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ARTICLE INFO ABSTRACT
Editor: Paromita Chakraborty Drug consumption has grown exponentially in recent decades, particularly during the COVID-19 pandemic,
leading to their presence in various water sources. In this way, degradation technologies for pollutants, such as
Keywords: electrochemical oxidation (ELOX), have become crucial to safeguard the quality of natural resources. This study

Pharmaceutical compounds

COVID.19 has as its starting point a previous research, which demonstrated the efficacy of ELOX in the removal of COVID-

. . 19 related-drugs, such as dexamethasone (DEX), paracetamol (PAR), amoxicillin (AMX), and sertraline (STR),
Electrochemical oxidation . . . . .
using the electrolytes NaCl and NapSO4. The present research aims to study the potential risks associated with the
By-products and PCDD/Fs congeners . 3 . . o . . .
(toxicity) TEQ generation of toxic by-products, during the ELOX of cited drugs, specifically focusing on the highly chlorinated
persistent organic pollutants (POPs), such as polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs).
Dioxins and furans can be formed potentially in electrochemical systems from precursor molecules or non-
precursor molecules in chloride medium. First, the degradation of the parent compounds was found to be
complete. At this point, a comprehensive investigation was conducted to identify and analyse the by-products
formed during the degradation process; precursors of PCDD/Fs, such as chlorophenols or hydroquinones were
identified. Additionally, in continuation of the previous study, PCDD/Fs congeners were investigated, revealing
elevated concentrations; the highest concentration obtained was for the congener 1,2,3,4,6,7,8-HpCDF (234.6 pg
L7! in NaCl) during degradation of the AMX. Finally, an assessment of the toxicity based on TEQ values was
conducted, with DEX exhibiting the highest concentration among all compounds: 30.1 pg L™! for NaCl medium.
Therefore, the formation of minor by-products should not be underestimated, as they can significantly enhance
the toxicity of the final sample, so the selection of the appropriate remediation technology, as well as the
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optimization of experimental operating variables, is determining in the treatment of pharmaceutical-

contaminated waters.

1. Introduction

Pharmaceutical and personal care products (PPCPs) are part of the
Emerging Contaminants group (ECs). Among them, drugs are found,
whose consumption has continuously increased, especially in the case of
some of them, as a consequence of the COVID-19 pandemic (WHO and
UNICEF, 2020), generating elevated concentrations in aquatic envi-
ronments, from ng Llto mg L~ (Hawash et al., 2023; Pariente et al.,
2022; Rapp-Wright et al., 2023). These concentration levels are
considered harmful to aquatic organisms and consequently, human be-
ings (Abajo et al., 2023; Korkmaz et al., 2023). PPCPs are particularly
persistent compared to other organic contaminants. They enter the
environment through hospital wastewater, pharmaceutical industries,
wastewater treatment plants (WWTPs), etc., appearing as degradation
by-products (Hawash et al., 2023; Kumar et al., 2023; Yan et al., 2023).

Among the pharmaceutical compounds employed in combating the
symptoms of the SARS-CoV-2 virus, it can be found the dexamethasone
(DEX), a common anti-inflammatory and immunosuppressive gluco-
corticoid (Musee et al., 2021), the amoxicillin (AMX), an antibiotic drug
commonly used to treat bacterial infections, such as chest infections,
including pneumonia, and the paracetamol (PAR), a painkiller utilized
to alleviate primary symptoms, such as fever or headache (Morales-
Paredes et al., 2022; Zhu et al., 2021). The psychiatric drugs like ser-
traline (STR), a SSRI (selective serotonin reuptake inhibitor) antide-
pressant, were used during the pandemic to treat anxiety and
depression, which was reflected in a higher consumption, generating
higher concentrations in water compared to non-pandemic periods
(Diaz-Camal et al., 2022; Rabeea et al., 2021).

Currently, WWTPs are not efficient enough with their common
treatments to eliminate these types of compounds. It has been found
kind of elevated concentrations of pharmaceutical compounds in several
WWTPs influents, as acetaminophen (2282 pg L™Y) (Alharbi et al.,
2023), or in effluents, such as carbamazepine (0.28-0.51 pg L’l),
ofloxacin (<0.05-0.18 pg L™hH (Aysté et al., 2023) or hydrochlorothia-
zide (1067 ng L’l) (Rapp-Wright et al., 2023), among others. In the case
of wastewaters, Pariente et al. (2022) gathered different concentrations
of some drugs in a review work, such as paracetamol, amoxicillin, or
levofloxacin, found in concentrations up to 1.3, 4 and 1.1 mg L
respectively. Added to this, it has been reported that the lack of legis-
lation in some countries of southern Asia, such as India, Vietnam or
Pakistan, among others, increases this problem, due to the direct release
into the environment of pharmaceuticals processes waters without
previous treatment, which contain high concentrations of drugs (Patel
etal., 2019). So, for example, up to 141 mg L ! of the anti-inflammatory
ofloxacin were reached along the Yamuna River in Delhi (India) (Akhter
et al., 2023), or in a lesser amount, 6 mg L7! of the antibiotic nor-
floxacin, in Vietnam (Binh et al., 2018).

In this context, advanced oxidation processes (AOPs) are viable op-
tions for treating drugs, among other ECs. Within AOPs, electrochemical
oxidation, ELOX, is widely employed and successfully proved in reme-
diating such solutions, due to the generation of *OH radicals, powerful
and non-selective oxidizing agents (Schroder et al., 2023). However, the
literature describes studies in which the electrochemical oxidation of the
main compound can give rise to intermediate by-products that can be
formed unintentionally, due to the incomplete mineralization of the
parent compounds. Regarding DEX, the studies that have been found are
mostly focused on the degradation of the parent compound, scarcely
tackling the formation of by-products, and mainly applying photolytic/
photocatalytic treatments (Cantalupi et al., 2020; Ghenaatgar et al.,
2019; Guo et al., 2017; Markic et al., 2018; Pretali et al., 2021; Raso-
levandi et al., 2019). Just a recent work applied electrochemical

oxidation using a BDD (boron doped diamond) anode (Grilla et al.,
2021). Prednisolone, along with several variations of the dexametha-
sone molecule or hydroxylated dexamethasone, have been identified as
one of the most detected by-products during the degradation process
(Grilla et al., 2021; Guo et al., 2017; Quaresma et al., 2021; Rasolevandi
et al., 2019). Conversely, the AMX and PAR electrochemical oxidation
has been further studied, detecting by-products such as hydroxylated
compounds, hydroquinone, benzoquinone, and chlorinated molecular
structures of the parent compound (Ganiyu et al., 2019, 2016; Le et al.,
2017; Liu et al., 2019; Olvera-Vargas et al., 2018; Waterston et al., 2006;
Zhang et al., 2018). In the case of STR, there are very few studies that
analyse the by-products formed from its degradation. 3,4-dichlorophe-
nol, and mono-, di-, or tri-hydroxylated STR were identified after the
application of photo-transformation technologies (Calza et al., 2021;
Gornik et al., 2020; Jiménez-Holgado et al., 2021). Furthermore, beyond
AOPs, alternative technologies such as bioremediation using microor-
ganisms, adsorption with materials like activated carbon, and mem-
brane filtration (such as nanofiltration and reverse osmosis) are
emerging for drugs' degradation (Al-sareji et al., 2023; Angeles-de Paz
et al., 2023; Arun et al., 2023; Moghaddam et al., 2023).

