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• The environmental fate of maprotiline
in spiked river water was investigated.

• Main degradation products result from
thedrug hydroxylation in different posi-
tions.

• Degradation mechanism has been pro-
posed based on transformation photo-
products structures.

• Maprotiline TPs suggests lower toxicity
than the parent compound.
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Maprotilinewas identified as a compound of potential interest further to a suspect screening test carried out for a
list ofmore than 40,000 substances based on specific occurrence, hazard and risk indicators. Despite the high fre-
quency of appearance of this drug in wastewater treatment stations, his environmental fate is still unknown.
Herein, we investigated for the first time the maprotiline degradation pathways in river water spiked with the
drug at a concentration close to those detected in natural waters. Preliminary photocatalytic experiments in ul-
trapure water produced 32 transformation products (TPs) resulted mainly from the multiple hydroxylation/ox-
idation in different positions of the drug molecule. From the river water experiments, 12 TPs were formed by
photolysis matching with those observed in ultrapure water experiments, and 2 were also formed resulted
from biotic degradation. Employing HPLC-HRMS, we were able to elucidate the chemical structures of TPs and
assess the overall degradation mechanism. Preliminary bioassays suggested lower toxicity of TPs relatively to
the parent compound.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The scientific progress observed in the last few decades had a re-
markable impact on modern human lifestyle. The development of
countless chemical substances part of our daily routine activities is
now severely affecting the quality of water resources. The widespread
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Numbering of maprotiline carbon atoms.
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presence of contaminants of emerging concern (CECs) is a major threat
to aquatic ecosystems worldwide (UNESCO World Water Assessment
Programme, 2019). According to NORMAN network (“NORMAN
Databases”), a CEC is defined as “a substance currently not included in
routine environmental monitoring programs that may be a candidate
for future legislation due to its adverse effects and/or persistency”.
These substances are not necessarily new, most of them are “emerging”
as result of the improvement in analytical techniques that recently
allowed to detect and track trace concentrations in aquatic media
(Hollender et al., 2019; Nawaz and Sengupta, 2018). Their “concern”
rises from the scarce information about their environmental fate, their
hazards to human health and ecosystems, the degradation pathway
and toxicity of their degradation products. The presence of a large num-
ber of contaminants coupled with the continuous improvement capa-
bility to detect new pollutants make CECs a complex challenge for
regulatory agencies (Brack et al., 2019; Sauvé and Desrosiers, 2014).

Pharmaceuticals have emerged in the past few decades as the CECs
epicenter (aus der Beek et al., 2016; Ebele et al., 2017; Lai et al., 2016;
Vandermeersch et al., 2015). The increasing number of new medicines
together with their extensive use, persistence and high biological activ-
ity enlarged drastically their environmental impact (Küster and Adler,
2014). Pharmaceuticals reach the environment mainly by excretions
and erroneous disposal in thedomestic sewer, hospital effluents and an-
imal/fish farming. They include antibiotics, hormones, birth control
pills, antidiabetics, beta-blockers, lipid regulators, impotence drugs,
painkillers, tranquilizers, antidepressants and othermedicines. Further-
more, the actual wastewater treatment facilities are not specifically de-
signed to remove organic pollutants, thereby allowing their constant
release into the environment (Gogoi et al., 2018; Krzeminski et al.,
2019; UNESCO and HELCOM, 2017).

Antidepressants are among the most prescribed pharmaceuticals in
developed countries (Abbing-Karahagopian et al., 2014; Pratt et al.,
2017), associatedwith psychiatric disorders also in the youngest gener-
ation. The consequent appearance of these complex mixtures in water
stream impacts animals living in the aquatic environment (Ford and
Herrera, 2019). Recent studies linked antidepressants exposure to dif-
ferent disorders in the aquatic biota (David et al., 2018; Sehonova
et al., 2018). For example, oxazepamwas reported to affect the activity,
sociality and feeding rate of Perca fluviatilis even at the concentration
level detected in wastewater treatment influents/effluents (Brodin
et al., 2013). Such behavioral changes may have ecological and evolu-
tionary consequences.

Maprotiline is a tetracyclic antidepressant drug approved in many
countries, with a daily usual dosage of 150 to 225 mg used to treat de-
pression associatedwith agitation or anxiety (Aronson, 2016). As a con-
sequence of its wrong disposal and excretion in its unmetabolized form
(3–4%), (Breyer-Pfaff et al., 1985), like many other drugs, maprotiline
drughas been reported in influent and effluent ofwastewater treatment
plants as well as in surface waters, usually at ng/L up to few μg L−1 con-
centration (Loos et al., 2013; Sreejon Das et al., 2017; UNESCO and
HELCOM, 2017). To the best of our knowledge, despite its frequent en-
vironmental occurrence, there is no information about the maprotiline
environmental fate, its degradation pathway neither toxicity of its deg-
radation products.

