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ABSTRACT 15 

The potential of electrokinetic (EK) remediation to remove from soils one particular group of 16 

contaminants - contaminants of emergent concern (CECs), remains largely overlooked. The present 17 

study aimed to evaluate the efficiency of the EK process for the remediation of an agricultural clay soil 18 

containing CECs. The soil was spiked with four CECs - sulfamethoxazole, ibuprofen, triclosan and 19 

caffeine - and their status (i.e. residual amounts and spatial distribution) evaluated at the seventh day 20 

of EK treatment at a defined current intensity, directionality and duration of void period. The 21 

characterization of the soil physicochemical properties was also undertaken. The results showed 22 

similar degradation trends in all applied EK strategies, which were suchlike to that of the natural 23 

attenuation (biotic control): sulfamethoxazole > ibuprofen ≥ triclosan ≥ caffeine. The removal of the 24 

CECs was higher under a 10 mA constant current application than in the natural attenuation (up to 2.8 25 

times higher; from 13 to 85%). Caffeine was the exception with its best removal efficiency being 26 

achieved when the ON/OFF switch mode with a void period duration of 12 h was used (36%). The use 27 

of electro-polarization reversal mode did not favour the remediation. The soil pH variations resulting 28 

from EK application were determinant for triclosan remediation, which increased with soil pH increase. 29 

The only EK condition that promoted the removal of all CECs was the ON/OFF switch mode of 12 h 30 

(removals between 36 and 72%), in which only minor physicochemical disturbances of the soil were 31 
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observed. This is in accordance with a potential application of EK in-situ. The last is reinforced by the 32 

low estimated electrical cost of the best EK technology - 2.33 €/m3 for the 7 days. Overall the EK 33 

remediation processes are a promising technology to stimulate in situ the removal of CECs from 34 

agricultural soils. 35 

 36 

Keywords: electrochemical process; agricultural soil; pharmaceuticals and personal care products; 37 

degradation; spatial distribution. 38 

 39 

  40 
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1. INTRODUCTION 41 

Water resources are under increasing pressure from rapidly growing demands across the globe. The 42 

EU Circular Economy Package (European Commission, 2019) highlights the need of widespread 43 

water reuse applications, comprising both water and nutrient recovery, aiming to alleviate the pressure 44 

on over-exploited resources (e.g. phosphate rock, included in the EU list of 27 Critical Raw Materials). 45 

The use of treated wastewater for irrigation - reclaimed wastewater (RWW) - can be seen as a source 46 

of diverse nutrients for plants once its quality and usage requirements are complied. The levels of 47 

salts, heavy metals, and pathogens in RWW are critical parameters (Commission, 2018) since they 48 

directly impact the quality of the soil with potential adverse effects on both humans and plants. On the 49 

contrary, the presence of contaminants of emergent concern (CECs), e.g. pharmaceuticals and 50 

personal care products, is not included in the usage requirements of RWW. However, the 51 

dissemination of CECs in agricultural soils irrigated with RWW has been made apparent, as well as 52 

their ability to enter the human food chain due to bioaccumulation with potential health implications 53 

(Pan and Chu, 2017). 54 

The current challenge is to establish processes that can be used to remediate soils polluted by 55 

the presence of CECs. Currently, several treatments comprising biological, chemical, physical and 56 

thermal, are currently being applied or under development for soil remediation (Khalid et al., 2017; Lim 57 

et al., 2016; Liu et al., 2018; Morillo and Villaverde, 2017). Among them, the electrokinetic (EK) 58 

process is increasingly receiving more attention since it can be applied in situ (alone or combined with 59 

other technologies (e.g. bioremediation) coupling a high remediation efficiency with the potential 60 

preservation of the soil matrix (Gill et al., 2014a; Lima et al., 2017). The EK treatment consists on the 61 

generation of an electric field between two (or more) electrodes to mobilize both molecular and ionic 62 

species due to a combination of electroosmosis, electromigration, electrophoresis and diffusion 63 

processes (Acar and Alshawabkeh, 1993). When applied in soils, the pH changes induced by the EK 64 

treatment lead to geochemical reactions that induce sorption/desorption of contaminants from the soil 65 

particle surface (Reddy and Cameselle, 2009), which affect the remediation efficiency. The EK 66 

treatment oxidises the pollutant either directly in the anode or indirectly in the liquid bulk due to the 67 

presence of electrochemically formed oxidants (e.g. chlorine, hypochlorite, hydroxyl radicals, ozone 68 

and hydrogen peroxide) (Reddy and Cameselle, 2009). Consequently, the ensuing degradation 69 

products can be more easily degraded by the indigenous soil microorganisms - EK enhanced 70 
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biodegradation (Gill et al., 2014a). To date EK remediation has been successfully applied to soils 71 

contaminated with heavy metals (Couto et al., 2015; Dong et al., 2018; Kuppusamy et al., 2017; 72 

Pedersen et al., 2018) or organic pollutants, namely hydrocarbons including polycyclic aromatic 73 

hydrocarbons (Bocos et al., 2015; Ramadan et al., 2018), polychlorinated biphenyls (Fan et al., 2016; 74 

Gomes et al., 2015) and herbicides (Gomes et al., 2014; Ribeiro et al., 2011; Rodrigo et al., 2018). 75 

The potential usage of EK remediation in soils polluted with CECs still remains overlooked, regardless 76 

of some early and promising results at lab scale (Ferreira et al., 2017; Guedes et al., 2014; Hung et 77 

al., 2018; Li et al., 2018). Taken as an example, the application of EK to a soil contaminated with three 78 

tetracycline-based antibiotics allowed to decrease their levels by ca. 35 to 40% in only seven days (Li 79 

et al., 2018); but a limited set of operation parameters were tested and an electrolyte was used. Herein 80 

our vision is to expand the previous established knowledge on the usage of EK in situ for the 81 

remediation of soils containing CECs. To challenge the system we have spiked the soils with different 82 

classes of CECs usually found in reclaimed wastewaters – sulfamethoxazole (SMX; a bacteriostatic 83 

antibiotic), ibuprofen (IBU; an analgesic, nonsteroidal anti-inflammatory drug,), triclosan (TCS; an 84 

antimicrobial disinfectant) and caffeine (CAF; a central nervous system stimulant) (ESI 1) - at levels 85 

