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Abstract 25 

Bioelectrochemical systems offer a potential solution for the treatment of a broad 26 

variety of environmental contaminants. Unfortunately, when applied to the remediation 27 

of soil and sediments, the low electrical and hydraulic conductivities of these media 28 

limit their effective applicability in full-scale installations. Interestingly, these 29 

drawbacks may be overcome by including conductive particles within the soil porosity 30 

in order to maximize the outreach of the electrode through the contaminated medium, 31 

thereby minimizing electron- and mass-transfer limitations.  32 

Herein, we increase the electrical conductivity of a model porous aquifer by using 33 

amendments of graphene oxide (GO), followed by its reduction into reduced graphene 34 

oxide (rGO) by means of microbial or electrochemical reduction methods. Both 35 

approaches promoted the formation of rGO-sand composites with superior electrical 36 

features compared to controls not amended with GO, with conductivity being positively 37 

correlated to the GO application rates, within the applied range of 10 to 2000 mgGO 38 

kgsand-1. The electrochemical reduction yielded significantly higher conductivity than 39 

the biological method. This result is putatively ascribed to a higher degree of reduction 40 

achieved by the former approach. When applied to laboratory scale soil 41 

bioelectrochemical systems fed with sodium acetate as a model contaminant, the 42 

GO-amended reactors delivered 32x higher anodic current compared to unamended 43 

controls. We conclude that GO amendments to porous soils improve the outreach of the 44 

electrochemical process to include microbial cells in distal soil locations. 45 

 46 

Keywords: microbial electrochemical technologies; bioremediation; reduced graphene 47 

oxide; electrode modification; improved soil conductivity. 48 
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1 Introduction 50 

Groundwater and soil contamination by recalcitrant and hazardous organic compounds 51 

such as petroleum hydrocarbons derived from anthropogenic sources (e.g., industrial 52 

development, intensive agriculture practices, and accidental oil spills), poses a serious 53 

worldwide concern. Besides expensive physico-chemical treatment technologies, 54 

bioremediation processes that rely on the microbially-mediated destruction of 55 

pollutants, are increasingly becoming the treatment of choice, even for the removal of 56 

more persistent and toxic pollutants, due to their cost-effectiveness and flexibility [1]. 57 

During bioremediation, microorganisms use organic contaminants as a source of energy 58 

and carbon to fulfil their metabolic requirements [2]. Since terminal electron acceptors 59 

such as oxygen and nitrates are typically present at low levels in natural subsurface 60 

environments [3,4], bioremediation technologies often rely on the continuous supply of 61 

these chemicals to promote microbial respiration and hence the degradation process [5]. 62 

Unfortunately, the presence of unwanted side reactions (e.g., the reaction of oxygen 63 

with reduced species such as Fe2+ and Mn2+), the limited dispersion of these chemicals 64 

in the soil matrix, and losses due to diffusion from the contaminated area, requires that 65 

these chemicals are supplied in large excess relatively to the stochiometric demand to 66 

treat the contamination [3,5], resulting in significant operational costs and energy 67 

investment [6]. 68 

Conversely, microbial electrochemical technologies, might provide a valid 69 

alternative to conventional processes for plume management [7]. By employing the 70 

specific ability of certain microorganisms to use solid state electrodes as electron 71 

acceptors or donors, bioelectrochemical systems (BESs) were applied to promote the 72 

removal of a wide range of groundwater and soil contaminants, including BTEX [6], 73 

PAHs [8], nitrates [9], and chlorinated aliphatic hydrocarbons [10]. Importantly, since 74 

electrodes in BESs act as an inexhaustible sink or source of electrons to sustain the 75 

microbial metabolism, bioelectrochemical remediation overcomes the requirement for 76 

expensive chemical dosing and might offer a cheaper alternative to conventional 77 

technologies for bioremediation [1,11]. 78 

While potentially competitive with other conventional treatments, the 79 

bioelectrochemical remediation of soil and groundwater contaminants is generally 80 

associated to low anodic currents, typically within the range of a few micro Amperes 81 

per square centimetres of projected electrode surface [8,12–14]. Factors affecting the 82 



4 
 

low performance include the usually slow biodegradability of certain contaminations 83 

(e.g., BTEX and PAHs), as well as the intrinsic properties of the solid matrices. For 84 

example, in a standard configuration of a soil or sediment bioelectrochemical system, 85 

the electrodes are buried under the soil/water interface [15,16]. The presence of soil 86 

particles and the absence of hydraulic regimes to guarantee completely mixed 87 

conditions in the subsurface environment, usually generate strong concentration 88 

gradients around the electrodes, which limit the mass transport of contaminants towards 89 

the electrode surface [16,17]. In addition, since bioelectrocatalytic reactions are usually 90 

confined to the surface of the electrodes where electroactive organisms are 91 

preferentially located, the effectiveness of the bioelectrochemical treatment is typically 92 

limited to a few centimetres near the electrode surface [5].  93 

Amending soils or sediments with biocompatible conductive particles such as 94 

granular graphite, biochar, fumed silica, ferric citrate, colloidal iron oxyhydroxide, in 95 

order to increase their electrical conductivity has been proposed as a potential solution 96 

to resolve this important drawback of bioelectrochemical remediation technologies 97 

