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ABSTRACT

This study analyses the electrokinetic (EK) contribution to the removal from a clay soil of a
mixture of 10 different contaminants of emerging concern (CECs; 17p3-estradiol, E2;
sulfamethoxazole, SMX; bisphenol A, BPA; ibuprofen, IBU; 17a-ethinylestradiol, EE2;
oxybenzone, OXY; diclofenac, DCF; triclosan, TCS; caffeine, CAF; carbamazepine, CBZ).
After 4 days, the CECs natural attenuation was between 0% (CBZ) and 90% (E2) yet
increasing with the application of EK (20 mA, 12 h ON/OFF) to 14% (CBZ) and 100% (E2).
When EK was applied, the CECs more recalcitrant to biodegradation (i.e. <13% biotic decay)
mostly underwent electro-chemical induced degradation (OXY, DCF, TCS, CAF, CB2).
Daily irrigation enhanced the rates of the electro-oxidation -osmosis and -migration,
increasing the CECs decay. After 8 days of EK treatment, the CECs decay increased,
surpassing the decay lag phase of some compounds (OXY, TCS, and CBZ). Yet after 16 days,
most CECs showed similar removals with and without EK, with EK only acting positively on
SMX, OXY, TCS and CBZ (ca. +10%). Our results support that EK application can improve
the removal of CECs from soil, however, under the conditions tested, 16-day treatment lead to
pH alterations that decreased the bioremediation efficiency and inhibited electro-degradation
near the cathode.

Keywords: electrokinetic remediation; microbiota; abiotic removal; clay soil; pharmaceuticals
and personal care products



1. INTRODUCTION

Soil, a non-renewable resource, is a base for life and for supporting livelihoods. Soil protection is
critical to ensure food provision, store and supply more clean water, maintain biodiversity, sequester
carbon and increase resilience to climate change. To reach this goal requires the global
implementation of sustainable soil management practices [1]. Nowadays, concerns about soil
contamination are growing worldwide as it can severely degrade the major ecosystem services

provided by soil and consequently affecting human and environmental health.

The use of effluent, reclaimed wastewater (RWW), for irrigation increases the potential risks
associated with the prevalence and environmental dissemination of diverse contaminants of emerging
concern (CECs), including pharmaceutical and personal care products [2]. The presence of these
contaminants in RWW is not complied in its usage requirements [3-5]. Thus, when RWW containing
CECs is used, those contaminants can accumulate in the soil, be transferred to the food chain and
leach to ground and surface waters, carrying unexpected risks to both the environment and human health
[6-8]. One of the biggest problems, nowadays, associated with the presence of CECs in the
environment, is the fact that some of these contaminants have the potential to promote bacterial
resistance in the environment [9-11]. Several technologies are currently being developed for
wastewater treatment, especially aiming to ensure the removal of target CECs [12]. To date their
removal from soils remains overlooked, regardless that CECs are found in soil worldwide,
emphasizing the urgency of developing novel effective and economically sustainable remediation

treatments for CECs removal on-site.

Bioremediation is one of the most cost-effective remediation methods for contaminated soils
[13]. Bioremediation relies on the functioning of the soil microbiota hence largely influenced by the
environmental conditions that might be favorable or not for specific biochemical processes and
interactions between microorganisms, contaminants and nutrients to occur [14]. The efficacy of the
bioremediation process varies accordingly to the type of soil, available medium conditions and
contamination present at the targeted site. For example, impermeable soil exchanges very little
amount of oxygen and nutrients, limiting the bioavailability of the contaminants, consequently the

remediation rate is very slow to ensure timely mitigation of ecosystem associated-risks [14]. Some



limitations of bioremediation can be overcome, namely in non-permeable soils, by coupling it with the

electrokinetic (EK) process.

The EK process has been successfully used for the treatment of contaminated soils with
organics, heavy metals and other inorganic contaminants [14—17]. This remediation technique involves
the application of a low level direct current across electrodes inserted in the soil [18]. Through the
generated electric field, electroosmosis, electromigration and electrophoresis occurs, as well as the
electrolysis of water that generates H" and OH". Thus, when applied at mild conditions, EK has the
potential to increase biodegradation efficiencies, mainly through the mobilization of pollutants and,
also, in the case of organic contaminants, by promoting their degradation via induced electro-chemical
degradation (reduction and oxidation) [14,19,20]. Simultaneously, EK usage might stimulate both the

mobility and the activity of bacteria in soil [14].

The application of the EK process coupled to bioremediation for the removal of CECs from soil
is still in an early stage of development [14,19-21]. Despite some promising results, little is still known
about the degradation pathways and mechanisms involved in the EK enhanced bioremediation of
different CECs. Finally, the application of EK should influence the distribution (i.e. mobilization) of the
contaminants and of the microbiota along the soil column. Understanding these important phenomena
becomes essential to seek the development of an effective synergy between EK and the soil
microbiota that improves the overall remediation efficacy. In a previous study we found that the
application of EK in'a 12 h ON/OFF mode enhanced the decay of a mixture of 4 CECs contaminating
a clay soil, including some very recalcitrant [19], possibly due to increased CECs mobilization since
their transfer from the soil into the interstitial fluid (i.e. solubilization and desorption) increases in the
void current periods [22]. Using the team established know-how, this study aims to better understand
the effective contribution of EK in the degradation of a complex mixture of 10 CECs, spiked in a clay
soil. The selected CECs (ESI 1) are usually found in RWW, surface water and soils, nhamely 173-
estradiol (E2; naturally occurring estrogen), sulfamethoxazole (SMX; bacteriostatic antibiotic),
bisphenol A (BPA; plasticizer), ibuprofen (IBU; an analgesic, nonsteroidal anti-inflammatory drug),
17a-ethinylestradiol (EE2; semisynthetic estrogen), oxybenzone (OXY; sunscreen agent), diclofenac
(DCF; an analgesic, nonsteroidal anti-inflammatory drug, triclosan (TCS; an antimicrobial disinfectant),

caffeine (CAF; a central nervous system stimulant) and carbamazepine (CBZ; anticonvulsant) [23—



25]. Specifically, we have assessed the short-term (4 days) effect of EK application on both
mobilization and degradation of the CECs mixture, under biotic or abiotic conditions, with or without
irrigation. A comprehensive analysis of the soil physicochemical properties (viz. soil temperature,
moisture, pH and conductivity) was also undertaken. Finally, we measured the effects of longer EK
application (till day 16) on the soil properties, including the persistence of the CECs, after eight and

sixteen days of treatment.

2, MATERIALS AND METHODS

2.1. Chemicals and solvents

All chemicals, including standards and solvents (all analytical grade) were purchased from Sigma—
Aldrich (Steinheim, Germany), except triclosan that was purchased from Labesfal Farma (Tondela,
Portugal). The water was deionized and purified with a Milli-Q plus system from Millipore (Bedford,

MA, USA).

2.2, Soil sampling

The soil (0—15 cm depth) was collected in an organic tomato farm in S&o Nicolau, Santarém, Portugal
(39°12'42.6"N, 8°42'41.5"W) in October 2017. Prior to use, the soil was sieved (No. 10 IS Sieve, 2.0
mm) to remove the coarse fractions, and its physicochemical characterization was undertaken. It
presents a clay texture (61% clay, 29% silt and 10% sand) and a high content of mineral and organic

colloids (see full details in ESI 2).