100 times-fold above those typically reported (Bielen and Simatovi, 2018; Paíga et al., 2019; Ratola et 86 

al., 2012). Once in the soils, these CECs have shown potential to bioaccumulate in crop plants tissues 87 

(Christou et al., 2019; Li et al., 2019; Picó et al., 2019). We have tested the impacts of several EK 88 

operating parameters (viz. current intensity; ON/OFF switch and reversed electro-polarization) on the 89 

mobilization and degradation of the targeted CECs and soil physicochemical properties (viz. soil 90 

temperature, moisture, pH and conductivity), hence the overall efficiency of the potential in situ 91 

remediation process. 92 

 93 

2. MATERIALS AND METHODS 94 

2.1. Chemicals and solvents  95 

All chemicals, including standards and solvents (HPLC grade) were purchased from Sigma–Aldrich 96 

(Steinheim, Germany) except triclosan that was purchased from Labesfal Farma (Tondela, Portugal). 97 

The water was deionized and purified with a Milli-Q plus system from Millipore (Bedford, MA, USA).  98 

 99 

2.2. Soil sampling 100 
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The soil (0–15 cm depth, 1 m2) was collected in an organic tomato plantation located in São Nicolau, 101 

Santarém, Portugal (39°12'42.6"N, 8°42'41.5"W) in O ctober 2017. Prior to use, the soil was sieved 102 

(No. 10 IS Sieve, 2.0 mm) to remove the coarse fractions, and its physiochemical characterisation was 103 

undertaken. It presents a clay texture and a high contend of minerals and organic colloids (see full 104 

details in ESI 2). 105 

 106 

2.2.1.  Soil sterilization 107 

Soil sterilization was performed in a flow chamber under direct UV light for 2 h (periodically 108 

revolved) followed by 6 times 1 h cycles at 121 ºC in an autoclave. To confirm a complete sterilization, 109 

soil extracts were used to inoculate petri dishes with culture media (see below); microbial development 110 

was not observed even after 7 days. 111 

 112 

2.3. Electrokinetic microcosm set-up 113 

The microcosm was established on the top of a tailor-made perforated acrylic tray (140 x 140 x 5 mm; 114 

FCT FabLab) that was placed at a distance of 15 mm from the bottom of a parallelepiped-shaped 115 

glass container of 50 mm height (Fig. 1a). Four graphite electrodes were used (99.9995% metals 116 

basis; rods of 80 x 3 mm; AlfaAesar), each one connected to a power supply for direct current 117 

generation (Hewlett Packard E3612A, Palo Alto, USA) (Fig. 1a). To prevent soil leaking (600 g dry 118 

weight, ca. 30 mm height) the entire container was covered with filter paper. All experiments were 119 

conducted indoors and protected from direct UV radiation (microcosms were wrapped in tin foil and 120 

placed away from direct UV light exposure). The central soil section was spiked with a solution 121 

containing 16 ppm of SMX, IBU, TCS and CAF, hereafter defined as the CECs mixture.  122 

For the remediation of the soil spiked with the CECs mixture, each EK process (duplicate) was 123 

run for 7 days, at room temperature, with daily irrigation (60 mL of deionized water). Different 124 

operating parameters were tested, first the current intensity: 100, 50 or 10 mA; secondly, at 10 mA, the 125 

impact of ON/OFF switch (Sw) and reversed electro-polarization (RP) processes, which consisted on 126 

the continuous application of identical periods of current and void (time intervals of 6, 12 or 24 h) at the 127 

same or oppose polarity, respectively, were tested (Fig. 1a). In each EK experiment, we continuously 128 

monitored the current intensity, the voltage drop between the electrodes, and the soil temperature. 129 

After seven days, the 30 mm soil layer was carefully removed and segmented into 12 sections across 130 
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distinct planes (Fig. 1b): transverse (top – α, bottom - β); tangential (left - L, centre -C, right - R) and 131 

radial (median 1 and 2); which were immediately processed and analysed (see below). The filter 132 

papers were also segmented (lateral and bottom fractions) for further analysis (see below). In parallel 133 

we analysed the time zero control where the soil sections were processed immediately after spiking 134 

the soil with the CECs mixture. A biotic control (i.e. natural attenuation) and an abiotic control 135 

(sterilized soil; performed in sterile conditions) where no current was applied for seven days, were also 136 

performed. In the controls, microbiological analysis was also performed (see below). All experiments 137 

were carried out in duplicate. 138 

 139 

Please insert Fig. 1 140 

 141 

2.4. Analytical methodologies 142 

2.4.1.  Moisture, pH and conductivity 143 

The water content of the soil was measured as the weight loss after 24 h at 105 ºC. The pH and 144 

conductivity were measured using a soil deionised water ratio of 1:5 (w:v), stirred for 1 h, using a pH 145 

meter (Metrohm-Solitrode with Pt1000) and a conductivity meter (Horiba-LAQUAtwin), respectively. 146 

 147 

2.4.2.  CECs extraction and quantification 148 

The levels of each CEC in the soil sections (each in triplicate) were determined using a QuEChERS 149 

(quick, easy, cheap, effective, rugged, and safe) method (adapted from Pinto et al., 2010). In brief, 150 

each 2.5 g of soil were mixed with 1.5 mL of deionised water (vortex: ca. 15 sec); then with 2.5 mL of 151 

acetonitrile (vortex: 1 min); and, finally, with 1 g MgSO4 (mixed manually then vortex: 30 s). The 152 

supernatant (organic phase) was recovered by centrifugation (2,800 x g, 5 min), then filtrated through 153 

0.45 µm PTFE syringes filters (previously passed through acetonitrile) and conserved at −20 ºC until 154 

analysis.  155 

 To recover CECs absorbed to the filter paper, both the lateral and bottom fractions were 156 

extracted using an ultrasonic assisted extraction procedure (adapted from Ribeiro et al., 2011): 50 mL 157 

of acetone, 10 min, three times; followed by filtration of the three combined extracts through 0.5 µm 158 

glass microfiber filters (MFV-5, 47 mm, Filter-Lab, Barcelona, Spain) which were then concentrated in 159 

a rotavapor (Büchi RE 111) using moderate vacuum at 40 ºC till approximately 2 mL, and conserved 160 

at −20 ºC until further analysis. The recoveries rates of the methods varied between 80 to 120%, upon 161 
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estimation by HPLC analysis (see below) of reference extracts attained from soils and filter papers 162 

spiked with the standard CECs mixture (16 ppm of each compound) or a 10-fold diluted solution of this 163 

mixture (data not shown).  164 

The quantification of the CECs was performed by high performance liquid chromatography 165 

with diode array and fluorescence detectors (HPLC–DAD-FLD). HPLC analysis was performed on a 166 