[17–20]. It is hypothesized that the presence of conductive particles would allow the 98 

simultaneous decrease of mass transport limitations of contaminants towards the 99 

electrode surface, since the electrodes would stretch directly into the soil porosity 100 

through a network of conductive particles all electrically interconnected, while the 101 

increase in the electrode surface would promote the attachment of additional 102 

electroactive biomass that can contribute to the bioelectrochemical remediation, 103 

thereby achieving a significant improvement in performance of the bioelectrochemical 104 

treatment.  105 

Along these lines is the use of graphene, a two-dimensional carbon nanomaterial 106 

characterized by outstanding electrical conductivity, high mechanical and chemical 107 

stability, and high specific surface area [21]. A cost-effective approach for graphene 108 

production is the reduction of water-soluble non-conductive graphene oxide (GO) to 109 

insoluble and conductive reduced graphene oxide (rGO). Amongst the various 110 

strategies for GO reduction, electrochemical reduction at polarized electrode surfaces, 111 

and microbial reduction by organisms that use GO as electron acceptor to support 112 

respiration, are the simplest and least expensive methods [22]. 113 

In this study, we tested the hypothesis that rGO significantly increases the 114 

electrical conductivity of porous soils by forming a network of conductive rGO 115 

particles extending several centimetres from the current collectors. We amended a 116 
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model porous soil (quartz sand) with different levels of GO and employed and 117 

compared two strategies for the in situ reduction of GO into rGO, specifically, 118 

biological GO reduction using electroactive microorganisms as biocatalysts and acetate 119 

as metabolic electron donor, and electrochemical GO reduction using polarized 120 

electrodes to induce the reduction. The use of dispersions of GO as opposed to direct 121 

graphene inclusions is advantageous. In fact, not only GO is cheaper than graphene, but 122 

the use of a water dispersion containing GO would also facilitate its inclusion within 123 

the soil porosity, thereby circumventing the need for mechanical mixing that would 124 

otherwise be necessary to incorporate previously prepared graphene nanoparticles.  125 

Electrical conductivity of the rGO-sand composites was assessed as a function 126 

of the GO application rates using the two-probe DC current-Voltage (i-V) method. 127 

Measurements were confirmed with two-probe AC Impedance Spectroscopy. Raman 128 

spectroscopy was used to characterise the chemical nature of the aggregates formed 129 

upon the reduction process. 16S rRNA gene amplicon sequencing was employed to 130 

assess the microbial communities developed under different GO levels during the 131 

biological GO reduction tests. Finally, the performance of the GO amended soils was 132 

tested in bench-scale soil bioelectrochemical systems using acetate as a model organic 133 

contaminant. 134 

2 Experimental 135 

2.1 Aqueous mediums and model soil 136 

Biological GO reduction tests were conducted in growth medium consisting of 137 

autoclaved reverse osmosis (RO) water containing, per litre: Na2HPO4 (6.0 g), KH2PO4 138 

(3.0 g), NH4Cl (0.1 g), NaCl (0.5 g), MgSO4·7H2O (0.1 g), CaCl2·2H2O (0.015 g), 139 

CH3COONa (3.28 g, equivalent to 40 mmol), trace elements solution (1 mL, 140 

composition in Lu et al. [23]), and vitamin solution (1 mL, composition in Wolin et al. 141 

[24]). Electrochemical GO reduction tests were conducted in a medium consisting of 142 

RO water and 5.8 g L-1 NaCl, according to Hilder et al. [25]. Quartz sand (white quartz, 143 

50-70 mesh, Sigma-Aldrich, USA) was used to simulate a porous soil. 144 

 145 

2.2 Miniature-scale electrochemical systems  146 

Tests of biological and electrochemical GO reduction were performed using ordinary 147 

polypropylene test tubes (internal volume 70 mL, Sarstedt AG & Co., Germany), 148 
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somewhat modified to accommodate two graphite rods (length: 7 cm, diameter: 6.35 149 

mm, Morgan AM&T, Australia) placed at a fixed distance of ca. 2 cm. The rods were 150 

partially insulated with parafilm leaving only a portion about 1.2 cm long at the bottom 151 

(i.e., the part buried in the sand) exposed to the electrolyte. A schematic representation 152 

of the miniature-scale electrochemical systems is provided in Figures S1 and S2 in the 153 

