotes the metabolism 77 

of electroactive bacteria by acting as an inexhaustible connector with the distant terminal electron 78 

acceptors (TEAs), like surface oxygen. The concept has been successfully tested under flooded 79 

conditions such as those found in conventional horizontal subsurface flow (HSSF) wetlands (Aguirre-80 

Sierra et al., 2016; Prado et al., 2019; Ramírez-Vargas et al., 2019) COD removal rates were as high 81 

as 400 g/m3day with real urban wastewater fed at ca. 0.5 m3/m2day (Aguirre-Sierra, 2017). 82 

Interestingly, the system outperformed classical gravel-based HSSF CW reaching a ratio of 0.4 83 

m2/pe. The METland® can also outperform conventional CW in their ability to remove emergent 84 

pollutants in the form of pharmaceuticals (Pun et al., 2019). Many different carbon-based 85 

electroconductive materials have been tested for use in the METland® system (Aguirre-Sierra et al., 86 

2016; Ramírez-Vargas et al., 2019), electrically conductive biochar, from the high-temperature 87 

pyrolysis of various Quercus biomass, showed the best performance (Prado et al., 2019; Schievano 88 

et al., 2019).  89 

Unlike typical bioelectrochemical systems, METlands® do not have two differentiated electrodes 90 

but host anodic and cathodic reactions on the surface of a single electrode bed exposed to different 91 

redox environments. Thus, in METlands® the major anodic and cathodic processes follow a gradient 92 

across the depth of the bed. The main cathodic process, like the reduction of oxygen, happen at the 93 
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upper bed layers whereas the anodic oxidation of organic matter occurs in the anoxic bottom layers; 94 

(Ramírez-Vargas et al., 2018). The vertical separation of the anodic and cathodic reactions promotes 95 

a local charge imbalance that generates an electric field and an increased electric potential with 96 

depth. The electric field can be used to estimate the electric current generated by the electroactive 97 

bacteria, a method already followed to measure the electric current generated by cable bacteria in 98 

marine sediments (Risgaard-Petersen et al., 2014). 99 

In this context, the electron flow generated inside METland® systems are a direct consequence 100 

of the electroactive bacteria’s metabolism.  They use a mechanism similar to the one reported in 101 

natural electric current generators like geobatteries or biogeobatteries (Nielsen and Risgaard-102 

Petersen, 2014), in which a conductive material crosses two different redox domains, like that found  103 

in the transition between sediment and the water column in a pond or lake. The electrically 104 

conductive material allows the transport of electrons from the anodic oxidation reactions in the 105 

sediment to the cathodic reduction reactions near the water’s surface (Nielsen et al., 2010). 106 

Furthermore the sediment acts as an electrolytic conductor allowing ion migration to complete the 107 

electric circuit and maintain charge balance (Sato and Mooney, 1960). Interestingly, ion migration in 108 

the METland® is taking place in the pore water and generates a typical electric potential profile that 109 

is absent in gravel-based CW (Ramírez-Vargas et al., 2019). The long-distance separation (30-40 110 

cm) between cathodic and anodic processes by electrically conductive material represents a change 111 

in the paradigm of biological wastewater treatment where the conventional thinking was that both 112 

electron donors and acceptors for a metabolic process need to be in the same living cell, or at least 113 

within a few micrometers of each other. In METlands®, bacteria can directly use electrically 114 

conductive material as an electron mediator, these electrons can flux to cathodic areas where TEAs, 115 

such as oxygen or nitrate, can be reduced to further drive the formation of a redox gradient. 116 

Unlike most MET applications which require an anaerobic environment, METlands® can operate 117 

as an aerobic vertical subsurface downflow (VSSF) biofilter (Aguirre-Sierra et al., 2020). The 118 

presence of oxygen enhances nitrifying conditions over gravel-based systems and unexpectedly it 119 

promoted the presence of electroactive bacteria from Geobacter genus typical of anoxic 120 

environments (Aguirre-Sierra et al., 2020). Thus, operational modes in METland® allow for additional 121 

control of redox gradients and electron transfer along bed, this is nearly impossible in standard CWs.  122 
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This work aims to integrate the new concept of the e-sink into METlands® to artificially create new 123 

redox gradients to promote both electron transfer and biodegradation of pollutants in wastewater.  124 