LC System equipped with Quaternary Pump (G7111B) and a vial sampler (G7129A) (Infinity II, 1260 167 

Series, Agilent Technologies, USA) that was couple to a diode array detector (G1315B) and a 168 

fluorescence detector (G1321A) (Agilent 1100 Series). The UV wavelength was set to scan from 200 169 

to 500 nm and the fluorescence was measured with excitation at 220 nm and emission at 290 nm. The 170 

system was operated using the LC OpenLab software (version 2.15.26). 171 

The separation of the analytes was carried out using a Chromolith High Resolution RP-18 172 

column with 100 x 4.6 mm from Merck (Darmstadt, Germany) connected to an Onyx Security Guard 173 

C18 cartridge (5 x 4.6 mm) from Phenomenex (Torrance, USA). The oven was set to 36 °C. The 174 

HPLC runs were performed at a constant flow of 0.5 mL/min, in gradient mode. The eluents used were 175 

[Water] / [ACN] / [50% Formic acid in water] as follows: eluent A: 94.5/5/0.5; eluent B: 5/94.5/0.5. All 176 

eluents were filtered before use by Nylon 66 membranes (pore size of 0.45 µm; Bellefonte, PA, USA). 177 

The gradient run was set to: 3 min 5% B, after 95% B until 20 min, then 97% B from 20-22 min, where 178 

it was held constant until 25 min, then to 95% A until 27 min. 179 

Prior to analysis, 200 µL of each CECs extract was mixed with 100 µL of eluent A (2:1) in a 180 

vial with insert. The target compounds were quantitatively measured at: 275 nm for CAF; 282 nm for 181 

SMX and TCS; and 220 nm for IBU. Data analyses were processed using the LC OpenLab software. 182 

Repeatability presented a coefficient of variation between 8 and 29% whereas intermediate precision 183 

was between 5 and 16%. The matrix effect caused deviations of HPLC quantification which were 184 

estimated to be between -2 to +18% (data not show). The limits of detection and quantification of the 185 

methods (MLD and MLQ, respectively) can be found in ESI 3. 186 

 187 

2.4.3.  Microbiological analysis 188 

Measurements of microorganisms in soil expressed as colony forming units (CFU) per gram of 189 

dry soil were carried out in the initial soil (both sterilized and non-sterilized), biotic and abiotic control 190 

experiments. For that, 1 g of wet soil was mixed with 10 mL of previously autoclaved NaCl solution 191 
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(0.9%) using a vortex for 3 min. The extract (100 µL) was then used to inoculate petri dishes with 192 

potato dextrose agar (PDA) culture media. Afterward, the plates were incubated for 24 h at 30°C. 193 

 194 

2.5. Statistical analysis 195 

Significant differences among the samples (95% confidence interval, p<0.05) were evaluated through 196 

one-Way ANOVA Tukey’s multiple comparisons test, using GraphPad Prism software (version 7). The 197 

multiple comparison analysis was designed to extract the degree of dissimilarity among the 198 

experimental observables after seven days (viz. physical parameters of the soil and the quantities of 199 

each CEC) per soil segment (soil sections, Fig. 1b) relative to the time zero control. We compared 200 

different soil sections of the same EK experiment (including the negative control) but also the 201 

equivalent soil sections of different EK experiments. Samples below the MLQ (yet close to the range of 202 

the MLD) were designated as not detected (n.d.) and accounted as “0” for the statistical analyses, 203 

except for samples devoid of a quantifiable duplicate which were totally disregarded. 204 

 205 

3. RESULTS AND DISCUSSION 206 

3.1. EK application in soil – current intensity inf luence on soil temperature and electrodes 207 

stability  208 

EK processes generate joule heating that when applied to soil may reduce its moisture content; 209 

consequently the soil shrinks and cracks creating uneven flow paths that increase the electrical 210 

resistance of the soil (Page and Page, 2002). After 24 hours of application of a continuous current, we 211 

observed that the soil temperature increased, with the current intensity following the equation ��°�� =212 

0.1328 × �� + 14.918, (linear relationship with R2 = 0.996), being � ∝ ��� × � [� is the power (energy 213 

per unit time) converted from electrical energy to thermal energy, �� the current intensity and � the 214 

resistance]. In the absence of current, the soil temperature was stable around 15.4 °C (Table 1). 215 

However, after applying 100 mA for 2 h, the soil temperature increased to 27 °C and it became very 216 

dried and fissured around the anodes (figure available in ESI 4). After 24 h of current at 50 mA, the 217 

soil temperature reached 22 ºC and around the anodes it also became dried and cracked. On the 218 

contrary, the use of current at 10 mA did not alter the soil temperature along the 7 days (between 15 219 

and 16 ºC; RSD of 3%) (Table 1). Concerning the corrosion of the graphite rod electrodes as far as the 220 

seventh day run, no corrosion was observed under a current intensity of 10 mA. In contrast, significant 221 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 9

corrosion of the electrodes was noticed after 24 h of use of current at either 100 or 50 mA, even when 222 

instead of a continuous current, an ON/OFF switch was used (figure available in ESI 4). The current 223 

intensity of 10 mA was therefore used in the subsequent EK experiments using either constant 224 

current, ON/OFF switch (Sw) or reversed electro-polarization (RP) modes.  225 

 226 

Please insert Table 1 227 

 228 

3.2. EK application in soil – effect of the operati on parameters in soil moisture and voltage 229 

drop  230 

A low soil moisture has been reported to decrease the electro-remediation efficiency (Page and Page, 231 

2002), and sometimes also the bioremediation efficiency (Mena et al., 2016). Since a low soil moisture 232 

may hinder the performance of the EK assisted remediation, in the present study, the microcosms 233 

were irrigated every 24 h.  At the end of our experiments the moisture levels across the transverse, 234 

tangential and radial planes of the soils were similar, from approx. 15 to 25% (Fig. 2; p>0.05). 235 

Consequently, the usual electroosmotic flows created by the EK process under test was not detected.  236 