This study aims at investigating for the first time the maprotiline
environmental fate in river water by initially performing a laboratory
simulation to identify the degradation products by HPLC-HRMS and
then search for them under natural conditions. For easier identifica-
tion of the degradation products, maprotiline degradation experi-
ments were firstly performed at high concentration in ultrapure
water using TiO2 as a benchmark photocatalyst. Subsequently, ex-
periments were performed in spiked river water, at concentration
similar to those described in natural waters, for the elucidation of
the drug environmental fate. Toxicity was estimated as well and pre-
liminary bioassays were performed on the generated degradation
species.
2

2. Materials and methods

2.1. Chemicals

Maprotiline hydrochloride (CAS: 10347-81-6), whose structure
with the numbering of carbons atoms is shown in Fig. 1, was purchased
from Sigma-Aldrich (Milan, Italy). In order to avoid possible interfer-
ence from ions adsorbed on the photocatalyst, TiO2 (Evonik P25, Frank-
furt, Germany) was irradiated and washed with distilled water, until
there were no detectable signals due to chloride, sulfate and sodium
ions. All the chemical reagents were used as received. Suspensions
and standard solutions were prepared in ultrapure water.

The river water sample was collected from the River Po, Torino Italy,
(45°02′40.4″N 7°41′02.1″E) on September 30th 2019. Samples were
used after a rough pre-filtration step, carried out through a grade qual-
itative filter paper (Whatman) removing large suspended solids and fil-
tered using a hydrophilic 0.45 μm filter Sartolon Polyamide (Sartorius
Biolab). River water samples had 1.83 mg L−1 of total organic carbon
(TOC), 44.81 mg L−1 of inorganic carbon (IC), and 3.85 mg L−1 of total
nitrogen (TN) and pH = 8.2. The potential presence of Maprotiline,
identified TPs and the described metabolites in the explored river
water sample were investigated by HPLC-HRMS before spiking and
they were below the detection limit.
2.2. Methods

2.2.1. Degradation experiments
Theworkflow for themaprotiline degradation pathway study is pre-

sented in Scheme S1. Maprotiline photocatalytic degradation was car-
ried out in ultrapure water in Pyrex glass cells (2.3 cm height × 4.0 cm
diameter), filled with 5 mL of maprotiline (20 mg L−1) and TiO2 (500
mg L−1) suspension kept under magnetic stirring under irradiation for
times ranging from 1min to 60min. After irradiation, the photocatalyst
was removed using a 0.45 μm Sartolon Polyamide (Sartorius Biolab) fil-
ter before analysis. The photolysis experiments were performed in the
same conditions without the catalyst addition.

Photolysis experiments in river water sample were performed on a
200 mL water volume spiked with 10 μg L−1 of maprotiline divided
into three Pyrex glass cells (7.5 cm height × 9.5 cm diameter). Samples
were irradiated for times ranging from 1 h to 72 h. The irradiation was
carried out using a PHILIPS cleo 6 X 15 W TL-D Actinic BL with
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maximum emission wavelength at 365 nm. The UV integrated irradi-
ance on the cells in the 290–400 nm wavelength range was 90 ± 2
Wm−2 (measured with a CO.FO.MEGRA (Milan, Italy) power-meter).
To control the effect of water sample constituents on maprotiline fate,
spiked water samples (10 μg L−1) were kept in the dark collecting sam-
ples over time (0, 16, 24, 48 and 72 h). Samples were then freeze-dried
(LABOGENE – CoolSafe 55-110). The obtained powder was dissolved
into 10 mL of a 50:50 (v/v) methanol: acetonitrile mixture which was
filtered with a 0.22 μm polypropylene filter (ThermoFisher Scientific).
The sample was dried under a gentle nitrogen stream at room temper-
ature, then reconstituted with 200 μL of acetonitrile (final pre-
concentration factor of 1000) for the LC-HR-MS analysis.

2.2.2. Analytical procedures
The identification of maprotiline TPs in ultrapure water and in river

water samples was performed using an Ultimate 3000 High Pressure
Liquid Chromatography coupled with a LTQ-orbitrap mass spectrome-
ter (Thermo Scientific, Bremen, Germany) operated in ESI mode. The
chromatographic separationwas achievedwith a reverse phase C18 col-
umn (Gemini NX C18, 150 × 2 mm, 3 μm, 110 Å; Phenomenex, Castel
Maggiore, BO, Italy) using 20 mM aqueous formic acid (eluent A) and
acetonitrile (eluent B). Gradient separation ramp started with 5% B, in-
creased up to 40% B in 18 min and to 100% in 5 min; then the column
was reconditioned. The flow was 0.2 mL/min and injection volume 20
μL.

For the ESI ion source used nitrogen as both sheath and auxiliary gas.
Source parameters were set as followed: sheath gas 30 arbitrary unit
(arb), auxiliary gas 25 arb, capillary voltage 4.0 kV and capillary temper-
ature 275 °C. Fullmass spectrawere acquired in positive ionmode onm/
z range between 50 and 500 Th, with a resolution of 30.000.MSn spectra
were acquired on the range between ion trap cut-off and precursor ion
m/z values. Accuracy on recorded m/z (versus calculated) was ±0.001
Th (without internal calibration).