This novel device will allow for the “domestication” of the flux of electrons from microbial metabolism 125 

and allowing for their distal consumption in environments different from their original biological niche. 126 

2. Materials and Methods 127 

2.1 Construction of the e-sink device  128 

The electron sink (e-sink) device was built using electrically conductive carbon fiber tube (20 cm 129 

long x 2 cm diameter) sealed at the bottom with a silicone stopper. This created a cylindrical chamber 130 

capable of housing a solution. The tube was further drilled to produce 0.5 cm holes every two 131 

centimeters (Fig. 1). All holes where sealed with a cation exchange membrane (Nafion®) to keep the 132 

tube impermeable to water but allowing for the flow of protons into the interior of the e-sink. Direct 133 

contact with the bed granules allows for a flux of electrons passed through the carbon fiber tube and 134 

interact with the solution inside the e-sink. The e-sink devices were installed inside beds of either 135 

gravel, ec-coke, or ec-biochar and different catholytes were tested in the e-sink (Fig. 2S): 136 

i) Oxygenated water                                        O2 + 4e- + 4H+ → 2H2O 137 

ii) Hypochlorite 80 mM solution               HClO + 2e- + H+ → Cl- + H2O 138 

2.2 Biofilters construction and operation 139 

Three biofilters were built with three bed materials: ec-coke (C), ec-biochar (ecB) and gravel (G). 140 

The ec-coke and ec-biochar are electrically conductive and carbonaceous while the third, gravel, 141 

was an inert control (Table 1). Each biofilter consisted of a 5.4 L polyvinylchloride (PVC) cylinder 142 

(diameter: 25 cm, height: 15 cm), with an outlet at a height of 11 cm to maintain the water level, and 143 

a perforated pipe inlet in the bottom of the system. Each biofilter was filled with the materials 144 

previously stated, the pore volume was approximately 50% of total volume.  145 

An e-sink device was placed next to the inner wall of each biofilter. In addition, three perforated 146 

pipes for sampling were placed inside the biofilter at different distances (0, 6, 12 cm) from the e-sink 147 

device (Fig. 1), these pipes were the sample points SP1, SP2, and SP3 respectively. 148 
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Table 1. Physiochemical characteristics of bed materials. 149 

 150 

 151 

 152 

The biofilters were housed outdoors with natural temperature variations (ranging from 13ºC to 153 

34ºC) but protected from rain. The systems were fed with urban wastewater containing 625 mg/L 154 

COD, 320 mg/L BOD5, 45 mg/L total nitrogen (TN). The columns were operated in a continuous up-155 

flow mode with a hydraulic loading rate of 0.6 L/d and COD loading rate 88 g COD/m3d for 45 days, 156 

using a peristaltic pump (LongerPump®). 157 

 158 

Fig. 1. Biofilter scheme without (left) and with (right) bed material. 159 

2.3. Sampling and laboratory analysis 160 

Steady state conditions for the biofilters were reached after three weeks of an initial acclimation 161 

period. Steady state was defined as constant removal efficiencies for each of the biofilters. Then, to 162 

study the COD and nutrient removal efficiency, three conditions were tested based on the electron 163 

acceptor used in the e-sink device: (1) control: empty e-sink device, so removal efficiency was just 164 

depending on the bed material, (2) oxygen saturated water, and (3) an 80mM hypochlorite solution.  165 

Each condition was operated for a week before sampling. For each experimental condition three 166 

samples were taken. The samples were taken every 48 h. 167 

Influent and effluent samples were analyzed for the presence of COD, and N species. COD analysis 168 

was carried out by photometric evaluation (Hach LCK cuvette test + DR 3900 spectrophotometer). 169 