At the end of the EK experiments no leached water was deposited in the bottom of the 237 

microcosms, possibly due to the high-water holding capacity of the clay soil used.  238 

Higher void time intervals affected linearly the moisture level of the top soil compared to the 239 

bottom (Fig. 2), that increased in the Sw mode and decreased in the RP mode (R2 = 0.873, 0.875, 240 

0.816 and R2 = 0.992, 0.959 and 0.905 for the right, central and left sections, respectively; the linear 241 

regressions of soil moisture content between the transversal sections of the microcosms are available 242 

in ESI 6). During the current void periods the joule heating effect is eliminated, reducing the 243 

evaporation of water near the anode. In the RP mode, the current polarity is altered after the void 244 

current period, meaning that the usual electroosmotic flow of water towards the cathode is reversed 245 

(López-Vizcaíno et al., 2011). This reversal may have favoured a uniform evaporation of the water 246 

across the entire top layer of the soil, whereas in the Sw mode the soil moisture was unevenly 247 

distributed at the surface, consistent with the evaporation of water near the anode - left section of the 248 

soil (Fig. 2). 249 
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A voltage drop between the electrodes of ca. 6.7 to 10.7 V was observed in all the EK 250 

experiments with no significant variation during the entire experimental course (daily measures; 251 

p>0.05).  252 

 253 

Please insert Fig. 2 254 

 255 

3.3. EK application in soil – effect of the operati on parameters in the soil pH & conductivity  256 

The soil pH showed no alterations after the spiking with the CECs mixture. In addition, in both control 257 

experiments - zero current in abiotic and biotic conditions - the soil pH and conductivity were both 258 

unaltered after 7 days (Tables 2 and 3). The application of an electric current, promotes the 259 

electrolysis of water that releases H+ near the anode and OH- near the cathode (Acar and 260 

Alshawabkeh, 1993), which causes soil pH changes. The formed ions will move towards the counter-261 

electrode via electro-migration (H+ and OH-) and electro-osmosis (H+) creating a pH front where the 262 

mobility of the acidic front is 1.8 times faster than the basic one. When the two pH fronts meet, water is 263 

formed neutralising the soil pH (Ribeiro and Rodríguez-Maroto, 2006). The flow of H+ towards the 264 

cathode increases the conductivity of the soil; whereas the presence of OH- near the anode lowers the 265 

conductivity due to side-reactions that precipitate other ions present in the soil (Reddy et al., 2011).  266 

Herein, in general, the application of the 10 mA in the Sw and RP modes for 7 days did not 267 

promote significant pH nor soil conductivity changes in relation to both control experiments (p>0.05, 268 

Table 2 and Table 3). This effect may be explained by the soil buffering capacity that has been 269 

associated to the ability of carbonates to react with protons, suppressing the formation of an acidic pH 270 

front (Lukman et al., 2013; Reddy et al., 1997). However, a few exceptions were observed, especially 271 

in the right soil section that corresponds to the cathode in the unidirectional current modes (CI and 272 

Sw). When using a constant current or a Sw mode for seven days, the right top section of the soil 273 

(section Rα in Fig. 1) showed alterations in the soil pH that were statistically significant compared to 274 

both controls and to the left soil section where the anodes were inserted (p<0.05, Table 2). Still, the 275 

constant current mode showed the highest pH changes, with the both left and right soil sections 276 

(anode and cathode, respectively) showing pH values lower and higher than the other sections, 277 

respectively (p<0.05, Table 2). Overall, the RP mode showed a greater ability to counteract pH 278 

alterations promoted by the current application. 279 
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 280 

Please insert Table 2 281 

Please insert Table 3 282 

 283 

 284 

3.4. EK remediation of contaminated soil – effect o f the operation parameters in the 285 

degradation and mobility of the contaminants  286 

To evaluate the potential of the EK process to remediate the soil containing the CECs, we analysed 287 

both the decay and the mobility across the different soil sections at the end of each experiment (7 288 

days). The degradation levels of each CEC are presented in Table 4.  289 

The abiotic losses varied between 3 and 17% (no microbiological activity was observed at the end 290 

of the 7 days; 0 log CFUs/gsoil). Their decay through volatilization from the moist soil surface is unlikely 291 

due to their low vapour pressures; the estimated Henry’s Law constant for SMX and IBU are 6.4x10-13 292 

and 1.5x10-7 atm-cu m/mole, respectively - lowest and highest values among the tested CECs (more 293 

information in ESI 1). In addition, in our setup their photodegradation should not be relevant, since the 294 

remediation experiments were conducted indoors and protected from direct UV radiation. Therefore, 295 

the here observed decrease is mainly attributed to aging and sequestration processes (Liu et al., 296 

2010). 297 

The decay of each CEC observed in the biotic control (natural attenuation), showed substantial 298 

differences as follows: SMX (64 %) > IBU (49%) >> TCS (20%) >> CAF (6%). At the end of the seven 299 

days the number of colony forming units in the biotic control increased 32% comparing to the initial soil 300 

(8.47±0.36 vs 6.38±0.91 log CFUs/gsoil, respectively; p<0.05). Therefore, according to the data, in the 301 

absence of an electric current, and considering the abiotic losses (Table 4), biodegradation is herein 302 

hypothesised as the main mechanism leading to the degradation of the parent CEC compounds in the 303 

biotic conditions, as suggested previously in other studies (Kimura et al., 2007; Robinson and Hellou, 304 

2009; Xuan et al., 2008). The different biodegradation efficiencies may be explained by CECs 305 

physicochemical properties and structure (ESI 1). Non-ionic CECs, such as CAF, have been 306 

considered recalcitrant in soils irrigated with RWW, whereas weak acidic CECs, such as SMX and 307 