The literature highlights that the by-products generated during
organic pollutant oxidation can be potentially more dangerous than the
initial compounds themselves such as polychlorinated dibenzo-p-
dioxins and furans, mostly known as dioxins and furans (PCDD/Fs),
highlighting, especially, 17 of the 210 PCDD/Fs congeners due to their
associated elevated toxicity, caused by the chlorine atoms in at least,
positions 2, 3, 7 and 8. These compounds are formed from different
molecules that act as precursor compounds, and also they can be formed
from non-precursor compounds in chloride presence, such as the aro-
matic organic compounds (Schroder et al., 2023, 2020; Sola-Gutiérrez
et al., 2018; Vallejo et al., 2014).

This research has as its starting point the acquired knowledge from a
prior study by Schroder et al. (2023), which focused on the electro-
chemical degradation of DEX, AMX, PAR, and STR, and examined the
formation of PCDD/Fs in terms of homologue groups. This current
research represents a significant advancement in the investigation field
by conducting a more comprehensive analysis. Firstly, an in-depth ex-
amination of the intermediate by-products formed during the ELOX of
highly concentrated solutions of the COVID-19 related drugs was carried
out using a GC-MS, with a special focus in the precursor compounds of
dioxins and furans. Next, the analysis of the PCDD/F congeners was
performed. Finally, the equivalent toxicity (TEQ) assessment was con-
ducted aiming to know the potential harm that can reach the treated
wastewater, containing drugs, when ELOX is applied. This study aims to
contribute to the limited knowledge available regarding the degradation
of these types of compounds when using AOPs, which will allow to act
accordingly to avoid the final toxicity of treated samples.

2. Materials and methods
2.1. Chemicals

Dexamethasone (>98 %) (CAS: 50-02-2) (DEX), amoxicillin trihy-
drate (>95 %) (CAS: 61336-70-7) (AMX) and paracetamol (acetamin-
ophen) (>99 %) (CAS: 103-90-2) (PAR) were purchased from Sigma-
Aldrich, and sertraline hydrochloride (>98 %) (CAS: 79559-97-0)
(STR) was from TCI. For the HPLC analysis, acetonitrile LiChrosolv®
(>99.9 %) from Merck and laboratory-prepared phosphate buffer were
employed. EPA 1613 standard solutions from Wellington Laboratories
were employed (CS-1 to CS-5, LCS and ISS) to calibrate the equipment,
the recovery and quantification of PCDD/Fs and quality control. Toluene
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Suprasolv®, dichloromethane UniSolv®, n-hexane UniSolv®, acetone
Suprasolv®, sulfuric acid Normapur® and sodium sulfate (Emsure®)
were acquired from Merck. Solid sorbents (silica, alumina and activated
carbon chromatography columns) from Technospec were employed in
the purification of PCDD/Fs samples through EPA 1613 method. Two
different types of syringe filters, 1 pm APFB (Merck Millipore) and 0.45
pm Millex (Millipore), were employed, as well as a 2.7 pm glass mi-
crofiber filter (Whatman). The solutions were prepared with deionized
ultrapure Milli-Q-Water (resistivity = 18.2 MQ-cm) purified with Milli-
Q device (Millipore).

2.2. Electrochemical experiments

Solutions (2 L) containing different initial concentrations of the
correspondent drug were electrochemically treated in medium/high
power laboratory-scale electrochemical plant (APRIA Systems S.L.). This
plant possesses a jacketed mixing tank (1 L) and an electrochemical cell
of two rectangular electrodes of 210 cm? of anodic area (anode of Nb/
BDD and AISI316 stainless steel as cathode) and an electrode gap of 2
mm. A plant scheme can be found in a previous work (Schroder et al.,
2023). The operational flow rate was 300 L h™! and the supporting
electrolytes employed were NacCl (56.3 mM) and Na;SO4 in combination
with NaCl (21.1 mM + 2.8 mM, respectively) to reach the necessary
conductivity value (7.5 mS cm’l) to operate with the electrochemical
cell. 2.8 mM of NaCl was selected with the aim to simulate the equiva-
lent amount of the common chlorine (C1™) content in WWTP effluents,
around 100 mg L! (measured for this work in a real effluent). The
initial concentrations were 80 mg L' for DEX (0.2 mM), and 3000 mg
L~! for AMX (7.1 mM), PAR (19.8 mM) and STR (8.7 mM), and corre-
spondingly, the current density (J) applied was 48 A m~2 for DEX, 1000
A m~2 for AMX and PAR and 900 A m 2 for STR (limiting current
density, Jjim: 25.7 A m~?2 for DEX; 960 A m~? for AMX; 963 A m~2 for
PAR and 851 A m 2 for STR). These current density (J) values were
selected to work under mass-transport control (J > Jjim). The calcula-
tions carried out to obtain these Jjj,, values are detailed in the Supple-
mentary material, where Table S1 details the J values for all the
experiments. The experiments were conducted in batch mode and two
replicates were carried out.

2.3. Chemical analysis

The four studied drugs (DEX, AMX, PAR and STR) were quantified in
an Agilent Series 1100 HPLC chromatograph, equipped with an Agilent
ZORBAX 80 A Extend-C18 5 pm column (3.0 x 150 mm) and a photo-
diode array (PDA) 1260 detector. The analytical method employed for
each of the analysed drugs (DEX, AMX, PAR, and STR) was described
thoroughly in a previous publication (Schroder et al., 2023). Com-
pounds were confirmed by using authentic standards, matching their
retention times and absorbance spectra.

Qualitative analysis of the by-products formed during the ELOX of
drugs was carried out in gas chromatography-mass spectrometry
(GC-MS). Prior to the GC-MS analysis, a concentration stage was per-
formed. To this, for the DEX case, 100 mL of initial sample were added to
a 500 mL separatory funnel and extracted four times with 20 mL of
dichloromethane (each time). Then the organic extract was concen-
trated twice in a rotary evaporator, and after that, a N, stream. For the
rest of the drugs (AMX, PAR and STR), aliquots of samples were taken at
different oxidation times (30 mL) and extracted two times with 20 mL of
dichloromethane using a 100 mL separatory funnel. Then, all samples
were evaporated at the same time in a TurboVap® LV evaporator, for 3 h
until a volume of ~1 mL; and finally, transferred to amber vials for
further analysis in GC-MS. A Shimadzu QP2010 Ultra apparatus
equipped with an autosampler was used, with an HP-5MS column (30 m
x 0.25 mm x 0.1 mm) from Agilent. The mass spectrometer was oper-
ated in the electron impact ionization mode (70 eV) and data acquisition
was in full scan mode (range: m/z 35-400). The analytical method used
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was different for each drug studied, which is detailed in Table S2 of the
Supplementary material. The identification of the by-products involved
a meticulous procedure that entailed a comprehensive comparison of
their respective mass spectra against the spectral profiles contained
within the NIST0O8 database. A match percentage was derived through
the comparison of the mass spectra and characteristic ions and frag-
ments of a specific peak with those exhibited by a known compound
from the reference library (Tables S3-S6 of the SM) (US EPA, 2007,
1998). To ensure the accuracy and reliability of the identification pro-
cess, a predefined threshold was set at a match percentage exceeding 70
%, after which the compound was deemed identified (Gary Mallard and
Reed, 1997). Additionally, the mass abundancies were also compared, in
order to avoid misinterpretations of the compound identification.