 EC- Coke (C) EC-Biochar (ecB) Gravel (G) 

Density [g/cm3] 0.5 0.5 0,6 

Resistance [Ω] 1 15 - 

Porosity [%] 48 52 43 

Granulometry [cm] 1.5-3 2-3 1.5-3 
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BOD5 analysis was performed using respirometric method (WTW OxiTOP®). NH4
+ and NO3

- was 170 

measured with photometric evaluation (Hach APC and LCK cuvette test + DR 3900 171 

spectrophotometer). 172 

2.4 Electric potential measurements 173 

To measure the electric potential (EP), a custom-made shielded silver/silver chloride EP sensor 174 

was developed (height: 60 cm; diameter: 0.12 cm) (Ramírez-Vargas et al., 2019). These EP 175 

electrodes were built to be insensitive to redox-active compounds (Damgaard et al., 2014). The EP 176 

sensor was coupled to an Ag/AgCl reference electrode placed on the surface of the biofilter below 177 

the surface water. Both electrodes were connected to a digital voltmeter. The electric potential was 178 

measured in each sample point (SP1, SP2, SP3) in steps of 1cm against Ag/AgCl reference 179 

electrode positioned in the top water column. Profiles were measured to 11 cm depth in the biofilters 180 

(Fig. 3S). Each profile point was measured for 30 sec, recording one data point per second. For all 181 

profiles, the signal value in the overlying water was subtracted from all the values in the profile, 182 

resulting in profiles of electric potential relative to that of the overlying water, which was used as a 183 

reference potential for normalized the EP values. 184 

The METland® represents a complete electric circuit in which charges are carried as i) electron 185 

currents within the electrically conductive material and ii) as ionic currents in the pore water. At 186 

steady state, these currents are equal in magnitude but opposite in direction (Sato and Mooney, 187 

1960). The ion current density running through the bed obeys Ohm’s law (Risgaard-Petersen et al., 188 

2014) can, consequently. be quantified from the EP and the conductivity of the water (σ), which, with 189 

a homogenous distribution of electroactive bacteria, implies that the quantity of electrons running in 190 

the biofilter bed per second through a unit area, i.e., the electron current density (J), can be estimated 191 

as (Risgaard-Petersen et al., 2014): 192 

   (𝐸𝑞. 1)                                                     𝐽 =  − σ ·  
𝑑𝜑

𝑑𝑧
 193 

Where J [A m-2] is the electron current density, σ [S m-1] is the electrical conductivity of water in the 194 

column and 
𝑑𝜑

𝑑𝑧
 [V m-1] is the EP gradient, the rate of increasing EP with respect to decreasing depth. 195 
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The electric current is the result of anodic and cathodic reactions occurring in the METland®. 196 

Therefore, the analysis of electric fields recorded in an EP profile, could be used to estimate the 197 

areas acting as electron sources and electron sinks along biofilter profile (Damgaard et al., 2014). 198 

The electron transfer rate (R) can be estimated (adapted from Risgaard-Petersen et al., 2014): 199 

(𝐸𝑞. 2)                                                           𝑅 = − 
𝑑𝐽

𝑑𝑧
 · 

1

𝐹
 200 

Where R is the rate of electron transfer from reactions per unit volume [μmol m-3 s-1], 
𝑑𝐽

𝑑𝑧
  is the 201 

gradient of electron current density [A m-2 m], and F is the Faraday constant [9.65 x 104 C mol-1]. 202 

2.5 Statistical analysis 203 

Removal efficiencies were calculated as a percentage of the total inlet concentration of pollutants. 204 