IBU, are reported to exhibit fast degradation rates (Al-Rajab et al., 2010; Grossberger et al., 2014). All 308 

acidic CECs containing carboxylic groups, like IBU, often attain a rapid microbial degradation (Al-309 
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Rajab et al., 2010). On the other hand, the presence of one or more halogen substituents on either a 310 

chain or ring structure has been reported to negatively affect biodegradation (Loonen et al., 1999), 311 

which usually decreases with increasing degree of halogenation. This is the case of TCS that contains 312 

three Cl in its structure (ESI 1). 313 

The high biodegradation efficiency herein observed for SMX deserves further consideration, since 314 

this antibiotic compound has been previously linked to the risk of the environmental spread of 315 

antibiotic resistance (Jutkina et al., 2018; Kang et al., 2018). Likewise, one cannot ignore the decay 316 

observed for TCS (ca. 20%) since antimicrobial agents, including TCS, can promote horizontal transfer 317 

of antibiotic resistance genes (Jutkina et al., 2018). 318 

 319 

Please insert Table 4 320 

 321 

When the electric current was applied, the degradation of the different CECs followed the 322 

same trend as the one observed in the biotic control: SMX > IBU ≥ TCS ≥ CAF (Table 4). The 323 

application of a constant current improved the degradation of SMX and TCS in relation to the biotic 324 

control. Their values increased from 65 to 85% and from 20% to 56%, respectively (Table 4 and Fig. 325 

3). Under this condition, the decay levels of IBU and CAF were similar with those observed in the 326 

biotic control (p>0.05). The imposition of void current periods (Sw mode) resulted in similar or higher 327 

degradation of the CECs than those observed in the negative controls, regardless that never above 328 

the degradation levels observed for SMX and TCS under the constant current mode (Table 4 and Fig. 329 

3). CAF is the most remarkable example, since 36% of the parent compound was degraded when a 330 

Sw of 12 h was used; its decay was significantly higher than that observed in the remaining EK 331 

experiments and controls (p<0.05) (Table 4). The degradation levels of SMX and IBU were similar in 332 

the Sw and the RP modes of matching current void period (Table 4). However, compared to the Sw 333 

mode the use of the RP mode reduced substantially the decay of TCS (p<0.05, all time periods) and 334 

CAF (p<0.05, 12 h treatment), which was null after 12 h for TCS and after 6 or 12 h for CAF (Table 4). 335 

Collectively, the best results were observed when the Sw mode of 12 h was applied to the soil 336 

(Fig. 3), especially since the degradation of CAF was much higher than in the other conditions (36%), 337 

and the remaining compounds were still more degraded than when no current was applied. In this 338 
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condition, after 7 days of treatment, all the CECs underwent significant decay, reducing the total mass 339 

of contaminants in the soil by more than half. 340 

 341 

Please insert Fig. 3 342 

 343 

We have also analysed the spatial distribution of each CEC across the different soil sections 344 

at the end of each EK treatment, including the zero current treatments (abiotic and biotic control). The 345 

relative distribution of the residual amount of each compound per soil section is schematically 346 

represented (% of the total mass per section) in Fig. 4. 347 

For some contaminants their spatial distribution across the soil (amount at each soil section) 348 

retrieved high standard deviations (SDs) (ESI  7), with the lowest relative SDs obtained for the controls 349 

(e.g. RSD for TCS in the biotic control was 5% but under constant current application it was 43%). The 350 

high RSDs observed may reflect the heterogeneity of the soil matrix (e.g. porosity, flow path radius, 351 

pore width) that is known to largely affect the electromigration and electroosmosis of the contaminants 352 

(Pamukcu et al., 2009). The use of a laboratory setup relying on manual pressing, irrigation and 353 

fractionation of the soil may have contributed for additional variability among the replicates. 354 

Importantly, regardless that the spatial distribution of each CEC presented high RSDs, their total 355 

degradation levels systematically retrieved lower RSDs (≤20%; Table 4). 356 

When no current is applied to the soil - biotic and abiotic control - the mobility of the CECs out 357 

of the spiked soil section (top (α) central section; Fig. 1) at the seventh day was always below ca. 358 

40%; of which most moved to the bottom (β) central section, except for CAF that was virtually 359 

immobile (Fig. 4). Logically, the dispersion of SMX, IBU and TCS was mostly due to hydraulic mobility 360 

since the soils were daily irrigated. In fine-grained soils, the hydraulic conductivity is extremely small, 361 

as water is stagnant in the nano- and micro-pores (Reddy and Cameselle, 2009). Although CAF is 362 

very soluble (solubility = 2.16 x 104 mg/L) it strongly adsorbs to silt and sandy loam soils (desorption 363 

coefficient logarithm = 2.87 and 3.89, respectively) (ESI 1). In a previous study, CAF was also showed 364 

to adsorb more rapidly to the soil organic matter than SMX (initial sorption velocity = 2055 and 228 365 

µg/kg/h, respectively) (Martínez-Hernández et al., 2016), an observation that is consistent with our 366 

data. 367 
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 Due to the application of an electric current, the organic compounds will move towards the 368 

electrodes, predominantly by electroosmosis (cathode) and electromigration (cathode or anode), and 369 

to a minor extent also by diffusion. Herein, the application of a constant current increased the mobility 370 

of SMX and IBU compared to the negative controls (p<0.05; ESI 8) (Fig. 4). Moreover, SMX, IBU and 371 

TCS (but not CAF) were more concentrated in the anode than in the cathode (left and right, 372 

respectively; p<0.05; ESI 8) suggesting the occurrence of electromigration processes towards the 373 

anode, or of more efficient electro-degradation of the contaminants near the cathode. Specific assays 374 

are needed to differentiate between these two hypotheses in the near future.  375 

The application of an ON/OFF Sw, instead of a constant current application, is expected to 376 

enhance the mobilisation of contaminants since their transfer from the soil into the interstitial fluid (i.e. 377 

solubilisation and desorption) increases in the void current periods (Cameselle and Reddy, 2012), 378 

regardless that the electroosmosis towards the cathode is likely reduced. In the RP mode the direction 379 

of the electromigration and electroosmotic transport of the contaminants is reversed periodically 380 

(López-Vizcaíno et al., 2011), possibly limiting their wide distribution in the soil. 381 

 382 

Please insert Fig. 4 383 

 384 

After seven days of EK treatment, the spatial distributions of the contaminants in the Sw and 385 

the RP modes were, in general, larger than in the constant current mode. In both conditions, the 386 

residual amount of the contaminants was mainly maintained at the top central (α) layers of the soil, 387 

regardless that the duration of the void current period influenced their distribution. In the Sw mode, the 388 

highest mobility towards the electrodes was observed with an OFF period of 6 h: at the left top section 389 

(anode) for SMX and CAF and at the right top section (cathode) for TCS and CAF (statistical 390 

differences indicated in ESI 8). In the RP mode, no correlation between the void current periods used 391 

and the relative distribution of the contaminants across the soil sections was observed.  392 