2.2.1.Soil sterilization

Sterilization of soil samples (coded as Abiotic) was performed in a flow chamber under direct UV light
for 2 h, followed by 6 times 1 h cycle at 121 °C in an autoclave. The sterility of the soil was confirmed
prior to the experiments by inoculating solid media with soil extracts (see below) microbial
development was not observed even after 7 days.

2.3. Electrokinetic microcosm set-up

In a previous study we have resorted to graphite electrodes that were unstable at currents above 10
mA [19]. In the present study and with the purpose to increase the applied current, we resorted to

mixed metal oxide (MMO) electrodes that have shown potential to induce CECs degradation [26,27].



The experimental microcosm (Figure 1a) consisted of a rectangular acrylic container (100 x 50 x 70
mm), in which two of the selected electrodes (MMO mesh, Force ®; 60 x 20 x 0.5 mm) were inserted
laterally, 5 mm from the edge and connected to a power supply for direct current generation (Hewlett
Packard E3612A, Palo Alto, USA). For microcosms assembly, a total of 345 g of soil (60 mm height)
was poured in 3 consecutive layers: the bottom two layers were watered (5:1, m:V), and the topsoil
layer was irrigated with water (5:1, m:V) spiked with the mixture of 10 CECs to account ~4 mg of each
CEC per kg d.w. of soil (aiming to simulate soil contamination due to irrigation with contaminated
RWW). The current used in the EK processes was set to 20 mA (0.27 mA/cmZ) with an ON/OFF

switch of 12 h, i.e. a continuous application of identical periods of current and void.

Two experimental rounds were carried out (six experiments each; protected from direct UV

light; duplicate experiments; ESI 3):

e Round 1, short-term experiments - 4 days aiming to assess CECs decay using sterilized soil
(Abiotic) versus non-sterilized soil (Biotic) inside a flow chamber (sterile conditions; 23.5 + 0.5 °C):
the biotic and the abiotic controls (i.e. without EK), plus two EK-Abiotic and two EK-Biotic with or
without daily irrigation (W; by dropping water on the topsoil layer, 5:1 m:V).

e Round 2, longer experiments - 4, 8 and 16 days aiming to assess CECs decay along time at room
conditions (non-sterile conditions; 19.0 + 0.5 °C): three biotic controls (i.e. without EK) and three
EK-Biotic tests, all under the same irrigation regime (irrigated every 4 days with deionized water by
dropping the deionized water on the topsoil layer; 5:1 m:V).

In each EK experiment the current intensity, the voltage between the electrodes, and the soil
temperature was daily monitored. At the end of the experiments, the soil was carefully removed and
segmented into 6 sections across distinct planes (Figure 1b): transverse (layers 1, 2 and 3; to assess
CECs leaching potential) and tangential (anode section - A; cathode section - C), which were
immediately processed and analyzed (see section 2.4). In parallel, the time zero control was also
analyzed and processed immediately after spiking the soil with the CECs mixture.

2.4. Analytical methodologies

2.4.1.Physicochemical parameters

The soil temperature was measured with a digital thermometer (middle point of the two electrodes, 1

cm depth). The soil water content was determined as the weight loss after 24 h at 105 °C till constant



weight. Conductivity and pH were evaluated using a soil deionized water ratio of 1:2.5 (w:V), stirred for
1 h, then left aside to settle for another hour prior measurement, with the pH meter Metrohm-Solitrode

with Pt1000 and the Horiba-LAQUAtwin conductivity meter. Each sample was measured in duplicate.

2.4.2.0rganic contaminants extraction
The concentration of the organic compounds was determined using an adapted QUEChERS method
described in Guedes et al. [19]: 2.5 g of soil collected right after the end of the experiment was mixed
with 1.5 mL of deionized water (vortex 30 sec); then 2.5 mL of acetonitrile was added (vortex 1
minute); and then 1 g of MgSO, (mixed vigorously manually, followed by vortex 30 sec). The
supernatant (organic phase) was recovered after centrifugation (2800 x g, 5 min; room temperature),
filtered through a PTFE syringe filter 0.45 um (previously passed through acetonitrile), transferred to a
vial and conserved at -20 °C. Each sample was extracted in triplicate. Extraction method recoveries
were between 85-105% (ESI 4).

2.4.3.CECs quantification using HPLC-DAD-FLD analysis
Analyses were performed using high-performance liquid chromatography (HPLC) with diode array
detector (DAD) and fluorescence detector (FLD). HPLC analysis was performed on a LC System
equipped with a Quaternary Pump (G7111B) and a vial sampler (G7129A) (Infinity I, 1260 Series,
Agilent Technologies, USA), coupled to a diode array detector (G1315B) and a fluorescence detector
(G1321A) (Agilent 1100 Series). The UV wavelength was set to scan from 200 to 500 nm and the
fluorescence was measured with excitation at 220 nm and emission at 290 nm. The system was

operated using the LC OpenLab software (version 2.15.26).

Analytes separation was performed using a Poroshell 120 EC-C18 2.7 ym column with 4.6 x
100 mm from Agilent (California, USA), and an Onyx SecurityGuard C18 cartridges, with 5 x 4.6 mm,
from Phenomenex (Torrance, USA). The oven was set to 36 °C. The HPLC runs were performed at a
constant flow of 1.5 mL/min, in gradient mode. The eluents used were [Water]/[Acetonitrile]/[50%
Formic acid in water] as follows: eluent A: 94.5/5/0.5; eluent B: 5/94.5/0.5. All eluents were filtered
through Nylon 66 membranes (pore size of 0.45 um; Bellefonte, PA, USA). The gradient run was set
to 1 min 5% B, after 95% B until 9 min, then 97% B until 10 min, where it was held constant for 2 min

and then to 5% B until 13 min. Post run equilibrium was carried out for 2 min.



Preceding analysis, each soil extract was mixed with eluent A (2:1) in a vial with insert and
analyzed. The target CECs were quantitatively analyzed at: 282 nm for CAF, SMX, CBZ, DCF, OXY
and TCS concentration; and 220-290 nm of excitation emission for BPA, E2, EE2 and IBU. Data
analyses were processed using the LC OpenLab software. Repeatability presented a coefficient of
variation between 10 and 28% whereas intermediate precision was between -1 to +12%. The matrix
effect caused deviations of HPLC quantification which were estimated to be between -3 to +15% (data

not show). The limits of detection and quantification (LD and LQ, respectively) can be found in ESI 4.
2.4.4.Degradation kinetics

The CECs biotic decays along time, round 2 experiments, were adjusted to a pseudo first-order model,

as follows equation 1:
In(C/Cy) = —kt @

where C and C, represent the concentration (ug/kg d.w.) of the target CEC at time t and zero,
respectively, k is the degradation rate constant (h™). Then, half-lives (t.;) were calculated according to

equation 2:
ty, = In(2)/k (2)

For the CECs that we observed the occurrence of a lag phase (microbiota acclimation)
followed by a biodegradation phase, the half-life times (t,,) were obtained by adding the lag phase to
the half-life values, calculated from the first order kinetic constant (k) [28,29], and then the data were
fitted to a second degree polynomial model previously used for surfactants biodegradation in waters

[29] according to equation 3:

=Ky P4 Ky C+ K ®3)

where C is the compound concentration at time t, K, is the coefficient of C?, K, is the coefficient of C,
and K, is an independent term that represents the concentration of non-biodegradable substrate in the

medium.