Removal rates were obtained from the inlet-outlet difference as grams per cubic meter of bed per 205 

day. The data in the bar graphs corresponds to the average value of 3 measurements taken once 206 

steady state conditions was reached. In order to discern the true effect of the bed materials for each 207 

operation condition, statistical procedures were conducted with these 3 measurements using R 208 

software (R Core Team 2013) and R-commander package (Fox 2005). The standard error of the 209 

mean of these measurements is included in the error bars. 210 

3. Results and discussion 211 

3.1 Electric potential profiles and electron currents 212 

In order to verify this new redox gradient concept, we monitored the electric potential profiles 213 

along the bed. Since the METland® operates as single electrode this methodology is key; without an 214 

external circuit electrical current cannot be directly measured as typically occurs with standard 215 

microbial electrochemical systems (Borjas et al., 2017). This elegant method of measuring electric 216 

potential (EP) to estimate derived ionic current densities was performed previously to calculate 217 

current density (J) along the METland® bed and the rate of electrons transfer from reactions per unit 218 

volume (R) (Ramírez-Vargas et al., 2019). Furthermore, it has also been shown that the electrical 219 

potential profile is not affected by pH or the redox gradient (Damgaard et al., 2014). 220 
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EP profiles were analysed for the three biofilters (gravel (G), ec-coke (C) and ec-biochar (ecB)) 221 

at three independent sampling points (Fig. 2) when the systems reached steady state. In addition, 222 

the systems were operated under snorkel configuration with an e-sink inside the bed. The e-sink was 223 

operated under three conditions: (i) empty as a control, (ii) with aerated water and (iii) with 224 

hypochlorite (80 mM). The EP profile showed differences between the tested systems (Fig.2), 225 

indicating the impact of electrochemical electron acceptors on the flow of ions, and consequently on 226 

the flux of electrons. This behaviour was correlated with the microbial activity, in terms of the removal 227 

efficiency of pollutants for each treatment. 228 

The up flow operation of a conventional biofilter, made of inert material like gravel, typically leads 229 

to microbial metabolism being limited by the availability of an electron acceptor. Electrons cannot 230 

travel along the inert bed so the EP depth profile of this system showed no variations at all between 231 

sampling points. In this system, oxidation and reduction reactions leading to pollutant removal are 232 

coupled both temporally and spatially (Ramírez-Vargas et al., 2019). We confirmed such behaviour 233 

in our gravel-based biofilters (Fig. 2) which acted as control, free of a vertical redox gradient. In 234 

contrast, systems made of electroconductive bed showed variations of the EP with depth due to the 235 

transfer of electrons from the microbial oxidation of pollutants. (Fig. 2). The electric potential 236 

generated by this microbial electron transfer triggered a flux of ions in the liquid phase with the same 237 

value and magnitude but in the opposite direction of the electrons thereby closing the electric circuit.  238 

The implementation of e-sink devices hosting different electrochemical electrons acceptors 239 

generated a new redox gradient in the horizontal axis, this provides a new dimension for the EP 240 

profiles. As expected, the sampling point closest to the e-sink device (SP1), was the one most 241 

affected. The electrons generated at the bottom layers of the bed migrated towards the e-sink device 242 

instead of towards the upper top layer where oxygen is present. For this reason, the EP vertical 243 

profile in SP1 (Fig. 2) showed a lower slope, therefore behaving similarly to gravel system. In 244 

contrast, for the sampling point farthest away (SP3) from the e-sink device, showed less influence 245 

and an EP vertical profile was similar to e-sink free systems. 246 

The electrochemical electron acceptor used in the e-sink device significantly affected the EP 247 

vertical profiles. When the redox potential of the electron acceptor was more positive, it 248 

corresponded to a higher reduction rate of the acceptor, a higher flux of electrons, and a greater 249 
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radius of influence by the e-sink device. Operating a METland® with e-sink increased the net volume 250 

of TEA available. The electron flux was then also established along the horizontal direction and, 251 

consequently, the electron flux towards the oxygen at the uppermost surface was reduced. Such 252 

differences can be observed in the EP vertical profiles when oxygen or hypochlorite were the TEA 253 

tested the e-sink device (Fig. 2). So, the higher the TEA redox potential the lower the slope for the 254 