The electro-degradation mechanisms may occur near the electrodes through redox reactions 393 

(in this study corresponds to the lateral microcosm sections; Fig. 1), or at the central section of the 394 

microcosms where the soil particles act as micro-electrodes (Pamukcu et al., 2009) thus inducing 395 

redox reactions further away from the electrodes. The main mechanism of electrochemical 396 

degradation of each contaminant may differ under the different testing conditions. Taken CAF as an 397 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 15

example, its highest degradation occurred after seven days under the Sw mode of 12 h where all the 398 

residual CAF was found in the top central soil section; yet CAF wider distribution occurred under the 399 

Sw mode of 6 h where its degradation was insignificant (Fig. 4 and Table 4). On the other hand, CAF 400 

natural attenuation was extremely low (biotic control, Table 4). Therefore, one reasonable hypothesis 401 

is that CAF electrochemical induced degradation most likely occurred at the central part of the 402 

microcosm. On the other hand, TCS degradation due to natural attenuation processes was ca. twofold 403 

lower than when a unidirectional current was applied but greatly reduced when the RP mode was used 404 

(Table 4). In this case, TCS presents a pKa of 7.9 (ESI 1) and, in the CI and Sw modes, a positive 405 

correlation was found between the soil pH in the top central section of the microcosm and TCS 406 

degradation (R2 = 0.888; Fig. 5). At pH ranges above 7.9 TCS is predominantly in its ionized form 407 

resulting in a higher solubility and faster mobilization to the cathode (electroosmosis) and anode 408 

(electromigration) where it can be degraded. Also, these pH conditions might have enhanced TCS 409 

biodegradation as the ionized form (at pH higher than 8.21) has been determined to be less toxic than 410 

the un-ionized compound (Orvos et al., 2002).  411 

 412 

Please insert Figure 5 413 

 414 

The natural attenuation experiments disclosed the contribution of the indigenous soil 415 

microorganisms to the remediation process (n.b. the soils were carefully homogenised before the 416 

establishment of the microcosm). The biodegradation efficiency is influenced by the contaminant 417 

bioavailability, as an heterogenous distribution of the contaminants, their sorption and sequestration 418 

can lead to their persistence within soils (Reid et al., 2000). Positive effects associated with EK include 419 

the generation of oxidising and reducing zones favourable for biodegradation of contaminants close to 420 

the electrodes (Gill et al., 2014b). The application of EK also allows to overcome contaminants 421 

bioavailability constraints through contaminant desorption and redistribution on both a micro- and a 422 

macro-scale (Harbottle et al., 2009; Reddy and Cameselle, 2009). Soil properties such as pH and 423 

moisture content, that play a significant role on biodegradation and contaminants behaviours, can be 424 

rapidly altered by applying EK (Acar and Alshawabkeh, 1993). Furthermore, under a unidirectional 425 

current mode, the high electromobility of the soil contaminants towards the electrodes contributes not 426 

only to their biodegradation but also to electrochemical degradation. However, near the electrodes the 427 
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electrokinetically induced changes of soil pH and physicochemical properties may negatively affect 428 

biodegradation (Lear et al., 2007, 2004), favouring their electrochemical degradation instead.  429 

IBU and SMX showed high biodegradability, reaching ≥50% of decay in the biotic control 430 

conditions (Table 4). The EK treatments did not affect the degradation of IBU. However, the overall 431 

degradation of SMX was significantly higher under a constant current mode compared to the biotic 432 

control (Table 4). Importantly, the degradation of SMX was not affected by the directionality of the 433 

current (Sw vs RP), suggesting that its electrochemical degradation occurs at the central section of the 434 

soil. In a previous study, the application of EK to clay soils at a constant current mode promoted the 435 

mobility of the indigenous bacteria towards the cathode mostly by electroosmosis (up to 90%) and by 436 

electrophoresis (>20%) (Wick et al., 2004). Also, the mobility of water by electroosmosis is favoured 437 

under a constant current mode (CI and Sw), an effect that promotes the mixing of the contaminants 438 

hence their degradation (Barba et al., 2017). Herein, regardless that we could not measure the 439 

electroosmosis flow (see above), the degradation levels of SMX and TCS are consistent with a higher 440 

mobility of water (and possibly of soil microbes) by electroosmosis under a constant current mode. 441 

However, when the Sw or RP modes were applied the degradation of SMX was not largely affected, 442 

suggesting that its biodegradation was favoured at the central sections of the soil. In the case of TCS, 443 

which was more recalcitrant to biodegradation, reduced water mobility by electroosmosis under a 444 

discontinuous current mode (Sw and RP modes) reduced its overall decay (Table 4). The RP mode 445 

results in lower contaminant dispersal through electroosmosis (Barba et al., 2017; Mena et al., 2016; 446 

Mena et al., 2016), possibly promoting biodegradation only in small distances (Wick et al., 2007). 447 

Previous studies on the use of electro-degradation based processes to remediate CECs in water 448 

showed their complete mineralization to CO2 and H2O (Amorim et al., 2013). Herein our goal was not 449 

to disclose the degradation pathway of each CEC under study, however the HPLC-DAD-FLD 450 

chromatograms of the soil extracts after the application of the EK treatments showed peaks that 451 

correspond to unknown compounds, possibly sub-products and/or degradation intermediates of the 452 

CECs. Their identification using LC-MS failed since the concentration of these unknown compounds 453 

was below the analytical limits required for identification. To fully reach their identification new 454 

experiments at a larger scale are required; a priority in the near future.  455 

 456 

3.5. Best electrokinetic system – scaling up consid erations 457 
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The electricity consumption per soil volume was calculated by equation 1 (adapted from Yang and Liu, 458 

2001): 459 

�� =
�

�����
� � × ��
 

 !"
	$% eq. 1 460 

where �� is the electricity expenditure per soil volume (kW h/m3), �&'() the soil volume (m3), � the 461 

electric potential difference across the electrodes (V), �� the electric current (A), and % the treatment 462 

time (h).  463 

Herein, as a daily irrigation was performed, the voltage drop was similar among the different 464 

tested EK operating parameters (between 6.7 to 10.7 V). For comparison purposes, we assumed 10 V 465 

for all experiments at a current of 10 mA, which corresponds to a power consumption of 0.1 W. The 466 

soil volume was ca. 5.07 x 10-4 m3.  467 

In this study, the EK operational mode that more efficiently removed all the CECs from the clay 468 

soil was the Sw mode with a void current period of 12 h (removal ranged from ca. 36 to 72%) (Table 469 