The PCDD/Fs samples analysis followed the EPA 1613 method (US
EPA 1613, 1994). The detailed process can be found in a previous work
(Schroder et al., 2023). The PCDD/Fs samples were analysed and
quantified also by the Chromatography Service of the University of
Cantabria (SERCROM). In order to guarantee the analysis of the PCDD/
Fs, two standard solutions have been employed: 1613 LCS, a solution/
mixture of fifteen !3Cjp-labelled chlorinated dibenzo-p-dioxins
(2,3,7,8-13C12-PCDDS) and dibenzofurans (2,3,7,8-13C12-PCDFS) uti-
lized to calculate the recoveries of the labelled compounds obtained
through the various stages followed to prepare the sample before the
analysis; and ISS, an internal standard, which is added to the sample
previous to the chromatographic analysis, to calculate the concentra-
tions of the labelled compounds (1,2,3,4-TCDD 13C12 and 1,2,3,7,8,9-
HxCDD '3C;) and the OCDF. EPA 1613 CLS-CS4 has been utilized as
calibration standard solution. For further consultation, in Tables S7-S9
of the Supplementary material, are gathered the concentrations of the
1613 ICS, ISS and CLS-CL4 standards employed. The isotopic dilution
method was applied to conduct the quantitative determination of the
PCDD/Fs. Relative response factors (RRFs), acquired from the calibra-
tion curve by the analysis of 1613CSL and 1613CS-1-CS-4 standard
solution mixtures for tetra- to octa-PCDD/Fs were used to determine the
dioxins and furans concentration in the samples. The recoveries of the
labelled standards were calculated by the use of a combination of two
labelled PCDD/Fs (contained within the ISS).

Finally, it is of the utmost importance to guarantee the accuracy of
the method, as well as the recoveries and the absence of contamination
during the analysis. It was proven, on the one hand, that the recoveries
of the samples were within the ranges established by the US EPA method
(30-100 %), and on the other hand, blank assays were performed,
covering the whole sample preparation process, with ultrapure water
spiked with LCS standard. These blanks' analysis showed that PCDD/Fs
were present in negligible concentrations, showing the near absence of
contamination, and in addition, these blanks were subtracted from the
detected PCDD/Fs concentrations for each performed experiment, in
order to ensure the reliability of the results obtained. All the recovery
values are detailed in Tables S10-S12 of the Supplementary material,
along with the calibration curves for the 17 PCDD/Fs congeners,
Fig. Sla—q. The average detection limits (LOD) were within the range of
0.01-0.85 pg L7 for all the analysis; and the average quantification
limits (LOQ) were within the range of 0.19-2.09 pg L1

3. Results and discussion
3.1. Electrochemical oxidation of drugs around the solubility limit

The degradation of highly concentrated solutions was carried out in
order to detect the largest number of reaction by-products formed dur-
ing the electrochemical oxidation process; 80 mg L™} of DEX (0.2 mM)
and 3000 mg L™! of AMX, PAR and STR (7.1, 19.8 and 8.7 mM,
respectively). These concentrations were selected depending on the
compound solubility limit. In the case of PAR, the solubility limit is
14,000 mg L1, but 3000 mg L™! was set for all the compounds to work
under the same conditions. The results of the electrooxidation of each
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drug for both electrolytic media are depicted in Fig. 1. The complete
degradation for AMX, PAR and STR in NaCl medium required a specific
electrical charge (Q) below 10 A h L’l, and around 3 A h L™ ! for DEX.
This difference is due to the initial concentration used, 80 mg L™ for
DEX versus 3000 mg L1 used for AMX, PAR and STR (see the calcula-
tions in the Supplementary material). 8, 12, 20, and 50 min were
needed, to reach 50 % of STR, AMX, PAR and DEX degradation,
respectively (blue lines).

In the electrolytic medium NaySO4 + NaCl, the experiments were
slower regarding NaCl medium: around 15, 20, 30, and 50 min were
employed to reach 50 % of degradation, for STR, AMX, PAR and DEX,
respectively (red lines). As can be observed in the kinetics and in the
molecule represented in Fig. 1a, the DEX degradation is independent of
the electrolytic medium. This fact can be due to the complexity and
robustness of the DEX molecule, which seems to need species oxidizing
highly for its degradation, being probably the hydroxyl radicals (*OH),
existing in both electrolytic media, those that contribute more to its
elimination, given its elevated production from water, high oxidation
potential and non-selective oxidation (Schroder et al., 2023). The rest of
the studied molecules possess some weak bonds, easy to break under the
applied conditions, as has been corroborated by its fast degradation in
comparison with DEX.

For both electrolytic mediums, the degradation order follows the
same trend STR > AMX > PAR > DEX. The corresponding experimental
error is depicted in each degradation curve.

Finally, the analysis of the degradation of all studied cases was car-
ried out fitting the data a pseudo-first-order kinetics (represented in
Fig. S2 of the Supplementary material). In Table S13 (Supplementary
material), the kinetic constants for both types of experiments are
detailed. The range of the pseudo-first-order rate constants for DEX,

a) 0.20
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0.12
0.10 | -
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0.06 ;
0.04 ® 2
0.02 L T
0.00 e —
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[DEX] (mM)
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PAR, and AMX under all operating conditions is found to be between 1.1
-1072 and 5.1 - 1072 min~! for both electrolytic media. However, for
STR, the range is an order of magnitude higher, between 4.0 - 1072 and
1.0 - 10~} min~!; with the higher value corresponding to NaCl medium
and the lower value, Na;SO4 + NaCl medium. The obtained kinetics
confirmed the proposed tendencies in this work, and in a previous study
of our research group (Schroder et al., 2023) when a lesser concentration
of each drug (10 mg L) and two electrolytic media were used; the rate
of degradation is a function of the bonds type in the molecule and their
difficulty in breaking.