EP vertical profile.  This is consistent with the fact that hypochlorite from e-sink consume more 255 

electrons than just oxygen, so it shows higher impact in its EP vertical profile (Fig. 2). Furthermore, 256 

the impact of e-sink in EP vertical profile was stronger in those sampling points (SP1) closer to the 257 

e-sink, and weaker in those located far away (SP3). Finally, the electrically conductive material’s 258 

resistance also affected the EP profiles. The lower the material’s resistance, the greater the influence 259 

from the e-sink device. This increases the flux of electrons that will be diverted to the e-sink instead 260 

of the uppermost surface, what eventually increased the efficiency of the biofilters. 261 
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 262 

Fig. 2.  Electric vertical potential (EP) profiles of tested biofilters along depth at each sampling point (SP1, SP2 and SP3) 263 

of gravel (orange), ec-coke (grey) and ec-biochar (green) bed operating as biofilter, biofilter + O2 based e-sink and 264 

biofilter + ClO- based e-sink. EP profiles were measured with a shielded Ag/AgCl electric potential electrode. 265 

Our study shows that connecting microorganisms through an electrically conductive bed allows 266 

the problems associated with limited electron acceptor availability to be overcome, by coupling the 267 
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metabolism between disparate communities performing pollutant oxidation and the electrochemical 268 

reduction of electron acceptors inside the e-sink device.  269 

As described before, METlands® represents a complete electric circuit in which charges, resulting 270 

from the organic matter oxidation by electroactive bacteria are carried as a flux of electrons through 271 

the electrically conductive bed and as ion flows through currents in the water. At steady state, these 272 

currents are equal in magnitude but opposite in direction (Damgaard et al., 2014). The ion current 273 

density (J) through the electrically conductive material was calculated along depth, at 1 cm interval, 274 

for each sample point (Fig. 3) in ec-coke and ec-biochar biofilters. For these calculations the Eq. 2 275 

was used, the values of the water conductivity are provided in Table 1S. In the gravel biofilter, it was 276 

not possible to calculate the current density since the EP at all points was not significant. 277 

In the systems operating as standard METlands® , without an e-sink device (Fig. 3A and 3C), the 278 

profiled current density was the same at all sample points and followed the same trend in both the 279 

ec-biochar and ec-coke biofilter. The current density was increasing from the bottom layers (J= 20 280 

mA/m2 for ec-coke and J= 40 mA/m2 for ec-biochar) toward the upper layers until reaching an 281 

inflection point. This point was located at 5 cm from the surface for the ec-biochar biofilter (J= 280 282 

mA/m2) and 3 cm from the surface for the ec-coke biofilter (J= 135 mA/cm2). The current density 283 

decreased after the inflection. This inflection point indicated when cathodic versus anodic reactions 284 

were predominant, and may be caused by an increase in the concentration of electron acceptor or 285 

by a decrease in the electron donor (organic pollutants) at the upper layers of the biofilter. 286 



14 
 

 287 

Fig. 3. Current density (J) values of the up-flow biofilters made of ec-coke (grey) and ec-biochar (green) in each 288 

sampling point (SP1, SP2, SP3). The systems were operated with an empty e-sink (A and C) and with an e-sink hosting 289 

oxygen saturated water (B, D). In presence of  e-sink, the current density has two directions: i) vertical (grey and green 290 

bars) towards the top surface, and horizontal (red bars) towards the e-sink. 291 

By incorporating the e-sinks into the biofilters bed the current density profile was shifted from 292 

vertical to horizontal direction (Fig. 4S). In absence of e-sink, the highest availability of TEAs was in 293 

the upper layers of the biofilter (atmospheric oxygen), so behaviour at all sample points was 294 

governed by the vertical distribution of oxygen. On the contrary, the use of a e-sink in the bed (see 295 

location in Fig. 1) add an additional redox gradient driving the flux of electrons horizontally into the 296 

e-sink. This change of direction in the flux of electrons will affect the distribution of the current density 297 