4). Importantly, these conditions also promoted minimum disturbance of the soil surface (namely pH). 470 

In the Sw mode of 12 h, the total duration of the current application was 84 h (7 days with void current 471 

periods of 12 h). The calculated electricity consumption under this condition was 16.568 kW h/m3, 472 

which is estimated to cost 2.33 €/m3 (electricity cost ≈ €0.1408 per KW h; PORDATA estimative price 473 

for industrial consumers, year 2017) (ESI 9). To scale up our EK system to a field of 100 m3, with a 474 

soil depth of one meter, the electric cost of the EK remediation treatment would be only 233 €. In all 475 

cases, the cost can be further reduced if a solar/wind power of energy is used. Our results support that 476 

the EK treatment is highly promising for the remediation of contaminated clay soils. Nonetheless 477 

before advancing to a field scale some parameters still require further optimisation to ensure efficiency 478 

in soils of higher heterogeneity (physical, chemical and biological) and tortuosity that may dramatically 479 

affect the flow paths, hence the electro- mobility and degradation of the contaminants. Even so, herein 480 

we have identified a suitable design for the concomitant removal of four targeted CECs: in only seven 481 

days it led to an overall reduction of the mass of contaminants to more than half. Surely, we hope to 482 

soon witness further developments on the EK technology, hopefully to stimulate its usage in situ, 483 

safeguarding the quality of the soils and of the derived products. Certainly, any solution that may 484 

stimulate the safe usage of RWW should not remain overlooked.  485 

 486 

4. CONCLUSIONS 487 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 18

The CECs degradation in soil after the EK assisted remediation with a current intensity of 10 mA 488 

followed a trend similar to that of the natural attenuation: SMX > IBU ≥ TCS ≥ CAF. Overall our results 489 

support that the application of a unidirectional current favoured the remediation of CECs (values 490 

ranged from 85% to 13%); coupling a Sw of 12 h resulted in CAF highest degradation without 491 

significant reduction in the remediation of the other contaminants (values between 36 and 72%). 492 

These observations are particularly relevant in regard to the CECs very high concentrations at the 493 

start of the EK process. TCS remediation was predominantly dependent on the soil pH variation (pH > 494 

pKa 7.9), which was favoured under the unidirectional current modes (Sw and CI). Caffeine – low 495 

biodegradability – underwent mostly an electrochemical induced degradation which may be further 496 

increased under different Sw regimes. Our results suggest that the design of an EK assisted 497 

remediation process should target the least biodegradable contaminant.  498 

In our study, the application of RP did not stimulate the removal of any of the CECs, it even 499 

lowered CAF and TCS removals, compared to the unidirectional EK modes. This observation opposes 500 

the trend of usage of RP to eliminate organic contaminants (usually hydrocarbons).  501 

In this study, exposing the soil to current intensities of 10 mA together with void periods for seven 502 

days did not cause significant changes in its physicochemical properties, consistent with the potential 503 

application of these processes in-situ. Despite some limitations linked to the use of a standard 504 

microcosm set-up, this study opens interesting avenues for the use of EK technology to ensure a safe 505 

use of RWW in agricultural practices. However, further studies are needed to understand how the EK 506 

process affects the plant productivity, though previous studies are suggestive of positive effects 507 

especially due to higher mobility of the soil’s micronutrients. The diversity of sub-products formed 508 

during the EK assisted remediation process and the in-deep analysis of the contribution (and 509 

response) of the soil microbiota, will be at the heart of our efforts in the near future. 510 

In summary, our study supports that the EK process, still largely unexplored in soils contaminated 511 

with CECs, is a promising in situ remediation technology, with high potential to reduce the risk 512 

associated to CECs exposure to both environment and humans.  513 
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Table 1. Average soil temperature of the 7 experimental days for each microcosm tangential section 

(mean ±SD). 

 Soil section  temperature (ºC) 

Experiment*  Left Central Right 

Abiotic control 15.4 ±0.3 15.5 ±0.3 15.3 ±0.5 

Biotic control 15.5 ±0.3 15.4 ±0.4 15.4 ±0.4 

Constant Current 15.6 ±0.4 15.2 ±0.4 15.4 ±0.4 

ON/OFF switch 

6 h 15.0 ±0.4 14.7 ±0.5 14.5 ±0.4 

12 h 15.4 ±0.2 15.3 ±0.3 15.4 ±0.2   

24 h 15.8 ±0.6 15.7 ±0.6 15.7 ±0.6 

Electro-polarization 
reversal 

6 h 15.6 ±0.3 15.5 ±0.3 15.5 ±0.2 

12 h 15.7 ±0.5 15.6 ±0.6 15.5 ±0.5 

24 h 15.5 ±0.3 15.4 ±0.4 15.5 ±0.3 

* Experiments with current application were conducted with 10 mA. 
Statistical analysis: Multiple comparisons were statistically performed at p<0.05 (95% confidence interval); no 
statistical differences were obtained. 
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Table 2. Soil pH for all conducted experiments at the end of the 7 days (mean ±SD). 

 pH 

Soil Control Constant 
Current ON/OFF switch Electro-polarization reversal 

Section Layer Abiotic Biotic  6h 12h 24h 6h 12h 24h 

Left 
top 7.85 ±0.11  7.80 ±0.23 6.97 ±0.21 C,e 7.94 ±0.77 7.41 ±0.14  h 8.19 ±0.35 c 7.69 ±0.47 8.56 ±0.25  c 8.01 ±0.08 

bottom 7.59 ±0.06 7.60 ±0.04 7.02 ±0.11  e,D 7.76 ±0.46 G 7.43 ±0.01 h 8.44 ±0.02 d 7.81 ±0.46 8.25 ±0.21  d 8.17 ±0.35 

Central 
top 7.87 ±0.04 7.89 ±0.02 8.74 ±0.61  c,d,e 8.51 ±0.06 8.11 ±0.16 8.22 ±0.03 7.80 ±0.27 8.08 ±0.01 8.36 ±0.06 

bottom 7.87 ±0.08 7.81 ±0.017 8.25 ±0.18  c,d,e 8.49 ±0.01 7.97 ±0.14 8.29 ±0.03 7.62 ±0.38 8.16 ±0.15 8.45 ±0.05 

