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Abstract: The present work aims to study the electrochemical (EC) process applied for the removal
of contaminants of emergent concern (CECs) from wastewater after secondary treatment and the
effect of the process on the total culturable microorganisms. The EC experiments were performed
in a cylindrical open reactor with 500 mL of effluent, and a fixed current density of 8 mA/cm2 was
applied through mixed metal oxide electrodes. The experiments were conducted in different sets. In
the first round (Set 1), the effluent sample was spiked with three CECs (200 ppb each): caffeine (CAF),
carbamazepine (CBZ), and oxybenzone (OXY). For the best treatment period, 6 h, electrodegradation
rates ranged from 41 ± 7% for CAF to 95 ± 6% for OXY, with an 87% removal of total culturable
microorganisms. In the second round (Set 2), aiming to assess EC process efficiency in a more complex
CEC mixture, the effluent was spiked with six more CECs (200 ppb each): diclofenac (DCF), triclosan
(TCS), bisphenol A (BPA), 17β-estradiol (E2), 17α-ethinylestradiol (EE2), and ibuprofen (IBU), giving
a total of nine CECs. In this case, the EC process allowed decreasing the CEC content by 19–100%
(below the limit of detection), depending on the effluent samples, and the culturable microorganisms
by 99.98% after a 6 h treatment. By contributing to CEC degradation and microorganism removal,
the EC process proved to be a viable remediation and disinfection technology for secondary effluent
from wastewater treatment plants.

Keywords: pharmaceuticals and personal care products; total culturable microorganisms; electro-
chemical disinfection; tertiary treatment

1. Introduction

Contaminants of emergent concern (CECs) have been found in several aquatic envi-
ronments, and although their ecological and human health impacts are still unknown, in
general, their discharge into natural waterbodies is not regulated [1]. Even though new
legislation on wastewater reuse was released in May 2020 (on the minimum requirements
for water reuse), the European regulation failed to impose a limit on CEC concentration,
however admitting that such a topic should be reviewed in the future [2].

CECs such as pharmaceuticals and personal care products, endocrine-disrupting
compounds, agrochemicals, phthalates, flame retardants, and artificial sweeteners, as well
as their transformation by-products, reach the environment through different routes. One
of the main CEC environmental sources is the effluent from wastewater treatment plants
(WWTPs) [3–5]. Due to water shortage, wastewater reuse is crucial, although conventional
WWTPs were not designed to remove these recalcitrant substances, which can be found in
their effluent, ranging from ng/L up to mg/L [4,6].

Another risk arising from improperly treated wastewater is the possibility of exposure
to residual waterborne bacteria and viruses, potential vectors of disease transmission [7].
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Chlorination, ozonation, and ultraviolet (UV) radiation are some of the most used dis-
infection processes. UV is widely used as a tertiary treatment, since it does not cause
the formation of undesirable disinfection by-products [7,8]. Exposure to UV can damage
the microorganism’s DNA and also form photooxidation by-products that kill or damage
pathogens and microorganisms [9]. However, some bacteria and viruses are known to be
resistant to UV radiation, and others are able to repair and recover after exposure [10].

Advanced oxidation processes, capable of exploiting the high reactivity of hydroxyl
radicals generated from chemical precursors, have been tested to improve tertiary treatment
success [11]. The electrochemical (EC) process is based on the application of a low-level
direct current between a pair of electrodes. This process is able to degrade pollutants
from contaminated matrices, as the electric potential enhances the oxidation of CECs,
simultaneously promoting the generation of •OH [12,13]. The EC process has also been
studied in the field of wastewater treatment, for the removal of CECs from wastewater
matrices [14–16].