(Fig. 3B and 3D) inside the bed, including at each sampling point. The sampling point that was most 298 

affected in both ec-biofilters was SP1, as the distance between the e-sink and the SP increased, the 299 

current density was less affected. In this way, the current density profile in SP3 of both biofilters did 300 

not change (dark bars in Fig. 3B and 3D) compared to biofilters without an e-sink, which means that 301 

the entire electron flux at this sample point it went towards the uppermost surface of the biofilter. 302 

This indicates that SP3 was outside the field of influence of the e-sink. However, in SP1 (light bars 303 

in Fig. 3B and 3D), the value of J falls drastically compared to the values presented in the biofilters 304 

without an e-sink (Fig. 3A and 3C). Around SP1, the flux of electrons was more towards the e-sink 305 
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(horizontal flux). To know the value of this horizontal distribution of current density (Eq.2) was applied 306 

to calculate J between SP1 and SP3 (12 cm of horizontal sampling distance). Such new distribution 307 

of fluxes  (red bars in Fig. 3B and 3C) revealed how the current density towards the e-sink (horizontal 308 

flux) was higher at the bottom layers in both biofilters, at -11cm for both the ec-coke (120 mA / m2) 309 

and the ec-biochar (40 mA / m2). As the distance between the e-sink TEA and the surface TEA 310 

becomes similar, the current density towards the e-sink decreases (red bars in Fig. 3B and 3C) and 311 

the current density towards the surface increases (light bars in Fig. 3B and 3C). The situation in SP2 312 

is an intermediate state between SP1 and SP3. Beyond the physical distance to the TEA, the 313 

electrical resistance of the material exerts a major influence on the distribution of the potential along 314 

the bed and therefore the current density. The greater electrical conductivity of the ec-coke in 315 

comparison with ec -biochar allowed a higher electronic transfer rate of the electrons towards the e-316 

sink. Therefore, the differences between current density in SP2 and SP3 were greater in the ec-coke 317 

biofilter (Fig. 3B). This three-dimensional study of the current density inside a biofilter reveals how 318 

the spatial location of the TEA affects the flow of charges. Still, more detailed maps are required to 319 

more specifically determine the radius of influence of the e-sink. 320 

The electron transfer rates (R) (Fig. 4) revealed the presence of electron transfer between 321 

electron donors and acceptors located in different environments. Positive values signify electron 322 

transfer from an electron donor (anodic reaction), while negative values signify electron transfer to 323 

an electron acceptor (cathodic reaction). When the biofilters operate free of e-sink (Fig. 4) the main 324 

electron acceptor will be the oxygen present in the upper layers and the main electron donor is the 325 

organic pollutants supplied from the bottom. Thus, in the bottom layers the electron transfer rate was 326 

positive and corresponded to areas where anodic reactions predominate, like the oxidation of organic 327 

pollutants. Negative values of R indicate that cathodic reactions dominate over anodic reactions. 328 

The reason for that could be a higher availability of TEAs, such as nitrate or oxygen, or because 329 

there is less organic pollutant that can be potentially oxidized. This will also be a consequence of the 330 

amount of electrons generated as a result of the oxidation processes that occurred in the bottom 331 

layers, the more oxidation, the more electron flux and more electron acceptor is required. In the 332 

absence of an electron acceptor, oxidation reactions and therefore the removal of the organic matter 333 

will be limited. According to the electron transfer rates (R) (Fig. 4), the cathodic area in the ec-biochar 334 



16 
 

biofilter reaches deeper environments, up to -4 cm in absence of e-sink, while in the ec-coke biofilter 335 

it was located just two centimeters closer to the surface. 336 

 337 

Fig. 4. Vertical distribution of electron transfer rates (R) for the three biofilters, gravel (orange), ec-coke (grey) and ec-338 

biochar (green), operating without e-sink, O2 based e-sink and ClO- based e-sink. Positive values signify electron transfer 339 

from an electron donor (anodic reactions), while negative values signify electron transfer to an electron acceptor 340 