2.5. Statistical analysis

Significant differences among the samples (95% confidence interval, p<0.05) were evaluated through
one-Way ANOVA Tukey’s multiple comparisons test, using GraphPad Prism software (version 8). The
multiple comparison analysis was designed to extract the degree of dissimilarity among the
experimental observables after the treatment (viz. physical parameters of the soil and the quantities of
each CEC) per soil segment (soil sections, Figure 1b) relative to the time zero control. We compared
different soil sections of the same experiment but also the equivalent soil sections of different
experiments. Samples with CEC below the limit of quantification of the method (yet close to the limit of
detection) were designated as not detected (n.d.) and accounted as “0” for the statistical analyses,

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

3. RESULTS AND DISCUSSION

3.1 Round 1: Short-term effects of EK application
3.1.1.Initial characterization of the EK system (pH, conductivity, temperature, water

content, voltage)

When no EK was applied regardless of the presence or not of the soil microbiota, in general stable pH
values were observed after 4 days (Table 1), with a mean value of 8.04 + 0.10 (p>0.05). As expected,
when EK was applied, the pH was different across both length and depth of the soil layer due to the
water electrolysis that produces H' in the anode and OH' in the cathode. These pH changes were
more pronounced in the cathode side, where a trend for pH increase with depth was observed (Table
1). For example, in the EK-Abiotic test, the pH was 8.84 in the topsoil layer near the cathode (section
C1) and 9.85 and 10.44 in the sections below (C2 and C3), with statistically significant differences
(p<0.05). The biggest pH difference observed between anode and cathode soil sections was 3.5 units
registered in EK-Abiotic in the bottom soil layer, that ranged from 6.94 near the anode to 10.44 near
the cathode (A3 and C3, respectively; p<0.05). In the anode side, the protons formed by electrolysis
were, to some extent, counteracted by the clay soil, potentially with a high cation exchange capacity
thus contributing to the buffer capacity around the anode (keeping the pH more stable comparing to

the cathode side) possibly due to a high carbonate content [30].



The EK treatment promoted only slight variations of the soil conductivity, mainly attributed to
the formation of ions and to the pH changes reported above. The only significant changes were
observed in the EK-Abiotic and EK-Biotic between soil sections at the same depth: conductivity in A2
> C2 and A3 > C3 (p<0.05), being mostly related with the higher pH in cathode soil sections (Table 1).

At higher pH the precipitation of ions occurs, thus decreasing soil conductivity [31].

Despite the EK application, the temperature of the soil was kept somewhat constant along the
4 days, 23.5 + 0.5 °C. The lower water content was always observed in the topsoil layer (C1 and Al
sections) attributed to water evaporation (Table 1), which caused the topsoil layers to crack in the
experiments without periodic irrigation. When EK was applied to the soil, differences were also
observed in the water content between the anode and the cathode side, for example, the EK-Abiotic
and EK-Biotic anode side presented always lower values compared to the cathode side (Al < C1, A2
< C2 and A3 < C3; p<0.05). The microcosms system was not significantly affected by the ohmic
heating as the measured soil temperature was fairly constant along the EK treatment. In agreement,
we concluded that the higher water content in the cathode side of the experiments without daily
irrigation was due to the electroosmotic flow towards cathode. This behavior was also observed in the
experiments with periodic irrigation at a much lower extent (EK-Abiotic-W and EK-Biotic-W; p<0.05).
These results are supporting the previously reported by Guedes et al. (2019) for the same clay saill,

where the electroosmotic flow was developing towards the cathode side [19].

The voltage-drop between the working electrodes greatly increased along time, being more
pronounced in the experiments without periodic irrigation: in EK-Biotic from 9.3 to 21.3 V, in EK Abiotic
from 7.5 to 90.2 V, in EK-Abiotic-W from 7.8 to 11.1 V and in EK-Biotic-W from 7.6 to 10.1 V. The
voltage drop increase is attributed to the depletion of ions (through migration and precipitation
reactions), the decreased of water content along time (Table 1), soil cracking and the accumulation of

gas at the electrode-soil interface which increases the electrical resistance [32].

3.1.2.CECs Abiotic or Biotic decay under control conditions (without EK)

In the Abiotic microcosm, the CECs total mass loss was below 7% (sum of all CECs mass in relation
to total initial value; Figure 2). A higher mass loss, approx. 20% (statically significantly different,

p<0.05), was obtained in the Biotic microcosm. The estimated Henry’s Law constant for SMX and IBU



are 6.4x10™ and 1.5x10" atm-cu m/mole, respectively, the lowest and the highest values among the
tested compounds. Accordingly, the CECs decay through volatilization from the moist soil surface is
unlikely, or negligible, due to their low vapor pressures. Furthermore, since experiments were not
performed under direct UV radiation, a concentration decrease as a result of photodegradation should
not be relevant. Thus, it can be inferred that under Abiotic conditions, the decay of CECs observed
should be mostly due to aging and sequestration processes [33] and, to some extent, due to analytical
extraction efficiencies (ESI 4). Nonetheless, the changes in the soil physicochemical properties
caused by the sterilization, due to autoclaving, cannot be disregarded in the comparison between
systems as it can affect sorption or sequestration [34]. Herein, the observed CECs abiotic decay levels
were below 19% (corresponding to E2) following the order E2 = SMX = BPA =2 TCS = DCF = IBU 2

EE2 = OXY, CAF, CBZ.

In the Biotic conditions, the observed decay values should be related to the biodegradation of
the CECS, consistent with previous reports [19,35,36]. To systematize our results, we grouped the
tested CECs accordingly to the observed Biotic decay levels after 4 days as follows: > 20% were
considered biodegradable (E2, SMX, BPA and IBU), and < 20% recalcitrant (EE2, OXY, DCF, TCS,
CAF and CBZ) (Figure 3). The observed trend for their Biotic degradation was E2 > SMX = BPA =
IBU > EE2 > OXY = DCF = TCS = CAF = CBZ. The highest Biotic degradation was 90% for E2, with
the remaining biodegradable CECs (Figure 3a) having decay values between 36.1 and 24.8%. For the
recalcitrant CECs (Figure 3b), the Biotic degradation levels were below 13% and, except for EE2, no

statistically significant differences were found compared to the Abiotic conditions (p>0.05).