Supplementary Material. 154 

In addition to the graphite rods, the test tubes used for the electrochemical GO 155 

reduction tests also contained a titanium wire (99.8 %, temper annealed, diameter 0.5 156 

mm, 5 cm long, Advent Research Materials, UK) and an Ag/AgCl reference electrode 157 

in 3 M KCl (MF-2053, Basi, USA, +0.210 V vs the standard hydrogen electrode, SHE). 158 

Each test tube was partially filled with 30 g of sand, occupying ca. 20 mL of the volume 159 

of the tubes, and 30 mL of the respective electrolytes mixed with a GO dispersion 160 

(Graphene Oxide water dispersion, 4 g L-1, Graphenea, Spain) in appropriate 161 

proportions to yield GO application rates of 10, 50, 100, 200, 500, 1000, and 2000 mgGO 162 

kgsand-1 (respectively 0.001, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2 % of the dry weight of the 163 

sand). Additional tubes were prepared to contain only sand and the aqueous mediums, 164 

but without GO. These tubes were used as Controls as indicated in the text. pH and 165 

ionic conductivity of the electrolytes were measured prior to the reduction tests and are 166 

indicated in Table S1 in the Supplementary Material.  167 

 168 

2.3 Biological GO reduction 169 

The biological GO reduction tests were done using the miniature-scale electrochemical 170 

systems design that only contained two graphite rods (Figure S1). The tests were 171 

carried out under the rationale that microorganisms use GO as electron acceptor during 172 

the metabolism of a carbonaceous electron donor (sodium acetate in this work), thereby 173 

forming rGO. Therefore, eight miniature-scale electrochemical systems (seven in total 174 

plus a control not amended with GO) were inoculated with 1 mL of electroactive 175 

biomass (Text S1). The tubes were sealed and incubated at 35° C for 14 d inside an 176 

anaerobic chamber to promote the conversion of GO into rGO. Preliminary tests 177 

performed in serum bottles had shown that this incubation time was sufficient to allow 178 

for the formation of solid particles (putatively made of rGO and bacterial cells) that 179 

clearly separated from the solution (Text S2). Measurements of conductivity of the 180 

rGO-sand composites were made at the start (0 d) and at the end (14 d) of the incubation 181 

period, according to the method described below. 182 
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 183 

2.4 Electrochemical GO reduction 184 

The electrochemical GO reduction experiments were conducted using the set-up 185 

depicted in Figure S2, which, in addition to the two graphite rods, included a titanium 186 

wire and a reference electrode. After the addition of the respective mediums, the tubes 187 

were sealed and the electrodes connected to a multi-channel potentiostat to 188 

accommodate for the operation of all tubes simultaneously (1000C Series 189 

Multi-potentiostat, CH Instruments, Austin, Texas, USA). In each tube, the two 190 

graphite rods were short-circuited and connected to the working electrode terminal 191 

(WE), while the titanium wire was connected to the counter electrode terminal (CE). 192 

During the reduction, the WE was poised at the potential of -1.2 V vs Ag/AgCl for a 193 

total period of 60 h. This potential was considered sufficient to promote the progressive 194 

electrochemical reduction of GO into rGO [25]. Measurements of conductivity of the 195 

rGO-sand composites were performed prior to the start of the electrochemical reduction 196 

(0 h), and then at 12 h, 36 h and 60 h. Electrical conductivity was measured according 197 

to the methods described below.  198 

 199 

2.5 Measurements of electrical conductivity 200 

The conductivity of the rGO-sand composites obtained after the biological and 201 

electrochemical reduction was determined using the two-probe DC current-voltage 202 

(i-V) method, according to previously published procedure [26]. A fixed voltage was 203 

imposed between the two graphite rods using a potentiostat. While the WE terminal of 204 

the potentiostat was connected to one rod, the CE and REF terminals were 205 

short-circuited and connected to the second rod. This arrangement allowed the 206 

application of a fixed voltage bias between the CE/REF and the WE. The resulting 207 

anodic current was recorded over a 300 s period to allow for the exponential decay of 208 

ionic and capacitive charge/discharge currents. To guarantee linearity of the i-V features 209 

and avoid electrochemical splitting of water, discrete voltage values were selected 210 

within a low voltage ramp of ±0.5 V using 0.05 V increment/decrement steps (with the 211 

sole exception of the measurements made prior to the reduction, for which a narrower 212 

voltage ramp within ±0.3 V was used). For each voltage, time-averaged currents were 213 

determined using the data collected in the final 60 s, during which the steady-state was 214 

confirmed by a time-variation of the current below 20 μA min-1. Time-averaged 215 

currents were used to create current vs voltage (i-V) profiles, which were fitted with a 216 
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linear function using Prism (Version 7.a, Graphpad, USA) to extract the slope (that is, 217 

the electrical conductance), whose inverse represents the electrical resistance, 218 

according to Ohm’s law: 219 

 220 

    𝑅!"# =
#
!
                                                          (1) 221 

 222 

where Ri-V is the electrical resistance as determined from the i-V profiles (Ω), V is the 223 

applied voltage (V) and i the steady-state current across the two rods (A). Values of 224 

resistance were then used to determine the electrical resistivity according to the 225 

following equation: 226 

 227 

     𝜌 = $∙&
'((∙)