(cathodic reactions). 341 

 342 



17 
 

3.2 Pollutants Removal rates and electron flux 343 

The impact of our e-sink device was evaluated with different bed materials by measuring the COD 344 

removal efficiency and the flux of electrons. The organic matter removal rates revealed different 345 

responses to reach treatment (Fig. 5).  346 

Fig. 5. COD concentration at the influent (red) and effluent of each biofilters: gravel (orange), ec-biochar (green) and 347 

ec-coke (grey), operating up flow with e-sink either in absence of electron acceptor or in presence of oxygen (O2) and 348 

hypochlorite (ClO-). 349 

Table 2. Influent and effluent COD concentration, removal rate and efficiency for the different systems. 350 

 COD Concentration [mg L-1] COD Removal rate [g/m3 day] COD Efficiency [%] 

Biofilter Influent G ecB C G ecB C G ecB C 

+ e-sink free 613.0 ± 14 153.0 ± 2 54.2 ± 2 65.1 ± 2 110.4 ± 3 134.2 ± 3 131.6 ± 4 75.0 ± 1 91.0 ± 1 89.0 ± 1 

+ e-sink (O2) 615.0 ± 17 15.8 ± 16 28.3 ± 1 43.8 ± 8 111.0 ± 8 140.9 ± 4 137.2 ± 6 74.0 ± 3 95.0 ± 1 93.0 ± 2 

+ e-sink (ClO-) 627.0± 10 157.0 ± 4 24.4 ± 4 14.6 ± 2 112.8 ± 3 144.7 ± 2 147.1 ± 3 74.0 ± 1 96.0 ± 1 98.0 ± 1 

 351 

When biofilters without e-sinks were operated in the up flow configuration, the electron acceptor 352 

in the medium was mostly oxygen present at the surface and nitrate, resulting from the nitrification. 353 

In the case of the gravel biofilter, the oxidation processes of organic matter are very limited because 354 

the majority electron acceptors are only available at the top layer. Due to this limit in TEAs, our gravel 355 

biofilter did not have a COD removal efficiency higher than 75%. Taking into account that the influent 356 

COD was around 600 mg/L (Table 2), and the effluent COD was 150 mg/L, then the standard system 357 

did not fulfil the discharge limit (Dir. 00/60 / EC of 23 Oct 2000) for treated urban wastewater. 358 

Although the TEA concentration was increased with the e-sink, the efficiency of the gravel biofilter 359 

did not increase since these TEAs were not dissolved in the bed and could not be reduced 360 

intracellularly. Therefore, the removal efficiency remained constant around 75% operating under the 361 

three conditions (Table 2). In METlands®, electroactive bacteria can transfer electrons directly to the 362 

electrically conductive bed material therefore the flux of electrons was to the surface areas with 363 



18 
 

higher redox potential. In this way, the organic matter oxidation processes will not be slowed down 364 

despite the low availability of electron acceptor dissolved in the bed. In the ec-coke bed METland®, 365 

the COD removal efficiency was 89%. This efficiency was increased with the e-sink in the bed by 366 

increasing the effective quantity of TEA available through extracellular electron transfer and a 367 

conductive bed. Using an e-sink with oxygen saturated water, the COD removal efficiency increased 368 

to maximum of 93% and when the redox potential of the TEA is greater with hypochlorite inside the 369 

e-sink, the removal efficiency became 98% (Table 2). The effluent COD from this system is always 370 

below the discharge limit regardless of the operating condition. It should be noted that when the ec-371 

coke METland® operates with an e-sink with hypochlorite, the COD value in the effluent is only 15 372 

mg L-1 compared to 65 mg L-1 when it operated without an e-sink (Fig. 5). In this way, the influence 373 

of the e-sink is demonstrated in biofilters where there is an electrically conductive bed with a low 374 

internal resistance. 375 

According to previous studies (Prado et al., 2019), the presence of carbonaceous electrically 376 

conductive materials based on pyrolyzed biomass can stimulate microbial oxidative activity more 377 

than in ec-coke beds. The ec-biochar METland® without an e-sink had a removal efficiency of 91% 378 