3.2. Analysis of the degradation intermediates and toxicity

3.2.1. Identification of electro-oxidation intermediates: kinetic analysis

In the literature, it has been reported that the pharmaceuticals under
study in this research can generate by-products during their degrada-
tion, such as hydroquinones, benzoquinones, or chlorophenols, among
others (Siciliano et al., 2021), due to their interaction with the oxidizing
radicals of the medium; *OH radicals produced in the BDD anode or
radicals formed from the electrolyte added to the samples, NaCl and
NaySOy. In this direction, when electro-oxidation technology is applied,
the radicals that are formed mostly in terms of quantity and oxidative
power are *OH radicals (E° (*OH/H,0)= 2.73 V), GI* (E%(Cl*/C1)= 2.43
V); CI (E%(Cly*~/2C17)= 2.13 V) and E°(SO, /S0 2")= 2.43 V (Schréder
et al., 2023). To clarify, on the one hand, the electro-oxidation experi-
ments ended when the parent compound was completely degraded. On
the other hand, elevated concentrations of each drug were selected in
order to make a “zoom in” on the processes occurring at a minimum
scale. This approach was taken in order to avoid issues associated with
detection limits and experimental errors that involve the formed by-
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’ O AMX - 21 mM Na,S04 +2.8 mM NaCl
6.0 %
—_ NH,
E 50 P H H
£ 40 S Ho ) ij 5<
X @ &ty
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Fig. 1. Degradation of the COVID-19 drugs with the specific electrical charge: a) DEX (yellow diamonds), b) AMX (green circles), ¢) PAR (purple squares) and d) STR
(pink triangles); with [DEX]o= 80 mg L' and [AMX]o=[PAR]o=[STR]o= 3000 mg L'. Blue and red lines represent the time needed to degrade 50 % of each drug
for NaCl and NaySO4 + NaCl electrolytic medium, respectively.
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products, when pollutants to be degraded are found at low concentra-
tions. Knowing the formed by-products, it is possible to understand the
PCDD/Fs mechanism formation and act accordingly to avoid the final
toxicity of the treated samples. Taking into account the results obtained
in previous studies by the authors (Schroder et al., 2023; Sola-Gutiérrez
et al., 2018, 2019), working with other PPCPs (triclosan), it is assumed
that similar behaviour could be observed. In these works, it has verified
the qualitatively proportional formation of by-products as the initial
concentration of the pollutant increased (Schroder et al., 2023; Sola-
Gutiérrez et al., 2018, 2019). TCS studied concentrations were between
10 and 150 mg L 1. After degradation, the analysis of the by-products
formed was carried out, finding PCDD/Fs precursors, such as 2,4-
dichlorophenol, 4-chlorocatechol, 2-chlorohydroquinone, 2-chloro-4-
methoxyphenol and 1-chloro-2,5-dimethoxybenzene; or non-
chlorinated compounds (but PCDD/Fs precursors in chloride presence)
like 2-ethyl-hexanol and diphenyl ether benzene, for each study case. In
the same way, PCDD/Fs concentrations of 411, 34,178 and 163,319 pg
L~! were obtained for 10, 100 and 150 mg L™" of TCS, respectively.

Different by-products were detected for each studied drug, which are
described hereunder. The selection of the compounds was carried out
considering the compounds formed in a higher amount, i.e., visible and
defined peaks, with the highest area, and that fulfils the criteria detailed
in Section 2.3. Additionally, Tables S3-S6 of the Supplementary mate-
rial display the rest of the identified by-products, which were present in
a lesser concentration, for all the studied drugs next to their retention
time (RT) and their main fragments (m/z) for both electrolytic media.
These tables also show all the chemical structures of each detected
molecule.

The main degradation pathways for DEX have been studied princi-
pally in photo-assisted technologies, and just one recent work (Grilla
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et al,, 2021) analysed the by-products generated after an electro-
remediation process employing a BDD anode. This study provides an
advance in knowledge in regard to the detection of the generated by-
products during the ELOX with BDD of DEX using NaCl as electrolyte,
due to, until now, according to recent literature, some of them have not
been identified in previous works. Among these by-products, several
have not been detected in previous studies. As it is described in the
literature and it is shown in Fig. 2a, the DEX degradation pathway may
comprise one or more of the steps described hereafter: i) loss of the
fluorine atom, such has happened in all the detected molecules in this
work (Fig. 2b and c¢), ii) transformation and/or loss of -CO-CH2OH group
in the molecules MTT, DHT and MDEO (NaySO4 + NaCl medium)
(Fig. 2¢), and finally, iii) ring opening, typically happening after previ-
ous the pathways have occurred, as in the case of PTCP, PTN, 2,4-DCP
and NAP (Fig. 2b) and MDOD (Fig. 2¢) (Babu et al., 2009; Calza et al.,
2001; Cantalupi et al., 2020; Guo et al., 2017; Pazoki et al., 2016; Pretali
et al., 2021; Quaresma et al., 2021; Rasolevandi et al., 2019; Sulaiman
et al., 2014). It is worth highlighting that the compounds such as BCM
and NAP (Fig. 2b) and MTT, DHT and MDOD (Fig. 2c) are known as
DEX-alike compounds, because they are DEX molecules slightly modi-
fied, or fragments of DEX, generated during the oxidation process.
From a kinetic point of view, the intermediates of the degradation
DEX in NaCl medium (Fig. 2b) show the same tendency, they grow till a
maximum, and then they decrease until practically zero values, except
for PTCP and PTN, which still has concentration at the final time. In this
sense, there are indications that PCTP can originate from the modifi-
cation and combination of chlorophenols (for example, 2,4-DCP)
(Fernandez-Castro et al., 2016) that are partially transformed into fu-
rans, as shown in the experimental study results of the PCDD/Fs analysis
carried out in this study (Section 3.3) (Fernandez-Castro et al., 2016;
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Fig. 2. Kinetics of the by-products identified during DEX degradation, a) main pathways, b) electrolyte: NaCl and c) electrolyte: Na,SO4 + NaCl.
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Schroder et al., 2023). Regarding the PTN, it is not completely elimi-
nated; it is a molecule similar to polycyclic aromatic hydrocarbons
(PAHs), whose electrochemical degradation is specifically influenced by
its structure, for example, pyrene degrades more quickly than phenan-
threne, despite having a higher molecular weight, because it has inac-
cessible carbon sites to hydroxyl radicals (Rajasekhara et al., 2021).
PTCP is the compound formed with higher concentration, maximum at
final time (480 min), with a peak area of 3.1 - 10°. This compound is
followed by beclomethasone (BCM) (similar molecule to dexamethasone
but with a chlorine atom on it) reaching a maximum at 90 min with a
peak area of ~10°. A highlight, the PCDD/Fs precursor, 2,4-dichlorophe-
nol, reached a maximum concentration at 210 min, with a peak area in
the order of ~10%. For the electrolytic medium NaySO4 + NaCl (Fig. 2¢),
all the compounds, except PRED, follow the same trend as for the NaCl
medium, increasing up to a maximum and decreasing until zero values.
The greatest concentration corresponded to methandrostenolone (MTT),
which reached its maximum point at 90 min (peak area ~10°), and
subsequently decreased until practically its disappearance at the end of
the experiment. It can be appreciated that prednisolone (PRED) is
detected at the initial time, which could be an impurity of DEX original
dissolution, due to the similarity of the molecule shape (steroid shape).
The rest of the compounds, DHT and MDOD, are formed in lesser
amounts, in the order of 10*-10° (peak area), with maximum points at
30 min. It is noticeable that possible fragments of the dexamethasone
degradation, PTN, NAP (Fig. 2b) and MDOD (Fig. 2c), as well as some
dexamethasone-like compounds (DHT) (Fig. 2c), are formed in lower
amounts, which allows understanding the difficulty of carrying out the
degradation of the parent compound. In general terms, the rest of the
detected by-products reach zero values at the end of the experiment, due
to the presence of weak bonds, which can be easily cleaved, and
therefore, achieve a rapid degradation.