                                                                      (2) 228 

 229 

where ρ is the electrical resistivity of the sample (Ω×m), R is the resistance (Ω), A is the 230 

projected sectional area of the rods (cm2), l is the distance between the rods (cm). 231 

Finally, the electrical conductivity σ (mS cm-1) was determined as the inverse of the 232 

resistivity: 233 

 234 

     𝜎 = '
*
                                                                  (3) 235 

 236 

2.6 Confocal Raman Microscopy (CRM) 237 

Confocal Raman Microscope measurements were performed at 22±1° C using an Alpha 238 

300 Raman/AFM (WITec GmbH, Ulm, Germany) equipped with a frequency-doubled 239 

continuous-wave Nd:YAG laser to obtain a 532 nm excitation line. The laser beam was 240 

focused by an objective lens (Nikon 40X, N.A. 0.6, CFI S Plan Fluor ELWD objective). 241 

The back-scattered Raman light from the sample was collected with a 100 µm optical 242 

fibre employing a Raman spectrometer (1800 grooves per mm grating) with a 243 

charge-coupled device (EMCCD) spectroscopic detector. Project FOUR software 244 

(WITec GmbH, Ulm, Germany) was used for spectra processing and image 245 

reconstruction.  246 

 247 

2.7 Bench-scale soil bioelectrochemical systems 248 



9 
 

Four bench-scale soil bioelectrochemical systems were assembled using tubular glass 249 

vessels (internal volume of ca. 450 mL), tailored to accommodate three graphite rods 250 

serving as working electrodes and current collectors (length: 12 cm, diameter: 6.35 mm, 251 

Morgan AM&T, Australia), one piece of reticulated vitreous carbon (RVC) foam (45 252 

pores per inch, dimensions: 1 x 1 x 2 cm3, Duocel, ERF Materials and Aerospace 253 

Corporation, USA) serving as counter electrode, and an Ag/AgCl reference electrode 254 

in 3 M KCl (MF-2053, Basi, USA). External contact of the RVC was obtained using a 255 

titanium wire. The three graphite rods were short-circuited and connected to the WE 256 

terminal of a multi-channel potentiostat (VMP3 Potentiostat/Galvanostat, BioLogic 257 

Science Instruments, France), while the RVC and the reference electrode were 258 

connected to the CE and REF terminals, respectively. 259 

Two of the four vessels were filled with 250 g of sand (equal to a volume of 260 

approximately 190 mL), and 250 mL of electrolyte, which included 125 mL of saline 261 

medium containing 5.8 g L-1 of NaCl in RO water and 125 mL of GO dispersion to 262 

yield a GO rate of 2000 mgGO kgsand-1 in the vessels. All graphite rods were partially 263 

insulated to leave only a portion about 3 cm long exposed to the electrolyte (i.e., the 264 

part buried into the sand bed). rGO formation was achieved using the electroreduction 265 

method, whereby the graphite rods were poised at the potential of -1.2 V vs Ag/AgCl 266 

for a total period of 70 h, considered sufficient to achieve full reduction of the GO 267 

provided. After the electroreduction, the saline medium was drained and replenished 268 

with culturing medium (composition provided above), which included 40 mM of 269 

sodium acetate. Mixing was provided by including a hydraulic loop to recirculate the 270 

medium through the sand bed at the rate of ca. 100 mL h-1 using a peristaltic pump 271 

(323S Watson-Marlow Pty Limited NSW, Australia). A glass bottle containing 272 

additional 500 mL of medium was connected to the recirculation loop to provide 273 

additional buffering capacity and metabolic electron donor. We refer to these two 274 

vessels as rGO 1 and rGO 2. The two additional vessels were set-up identically to rGO 275 

1 and rGO 2, except that these two systems were not amended with GO, and served as 276 

controls. They are referred herein as C1 and C2.  277 

All four electrochemical systems were immersed in a water bath set at the 278 

temperature of 35 °C, and each was inoculated with 2.5 mL of electroactive biomass 279 