Right 
top 7.77 ±0.19 A,e 7.54 ±0.05 B,e 11.20 ±0.14 E 8.69 ±0.80 e 9.11 ±0.07 a,b,e,H 8.30 ±0.22 e 7.86 ±0.45 e,h 7.98 ±0.10 e 8.78 ±0.50 b,e 

bottom 7.81 ±0.04 f 7.81 ±0.01 f 9.15 ±0.06 c,d,e,F 8.98 ±0.42 g 8.57 ±0.01 8.04 ±0.08 8.08 ±0.32 7.98 ±0.02 8.64 ±0.18 

* Experiments with current application were conducted with 10 mA. 
Statistical analysis: Multiple comparisons were statistically performed at p<0.05 (95% confidence interval); data that has lower case letters is compared statistically with the 
accordingly capital letter 
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Table 3. Soil electric conductivity for all conducted experiments at the end of the 7 days (mean ±SD). 

 Conductivity (mS/cm) 

Soil Control Constant 
current 

ON/OFF switch Electro-polarization reversal 

Section Layer Abiotic Biotic 6 h 12 h 24 h 6 h 12 h 24 h 

Left 
top 0.72 ±0.01 0.73 ±0.00 1.55 ±0.01 1.22 ±0.23 1.24 ±0.16 0.98 ±0 .24 0.51 ±0.11 0.90 ±0.19 0.92 ±0.29 

bottom 0.60 ±0.01 0.58 ±0.00 1.12 ±0.11 0.75 ±0.21 1.03 ±0.05 0.72 ±0 .19 0.52 ±0.12 0.74 ±0.09 0.89 ±0.22 

Central 
top 0.73 ±0.01 0.72 ±0.02 0.17 ±0.01 0.46 ±0.06 0.43 ±0.06 0.30 ±0 .02 0.66 ±0.03 0.72 ±0.03 0.66 ±0.04 

bottom 0.59 ±0.01 0.59 ±0.01 0.56 ±0.51 0.37 ±0.06 0.43 ±0.07 0.34 ±0 .04 0.59 ±0.04 0.62 ±0.06 0.49 ±0.01 

Right 
top 0.71 ±0.02 0.70 ±0.01 0.73 ±0.16 0.59 ±0.45 0.30 ±0.01 0.94 ±0 .13 0.71 ±0.06 0.57 ±0.08 0.48 ±0.04 

bottom 0.59 ±0.01 0.57 ±0.01 0.25 ±0.02 0.45 ±0.16 0.30 ±0.05 0.47 ±0 .38 0.61 ±0.04 0.54 ±0.12 0.48 ±0.04 

* Experiments with current application were conducted with 10 mA. 
Statistical analysis: Multiple comparisons were statistically performed at p<0.05 (95% confidence interval); no statistical differences were obtained. 
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Table 4. Degradation percentages and standard deviations of the organic contaminants in all conducted 

experiments (mean ±SD). 

Experiment 
Degradation (%) 

Sulfamethoxazole Ibuprofen Triclosan Caffeine 

Control 
Abiotic 17±3 A 8±4 B 10±3 C 3±1 a,o 

Biotic 64±8 a,D 49±6 b,d,E 20±8 d,e,F 6±4 d,e,o 

Constant current 85±1 a,d,G 47±4 b,g,i 56±0 c,f,g,H 13±13 g,h,I 

ON/OFF switch 

6 h 63±4 a,g,J 45±8 b,j,l 41±4 c,f,j,K 7±14 j,k,L 

12 h 72±10 a,M 57±8 b,m,o 44±3 c,f,m, N 36±9 I,l,m,O 

24 h 74±6 a,P 55±1 b,p,Q 31±1 c,h,p,q,R 7±11 o,p,q,r 

Electro-polarization 
reversal 

6 h 64±11 a,g,S 43±8 b,s,T,w 21±18 h,k,n,s,U WD I,o,s,t,u 

12 h 68±6 a,g,V 51±3 b,v,W WD c,f,h,k,n,r,u,v,w WD I,o,v,w 

24 h 70±20 a,g,X 47±7 b,x,Y 1±10 f,h,k,n,r,x,y 4±9 o,x,y 

WD – without observed degradation;  
Statistical analysis: Multiple comparisons were statistically performed at p<0.05 (95% confidence interval); data 
that has lower case letters is compared statistically with the accordingly capital letter 
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Figure 1. Schematic representation of (a) microcosm and (b) the soil sections collected at the end of 

the experiments. The green, blue and yellow represent the transversal (top – α, bottom - β); the 

tangential (left - L, centre -C, right - R) and the radial (median 1 and 2) sections.  
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Figure 2. Analysis of the moisture levels (%) at the end of the EK experiments in the transversal 

sections of the microcosms (left – L, central – C, and right – R) per soil layer (top – α, and bottom – β); 

(for simplification purposes standard deviations were not represented in the figure but are available in 

ESI 5).  
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Figure 3. Differential decay levels of sulfamethoxazole, ibuprofen, triclosan and caffeine after the 

application of an EK treatment for seven days compared to biotic conditions (absolute degradation 

values are depicted in Table 1). 
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 Legend: Soil sections of tangential cuts: L - left; C – centre; R – right; n.d.: not detected 

 

Figure 4. The relative spatial distribution of the residual amount of each contaminant per soil section (% of the total mass per section) at the end of the EK 

treatment is depicted schematically. Values above 50% are highlighted in yellow. For each test, the mean value of 12 independent samples was considered; 

the standard deviations (SD) and statistical analysis are not show for simplicity (detailed in ESI 7 and 8).  
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Figure 5. Linear regression of soil pH in the top central section (Cα) of the microcosm and 

triclosan (TCS) degradation obtained in the biotic control (no current) and the unidirectional 

current modes, ON/OFF switch (Sw) and constant current (CI).  
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Highlights: 

• EK-assisted remediation accelerated the decay of most CECs present in clay soils. 

• Application of a unidirectional current stimulated the removal of biodegradable CECs. 

• Caffeine decay with or without a unidirectional current was negligible. 

• Efficient caffeine removal was achieved under a unidirectional current with a 12h void period. 

• The design of an EK remediation strategy should target the least biodegradable contaminant. 
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