Overall, these results are in accordance with the findings reported in the literature. The
average t;,, of BPA (biodegradable) increases in 0.75 times when a non-sterilized soil was used [37].
In a 63-day study, CBZ and TCS (recalcitrant) average ty, in sterilized soils was 1.6 and 1.7 times
longer, respectively [37]. Each CEC will display an unique half-life that is dependent on compounds
properties and the environmental conditions [38]. For example, E2, a natural estrogen, is highly
susceptible to biodegradation, whereas EE2, a synthetic derivative of E2, is less susceptible due to the
presence of an ethynyl group [39]. Consistently, we observed a decay difference of almost 80%
between the two estrogens (Figure 3; p<0.05). CBZ (recalcitrant) shows high persistence in soils due

to its stable heterocyclic structure, with an estimated t;;, ranging from 28.0 to 39.1 days [37], thus

10



considered one of the most persistent pharmaceuticals in the terrestrial and aquatic environments.
Besides the heterocyclic structure, the presence of halogens negatively affects biodegradation, an
effect that rises with an increased degree of halogenation [40]. For example, the degradation of DCF
that has two chlorines, and TCS that has 3 chlorines were below 3%. The CECs that are non-ionic,
like CAF, have been considered recalcitrant, whereas weak acidic CECs, such as SMX and IBU,
exhibit usually fast degradation rates [41,42].

The HPLC-DAD-FLD chromatograms of the treated soil extracts (spiked compared to soil
treated without spiking) presented new peaks possibly sub-products and/or biodegradation
intermediates of the CECs, that were classified as unknown compounds. Their identification using LC-
ESI-MS was not possible under the MS system (single quadrupole; low resolution mass spectrometry)
and operational conditions (full scan; positive and negative ion mode; non-targeted analysis) used. To
achieve their identification another mass analyzer configuration and high-resolution mass
spectrometry or experiments with higher spiking concentration may be required. Still, and considering
that some CECs presented good decays in 4 days, it should me mentioned that CECs metabolites
can, sometimes, be more harmful that the parent compound. For example, it has been reported that
methyl triclosan (methyl-TCS) [43], the main metabolite of TCS, is more persistent in soil [44] and
more lipophilic, thus exhibiting higher bioaccumulation potential [45]. Thus, a decrease in the parent

CEC concentration does not necessarily mean a decrease of the associated environmental risks.

3.1.3.CECs Abiotic or Biotic decay under EK conditions — general analysis

When EK was applied to the soil, higher CECs decay levels were, in general, achieved
compared to the Biotic and Abiotic control conditions (Figure 3). The application of EK in the Abiotic
system increased the decay of the recalcitrant CECs between 6 and 21%, and of the biodegradable
CECs between 14 and 28% compared to the corresponding control (statistically significantly different
for all CECs except for DCF and for CBZ, p<0.05). This resulted in a decay trend different for that of
the Abiotic control, as follows: SMX > E2 > BPA = TCS = CAF = IBU = EE2 = DCF = OXY = CBZ.
When EK was combined with bioremediation (i.e. biotic conditions), in general, the decay trend
observed was similar to that observed in the corresponding control, but the decay levels increased up

to 17% (p<0.05) for SMX, BPA, DCF, TCS, and CAF.

11



The use of daily irrigation, which slightly altered the decay order of the CECs compared to the
controls, resulted in the highest decay values for all CECs, with EK-Biotic-W retrieving higher or equal
decays compared to EK-Abiotic-W, except for SMX (~40% higher in EK-Abiotic-W; p<0.05).
Statistically significant differences (p<0.05) were obtained in the decay levels for all compounds,
except for E2 and for CAF, comparing the two EK treatment with and without irrigation.

The CECs spatial distribution in the soil showed that, independently of the experimental setup,
at the fourth day their residual amounts were mainly present in the topsoil layer (up to 62%; Al and
C1), and at very low amounts in the soil layer below (up to 6.5%, A2 and C2) (Table 2). The observed
distribution is consistent with the spiking of the soil on the topsoil layer that simulates a conventional
irrigation system. Due to the hydraulic mobility promoted by the water, the CECs reached the second
soil deep (2-4 cm depth, A2 and C2), but the high clay content limited further their migration (4-6 cm
depth, A3 and C3). The application of EK resulted, in general, in higher percentage of CECs being
detected in the cathode side compared to the anode (Table 2). When no daily irrigation was
performed, the cathode side presented CECs between 45 and 62%, and the anode between 38 and
48% (Table 2)

The application of daily irrigation resulted in a more even distribution of the CECs between
anode and cathode sides, with some compounds found at higher amounts on the anode side (IBU in
EK-Biotic-W and EK-Abiotic-W; SMX and DCF in EK-Abiotic-W), regardless of relative standard
deviations (RSD) up to 22%. The uneven distribution of the CECs was attributed to soil matrix
heterogeneity, known to largely affect the electromigration and the electroosmotic flow [46], and to the
manual pressing, irrigation and fractionation of the soil. Still, and independently of these RSDs, CECs

total decay retrieved lower RSDs (< 10%).

3.1.4.CECs decay under EK conditions — compound specific analysis

The comparison of the EK-Biotic with the EK-Abiotic made apparent that the decay of the
recalcitrant CECs (EE2, OXY, DCF, TCS, CAF and CBZ) in 4 days was mostly ensured by the
application of the EK (i.e. their biodegradation is negligent). Also considering the degradation levels
observed in the controls (Figure 3, Biotic system), we can conclude that whenever EK is applied the
recalcitrant CECs underwent mostly electro-degradation processes. Our experimental results support

that EK promoted their degradation through induced redox reactions both close and far away from the

12



electrodes, the last since the clay particles can act as micro-electrodes [19,46]. It is known that the
electro-chemical oxidation of organic contaminants comprises two mechanisms: (i) direct oxidation
occurring at the anode surface by the chemisorbed *OH (E, = 2.8V), when an active electrode is used
(similar to the one used here), and (ii) indirect oxidation through the generation of a mediator in the
bulk solution (like active chlorine). The differences observed in the decay levels of the recalcitrant
CECs might be explained by their structural differences [47], and/or distinct physicochemical
properties (ESI 1). For example, in the 4-aminosalicylic acid the presence of a —NH, group in meta-
position to —OH and para-position to —COOH slightly activated the electrophilic attack of <OH,
compared to the salicylic acid without any —NH, group, in water samples using a boron doped
diamond/air-diffusion cell [47]. In contrast, the electrophilic reaction of *OH was strongly deactivated
when the —NH, group was placed in para-position in respect to —OH and meta-position in relation to —
COOH in the 5-aminosalicylic acid molecule [47].

At this stage we did not aim to disclose the electro-degradation pathway of the tested CECs.
Nonetheless, several studies conducted in water matrices have shown that, for example, the electro-
chemical degradation of E2 and EE2 are likely initiated by the addition of *OH radicals either through
(i) abstraction of the hydrogen linked to the C6 of the aliphatic ring or (ii) oxidation of its hydroxyl
group, regardless that in EE2 the presence of the ethinyl group stabilizes the phenolic ring, increasing
its resistance to degradation [48,49]. Consistently, we observed that the EE2 presented lower electro-
degradations than E2 (p<0.05). However, several soils constituents may reduce CECs electro-
degradation, namely the presence of radical scavengers, such as humic acids [50,51], other ions like
HCO; and CI" [51,52], and pH [50-52]. To date, the majority of the studies on the degradation of
CECs were conducted in water matrices, and data on their degradation through radicals produced by
advanced oxidation processes, including electro-chemical processes, in soils are scarce. In this study,
the HPLC analysis of the soil extracts, before and after the application of the EK treatments, revealed
the presence of unknown compounds that formed throughout the process. We hypothesize that these
compounds may constitute degradation intermediates of the CECs, and we will seek their identification
in the near future.