For the AMX case, various studies analysed different by-products
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formed during the ELOX process, but just one was using a BDD anode
(Frontistis et al., 2017). This study takes a step further and examines the
degradation intermediates generated at a BDD anode in two different
electrolytic media, which include a series of chlorophenols and other
chlorinated compounds, such as chlorophenols, chlorohydroquinones or
hydroquinones (Fig. 3). The formation of the by-products is described
hereunder through the different AMX rupture pathways gathered from
the literature and shown in Fig. 3a: i) break of different bonds of the
molecule forming fragments like DMD or 4-NC (Fig. 3c) (Farhat et al.,
2015; Frontistis et al., 2017; Ganiyu et al., 2016; Saha et al., 2022), ii) on
the one hand, the opening of the f-lactam ring can occur, and on the
other hand, hydroxylation, dehydrogenation and/or chlorination re-
actions on the phenolic ring, forming 2,4,5-TCP, Cl-HQ, 2,5-DCHQ, HQ,
4-CP, 2,4-DCP and CI-BQ, (Fig. 3b and ¢) (Ferreira et al., 2020; Frontistis
et al., 2017; Ganiyu et al., 2016; Tan et al., 2020); and finally iii) the
chlorination of the phenolic ring due to the action of the chlorine radi-
cals (Lei et al., 2019) generating 2,4,5-TCP, CI-HQ, 4-CP and 2,4-DCP
(Fig. 3b); 3,4-DBA and PTCP (Fig. 3c). The formation of these type of
by-products is relatively easy due to the weak bonds present in the AMX
structure, which is consistent with its rapid degradation.

Regarding its kinetic behaviour, for the NaCl experiments (Fig. 3b),
all the compounds follow the same tendency, increasing with time, until
reaching the highest values at the end of the experiment, which may be
because to that the total degradation, or their transformation in PCDD/
Fs, requires experimental times longer than 50 min, as it has been
proven in other study cases (Schroder et al., 2021). For example, HQ
needs 85 min to degrade in NaCl+NaySO4 medium (Fig. 3c). The by-
product with major concentration (peak area) was 2,4,5-dichlorophenol
(2,4,5-TCP), with a peak area of 2.1 - 10° at 50 min, when there is no
AMX in the solution. Next, the Cl-HQ appears as the second by-product
formed with a peak area 1.6 - 10° at 50 min. The rest of the compounds
have a peak area lower than 5.0 - 10° (2,5-DCHQ, HQ, 4-CP, 2,4-DCP
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Fig. 3. Kinetics of the by-products identified during AMX degradation, a) main pathways, b) electrolyte: NaCl and c) electrolyte: Na,SO,4 + NaCl.
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and CI-BQ) (Fig. 3b). Conversely, for the combined electrolyte medium,
NaySO4 + NaCl (Fig. 3c), the evolution of the by-products follows a
different tendency that in NaCl case, all increase with time until a
maximum, and nearly all by-products end in negligible concentrations
(Fig. 3c). The slower degradation of the AMX (85 min), allows that the
formed by-products are being degraded along with the original com-
pound, resulting in its almost complete disappearance. DMD is the
compound formed in the greatest amount, followed by HQ, with area
values in the order of 2-2.5 - 10°. Then, the CI-HQ and 3,4-DBA, which
have the highest point at 30 min (values among 2.3-2.6 - 10°).

Next, based on the criteria established for compound identification
by gas chromatography, Fig. 4 provides a detailed overview of the
principal by-products detected during the ELOX of PAR, employing both
NaCl and NaCl+NaySO4 as electrolytes. Several studies have been con-
ducted employing ELOX for the remediation of PAR-containing solu-
tions, in various electrolytic media and using different anode materials
(De Luna et al., 2012; Ganiyu et al., 2019; Ghanbari et al., 2021; Le et al.,
2017; Liu et al., 2019; Olvera-Vargas et al., 2018; Periyasamy and
Muthuchamy, 2018; Sun et al., 2018; Zhang et al., 2018). However, this
research makes a significant contribution to the current state of
knowledge by detecting multiple chlorophenols, not identified recently
in the literature, during the ELOX process using two different electro-
lytes, particularly, with NapSO4 + NaCl. Almost, all the detected by-
products are kind of benzene molecules, because of the PAR molecular
shape, which permits the breakage of some bonds, generating directly
these kinds of compounds in an easy way, which is corroborated by its
fast elimination. The main degradation pathways of the paracetamol
molecule, according to the available literature, are four, which are
shown in Fig. 4a: i) first, the *OH radicals favour the attack at the para-
position with respect to the *OH functional group of the phenolic ring,
forming HQ and BQ (Fig. 4b); ii) *OH radicals can attack the peptide
bond, generating 4-NP (Fig. 4b); iii) different hydroxylated paracetamol
molecules can be formed, when *OH radicals attack to other positions of
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the phenolic ring, like 4-NC and 1,3-BDO (Fig. 4c); iv) sometimes when
the oxidation takes place in presence of chlorine (Cl™), different chlo-
rinated by-products can be formed, such as NHPA (chlorinated para-
cetamol), Cl-BQ, CI-HQ, 2,5-DCBQ, 2,5-DCHQ and 2,4,5-TCP (Fig. 4b);
3,4-DCP and 3,4-DBA (Fig. 4c), due to their interaction with the chlorine
radicals formed (Cl* and CI,") (De Luna et al., 2012; Farhat et al., 2015;
Ganiyu et al., 2019; Ghanbari et al., 2021; Le et al., 2017; Liu et al.,
2019; Olvera-Vargas et al., 2018; Periyasamy and Muthuchamy, 2018;
Saha et al., 2022; Sun et al., 2018; Zhang et al., 2018).