(Text S1). In each vessel, the graphite rods were short-circuited and poised at the fixed 280 

potential of 0 V vs Ag/AgCl and incubated for 20 d. This electrochemical potential was 281 

shown as suitable for the development of anodic biofilms metabolising acetate [27,28]. 282 
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The resulting current vs time profiles were used to evaluate the performance of the 283 

systems. 284 

3 Results and Discussion 285 

To promote the biological reduction of GO, an enriched Geobacter community was 286 

used under the hypothesis that this highly electroactive lineage would directly aid in 287 

the reduction process and then be available for mediating electron transfer in the 288 

transition to a bioelectrochemical system. However, community analysis 289 

(Supplementary method S1) showed that after incubation (14 d) in the growth media 290 

containing 40 mM acetate as metabolic electron donor, Geobacter became a minor 291 

lineage in the system, never exceeding 2.5 % final abundance (Figure S4). Instead, 292 

lineages of Acidovorax, Pseudomonas, and to a lesser extent Geovibrio, overtook 293 

Geobacter as the dominant microbial community members. Castellaniella, Xylophilus, 294 

Wolinella, and one unidentified lineage were also highly abundant in the higher 295 

concentrations of GO. This change between the inoculum and the incubations 296 

accounted for about half (50.1 %) of the variance in the overall community profile, 297 

while about half (24.9 %) of the remaining variance resulted from the change in 298 

incubation GO concentration (Figure S5). The lower GO application rates (0 to 500 299 

mgGO kgsand-1) are distinguished from the highest (1000 and 2000 mgGO kgsand-1) by high 300 

final abundance of Pseudomonas, Geovibrio, and Acidovorax lineages, while the higher 301 

concentrations are distinguished by Castellaniella, Ferribacterium, Wolinella, 302 

Xylophilus, Azospirillum, and a different lineage of Pseudomonas. Species of 303 

Acidovorax are well-known to degrade aromatic compounds such as biphenyls [29–32] 304 

and phenanthrene [33]. Additionally, some lineages of Acidovorax, such as A. sp. Strain 305 

KKS102, are thought to be symbiotic with specific Pseudomonas lineages in aromatic-306 

degrading mixed communities [34,35]. This aromatic degradation function is highly 307 

consistent with the reduction of GO to rGO, and the high degree of associated variance 308 

between Acidovorax and Pseudomonas_1 suggests these two lineages may be 309 

symbionts in this process. Castellaniella is also known to degrade aromatic compounds 310 

[36]. Its low abundance at GO up to 500 mgGO kgsand-1, and then subsequent high 311 

abundance suggests that Acidovorax was able to outcompete Castellaniella at these 312 

lower GO concentrations, but that above 500 mgGO kgsand-1 GO was in excess for 313 

Acidovorax, enabling other aromatic degraders to contribute to GO reduction. These 314 
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results are in disagreement with the hypothesis that the presence of GO might promote 315 

the enrichment towards microbial taxa with known extracellular electron transfer 316 

capabilities, as previously suggested by Alonso et al. [37], but are in line with 317 

community analysis performed on rGO-biofilm hydrogels and reported by Virdis and 318 

Dennis [38]. 319 

 Conversely, the electrochemical GO reduction was obtained under abiotic 320 

conditions by poising the two graphite rods at the electrochemical potential of -1.2 V 321 

vs Ag/AgCl for a period of 60 h. In fact, according to the approach suggested by Hilder 322 

et al. [25], the application of a potential lower than -1.153 V vs Ag/AgCl ensures the 323 

formation of stable rGO deposits if the ionic conductivity and the pH of the electrolyte, 324 

both measured prior to starting the reduction, are within the ranges of 4 to 25 mS cm-1, 325 

and 1.5 to 12.5, respectively, conditions that were adequately satisfied in the 326 

electrolytes used in this work (Table S1). The application of a reducing potential at the 327 

electrode/GO dispersion interface results in chemical and structural changes of the 328 

graphene oxide due to the progressive removal of the oxygen functional groups (COH, 329 

C=O, or COOH) present in GO [25], with the remaining oxygen groups producing 330 

structural defects compared to pristine graphene. Importantly, while GO sheets present 331 

low electrical conductivity, the progressive reduction results in the partial recovery of 332 

the conductivity [39]. The structural changes resulting from the reduction of GO into 333 

rGO are typically reflected in the spectroscopic signatures. Figure 1 shows confocal 334 

Raman microscopy measurements on samples collected after the reduction process. The 335 

Raman scattering of graphene typically exhibit two principle bands designed as the G 336 

and the 2D at around 1580 and 2700 cm-1, respectively, while a third band (D-band) is 337 

often observable at around 1350 cm-1 and is associated with defects within the carbon 338 

[40]. All three bands are clearly visible in all spectra measured on the collected samples, 339 

including the GO solution as provided by the manufacturer (Figure 1A), the material 340 

collected from the biological reduction test tubes at the end of the reduction processes 341 