When EK is applied, CECs decay is also influenced by their mobilization in the soil column
due to electroosmosis and electromigration, both greatly affected by pH dependent CECs speciation.

The higher CECs decays observed in the irrigated systems is thus explained by their increased
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electro-oxidation rates and solubilization due to a higher water content, as well as, due to their
speciation that enhances mobilization by electroosmotic flow and electromigration (ionic species). In
this case, we cannot disregard that the soil sterilization may have changed its structure, as the heat
and the pressure achieved during autoclaving may increase the surface area available for the sorption
of CECs [34], thus negatively affecting their mobilization through electroosmosis and electromigration.
On the other hand, the autoclaving of the soil can also increase the dissolved organic content in the
soil liquid phase, which can decrease the sorption of the CECs due to complexation in the liquid phase
[34], which may actually improve their mobilization through the soil column. All these factors need to
be accounted when comparing the mobilization of the CECs in the Biotic and Abiotic system. Still, no
significant changes were observed in the pH and conductivity after the sterilization (Table 1) and
remained above 7 in all experiments after the 4 days. Thus, considering that the pKa of IBU is 4.91
(ESI 1), it can dissociate in its anionic form and potentially move towards the anode side by
electromigration, and towards the cathode by electroosmotic flow. Higher IBU concentrations were
detected in the anode side (Table 2) compared to the cathode (p<0.05) in the EK-Biotic-W and EK-
Abiotic-W experiments, which led to the highest observed decays for IBU. This suggests that, in this
case, electromigration prevailed in relation to electroosmosis. CAF presented a homogenous
distribution in the soil (Table 2; p>0.05), hence most probably suffered electro-degradation after its
desorption from the soil particles (e.g. desorption coefficient logarithm is 2.87 and 3.89 for silt and
sandy loam soils, respectively) promoted by the OFF-time period [19]. On the other hand, TCS
removal by EK was shown to be pH dependent [19], thus a pH above its pKa (Table 2; pKa of 7.9, ESI
1), promoted by the water electrolysis when EK was applied, favors its solubilization and movement

toward the electrodes, consequently, its degradation (Figure 3).

EK application may enhance bioremediation due to higher availability of the CECs, nutrients
and electron acceptors and can also promote bacteria mobility along the soil due to electrophoresis
and electroosmotic flow [14], favoring the contact between bacteria and the contaminants. In addition,
EK application generates oxidizing and reducing zones that are favorable for biodegradation of
contaminants close to the electrodes [14]. Collectively these factors explain the synergistic effect
between EK and bioremediation noticed for the biodegradable CECs (except IBU) that showed higher

decays in the EK-Biotic-W compared to EK-Abiotic-W (Figure 3; p<0.05).
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The pH shifts promoted by EK may favor the CECs mobilization, however bioremediation can
be hindered close to the electrodes [14,53], specially near the cathode side in which pH became
alkaline (Table 1). This hypothesis is supported by E2, BPA and EE2 distribution in the soil column of
the EK-Biotic systems, with/without daily irrigation, that, in general, accumulated in the cathode side
(pH 9), contrary to their homogeneously distribution observed in the EK-Abiotic systems (Table 2). At
the end of EK-Biotic-W, EE2 and BPA distribution is 18.2 and 15.6% higher in C1 than in Al (p<0.05),

and E2 is 24.6% higher in C1 than Al in the EK-Biotic (p<0.05).

SMX is biodegradable, reaching 36% of biotic decay in 4 days (control conditions).
Surprisingly, SMX decay in EK-Abiotic-W was 81% (Figure 3), whereas in EK-Biotic with/without
irrigation was ~50%. SMX distribution in the soil was different in these conditions, concentrating in the
anode in the EK-Abiotic-W (less 17% in C1 than in Al), but in the cathode in the EK-Biotic-W (more
20% in C1 than in Al). We hypothesize that in EK-Abiotic-W the high-water content (Table 1),
combined with a potential higher dissolved organic content in the sterilized soil [34], improved SMX
solubilization/mobilization, allowing a more efficient electro-oxidation that surpasses the efficiency of

bioremediation.

TCS highest decay was observed in the EK-Biotic without irrigation, whereas in the EK-Biotic-
W it was 0% (Table 2). TCS biodegradation was reported to be substantially hindered by a high water
content in soil [43], which partially explains that we observed higher TCS degradation levels in the EK-
Biotic compared to EK-Biotic-W (Table 1). However, it fails to explain why in the EK-Biotic-W, TCS did
not undergo electro-degradation compared to the 22% decay observed in the EK-Abiotic-W (Table 2).
TCS major biotransformation methyl-TCS [43], may undergo the reversible reaction in soil [44].
Accordingly, we hypothesize that in the EK-Biotic-W the TCS decay was nil because of the reversibility

of TCS conversion to methyl-TCS. This hypothesis deserves further analysis.

3.2. Round 2: effects of longer EK application

3.2.1.Effects of longer EK application on soil physicochemical parameters

In round 2 experiments, as the water content highly influenced CECs decays, the microcosms were

irrigated every 4 days and the treatment was conducted at room temperature.
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In round 2 experiments (4, 8 and 16 days), soil physicochemical properties (Table 3)
presented a similar behavior to what was observed in the round 1 experiments (4 days). In general,
pH, conductivity and water content did not significantly change in the Biotic conditions (p>0.05). The
application of EK resulted in pH variations in depth, being more pronounced in the longer time periods
(p<0.05), both in the anode and in the cathode side, with pH changing faster in the cathode than in the
anode. The cathode pH on day 4 shifted to slightly alkaline (8.94 - 9.53), whereas in the anode the pH
decrease was only observed on day 8 (6.40 - 6.61). On day 16 pH ranged from between 4.31 (C3) to

10.51 (A3).

The conductivity also varied in the EK experiments, being the variation linked to pH,
conductivity decreased as pH increased. Water content increased with depth and, in general, from
anode to cathode (p<0.05), possibly indicating electroosmotic flow towards the cathode. This is in
accordance with the observations in round 1 EK experiments (Table 1). The temperature of the soil
was kept constant along the 4, 8 and 16 days, 19.0 + 0.5 °C. The voltage-drop between the two
working electrodes tended to increase along time with the same pattern, by increasing from approx. 9

to 22 V every 4 days, due to microcosms being watered every 4 days.

3.2.2.CECs removal in longer treatment time — general analysis

The total mass loss of the CECs was higher in the first 8 days when EK was applied to the soail
(p<0.05; ESI 10). The mass loss was 21.7 and 34.6% at the end of 4 and 8 days, respectively, for the
Biotic control, and 30.3 and 54.8% for the EK-Biotic treatment. By other words, under the conditions
here tested, the usage of EK during the first 8 days increased the overall removal of CECs compared
to their natural attenuation. Unexpectedly, we observed an inversion of this trend for longer treatment
times, specifically between day 8 and 16, where the removal ratio decreased in the EK-Biotic
(increased ~10% relative to day 8) compared to that of the Biotic control (increased nearly 30%
relative to day 8). At the end of the 16 days, the total mass loss of the CECs was similar (p>0.05; ESI

10) for the Biotic and EK-Biotic treatments, approx. 64 and 65%, respectively.