The kinetics of the detected intermediates have been represented in
Fig. 4b (NaCl medium) and Fig. 4c (NaaSO4 + NaCl medium). For the
NaCl case, some compounds follow the same tendency, growing up to
reach a maximum at 45 min and decreasing to low concentration values:
NHPA, 4-NP, CI-HQ, HQ and BQ; and other ones which reached their
maximum at the final experimental time: Cl-BQ, 2,5-DCBQ, 2,5-DCHQ
and 2,4,5-TCP (60 min). The compound formed in the greatest amount
was NHPA (a chlorinated paracetamol molecule), which achieved the
greatest value at 45 min (2.7 - 10° peak area). As previously mentioned,
this compound is a PAR molecule with a chlorine atom added in the
phenolic ring, undergoing continuous and steady formation until its
maximum, coinciding with the peak of most of the other by-products. It
eventually degrades into other compounds, which may explain the
increased concentration of Cl-BQ, CI-HQ, and 2,5-DCBQ at the final time
of the experiment. The higher concentration of NHPA can be attributed
to its easy formation, due to the significant amount of chlorine atoms
present in the medium. Then, in order of concentrations, appears CI-BQ,
followed by CI-HQ, HQ, BQ, 2,5-DCBQ, 2,5-DCHQ and 2,4,5-TCP, with
peak area values in their higher points between 9.3 - 10° and 1.1 - 10°
(between 45 and 60 min) On the other hand, for the other electrolyte
medium (NaySO4 + NaCl) (Fig. 4c), concentrations all are increased
until 60 min (highest point), decreasing until values close to zero. This is
similar to the case of AMX with NazSO4 + NaCl; it takes approximately
three times longer to degrade the parent compound, and, therefore, the
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Fig. 4. Kinetics of the by-products identified during PAR, a) main pathways, b) electrolyte: NaCl and c) electrolyte: Na;SO4 + NaCL
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nearly complete degradation of the formed by-products can occur over
the course of the experiment. HQ was the compound produced in the
highest concentration, with a maximum at 60 min (3.6 - 10%). 1-MCDD is
the compound that follows in terms of concentration (peak area at 60
min, 5.4 - 10%). The rest of the compounds, Cl-HQ, 3,4-DCP, 4-NC, 1,3-
DBO and 3,4-DBA are formed in a lower amount, with a peak area <5 -
10°, i.e., a concentration 10 times less than the concentration of HQ.

Lastly, in the case of sertraline, the available literature is scarce, just
like the by-products analysis during electrochemical oxidation, being
the photochemical processes the ones that have been more widely re-
ported (Calza et al., 2021; Jiménez-Holgado et al., 2021). This research
delves further into the analysis of the by-products generated from STR in
two different electrolytic media during an ELOX process. It reveals the
presence of various compounds that have not been previously detected,
to the extent of the authors' knowledge. The main degradation/trans-
formation pathway followed by STR in this work, and shown in Fig. 5a is
i) the ring detachment, which takes place through *OH attack gener-
ating, on the one hand, compounds like 3,4-dichlorophenol (3,4-DCP)
(Fig. 5b and c), or similar chlorophenolic compounds, as 3,4-DCS
(Fig. 5b and c) and 3,4-DBA (Fig. 5c¢), and on the other hand, the rest
of the STR molecule, such as MNA (Fig. 5b), or other naphthalene-like
structures such as NAP (Fig. 5b) (Calza et al., 2021; Jiménez-Holgado
et al., 2021). In chloride presence, also it could be supposed the for-
mation of other chlorophenols, detected in this work, from the chlori-
nation of 3,4-DCP, such as 2,4,5-TCP (Fig. 5b and ¢), 2,3,4-TCP (Fig. 5c),
or 2,3,4,6-TeCP (Fig. 5b and c).

The kinetics of each one of the intermediates generated during STR
degradation have been represented in Fig. 5b (NaCl medium) and in
Fig. 5¢ (NazSO4 + NaCl medium). As it can be appreciated in Fig. 5b, the
generated by-products increase until a maximum at different times,
ending with values close to zero, except for NAP, which culminations
with a peak area of 1.1 - 10°, at the final time, being one of the formed in
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the highest amount. This can also be attributed to the rapid degradation
achieved with NaCl for STR (15 min), (as can be evidenced by the kinetic
constants in Table S13). As a result of this, the formation of by-products
occurs also very fast, as does their degradation. NAP can be originated
from a larger fragment of STR (MNA, see Fig. 5b and structure in
Table S6); which corresponds to the upper part of the STR molecule,
generated from pathway (i) (Fig. 5a). Because it is a structure similar to
PAHs, and as it has been described in the case of DEX, its degradation
requires longer operation times. Then, 3,4-DCP and 3,4-DCS are the
second and third compounds formed in higher concentration (in terms of
peak area), achieving their top points at 8 min (peak areas between 1.8 -
10° and 2.4 - 10%) (Fig. 5b). Furthermore, another chlorophenol is
formed, 2,4,5-TCP, probably generated due to the chlorination of 3,4-
DCP, since it started to appear at 5 min (with 3,4-DCP appearing at 2
min), reaching its greatest point at 8 min (9.3 - 10%. Then, MNA is the
following compound, which corresponds to the upper part of the STR
molecule (when the C—C middle bond breaks, Fig. 5a, (i)) (highest peak
area at 12 min, 5.5 - 104. Finally, 2,3,4,6-TeCP is formed in lower
concentration comparing it with the rest of the molecules, but constantly
growing until the final experimental time (peak area of 3.1 - 10%). Lastly,
for the Na3SO4 + NaCl medium, it can be appreciated in Fig. 5c that all
the compounds increase their peak area until achieve a maximum, and
end with negligible values, except for the 3,4-DCP. 3,4-DCP is the
compound with the highest concentration, with its peak at 80 min (5.6 -
106), then it decays a bit (at 100 min) and grows again at the final
experimental time (120 min) with a final value of 3.6 - 10°. This
chlorophenol directly arises from STR cleavage through the C—C bond
between both parts of the molecule (generated from pathway (i),
Fig. 5a). Its conversion/breakdown into other products is hindered,
possibly due to molecule stability, accounting for its elevated concen-
tration at the end of the experiment. The remaining by-products were
formed in smaller quantities and degrade by the experiment's end due to
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Fig. 5. Kinetics of the by-products identified during STR degradation, a) main pathways, b) electrolyte: NaCl and c) electrolyte: Na,SO4 + NaCl.
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its duration and limited presence, as it is described hereunder. 3,4-DBA
and 3,4-DCS and appears in the same order of magnitude (~10°). The
rest of the compounds, 2,3,4,6-TeCP, 2,4,5-TCP and 2,3,4-TCP, possess
lower peak area values, all of them under 4 - 10°, being almost
completely degraded at final time.

3.3. PCDD/Fs and toxicity (TEQ) analysis

As is well-known from the previous literature (Fernandez-Castro
et al., 2016; Schroder et al., 2021; Sola-Gutiérrez et al., 2019; Vallejo
et al., 2013), and it has been shown in this work, when advanced
oxidation processes are applied to treat drugs, even though the degra-
dation of the parent compounds is usually complete (in general terms),
depending on the compounds to degrade or the operating conditions,
determined intermediate compounds can be generated during the
oxidation process. The appearance of several chlorophenols in the
electrochemical oxidation of the four pharmaceuticals, results in the
formation of low-chlorinated dioxins and furans, by the condensation of
two chlorophenols. Research by Sidhu and Edwards (2002) demon-
strated that two 2-chlorophenoxy radicals (2-CPR) combine to prefer-
entially form furans instead of dioxins (Fernandez-Castro et al., 2016;
Sidhu and Edwards, 2002). These radicals are produced from 2-chloro-
phenol (2-CP) precursors, which are radical active species that possess
enol and keto forms with the unpaired electron on the phenolic oxygen.
Since keto forms are more stable than enol forms, a higher formation of
DCDF is expected (Fernandez-Castro et al., 2016; Schroder et al., 2023).
Finally, the radicals and oxidant species attack low-chlorinated PCDD/
Fs, increasing the chlorination degree and resulting in higher chlorina-
tion degree 2,3,7,8-PCDD/Fs. PCDD/Fs can be even more hazardous
than the parent compounds, which could lead to an increase in the final
toxicity of the degraded sample.