(14 d) (Figure 1B), and after electrochemical reduction (60 h) (Figure 1C). All spectra 342 

present a very pronounced D-band, indicating a high level of structural disorder, 343 

probably ascribed to a multi-layered structure typical of the formation conditions. The 344 

formation of rGO from the reduction of GO due to the operating conditions is confirmed 345 

by changes in the relative intensity of the G- and D-bands. In particular, the ratio of the 346 

intensities of these two bands (ID/IG) is typically higher in rGO than in GO due to the 347 

increase in structural defects (resulting in the increase in the intensity of the D-band) 348 
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and the disruption of the sp2 bonds of the carbon in rGO (resulting in a decrease in the 349 

intensity of the G-band) [40,41]. Figure 1 shows that upon reduction, spectra collected 350 

from the aggregates present ID/IG ratios higher than the value observed in the GO 351 

dispersion, indicating that both reduction methods resulted in the formation of new 352 

graphitic domains following the reduction or removal of oxygen-containing functional 353 

groups [42]. Interestingly, a higher ID/IG ratio was observed on samples obtained after 354 

electrochemical reduction, and points at a higher degree of reduction and electrical 355 

properties achieved with this reduction method compared to the biological reduction 356 

route [39,40,43]. 357 

Figure 2 presents representative current-voltage profiles obtained during the 358 

measurements of conductivity using the two-probe DC i-V method. For both the 359 

biological and the electrochemical reduction methods, the profiles display high current 360 

response at increasing levels of GO, consistent with an increase in conductivity ascribed 361 

to the inclusion of rGO connecting the two current collectors. The same linear trend 362 

was observed on forward and backward scans, confirming the presence of ohmic 363 

contact of the junction [26]. It is worth noting that while the presence of acetate in the 364 

biological GO reduction miniature-scale electrochemical systems could potentially 365 

affect the measurements of conductivity because of the current associated with 366 

microbial acetate oxidation, this possible issue was ruled out here since the contribution 367 

of acetate-driven current would have resulted in a non-linear dependency of the 368 

current-Voltage profiles, typically observed in microbially-mediated electrochemical 369 

processes, and not evidenced in the i-V traces reported here (Figure 2). Indeed, 370 

Malvankar et al. [26] have previously reported that biofilm conductivity (measured 371 

across a similar voltage ramp as that used here) was not affected by acetate removal, 372 

thereby supporting our simplification.  373 

The slopes of the linear fitting lines of the i-V profiles were used to determine 374 

the conductivity according to the methods described in the Experimental (section 2). 375 

Figure 3 and Table S2 report the values of conductivity for the full set of experiments. 376 

The measurements of conductivity obtained with the DC i-V method are in good 377 

agreement with those obtained using the two-probe AC impedance spectroscopy 378 

method (Supplementary method S2 and Text S3), thereby confirming that the 379 

measured conductivity with the two-probe DC i-V method was due to the properties of 380 

the junction and not to those of the electrolyte. Interestingly, the increment in soil 381 

conductivity is positively correlated with the levels of GO. Not surprisingly, the highest 382 
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conductivities were measured at the highest GO application rate of 2000 mgGO kgsand-1. 383 

Specifically, as the result of the electrochemical reduction, the soil conductivity 384 

increased from 0.0023±0.0003 mS cm-1 measured in the unamended control, to 385 

19.7±0.9 mS cm-1 measured after 60 h of reduction, which is equal to a four-order of 386 

magnitude increase (Table S2). Though not as remarkable as observed after the 387 

electrochemical reduction, the biological GO reduction also yielded a significant 388 

improvement in the electrical conductivity, which increased from 0.003±0.003 mS cm-1 389 

measured in the unamended control, to 5.1±1.5 mS cm-1. These conductivities are lower 390 

than those measured on rGO films obtained from GO reduction with various chemical 391 

reductants [44–46]. However, the different scales and geometries of the measuring 392 

apparatuses adopted here make it difficult to compare our results with measurements of 393 

sheet resistance of thin film with uniform thickness reported elsewhere. Nevertheless, 394 

the results reported here are remarkable when compared with the conductivity resulting 395 

from amendments with other conductive materials [17,47,48]. For example, Burrell et 396 

al. [48] reported electrical conductivity in the range of approximately 90 to 190 μS cm-1 397 

measured in soils amended with 3 % (w/w) of biochar. Conversely, our results show 398 

that GO amendments to soil of only 0.2 % (w/w) are sufficient to yield a conductivity 399 

that is two orders of magnitude higher. This might represent a considerable advantage 400 

for the eventual scale up of the technology.  401 

Remarkably, while the electrochemical reduction was applied for a total of 60 402 

h, the largest increment in conductivity was achieved within the first 12 h of reduction. 403 