The work presented work here was undertaken to extend the application of a simple
and low-cost electrochemical reactor, running in batch mode, for the treatment of secondary
effluent from wastewater treatment plants, aiming to remove CECs with different physical-
chemical properties (e.g., solubility range ~2–2160 mg/L and log Kow ~ 0–4.8) and total
microorganisms. For this purpose, three treatment periods were tested for the removal of
three CECs. Then, to test the flexibility of the system, the study was conducted using fresh
effluent collected on different days, and the complexity was increased by adding six more
CECs. All nine CECs (Supplementary Material) used are regularly detected in wastewater
and surface and ground waters all over the world [17–19]: caffeine (CAF; central nervous
system stimulant), carbamazepine (CBZ; anticonvulsive), oxybenzone (OXY; sunscreen
agent), diclofenac and ibuprofen (DCF, IBU; nonsteroidal anti-inflammatory drugs), tri-
closan (TCS; antimicrobial disinfectant), bisphenol A (BPA; plasticizer), 17β-estradiol (E2;
naturally occurring estrogen), and 17α-ethinylestradiol (EE2; semisynthetic estrogen).

2. Materials and Methods
2.1. Chemicals and Solvents

All compounds (all analytical grade) were purchased from Sigma-Aldrich (Steinheim,
Germany), except triclosan, which was acquired from Labesfal Farma (Tondela, Portugal).
Methanol (MeOH), acetonitrile (ACN), acetone (ACE), and formic and nitric acids were
gradient grade and purchased from Sigma-Aldrich (Steinhem, Germany), J.T Baker (Ger-
many), Carlo Erba (USA), and Fluka (USA). The ultrapure water used was purified using a
Millipore system (Bedford, MA, USA). Individual stock solutions for calibration purposes
were prepared at 2000 mg/L in MeOH:ACE (1:1) and stored at 6 ◦C.

2.2. Effluent Sampling

The effluent used was the liquid fraction collected at the outlet of the secondary
settling tank in the months of September and December 2019 and October 2020. The
samples were collected at a WWTP from Simarsul, located in Quinta do Conde, Sesimbra,
Portugal. This WWTP has the capacity to treat urban wastewater corresponding to about
94,000 equivalent inhabitants, with a tertiary-level treatment performed by UV disinfection.

After collection, samples were filtered through a 2.7 µm microfiber glass filter (MFV4),
purchased from Filter Lab (Barcelona, Spain), to remove colloidal particles. Afterward, the
effluent was transferred to clear Schott borosilicate glass bottles from Duran (Germany)
and appropriately stored and kept protected from direct sunlight exposure.

2.3. Electrochemical Reactor

All EC experiments were performed in a cylindrical open reactor, which consisted of a
one-compartment glass cell, with an internal diameter of 8 cm and a height of 12 cm, using
500 mL of effluent (stirred every 30 min with a glass rod). All EC assays were performed
using a Hewlett Packard E3612A power supply (Palo Alto, USA) to apply a constant current
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of 50 mA, resulting in a current density of 8 mA/cm2. The electrodes used were acquired
from FORCE Technology (Brøndby, Denmark) and consisted of two mixed metal oxide
mesh electrodes with a height of 90 mm and a length of 20 mm. Both used as anode and
cathode, these electrodes were in a fixed position inside the reactor, at a distance of 50 mm
from the bottom and 60 mm from each other (Figure 1). All experiments were performed
with effluent spiked with CECs (three or nine, depending on the experimental set) at a
concentration of 200 ppb each.
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Figure 1. Electrochemical reactor setup.

2.4. Experimental Design

The experimental work was divided into two different setups (Table 1):

Table 1. Experimental design.

Set Experiment
Code

EC a

Duration
(h)

Treatment
Duration

(h)

Number of CECs
(spiked at 200 ppb)

Effluent
Code

Sampling
Date

1

EC-2h 2 2

3 - b Sep. 2019

EC-4h 4 4
EC-6h 6 6
C-2h - 2
C-4h - 4
C-6h - 6

2 *

EC-S1-6h 6 6 3 S1 Dec. 2019
EC-S2-6h 6 6 3 S2 Dec. 2019
EC-S3-2h 2 2 9 S3 Oct. 2020
EC-S3-4h 4 4 9 S3 Oct. 2020
EC-S3-6h 6 6 9 S3 Oct. 2020

a Current density of 8 mA/cm2 was applied in all EC treatments; b in Set 1, the effluent was collected and
stored under controlled conditions until use; * controls were also performed but are not represented in the table
for simplicity.