In order to check this point, the electrochemical oxidation of aqueous
solutions containing 10 mg L~! of each drugs, DEX, AMX, PAR and STR,
was carried out in a previous work, where the group of homologs of
dioxins and furans was analysed (Schroder et al., 2023). Here, the
research continues with the study of the congeners and their associated
toxicity.

3.3.1. PCDD/Fs congeners analysis

In a first stage, regarding to the assessment of PCDD/Fs, the analysis
of the 2,3,7,8-congeners was carried out. In Table 1 are gathered the
2,3,7,8-congeners concentrations, classified into 2,3,7,8-PCDDs and
2,3,7,8-PCDFs, with the correspondent percentages of its contribution to
the total amount of congeners for each study case. Additionally, the
congener profiles, for each pharmaceutical compound, are shown in
Fig. 6 for the NaCl and NaySO4 + NaCl electrolyte mediums. These
congeners concentrations are represented in bar graphs, specifically,
Fig. 6a, it is represented the congener profile for DEX, and consecutively,

Table 1

Total amount (and percentage) of 2,3,7,8-PCDD/Fs congeners produced during
the DEX, AMX, PAR and STR degradation, using NaCl and Na,SO4 + NaCl as
electrolytes.

Drug 2,3,7,8-PCDDs
pg L~ (%)

2,3,7,8-PCDFs
pg Lt (%)

Electrolyte: 56 mM NaCl

TOTAL 2,3,7,8-congeners
pgL™! (%)

DEX 80.2 (83.5 %) 15.9 (16.5 %) 96.1 (100 %)
AMX 7.3 (2.9 %) 242.0 (97.1 %) 249.3 (100 %)
PAR 30.4 (44.2 %) 38.3 (55.8 %) 68.7 (100 %)
STR 60.4 (86.8 %) 9.2 (13.2 %) 69.6 (100 %)

Electrolyte: 21 mM Na,SO4+ + 2.8 mM NaCl

DEX 46.8 (89.0 %) 5.8 (11.0 %) 52.6 (100 %)
AMX 4.6 (3.5 %) 126.2 (96.5 %) 130.8 (100 %)
PAR 20.9 (57.9 %) 15.2 (42.1 %) 36.1 (100 %)

STR 27.9 (67.1 %) 13.7 (32.9 %) 41.7 (100 %)
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Fig. 6b, c and d represents the congener profiles for AMX, PAR and STR,
respectively. It is necessary to remark the scale of the congener charts
(Fig. 6), because it is decisive in the analysis and the further toxicity
calculation, especially for the 2,3,7,8-TCDD case. This dioxin achieves
the highest toxicity value (I-TEF = 1).

As depicted in Table 1, the total amount of 2,3,7,8-PCDD/Fs con-
geners is the highest in all cases when NaCl was employed as electrolyte,
being in the range between 68.7 pg L™ for the PAR up to 249.3 pg L™}
for the AMX. For the NaCl case, the dioxins congeners (2,3,7,8-PCDDs)
were higher for DEX and STR, with values of 80.2 and 60.4 pg L,
accounting for 83.5 and 86.8 % of the total 2,3,7,8-congeners, respec-
tively. Contrarily, for AMX and PAR, the furans congeners (2,3,7,8-
PCDFs) were the predominating group, with values of 242.0 and 38.3 pg
L_l, i.e., the 97.1 and 55.8 % of the total 2,3,7,8-congeners, respectively.
In the same way, as it is shown in Table 1, in the Na3SOa + NaCl case, the
highest total amount of 2,3,7,8-PCDD/Fs and 2,3,7,8-PCDFs were for
AMX, reaching values of 130.8 pg L™! and 126.2 pg L™! (96.5 % of the
total congeners for this case), respectively. The lowest amount of total
PCDD/Fs congeners corresponded to PAR, 36.1 pg L', The dioxin
congeners were higher for DEX and STR, with values of 46.8 and 27.09
g L’l, accounting for 89.0 and 67.1 % of the total 2,3,7,8-congeners,
respectively. Particularly, in the PAR oxidation, dioxins and furans
congeners were formed approximately in the same amount, indepen-
dently of the electrolyte used, so, for the NaCl case, 30.4 pg L ! of PCDDs
and 38.3 pg L™! PCDFs were obtained (being the 44.2 % and 57.9 % of
the total congeners amount) and for the NaSO4 + NaCl case, 20.9 pg
L7! and 15.2 pg L™! PCDDs and PCDFs, respectively (Table 1), which
represents the 57.9 % and 42.1 % of the total congeners detected in the
PAR oxidation.

The most toxic dioxin, 2,3,7,8-TCDD was found in very low con-
centrations, but it is important to not underestimate this concentration,
because it has the highest toxicity factor (I-TEF = 1). In this work, the
concentrations were, for NaCl electrolyte, 2.0, 0.8 and 0.6 pg L™! for
DEX, PAR and STR (Fig. 6a, c and d), respectively; and for NasSO4 +
NaCl electrolyte, 0.2, 0.4 and 0.4 pg L7 for DEX, PAR and STR,
respectively (Fig. 6a, ¢ and d). It was not detected in AMX electro-
oxidated samples (Fig. 6b). Specifically, in the DEX degradation, it
should be remarked that the 1,2,3,7,8-PeCDD congener, which is the
highest formed congener for both electrolytes, reached very similar
values: 49.7 and 43.7 pg L™! (51.7 and 83.1 % of the total DEX conge-
ners amount) for NaCl and NaySO4 + NaCl, respectively (Fig. 6a).
Regarding AMX, the 1,2,3,4,6,7,8-HpCDF is the congener with higher
concentration, 234.6 pg L1 (NaCl) and 117.6 pg Lt (NaySO4 + NacCl),
which represents 94.1 % and 89.9 %, respectively of the total 2,3,7,8-
PCDD/Fs, so therefore, the concentration of the rest congeners, it is
considered practically negligible (Fig. 6b). In the PAR oxidation,
1,2,3,4,6,7,8-HpCDF is the congener that reached the highest concen-
tration, also for both electrolytes, 29.7 pg L7}, ie., 43.2 % of the total
2,3,7,8-PCDD/Fs amount in medium NaCl and 14.4 pg L7, ie, 39.8%
of the total 2,3,7,8-PCDD/Fs amount in medium NaySO4 + NaCl
(Fig. 6¢). Lastly, for the STR case, there are two congeners with higher
concentrations in both electrolytes medium, these congeners are the
1,2,3,7,8-PeCDD and the 1,2,3,6,7,8-HxCDD, being those concentra-
tions 29.9 and 25.0 pg L™! for NaCl, respectively (representing 42.9 %
and 35.9 % of the total STR-congeners) and 10.0 and 16.8 for Na;SO4 +
NacCl, respectively (23.9 and 40,3 % of the total congeners) (Fig. 6d).