As expected, CECs decay increased along the treatment period (Figure 4). In round 2, the
CECs under study presented 3 types of biodegradation behaviors, considering their decay and half-life

(t,,), after 16 days (Figure 4 and Table 4):
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o Type | —decay = 80%, t,, < 8 days: E2, SMX and BPA.
o Type Il —with 50% < decay < 80%, 8 days < t,, < 16 days: IBU, EE2, DCF and CAF.

o Type lll — decay < 50%, t,, = 16 days: OXY, TCS and CBZ.

The type | CECs presented high biodegradation efficiency in the first 8 days (Figure 4) with E2
reaching 100% decay (not detected in the soil), followed by BPA (72.8%) and SMX (55.7%). Between
days 8 and 16, BPA decay reached 91.7% and SMX 86.6%. In the type Il and Ill CECs we observed a
lag phase due to the microbiota acclimation, which was followed by a biodegradation stage. In type II,
decays on day 8 were between 15 and 43%, increasing to 61.1% for EE2, 75.5% for I1BU, 68.5% for
DCF and 74.1% for CAF on day 16 (Figure 4). Finally, the type Ill compounds presented decays below
10% on day 8, after which they increased till 35.7% for OXY, 23.1% for TCS and 21.5% for CBZ. The
degradation kinetics here obtained accounted 4 experimental data points for each compound (except
for E2 that achieved a very fast decay), with determination coefficients (R”) above 0.98 for type |
compounds, hence a good fit to the pseudo-first order kinetics (Table 4). When a lag phase was
present (types Il and lll), the determination coefficients were lower for the pseudo first-order kinetic,
between 0.83 and 0.95. In these cases, the negative K, values are associated with the existence of a
lag phase or acclimation period at the beginning of the experiments, being very low (£10°), thus
suggesting that there is a negligible inhibitory effect in the degradation process at the concentrations

here tested [29].

The CECs distribution in the soil also varied along time (Table 5). In the Biotic experiment,
compounds were more evenly distributed in the top soil layer, apart from E2 and IBU at day 4, and
SMX and IBU on day 8 and 16. When the EK treatment was applied, and similarly to the results
obtained in the round 1 experiments, the compounds distribution changed after 4 days with the
amount of CECs detected in the anode side being in general lower than in the cathode at day 8, after
which CECs were again more evenly distributed (Table 5). The exception to this behavior were SMX,
IBU and DCF, that were more concentrated in the anode side on day 8 and 16, than in the cathode.
As the pH decreases in the anode side and increases in the cathode (Table 3), the percentage of
SMX, IBU and DCF increased in the anode. Considering that these CECs pKa are below 5 (all other
CECs pKa are above this value), as the pH shifts to near 5 in the anode side, their migration

decreases influencing their degradation.
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Comparison of the results obtained in both experimental rounds, at 19.0 °C and at 23.5 °C, at
the 4" day, no significant differences (p>0.05) were observed for the total mass of CECs removed,
thus presenting minimal influence on the CECs decays, in the conditions here studied. Still, some
CECs presented individually slightly different behaviors (Figure 3 vs Figure 4), SMX decay was always
higher, after 4 days, at 18 °C (p<0.05), more 9.0 and 14.1% in the Biotic and EK-Biotic, respectively.
BPA natural attenuation was higher at 18 °C (more 21.7%, p<0.05), whereas for IBU it was lower (less
8.4%, p<0.05). CAF and TCS decay also changed in the EK-Biotic, with CAF decay increasing at 18

°C (more 12.6%, p<0.05), and TCS decreasing (less 10.1%, p<0.05).
3.2.3.CECs removal in longer treatment time — specific analysis

The individual CECs decay was generally stimulated when EK was applied (EK-Biotic vs Biotic) till day
8 (p<0.05), but at day 16 the CECs decays were similar to those observed in the Biotic system
(control), with a few exceptions (Figure 4). Regarding the type | compounds (decay = 80%, t,, < 8
days), the application of EK could only improve SMX removal, with this antibiotic always presenting
higher decays in the EK-Biotic compared to the Biotic (p<0.05). Still, the positive effect was only seen
till day 8, after which the EK-Biotic removal of SMX was almost null (0.3%), whereas it increased
~40% in the Biotic system. Among the type Il compounds (with 50% < decay < 80%, 8 days < t,, < 16
days), EK had a positive impact on all CECs decays till day 8, except on IBU. Decay levels achieved
for CAF, DCF and EE2 were always higher on EK-Biotic (p<0.05) till day 8, after which their decay
slowed down. This resulted in similar decays for CAF and EE2 after 16 days with and without EK
(p>0.05), with DCF reaching better results in the Biotic system (p<0.05). IBU was negatively affected
by EK, an effect more pronounced along time, with the EK-Biotic system leading to significantly lower
removals on days 8 and 16 comparing to the Biotic system, -9.1 and -21.6%, respectively (p<0.05).
Finally, the decay of the compounds grouped in the type Il (decay < 50%, t,, = 16 days) was positively
impacted by EK till day 16. In this group decays were always higher in the EK-Biotic treatment
(p<0.05; except for TCS on day 16). Specifically, EK allowed to revoke the lag phase as, e.g., on day
4, TCS and OXY showed degradation values of 7.3 and 14.8% when EK was applied, compared to a
null decay on the Biotic treatment (Figure 4). The increased removal of CECs in the anode might be
due to electro-oxidation processes, but also to an increased bioremediation efficiency as referred

before. It has been suggested that the oxygen generated at the anode by electrolysis can increase
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dehydrogenase activity and oxygen uptake rate [54,55]. Also, if a pH close to neutral is maintained in
the sub-surface, the EK process can increase the interaction between bacteria and the contaminants,

and rate limiting nutrients, which improves bioremediation [56].

The decreased CECs decay after day 8 in the EK-Biotic comparing to the Biotic treatment, is
partially explained by a decrease in the biodegradation contribution due to community inhibition
promoted by the changes promoted in the soil pH (Table 3) but also in the soil redox potential, gas
composition and nutrients depletion in the vicinity of the electrodes (due to migration). For example, if
pH changes to values below 3 and above 9 (as observed in the cathode side; Table 3), the microbial
growth may be inhibited due to interferences with microbial metabolism, gas solubility and nutrients
(bio)availability in the pore fluid [54,57,58], reducing biodegradation efficiency. Also, the oxygen
generated at the anode may diffuse through the soil thus changing redox potential which may impact
both abiotic and biotic transformation [59]. Nonetheless, as seen by the results obtained in the round 1
EK-Abiotic assay (Figure 3), the CECs should have, to some extent, undergone electro-chemical
induced degradation. Therefore, the low electro-chemical degradations obtained can be due to (i)
decreased CECs solubilization as the pH decreases in the anode side; (ii) decreased electro-osmotic
flow. Also, Fenton-like reactions leading to the production of «OH radicals that participate in the CECs
electro-degradation may have been hindered as the pH increases in the cathode side. The pH

increase promotes soluble Fe species precipitation, the Fe** decreases as the pH increases [53].

Further analyses are still required to understand the mechanism that reduced the overall

efficiency of electro-chemical degradation between days 8 and 16.