Set 1—evaluation of EC treatment duration: An electric current was applied during
different time periods: 2, 4, and 6 h. In this experimental set, the effluent was collected
and stored under UV-C radiation to prevent biofilm formation prior to experiments. The
effluent was subjected to UV-C photolysis in cycles of 2 h (254 nm; a UVP™ XX-15 Series
UV Bench Lamp, 502 × 152 × 108 mm); a distance of 150 ± 50 mm was kept between the
UV lamp and the effluent. A total of six assays, three of EC application and three controls
(all in duplicate), were performed. The results obtained were used to define the time used
in the experimental Set 2.

Set 2—evaluation of EC treatment efficiency using fresh effluent collected on different
days (S1, S2, S3): EC treatment was applied to the effluent after sampling (approximately
60 min later) to assess the influence of sample heterogeneity on the CEC (CAF, CBZ, OXY)
and culturable microorganism removal (S1, S2). Then, the complexity of the effluent was
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increased by spiking it with six more CECs (DCF, TCS, BPA, E2, EE2, IBU), giving a total of
nine CECs under treatment (S3). A total of 10 assays, 5 of EC application and 5 controls (all
in duplicate), were performed.

All experiments were carried out under controlled conditions (22 ± 1 ◦C; protected
from direct sunlight exposure). The voltage drop between working electrodes, pH, and
conductivity were measured at the beginning, every 30 min, and at the end of the experi-
ments. The CEC content and culturable microorganisms were determined at the beginning
and at the end of the experiments.

2.5. Analytical Methodologies
2.5.1. Effluent Characterization

The pH and conductivity were measured using a pH meter (Metrohm Solitrode with
Pt1000) and a conductivity meter (Horiba LAQUAtwin), respectively.

2.5.2. CEC Extraction and Analysis

Before analysis, samples were acidified to pH 2 with nitric acid (HNO3, 50% in water)
and concentrated through solid phase extraction (SPE) using Oasis HLB (500 mg, 6 mL)
acquired from Waters Corporation (Saint-Quentin en Yvelines, France) in a Visiprep™ SPE
Vacuum Manifold, purchased from Sigma-Aldrich (Steinhem, Germany).

The extraction cartridges were conditioned by using 3 × 6 mL MeOH, followed by
re-equilibrium with 3 × 6 mL Milli-Q water. Afterward, the effluent sample was passed, at
a constant flow (approximately 5 mL/min), through the cartridges, followed by a drying
period of approximately 5 min by vacuum. At the end, the retained analytes were eluted
with 12 mL of MeOH and collected in 15 mL glass vials.

Determination of CEC concentration was performed using high-pressure liquid chro-
matography (HPLC). The chromatograph was equipped with a diode array detector (DAD)
(G1315B) and with a fluorescence detector (FLD) (1321A), all from Agilent 1 100 Series. Ad-
ditional equipment included a 1260 Infinity Quaternary Pump (G7111B) and an automatic
sampler 1 260 (G7129A). A Poroshell 120 EC—C18 2.7 µm (dimensions: 4.6 × 100 mm2),
acquired from Agilent (California, USA), was the column used, equipped with precolumn
Onyx SecurityGuard C18 cartridges (dimensions: 5 × 4.6), from Phenomenex (Torrance,
CA, USA).

All HPLC runs were performed at a constant flow (1.5 mL/min), in gradient mode,
with the oven set to 36 ◦C. A mixture of ACN/Milli-Q/formic acid (50% in water) was used
as an eluent (A: 5/94.5/0.5% and B: 94.5/5/0.5%), with a gradient of 95% of A (1–9 min),
followed by 97% of B until 12 min, and 95% of A until 13 min.

For Set 1 and for the first stage of Set 2 (S2), a calibration curve was performed in the
range 0.5–12.5 mg/L. For the assays done with sample S3 (Set 2 s stage), another calibration
curve was performed, ranging from 0.4 to 13 mg/L. Recovery percentages were calculated
in all cases and were between 80% and 120%. Limits of detection and quantification for
each contaminant are presented in Supplementary Material.

HPLC analysis, performed before and after the EC process, revealed the presence
of possible degradation intermediates and/or degradation sub-products of the CECs.
Their identification using LC-MS failed as their concentration was below the analytical
limits required.