3.3.2. Toxicity analysis in terms of TEQ

The congeners analysis allows the estimation of the toxicity of a
sample in terms of equivalent toxicity (TEQ). The value of TEQ is
calculated using Eq. (1), as the sum of the product of each 2,3,7,8-
PCDD/Fs congener concentration and the corresponding I-TEF (Inter-
national Toxic Equivalent Factors) (I-TEF values represented in
Table S14):
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Fig. 6. 2,3,7,8-PCDD/Fs congeners profile of the ELOX experiments of a) DEX, b) AMX, c) PAR and d) STR, for the electrolytic media, 56 mM NaCl and 21 mM

NaySO4 + 2.8 mM NaCl.

TEQ = Y (PCDD, ITEF,) + 3~ (PCDF, ITEF,) W
i ]

where i and j correspond to the respective number of PCDD and PCDF
congeners, respectively.

In Fig. 7 is depicted the toxicity associated with each sample, for each
drug and electrolyte medium, calculated through the congeners
measured at the final time of each electrochemical experiment, which is,
when the pharmaceutical compound has been completely degraded.

Fig. 7 shows that the greater toxicity value belongs to DEX using both
electrolytes, 30.1 pg L™ for NaCl and 22.8 pg L™ for NaySO4 + NaCl.
The main contribution to these values is due to the higher amounts of the
1,2,3,7,8-PeCDD congener (purple colour), 49.7 (NaCl, Fig. 6a) and
43.7 pg L1 (NaySO4 + NaCl, Fig. 6a), and to the value of toxicity factor,
I-TEF = 0.5, the second highest between I-TEF value (Table S14).
2,3,7,8-TCDD (red colour), the most toxic congener (I-TEF = 1), was
present in concentrations of 2.0 (NaCl, Fig. 6a) and 0.4 pg L™ (NaySO4
+ NaCl, Fig. 6a), contributing minimally to the total toxicity. STR is the
next compound in toxicity terms despite, its low total congeners' con-
centrations, 69.6 and 41.7 pg L ™! for NaCl (Fig. 6d) and NaySO, + NaCl
(Fig. 6d), respectively (Table 1). Again, this situation is associated with
the combination of the concentration and I-TEF of the formed congeners.
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For the NaCl case, TEQ was 19.0 pg L’l, being the congeners, 1,2,3,7,8-
PeCDD (purple colour) with 30 pg L™! (Fig. 6d) and I-TEF = 0.5 and
1,2,3,6,7,8-HxCDD (pink colour) with 25.0 pg L! (Fig. 6d) and I-TEF =
0.1, those which contribute the most to the total toxicity. A similar
reading can be made for the case of electrolytic medium NaySO4 + NaCl,
the (TEQ = 7 pg L™1). 2,3,7,8-TCDD (red colour), was present in con-
centrations of 0.64 (NaCl, Fig. 6d) and 0.40 pg L™! (NaySO4 + NaCl,
Fig. 6d). Once more, the contribution of the most toxic congener to TEQ
was minimal. Subsequently, degraded PAR solutions appear in third
place in TEQ terms, reaching values up to 7.9 pg L™! (NaCl, Fig. 6¢) and
6.6 pg Lt (NaSO4 + NaCl, Fig. 6¢). In this case, the highest concen-
tration congener formed for both electrolytic media was 1,2,3,4,6,7,8-
HpCDF (light green colour), with 29.7 pg L™! (NaCl, Fig. 6¢) and 14.4
g L~ (NaySO4 + NaCl, Fig. 6¢), however, its contribution to the total
toxicity was minimal, due to that I-TEF is 0.01. As in the previous cases,
the congeners 1,2,3,7,8-PeCDD congener (purple colour) and
1,2,3,6,7,8-HxCDD (pink colour) are the ones that contribute the most to
the total toxicity. In these samples, 2,3,7,8-TCDD (red colour), was
found with values of 0.8 (NaCl, Fig. 6¢) and 0.4 pg L~ (NaySO4 + NaCl,
Fig. 6¢). Opposite, and surprisingly, in the last case, the AMX gives the
lowest toxicity values, even though it possesses the highest values of the
total concentration of the 2,3,7,8-congeners, 249.3 (NaCl, Fig. 6b) and
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Fig. 7. Final toxicity, expressed in terms of TEQ, for the four degraded drugs: DEX, AMX, PAR and STR (NaCl and Na,SO4 + NaCl).

130.8 pg L1 (NaySO,4 + NaCl, Fig. 6b) (Table 1). Despite that the
congener 1,2,3,4,6,7,8-HpCDF (light green colour) presented the high-
est concentration, 234.6 pg L™! when using NaCl (Fig. 6b), it did not
provide elevated toxicity to the reaction medium, because its low I-TEF
value, 0.01. These results contribute to the total toxicity of AMX in 3.6
pg L 'of TEQ (NaCl). The same conclusion can be obtained for Na;SO4
electrolyte. It is worth to recall that the limit established by the US EPA
is 30 pg Lt (US EPA, 2013), so the value determined here is above the
allowed threshold for DEX in NaCl medium. This findings are of great
importance as, here, it is specifically calculated for individual and syn-
thetic drug samples. Real samples, on the other hand, can contain
hundreds of additional compounds, which may result in significantly
higher levels of toxicity. Therefore, this study not only establishes a
robust methodology but also presents decisive findings regarding the
assessment of wastewater quality after treatment in WWTPs, and after
the application of an AOPs, which should be meticulously selected, with
particular emphasis on the type of matrix and in the operating variables.

4. Conclusions

Water pollution from pharmaceuticals has emerged as a significant
concern in recent decades. The presence of drugs in water sources
worldwide necessitates efforts to address this issue, with a particular
focus on improving wastewater treatment methods. In this study, elec-
trochemical oxidation was employed to remediate highly concentrated
solutions containing drugs: dexamethasone, amoxicillin, paracetamol
and sertraline. A thorough analysis of the intermediate by-products
generated during the ELOX process was conducted for the four drugs
investigated in this research. The presence of several chlorophenols,
hydroquinones and benzoquinones, alongside various derivatives of the
parent compounds, was observed. Furthermore, an evaluation of the
PCDD/F congeners was undertaken to assess the final toxicity of the
samples. Notably, the total concentration of congeners was found to be
higher when NaCl was used as the electrolytic medium, reaching levels
as high as 249.3 pg L. Although the most toxic dioxin, 2,3,7,8-TCDD,
was detected in low concentrations (up to 2.04 pg L™1). The overall
toxicity levels reached values as high as 30.1 pg L™} of toxic equivalent
(TEQ) when DEX was treated with NaCl. This finding was attributed to
the elevated presence of other congeners with relatively lower toxicity
(1,2,3,7,8-PeCDD, I-TEF = 0.5). These results emphasize the significance
of considering the impact of congeners with lesser toxicity, as they can
significantly contribute to the overall toxicity of a sample. The formation
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of by-products poses a critical challenge in the application of advanced
oxidation processes (AOPs) to solutions containing organic compounds,
particularly those that may act as potential precursors of PCDD/Fs.
Thus, the careful selection of operating conditions, such as the choice of
electrolytic media, becomes essential to minimize the potential pro-
duction of PCDD/Fs and their precursor compounds.
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