Overall, under the conditions here tested, we conclude that the benefits of the EK application are
hindered when longer periods are used. This likely results from the alteration of the soil properties,
namely pH, that negatively impacts the efficiency of bioremediation and of electro-degradation near
the cathode. To circumvent this effect there are several possible routes, for example, the EK treatment
may be interrupted, a polarization reversal can be used after day 8, or additives can be employed
during irrigation to minimize the pH changes. Our results reveal that the complexity of CECs mixture
used here, combining biodegradable and recalcitrant compounds of diverse chemicals structures, as a
representation of a common RWW, dramatically increased the complexity of the analysis of the EK

assisted remediation treatment. Still, further studies are needed to better understand the
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physicochemical processes involved in the CECs removal, their degradation pathways and the
microbiota changes induced by EK. Understanding these factors, and the complexity of their
interactions, is required to reach a knowledge-based strategy for operational optimization and control

of EK application in the field.

4. Conclusions

In the sterile soil, the observed Abiotic decay after 4 days accounted for a reduction of the total mass
loss of CECs below 7%. This value increased to 20% when Biotic conditions were used, with decay
levels for individual compounds varying from 13% (recalcitrant CECs) to 90% (E2, the most
biodegradable compound). In general, the application of the EK treatment for four days resulted in
higher decay levels, in both Biotic (ca. 17% increase) and Abiotic conditions (6 to 28% increases).
Interestingly, the benefit of EK application for 4 days was more obvious for the recalcitrant compounds
OXY, DCF, TCS, CAF and CBZ, regardless of the presence of the soil microbiota, showing that they
mostly undergo electro-chemical induced degradation. The use of daily irrigation during the four days’
EK treatment resulted in the highest decay values for all CECs (except SMX) due to higher electro-
chemical oxidation rates and compound’s mobilization by electroosmosis and electromigration. The
conclusions established in these short-term-treatments (round 1) were challenged when longer periods
of treatment were used (round 2). In fact, overall, the results obtained for the longer experiments
(round 2) results support the application of EK to accelerate the CECs removal in the first 8 days, after
which longer EK application (20 mA, ON/OFF periods of 12 h) negatively impacted the removal of
most CECs. The exception are the compounds classified as type 11l — decay < 50%, t,, = 16 days, were

EK positively increased their decay levels, even after 16 days of treatment.

We conclude that, in the here tested conditions, the EK assisted remediation should be
applied for short periods and its design should be guided by the irrigation regime used, since we
observed that the water content influences the electro-degradation of some CECs. In addition, the
selection of the EK conditions should definitively target the most recalcitrant compounds, yet they also

need to ensure that the pace of the bioremediation processes is not negatively affected.
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Figure 1. Schematic representation of (a) microcosm and (b) the soil sections collected at the end of
the experiments. The light green line represents the tangential cut (anode - A, cathode - C) and the

yellow represent the transversal cuts (layers 1, 2 and 3). All units are in mm.
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Figure 2. Sum of all CECs mas remaining in the soil after 4 days under the different treatments
conducted at 23.5 °C (round 1; statistical analysis: multiple comparisons were statistically performed
at p<0.05, 95% confidence interval, data that has capital case letters is statistically significantly

different with the accordingly lower letter; n=2)
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Figure 3. Degradation percentages and standard deviations (mean + SD) of the (a) biodegradable

and (b) recalcitrant organic contaminants for all treatments conducted at 23.5 °C for 4 days (round 1;

statistical data available in ESI 6; n=2).
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Figure 4. Degradation percentages and standard deviations (mean = SD) of all contaminants of
emergent concern for the Biotic control and EK-Bio treatment conducted for 4, 8 and 16 days at
room temperature, 19 + 0.5 °C (round 2; statistical data available in ESI 11; n=2).
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Table 1. Soil pH, electric conductivity, water content by soil section for the round 1 experiments

conducted for 4 days (average soil temperature 23.5 + 0.5 °C). (standard deviations not shown for

simplicity; available in ESI 5; n=2).

Soil Experiment
Section Layer Abiotic EK-Abiotic | EK-Abiotic-W Biotic EK-Biotic EK-Biotic-W
pH
Al 7.84 7.81° 7.28! 7.89 7.759 7.59°
Anode A2 8.072 7.037¢ 7.40" 8.05% 7.34" 7.43°
A3 8.02°f 6.945¢ 7.32" 8.14°™" 7117 725N
c1 7.93%94° 8.84°¢ 9.58’ 8.041° 8.92° 8.99°
Cathode c2 8.104MkP 9.85°P 10.01¥ 8.124Mkp 9.21" 9.38"
c3 8.02 &M 10.44°F 9.72M g8.27°!ma 9.60° 9.19°
Conductivity (mS/cm)
Al 0.79 1.05 0.89 0.77 0.76 0.79
Anode A2 0.71 0.95" 0.76 0.60 0.90" 0.71
A3 0.75 0.99° 0.81 0.54° 0.93" 0.75
c1 0.41 0.65 0.50 0.79 0.62 0.41
Cathode C2 0.40 0.44' 0.44 0.54 0.37' 0.40
c3 0.33 0.46° 0.38 0.55 0.40" 0.33
Water content (%)
Anode Al 3.81 2.69% 18.78 * 2.63 2.33" 7.32"
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A2 5.90" 419" 20.02" 5.28" 3.99% 8.68/

A3 7.09"% 3.63"* 17.68% 7.73W 6.28 " 12.20"*

c1 3.89*en | 357X 18.92% 3.19%" 3.68% 7.84"
Cathode C2 6.84 YCn i 5.90%" 20.29" 6.28 e 6.51<" 9.14”

c3 8.2970na k| g 5g %7 17.96 7.837% 9k | g 69" 12.872%

* Experiments with current application (EK) were conducted with 20 mA.

Statistical analysis: Multiple comparisons were statistically performed at p<0.05 (95% confidence interval); data
that has capital case letters is statistically significantly different with the accordingly lower letter).
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Table 2. Relative spatial distribution of the residual amount of each contaminant per soil section (% of

the total mass per section) at the end of the 4-day experiments (round 1) is depicted schematically.

Soil layer 3 (C3 and A3) not shown as no CECs were detected in these layers. (standard deviations

and statistical analysis not shown for simplicity, detailed in ESI 7 and 8; n=2).

Biodegradable CECs

Recalcitrant CECs

Experiment SO”.
section
E2 SMX BPA IBU EE2 OXY DCF TCS CAF CBz
Al 50 50 50 50 54 48 51 52 52 a7
A2 2 3 3 1 4 3 1 n.d. 2 4
Abiotic
C1 43 46 43 47 40 44 43 48 45 45
C2 4 3 5 3 3 5 4 n.d. 1 4
Al 39 43 41 48 41 35 40 42 42 39
A2 4 4 5 4 4 2 4 n.d. n.d. 5
EK-Abiotic
C1l 52 51 48 45 50 58 50 58 58 51
Cc2 5 2 6 3 5 5 5 n.d. n.d. 5
Al 46 57 47 62 50 46 57 48 48 42
A2 3 4 3 9 3 3 6 n.d. n.d. 8
EK-Abiotic-W
C1 49 39 47 27 45 49 37 52 52 46
C2 2 n.d. 3 2 2 2 1 n.d. n.d. 4
Al 46 47 52 47 49 47 51 48 49 50
Biotic A2 5 3 2 1 3 5 3 n.d. n.d. 5
C1 49 42 46 52 48 48 45 52 51 45
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C2 n.d. 9 n.d. n.d. n.d. n.d. 1 n.d. n.d. n.d.