Although studying their identity and main degradation pathways was not the main
goal of this paper, we seek to identify them in the near future with new experiments on a
larger scale.

2.5.3. Culturable Microorganisms

Samples were collected at the beginning (spiked and non-spiked effluent) and imme-
diately at the end of the experiments for colony forming unit (CFU) count. The samples
were diluted whenever needed, and a 100 µL of aliquot was inoculated in potato dextrose
agar (PDA) (5 g/L of potato extract, 20.0 g/L of glucose, and 17.0 g of agar) purchased
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from Biolife. The petri dishes were incubated at 37 ± 2 ◦C for 24 h. Afterward, isolate
colonies were counted by the naked eye, and results were reported in CFUs per 100 mL.
The microbiology data treatment was adapted from the U.S. Environmental Protection
Agency (EPA, 2014) recommendations on interpreting microbiology environmental data
from low counts.

The CFU/100 mL concentration was estimated using Equation (1):

CFU/mL = (B × Df)/V × 100 (1)

in which B is the number of colonies after 24 h (CFU/0.1 mL) and Df is the dilution factor.
Removal efficiency (%) was calculated by applying Equation (2) and based on the

adaptation of the procedure described by Von Sperling et al. [20]:

Removal efficiency (%) = (A − B)/A × 100 (2)

in which A corresponds to the mean initial CFU count expressed in CFU/100 mL and B
corresponds to the mean final CFU count in CFU/100 mL after the applied process.

To calculate the Log reduction factor (LVR), Equation (3) was applied:

LVR = Log10A − Log10B = Log10

(
A
B

)
(3)

where A represents the number of viable microorganisms before treatment and B the
number of viable microorganisms after treatment.

2.6. Statistical Analysis

The data were statistically treated using one-way ANOVA with a significance set at
5% (p < 0.05), followed by Tukey using SPSS Statistics 20.0 (SPSS Inc., Chicago, USA).

3. Results and Discussion
3.1. Definition of EC Treatment Duration
3.1.1. Treatment Time Influence on pH, Conductivity, and Voltage

The effluent used in the experiments presented a pH of 7.8 ± 0.6 and a conductivity
of 0.65 ± 0.01 mS/cm (n = 6).

Slight changes were observed in the effluent pH (Figure 2a) when EC was applied
during the treatment time, with statistical differences (p < 0.05) being only observed for the
treatment carried out for 6 h (EC-6h). The pH increase is attributed to the generation of OH–
at the cathode [21] that are not completely counteracted by the H+ formed at the anode.

No statistical differences (p > 0.05) were found in the effluent conductivity (Figure 2b)
after the EC application. Conductivity expresses the number of free charges in solution,
and although there were ions being produced at the electrodes, conductivity maintained a
constant value, indicating that the concentration of other ions decreased with time.

A tendency for a voltage drop increase was observed as the EC treatment time in-
creased (Figure 2c), with a ∆V of +1.5, 1.9, and 2.1 V for EC-2h, EC-4h, and EC-6h, re-
spectively. However, statistical differences (p < 0.05) were only observed in EC-4h (11.2
± 0.1 and 13.1 ± 0.4 as initial and final values, respectively). This increase is attributed
to the depletion of ions in the effluent, although this does not directly correlate with the
conductivity. Still, the degradation of dissolved organic matter was observed along the
experiments, and a more transparent and lighter effluent solution was distinguished at
the end of the experiments (Figure 3). This can, to some extent, explain the increase in the
voltage drop.