Figure 3B shows that the conductivity values at 12 h measured in the low GO 404 

application rates (0-500 mgGO kgsand-1) were already very close to the highest values 405 

recorded at 60 h. Further reduction resulted only in a small increase. Surprisingly, at 406 

the highest GO application rates (that is, 1000 and 2000 mgGO kgsand-1), the 407 

conductivities measured at 60 h were lower than those measured at 12 h and 36 h. We 408 

ascribe this phenomenon to the hydrogen evolution reaction - highly possible under the 409 

electrochemical conditions applied (-1.2 V vs Ag/AgCl) - which could have resulted in 410 

the formation of increasingly larger bubbles and the progressive displacement and 411 

hence the disruption of the conductive rGO network. Indeed, the accumulation of gas 412 

bubbles within the rGO-sand particles was evident throughout the reduction process. 413 

The electrochemical GO reduction method yielded consistently higher 414 

conductivity than the biological approach, especially at the higher GO applications 415 

rates. The relationship between the conductivity obtained with the two methods is 416 



14 
 

reported in Figure S7. At the GO rate of 2000 mgGO kgsand-1, the electrochemical GO 417 

reduction resulted in rGO-sand composites displaying 4.1±1.3 times higher 418 

conductivity than that observed in the biological test tubes. We ascribe the better 419 

performance of the electrochemical method to the superior conductive properties of the 420 

rGO produced by the electrochemical reduction. Raman measurements corroborate this 421 

hypothesis, evidencing that the electrochemical reduction yielded rGO with a higher 422 

degree of reduction than the rGO produced through the biological method, as evidenced 423 

by assessment of the ID/IG ratios (see Figure 1 and discussion above). The higher degree 424 

of reduction should translate into a higher electrical conductivity of the rGO deposits. 425 

Indeed, Mohan and co-workers observed that ID/IG ratio correlates well with higher 426 

electrical conductivity exhibited by GO reduced by different chemical reductants [39]. 427 

While it is also possible that the lower performance of the rGO produced through 428 

biological reduction is due to uncomplete reduction of the GO made available during 429 

the tests, our preliminary assessment in serum flasks (Text S2 and Figure S3) show 430 

that all the GO provided was converted into graphitic deposits even at the highest 431 

application rates, suggesting that the 14 d incubation period was sufficient to allow the 432 

reduction of all the GO supplied. In addition, electrochemical impedance spectroscopy 433 

measurements performed at the end of the biological reduction period evidenced 434 

consistent values of the electrolyte resistance, and hence similar electrical properties of 435 

the electrolytes, maintained across the whole range of GO loads (Text S3).  436 

These results revealed the superiority of the electrochemical reduction strategy 437 

in increasing the electrical conductivity of the model porous soil, with the highest 438 

conductivity resulting at GO application rate of 2000 mgGO kgsand-1 (Figures 2 and 3). 439 

In order to evaluate the performance of the augmented soil in terms of its capacity to 440 

act as an inexhaustible sink for electrons during the oxidation of carbonaceous organic 441 

matter, two identical bench-scale soil BESs were amended with 2000 mgGO kgsand-1 442 

electrochemically reduced to rGO, filled with biological growth medium including 40 443 

mM of acetate as metabolic electron donor, and seeded with electroactive biomass 444 

(Figure S11). The choice to use acetate as the metabolic electron donor was dictated 445 

by the requirement to use a readily biodegradable carbonaceous electron donor that 446 

would allow the assessment of the performance of the system without the constraint 447 

given by the slow degradation kinetics typical of more relevant soil and sediments 448 

contaminations such as, for instance, polycyclic aromatic hydrocarbons [12,49–52]. 449 

Figure 4A displays the current vs time profiles resulting from the operation of the 450 
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microbial electrochemical systems for a total of 22 d, during which two additional 451 

acetate injections were done. After an initial lag associated with the time required for 452 

the growth and colonization of the electrode surface by the electroactive community, 453 

both GO-amended BESs delivered anodic current outputs consistently higher than those 454 

measured in the control BESs (Figure 4A and B). The average peak current values 455 

measured in the presence of rGO were improved by a factor of 32±10 (Figure 4C). 456 

Considering that the current in the control reactors presumably derives only from 457 

microbial cells interacting directly with the current collectors (i.e., at the surface of the 458 

graphite rods), the enhanced current observed in the GO-amended systems can be 459 

interpreted by including also the contribution of microbial cells dwelling in locations 460 

distant from the graphite rods. In fact, given that the electrical conductivity measured 461 

between the rods was of the same magnitude as that measured in the miniature-scale 462 

electrochemical systems (data not shown), and that the average distance between the 463 

rods inserted in each reactor was of 5.0±0.3 cm, while the diameter of the vessels was 464 

of 9 cm, it is reasonable to assume that all soil locations in the GO amended systems 465 

were electrically interconnected thanks to the presence of rGO particles, with the 466 

electrochemical process extending several centimetres into the soil from the graphite 467 

rods. The highest peak anodic current of 103 mA was observed in reactor rGO 2 during 468 

the third batch test (Figure 4A). Under the assumption that all soil volume (ca. 190 469 

mL) is actively contributing to the electrochemical process, due to the presence of 470 

electroactive microorganisms attached to the rGO, this electrical current is equivalent 471 

to 0.542 mA cm-3 rGO-sand composite. When normalized to the surface of the graphite 472 

rods in direct contact with the rGO in the sand bed (equal to 18.9 cm2), the resulting 473 

current density is 5.4 mA cm-2, which not only is greater than values previously reported 474 

for sand, soils, and sediments BESs following amendments of granular graphite, silica 475 

or iron colloids, and biochar as conductive particles [17,18,20,53], thus indicating the 476 

effectiveness of GO in enhancing the conductivity of porous soils, but being also higher 477 

than current densities typically reported for anodic electroactive microorganisms 478 