Al 38 42 44 38 43 44 43 48 46 42

A2 n.d. n.d. 4 0 2 2 n.d. n.d. n.d. 2
EK-Biotic

C1 62 54 48 58 52 50 54 52 54 52

Cc2 n.d. 4 3 4 3 4 3 n.d. n.d. 5

Al n.d. 37 41 56 38 42 46 46 50 41

A2 n.d. 1 2 4 5 5 5 n.d. n.d. 6
EK-Biotic-W

Ci n.d. 60 56 40 56 50 48 54 50 50

C2 n.d. 1 1 n.d. 1 3 1 n.d. n.d. 3

Colours in the layer 1 represent CECs percentage: 260 orange; [30-40[ green; <30 ciano.

n.d.: not detected
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Table 3. Soil pH, electric conductivity, water content by soil section for the round 2 experiments
conducted for 4, 8 and 16 days. Mean soil temperature 19.0 £ 0.5 °C (n=2). (standard deviations not
shown for simplicity; available in ESI 9; n=2).

Soil Experiments round 2
Biotic EK-Biotic
Section Layer 4d 8d 16d 4d 8d 16d
pH
Al 8.33% 7.66 %M 7.76 %' 7.27% 6.61° 5.86"°
Anode A2 8.33° 7.63° 7.83° 7.31% 6.47F 4.85°
A3 7.38% 7.65 ™ 7.75 7.11°X 6.40 K 431"
a A h I,M
c1 8.39 7.38 7.87 8.94 8.48 9.38
Cathode c2 8.30" 7.4529" 7.8500n 9.35° 9.19°%¢" 10.33'N
c3 g.27¢ho 7.71°M° 7.91¢h° 9.53¢ 9.69 "1 10.51%°
Conductivity (mS/cm)
Al 0.74 0.63 0.58 0.84R 0.59 0.48"
Anode A2 0.60 0.58 0.52 0.79°5 0.51 0.50
A3 0.64 0.61 0.61 0.88" 0.69 0.56"
c1 0.73° 0.62° 0.59 0.38"" 0.32° 0.30P4
Cathode c2 0.61 0.54 0.56 0.36° 0.32 0.34
c3 0.62 0.60 0.57 0.42" 0.39 0.38

Water content (%)
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Al 9.87 10.0Y 12.2Y 55" 9.9Y 11.3Y
Anode A2 10.27 10.97 12.27 6.3% 10.8* 11.5%
A3 10.7 10.0 11.6* 9.0%* 10.3 11.0
c1 9.2 8.7 11.2 9.0Y 10.8 10.3
Cathode c2 10.2 11.0 12.0" 8.9"* 11.5 11.1
c3 9.8 10.9 13.3" 10.9 12.0 12.3

* Experiments with current application (EK) were conducted with 20 mA.

Statistical analysis: Multiple comparisons were statistically performed at p<0.05 (95% confidence interval); data

that has capital case letters is statistically significantly different with the accordingly lower letter).
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Table 4. Estimated kinetic parameters of the CECs decay for the Biotic experiments conducted on round 2
(graphical representation available in ESI 12).

Pseudo-first order Pseudo-first order kinetic with lag Polynomial
phase
CEC Type
-1 ty, 2 Lag -1 s 2 2
e (h7) (days) R phase (h) e (h™) (days) R K K, R
E2 @ 31107 b9 | 1.000 ; ; ; ; ; ; ;
SMX 510x10° 57 |0.980 ; ; ; ; ) ; ;
BPA 6.40<10° | 45 |0.998 ; ; ; - ; ; ;
IBU I - - ; %6 6.4x1071 g5 |05y | 110 | 50 | (998
x10
EE2 I - - - 96 45X10° | 104 | 0.041 | 90410 );f(')% 0.998
2.3x10 2.0 4.0
OXY I ; ; > 192 X 206 [0.906 | 4 | .06 | 0.999
6.0x10 1.2 1.0
DCF I - - - 192 X 128 | 0.856 | o5 | o5 | 1.000
1.4x10 2.0 2.0
TCS I Y - - 192 X 286 | 0882 | T4 | .io6 | 1.000
6.9x10 1.6 1.0
CAF I - - - 192 X 122 | 0830 | g5 | o5 | 0.998
1.3x10 2.0 2.0
CBz I - - - 192 X 302 | 0868 | (o4 | g6 | 1.000

# E2 data is only presented for comparison reasons as it achieved 100% decay on day 8, thus data was only
available for day 0 and 4.
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Table 5. Relative spatial distribution of the residual amount of each contaminant per soil section (% of
the total mass per section) at the end of the round 2 experiments is depicted schematically. Soil layer
3 (C3 and A3) not shown as no CECs were detected in these layers. (Standard deviations and
statistical analysis not show for simplicity, detailed in ESI 13 and 14; n=2).

EXP. Soil o
DEY section
E2 SMX BPA IBU EE2 OXY DCF TCS CAF CBzZ
Al 60 55 56 60 58 56 55 55 48 43
A2 n.d. n.d. 2 n.d. 2 2 1 n.d. n.d. n.d.
4
C1 40 43 41 40 40 41 42 45 52 55
Cc2 n.d. 2 1 n.d. 1 1 2 n.d. n.d. 3
Al n.d. 61 53 61 51 51 53 55 54 52
A2 n.d. 1 3 n.d. 3 3 3 n.d. n.d. 3
Biotic 8
C1l n.d. 38 43 39 42 42 40 45 46 40
C2 n.d. 9 1 n.d. 4 4 4 n.d. n.d. 5
Al n.d. 60 50 60 49 49 51 47 50 48
A2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
16
C1 n.d. 40 50 40 51 51 49 53 50 48
Cc2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 4
Al 44 35 40 35 40 40 41 44 48 44
EK-Biotic 4 A2 n.d. 4 3 7 2 4 3 n.d. n.d. 5
C1 50 53 54 53 53 52 53 56 52 48
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Cc2 6 8 3 5 4 4 3 n.d. n.d. 4

Al n.d. 100 28 96 34 35 74 37 40 40

A2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
8

C1 n.d. n.d. 72 4 66 61 26 63 60 55

C2 n.d. n.d. n.d. n.d. n.d. 3 n.d. n.d. n.d. 5

Al n.d. 100 42 100 44 39 87 47 44 39

A2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1
16

Ci n.d. n.d. 58 n.d. 56 56 13 53 56 55

C2 n.d. n.d. n.d. n.d. n.d. 5 n.d. n.d. n.d. 6

Colours in the layer 1 represent CEC percentage: 280 orange; [60-80[ yellow; [30-40[ green; <30 ciano

n.d.: not detected
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Highlights:

o EK-assisted remediation accelerated the decay of most CECs in a clay soil.

e CECs recalcitrant to biodegradation mostly underwent electro-chemical degradation.
e Irrigation increased the CECs decay levels.

e Applying EK for 16 days altered the soil pH and decreased removal efficiencies.

e EK conditions should target the recalcitrant CECs while ensuring bioremediation efficiencies.
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