3.1.2. Treatment Time Influence on CEC and Microorganism Removal

In the controls, CEC degradation was between 3% and 21% (Figure 4), the highest value
being observed for OXY. As the experiments were carried out protected from direct sunlight
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exposure, photodegradation was unlikely. Volatilization of the compounds from the
effluent was also not expected to be significant, based on the estimated Henry’s law constant
of the studied CECs (between 1.1 × 10−11 and 1.5 × 10−8 atm-cu m/mole, the lowest and
the highest corresponding to CAF and OXY, respectively; SM) [12]. Thus, and even though
the effluent was initially subjected to UV-C, to prevent biofilm formation between the
sampling day and the experimental day, the effluent still presented microorganisms (a
complete disinfection was not the aim). The controls (spiked effluent, without current
application) presented 5.95 × 104, 3.35 × 104, and 5.30 × 104 CFU/100 mL after 2, 4 and
6 h, respectively. Thus, the observed decay was mainly attributed to bioremediation [22].
It should be mentioned that filtration was carried out previously to UV-C to remove
suspended solids, but dissolved organic matter (e.g., humic substances) was still present in
the filtered effluent, thus influencing UV efficiency [10]. Photoreactivation has also been
reported among enteric bacteria after UV disinfection in wastewater [10,23,24].
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relation to initial effluent value.
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Figure 3. Effluent in the control and after applying electrochemical (EC) treatment for 6 h (EC-6h,
Set 1).

When the EC process was applied, higher CEC degradation was achieved, with its
efficiency increasing with the increasing treatment time (Figure 4). Considering the degra-
dation values of the control experiments, the degradation observed in the EC treatments is
mainly due to electrodegradation mechanism. This degradation is attributed to (1) direct
anodic oxidation and (2) indirect oxidation in the liquid bulk besides biotic and abiotic
factors (e.g., adsorption to organic matter). With the application of electric current in the
EC reactors, oxidation and reduction of species was expected [25].

CAF showed to be the CEC least susceptible to electrodegradation as less of this
compound was removed, with the maximum degradation of 41 ± 7% after 6 h (EC-6h).
CBZ and OXY presented similar levels of removal along the treatment, approximately 27%,
42%, and 53% for EC-2h, EC-4h, and EC-6h, respectively. Compared with controls (without
applied current), the effect of applied current enhanced by ~10–70% CAF, CBZ, and OXY
removal. The electrodegradation trend was the following: OXY > CBZ > CAF.

A possible explanation for these results is related to the acid ionization constant
of these compounds. The CAF and CBZ pKa values (14.0 and 13.9, respectively) were
always higher than the solution pH (8–10), being therefore present in their protonated
form, whereas OXY, which has a pKa of 8.07, is present in the ionized form (pKa < pH). In
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this state, ionized form, compounds are considered to be more soluble and consequently
easier to degrade [12,26,27], but no significant differences were observed between OXY
and CBZ degradation. In this case, the degradation differences are also attributed to
the CEC chemical structure. For CAF, it is mostly expected that the •OH radical will
attack the C4=C8 double bond, although demethylation may also occur [28]. OXY can be
hydroxylated either at position C2 or C4 [29]. Finally, CBZ has a heterocyclic structure that
is known to ensure its environmental persistence [30], regardless of the fact that it may
suffer, to some extent, an •OH attack [31,32].
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Figure 4. Caffeine (CAF), carbamazepine (CBZ) and oxybenzone (OXY) degradation in Set 1 experi-
ments for controls (no current applied) and EC treatment after 2, 4 and 6 h. Standard deviation range
represented by the black line.

In terms of microorganisms, results show that the EC process is able to reduce the
number of total culturable microorganisms, achieving ~1 Log10 (up to 91% reduction)
depletion in comparison to the control samples. The effect of a low-density electrical
current was also reported for protozoa and metazoan diversity decrease in sewage sludge,
except for shelled amoeba, the more resistant organisms [26]. As already mentioned,
chlorination and UV radiation are the most common disinfection treatments used in
WWTPs. Electrochemical disinfection of secondary effluent has been reported to remove
antibiotic-resistant genes and bacteria, suggesting that EC disinfection might be a tool to
control antibiotic-resistant vectors [32]. Effluent disinfection may be attributed to the action
of oxidants, such as reactive oxygen species (ROS; hydrogen peroxide (H2O2), including
the generation of short-lived germicidal agents, such as superoxide (•O2

−) and hydroxyl
radical (•OH)), and electro-generated chlorine action, even though the action of each one
occurs to different extents [33]. The •O2

− and •OH may also react with organic substrates
and lead to intermediate species, capable of producing other ROS [34]. One of the main
advantages of the EC process is the constant in situ generation of oxidants during treatment,
avoiding the storage of chemicals, such as in chlorination, ozonation, and Fenton [35].