(including the highly performing G. sulfurreducens strain KN400), it implies that the 479 

presence of rGO allows a larger portion of soil microbiome to contribute to the 480 

electrochemical process [27,54,55]. 481 



16 
 

4 Conclusions 482 

In this study, a novel approach for the improvement of the electrochemical performance 483 

of soil bioelectrochemical systems is presented, based on the addition of GO into a 484 

porous soil, followed by its in situ reduction into rGO by means of electrochemical or 485 

microbial reduction methods. Measurements of conductivity by two-probe DC and AC 486 

methods indicated that the electrochemical reduction yielded rGO-sand composites 487 

with superior electrical conductivity than the biological approach. The presence of 488 

conductive rGO allows a larger soil volume (including the microbial community 489 

within) to contribute to the electrochemical process, thereby improving the outreach of 490 

the electrochemical treatment to include distal soil locations from the main current 491 

collectors. GO appears as more effective than other previously tested conductive 492 

materials in improving the performance of soil BESs, such as granular graphite, 493 

biochar, fumed silica, or a combination of ferric citrate and colloidal iron oxyhydroxide 494 

[17–20]. In the present study, it was observed that an improvement in the anodic current 495 

by an average factor of 32 relatively to unamended controls could be achieved using 496 

only a 0.2 % GO amendment to sand, equivalent to 2 kg GO per ton of soil (dry wt.), 497 

which is a significantly lower application rate than those used in the above-mentioned 498 

studies. With market projections for graphene expected to significantly expand over the 499 

next five to ten years, it is anticipated that the price of GO will drop significantly in the 500 

near future [56]. This is likely to promote the application of GO into next generation 501 

electrochemical waste treatment processes, including water and soil remediation, in line 502 

with current trends (see e.g., Wang et al. [57], Colunga et al. [58], Shen et al. [59]). 503 

Moreover, various reports already exist on the sustainable production of graphene and 504 

graphene oxide from a variety of natural and industrial waste [60–62]. This may 505 

generate further incentives to promote the use of sustainably-sourced graphenes within 506 

the circular economy. In this scenario, provided that target electric currents (hence, 507 

conversion rates of contaminants) are met, GO-augmented soil bioelectrochemical 508 

systems might inspire the development of robust, flexible, low-cost, and sustainable 509 

alternative to traditional technologies for groundwater and soil remediation.  510 
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 730 
Figure 1. Normalized and background subtracted Raman spectra. (A) spectra of the 731 

undiluted GO dispersion, (B) spectra of the graphitic material collected at the end of 732 

the incubation period for the biological reduction (14 d), and (C) spectra of the graphitic 733 

material collected at the end of the electrochemical reduction (60 h).  734 
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 737 
Figure 2. Representative current-voltage (i-V) data measured on rGO-sand composites 738 

at the end of the respective reduction periods (i.e., at 14 d for the biological GO 739 

reduction, left panel, and at 60 h for the electrochemical reduction, right panel). Each 740 

voltage was applied for 300 s across a voltage ramp of ±0.5 V using steps of 0.05 V. 741 

Time-average currents were collected in the last 60 s and used to construct the i-V 742 

profiles. Each data set was fit with a linear fitting function to determine the resistivity. 743 

Data are reported as average and standard deviation of triplicate independent tests. 744 

Individual tests are reported in Figure S6. 745 
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 747 
Figure 3. Electrical conductivity measured for different GO application rates (A) at 748 

time 0 d and 14 d of incubation for the biological reduction, and (B) at time 0, 12, 36, 749 

and 60 h of the electrochemical reduction. 750 
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 753 
Figure 4. A) and B) electrical current vs time traces of soil bioelectrochemical systems 754 

amended with GO at the rate of 2000 mgGO kgsand-1 (rGO 1 and rGO 2), and controls 755 

unamended with GO (Control 1 and Control 2). 40 mM sodium acetate was provided 756 

as metabolic electron donor. All electrochemical systems were seeded with 757 

electroactive microorganisms. The electrodes were poised at 0 V vs Ag/AgCl for the 758 

whole duration of the experiments. Asterisks represent acetate additions. C) average 759 

current outputs produced during the course of the three batch tests.  760 
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