(Table 2). The efficiency of the system increases with an e-sink in the bed, but in this case the redox 379 

potential of the TEA did not have much influence. The effluent COD values from the ec-biochar 380 

METland® drop from 54 mg L-1 (without e-sink) to 28 mg L-1 for the e-sink with oxygen and 24 mg L-381 

1, with hypochlorite. Although the effluent COD is slightly higher than in METland® ec-coke, it always 382 

remains below the discharge limit. 383 

These results indicate that high electron acceptor availability, whether that be direct or indirect, is 384 

a requirement for achieving higher removal rates in METlands®. The high removal of COD under a 385 

high loading rate reveals the benefits of using an electrically conductive material combined with the 386 

high availability of TEAs inside the e-sink device. 387 
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 388 

Fig. 6. NH4
+-N (left) and TN (right) concentration for the three biofilters, gravel (orange), ec-coke (grey) and ec-biochar 389 

(green), operating up flow with e-sink either in absence of electron acceptor or in presence of oxygen (O2) and 390 

hypochlorite (ClO-). 391 

Table 3. Influent and effluent NH4
+-N and TN concentration for the different systems. 392 

  NH4+-N Efficiency [%]  TN Efficiency [%] 

Biofilter G ecB C G ecB C 

+ e-sink free 57 ± 1  100 ± 1 76 ± 1 54 ± 1 89 ± 1  64 ± 1 

+ e-sink (O2) 58 ± 1 100 ± 2 70 ± 1 55 ± 1 90 ± 2  57 ± 1 

+ e-sink (ClO-) 61 ± 1 99 ± 1 76 ± 1 69 ± 1 92 ± 1  71 ± 1 

Nitrogen removal was studied in the three biofilters under the different e-sink conditions (Fig. 6). 393 

Statistical analysis revealed significant reduction in ammonia and TN residual concentrations in the 394 

effluent between gravel and electrically conductive bed biofilters.  In the gravel biofilter the ammonia 395 

removal efficiency was 60% and due to its non-conductive nature, such performance was not 396 

affected even in the presence of the e-sink. In the ec-coke biofilter, the ammonia removal efficiency 397 

was 76%, and even 100% when ec-biochar was the bed material. However, in spite of increasing 398 

the COD removal, the use of the e-sink in the biofilter bed did not increase the ammonia removal 399 

rate (Table 3 and Fig. 6). Such little impact of e-sink on ammonium oxidation could be due to the 400 

anoxic conditions of our biological treatment in contrast with the aerobic nature of typical nitrifying 401 

bacteria. In spite of the optimal ammonium removal, not all nitrate was denitrified due to the 402 

competitive role of the ec-bed for accepting the electrons and to the low availiability of COD at the 403 

upper layers (outlet) of the biofilter.  404 
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 405 

4. Conclusions 406 

Our new strategy to directed the flux of electrons inside the an electroconductive bed by using an 407 

e-sink device was successful because the highest performance efficiency was achieved by the TEA 408 

solution in the e-sink with highest redox potential (Jadhav et al., 2014) (e.g., hypochlorite 1.3 V in 409 

comparison with oxygen 0.8 V). Furthermore, that the resistance of the bed material great influenced 410 

the availability of TEAs.  Interestingly, the fact that the gravel bed  did not exhibit any removal 411 

enhancement (Fig. 5) supports our e-sink theory that the TEAs in the e-sink remained unavailable 412 

due to the inert nature of the bed.  413 

With this technology’s great promise, there are several issues that should be further explored. For 414 

example, when scaling up what is the effective area of e-sink influence, and the cost to benefit 415 

analysis of the e-sink. Therefore, we are currently designing and integrating the e-sink into pilot and 416 

full scale METlands® to further understand their efficacy.  417 
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