3.2. Efficiency of EC Treatment in Different Effluent Samples
3.2.1. General Changes: pH, Conductivity, and Voltage

The initial pH of the effluent samples ranged between ca. 7.97 and 9.54 and conduc-
tivity between 0.64 and 1.04 (Table 2). In this set (Set 2), the pH increased (p < 0.05) in all
experiments, similarly to what was observed in Set 1. Conductivity decreased in all experi-
ments to 0.59, 0.45, and 0.77 in EC-S1, EC-S2, and EC-S3-6h, respectively. Consequently, the
voltage drop increased (Table 2).
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Table 2. Effluent pH, conductivity, and voltage drop (mean ± standard deviation) along the EC
experiments of Set 2.

Experiment
Code

pH Conductivity (mS/cm) Voltage Drop (V)
Initial Final Initial Final Initial Final

EC-S1-6h 7.97 ± 0.00 9.06 ± 0.32 0.64 ± 0.00 0.59 ± 0.02 11.6 ± 0.4 13.5 ± 0.6
EC-S2-6h 8.13 ± 0.10 9.53 ± 0.33 0.48 ± 0.05 0.45 ± 0.00 13.4 ± 0.1 15.5 ± 0.8

EC-S3-2h
7.77 ± 0.00

9.54 ± 0.22
0.98 ± 0.00

0.91 ± 0.03 30.8 ± 2.8 31.8 ± 1.8
EC-S3-4h 9.16 ± 0.17 0.77 ± 0.02 26.7 ± 0.0 31.2 ± 1.0
EC-S3-6h 9.54 ± 0.20 0.77 ± 0.03 25.1 ± 4.9 35.2 ± 9.1

3.2.2. EC Efficiency on CECs and Microorganism Removal

Similarly to what happened in Set 1, the pH in EC-S1-6h and EC-S2-6h increased
to above 8 (Table 3), and so OXY (pKa 8.07) shifted to its ionized form, while CAF and
CBZ remained in the molecular form (pKa > pH), hindering their removal. In these
EC experiments, no statistical differences (p > 0.05) were observed for CEC degradation
between EC-S1 and EC-S2. Still, it should be mentioned that EC-S1 retrieved high standard
deviations from CAF and CBZ (Table 3). CAF remained the most recalcitrant contaminant,
with only 19 ± 7% being removed from EC-S1 and 38 ± 5% from EC-S2.

Table 3. Caffeine (CAF), carbamazepine (CBZ) and oxybenzone (OXY) degradation (mean ± standard
deviation) in the Set EC experiments using effluents S1 and S2.

Experiment Code CAF CBZ OXY

EC-S1-6h 19.0 ± 36.0 40.0 ± 21.0 95.0 ± 5.0
EC-S2-6h 38.5 ± 10.5 61.0 ± 8.0 99.0 ± 0.0

Regarding microorganisms, time zero controls performed with fresh samples regis-
tered high CFU counts (>300 CFU/plate) for both effluent samples (S1 and S2), on the
order of 106 CFU/100 mL. A reduction in microorganisms was observed on the biotic
control (spiked) after 6 h in both samples, with S1 showing a higher reduction value, 0.65
Log10 (77.72% reduction), compared to S2, with 0.13 Log10 (26.7% reduction). Controls
for non-spiked samples presented a reduction below 0.04 Log10 after 6 h. Therefore,
either the MeOH:ACE present in the stock solution used for spiking or the mixture of
CECs (200 ppb each) induced toxicity for the effluent microbial community inhibiting their
growth. Nonetheless, the EC treatments presented high microorganism reduction, of 3.21
Log10 (99.94% reduction) in EC-S1 and 3.47 Log10 (99.98% reduction) in EC-S2.

3.2.3. EC Efficiency on a Complex Mixture of CEC and Microorganism Removal

The complexity of the removal processes is expected to increase in effluents containing
more CECs, so the EC-S3 experiment was performed after spiking the effluent with a
mixture of nine CECs. In this case, the removal was assessed every 2 h.

In general, CEC removal increased along the EC treatment time for all contaminants,
with the highest increase observed until 4 h, after which the degradation velocity decreased
(Figure 5). At the end of EC-S3-6h, the removal rates were between 100% (for E2 and
EE2) and 49.4% (TCS). The differences in the CEC degradation can be explained by the
compound characteristics as previously described (pKa and molecular structure).

In terms of molecular structure and considering two of the CECs tested here that
present a similar structure, E2 and EE2, electrodegradation is likely initiated by the addition
of •OH radicals either through (i) abstraction of the hydrogen linked to the C6 of the
aliphatic ring or through (ii) oxidation of its hydroxyl group, regardless of the fact that in
EE2 the presence of the ethinyl group stabilizes the phenolic ring, increasing its resistance
to degradation [36]. The presence of electrophilic halogen groups with a negative inductive
effect at the aromatic ring, such as in BPA, or the absence of nucleophilic substituents with
an activating effect on the aromatic ring, such as in DCF, makes them more recalcitrant as
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it decreases their reactivity toward the oxidant agents (•OH) and active chlorine species
present in the effluent [37]. For TCS, chlorination of the phenolic ring and cleavage of the
ether bond are the main degradation pathways [38]. Site-specific hydroxylation on C8
has been proposed as the main result of the CAF reaction with the free hydroxyl radicals.
However, N-demethylation may also occur [28].
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The electrochemical oxidation of IBU involves decarboxylation and demethylation
through the attack on the isobutyl group and the propionic acid by •OH, followed by
mineralization [39]. For CBZ, a biorecalcitrant pharmaceutical, hydroxylation and bond
rupture may occur, which produces lower-molecular-weight compounds, followed by
further transformation and mineralization [37]. For OXY, electrochemical oxidation is initi-
ated by the hydroxylation of the parent compound or by the loss of the methyl group [40].
Several unknown compounds were revealed in the effluent extracts after HPLC analysis.
These compounds may constitute by-products or degradation intermediates of the studied
CECs, possibly as a result of EC application. Their identification should be carried out in
the near future.

In Set 2, EC treatment was applied separately until 6 h in three fresh effluent samples
(S1, S2, and S3) for assessing CEC degradation and microorganism inactivation. By testing
the effluent collected on different days, it was possible to evaluate, to some extent, the
efficiency of both treatments in samples with distinct physicochemical characteristics, a
scenario closer to the one experienced in WWTPs, where the composition of the effluent
is known to vary seasonally, with weather conditions and even throughout the day. It
can be observed that the effluent characteristics influence the efficiency of the removal,
and EC treatment should be optimized and adapted to effluent characteristics. Thus, a
deeper study if the effluent properties that influence EC efficiency should be performed in
order to design a model that allows to control and define the EC parameters according the
effluent characteristics.

4. Conclusions

A simple electrochemical reactor showed to be a good alternative for the removal of
contaminants of emergent concern and microorganisms from real secondary effluents.

The experimental work was divided into two major setups, one (Set 1) testing the
feasibility of the EC process after 2, 4 and 6 h and one (Set 2) in which different effluent
samples were used for the tests and the complexity was increased by increasing the number
of CECs from three to nine. It should be mentioned that in all experimental rounds,
real effluent samples were used, the samples used in Set 2 being collected 1 h before
the experiments.
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In Set 1, the highest overall electrodegradation was achieved with longer EC applica-
tion. EC treatment (reaching 100% degradation) also led to an overall ~1 Log10 reduction of
total microorganisms in the effluent. In fact, inactivation of total culturable microorganisms
was achieved in all EC experiments (Sets 1 and 2). Similarly to Set 1, the highest inactivation
value (3.47 Log reduction) for Set 2 was obtained with a fresh secondary effluent sample, S2
(EC-S2-6h). However, a stagnation in the CEC removal was observed after 4 h of treatment
when effluent S3 was used, compared to the other effluent samples (Set 1 and Set 2 samples
S1 and S3). Thus, a more comprehensive study should be performed to define the main
effluent characteristics that influence EC efficiency, aiming to define the EC parameters to
be applied according to the effluent properties, i.e., fit-for-purpose design.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-444
1/13/4/520/s1, Table S1: Physicochemical properties of each contaminant of emergent concern used
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