For the structural elucidation of TPs, collision-induced dissociation
(CID) experiments were performed on an Acquity HPLC system
(Water Technologies, Guyancourt, France) coupled with a Bruker
SolarixXR FT-ICR 9.4 T MS instrument (Bruker Daltonics, Bremen,
Germany). For the chromatographic separation, an Agilent Pursuit
XRsULTRAC18 (length 50mm, diameter 2mm, particle size 2.8 μm)col-
umnwas usedwith an Agilent HPLCMetaGuard (Pursuit XRs C18, 3 μm,
2,0 mm) guard column (Agilent Technologies, Les Ulis, France). The
flowwas set to 0.2mL/min, the total run timewas 22minwith an acqui-
sition time of 15 min. Gradient flow was used with solvent A being
water with 0.1% formic acid and solvent B being acetonitrile with 0.1%
formic acid. The LC method consisted of holding 95% of solvent A and
5% of solvent B for 3 min, after which a gradient of 9 min was applied,
until the ratio of the two solvents reached 50–50%. The ratio of solvent
A was promptly decreased to 5% and kept at this ratio until 17.1 min
total run time, after it was reset to the initial 95%. After every measure-
ment, 5 min were let for equilibration and washing using the latter sol-
vent ratio. The injection volumeswere 2 μL and 10 μL for LC-MS and LC-
MSn experiments, respectively. The autosampler (Water Technologies,
Guyancourt, France) was kept at 4 °C for better preservation. Each sam-
ple was prepared before analysis by adding 10% volume of a mixture
acetonitrile/formic acid (0.1%). Electrospray ionization was used as the
ion source in positive modewith a sample flow of 0.2 mL/min. The cap-
illary voltage was 4000 V and the spray shield was set at−500 V. Nitro-
gen was used as nebulizer gas (1 bar) and drying gas (8 L/min, 250 °C).
The detection range was 57.7–1000 m/z, in broadband mode, with a
data acquisition size of 4 Mpts and a data reduction of noise of 97%.
For MS2 experiments, isolation was carried out with a 1 m/z window
and CID experiments were performed with collision energies of 5, 10,
15 and 20 V. Preliminary in-cell experiments were performed to assess
the optimal parameters (isolationwindow, quadrupole voltage, and col-
lision energy) for the MS3 experiments. The Bruker Data Analysis soft-
ware was used for data processing.
3

Total organic carbon (TOC) was measured using a Shimadzu TOC-
5000 analyzer (catalytic oxidation on Pt at 680 °C). The calibration
was performed using standards of potassium phthalate.

Inorganic ions (NO3
−, NO2

− and NH4
+) generated during maprotiline

degradation were identified by ion chromatography analysis using a
Dionex chromatograph equipped with a Dionex 40 ED pump and a
Dionex 40 ED conductimetric detector. For nitrate anions, a Dionex Ion
Pac AS9-HC 4 × 250 mm column, and Ion Pac ASRS-ULTRA 4 mm con-
ductivity suppressor were used while ammonium cations were ana-
lyzed using a Dionex Ion Pac CS12A 4 × 250 mm column, and an Ion
Pac CSRS-ULTRA 4 mm conductivity suppressor, using 10 mM NaHCO3

and 4 mM K2CO3 as eluent at 1 mL/min.

2.2.3. Retrospective suspected screening
The retrospective suspected analysis was performed accordingly to

theworkflow previously described (Alygizakis et al., 2019b). The occur-
rence of maprotiline and the elucidated TPs were investigated in 130
digitally achieved chromatograms (58 wastewater and 72 river water
samples). 34 wastewater samples from the river basins of Germany
(Danube, Rhine, Ems, Weser, Elbe, Odra, Meuse, Eider, Trave, Peene)
(Freeling et al., 2019) and 24 additional wastewater samples from Dan-
ube River basin (12 countries) (Alygizakis et al., 2019a) and surface
water samples from Danube, Dniester (Diamanti et al., 2020) and Do-
nets were investigated, as described in Table S5.

2.2.4. Toxicity
The acute toxicity of maprotiline and the degradation products is-

sued from maprotiline (20 mgL−1) degradation in ultrapure water in
the presence of TiO2 (500 mgL−1) was evaluated for samples after dif-
ferent irradiation times using a Microtox Model 500 toxicity analyzer
(Milan, Italy). The analyses were performed evaluating the biolumines-
cence inhibition assay in the marine bacterium Vibrio fischeri by moni-
toring changes in the natural emission of the luminescent bacteria.
Freeze-dried bacteria, reconstitution solution, diluent (2% NaCl) and
an adjustment solution (non-toxic 22% sodium chloride)were obtained
from Azur (Milan, Italy). Samples were tested in a medium containing
2% sodium chloride, and the luminescence was recorded after 5, 15
and 30min of incubation at 15 °C. The luminescence inhibition percent-
age was determined by comparing with a non-toxic control solution.

3. Results and discussion

3.1. Chemical selection approach

Maprotilinewas selected as a compound of potential interest for fur-
ther monitoring activities as a result of the application of the NORMAN
prioritization scheme. This scheme was designed by NORMAN to deal
with less-investigated substances for which knowledge gaps are identi-
fied (e.g. insufficient information on the exposure levels and/or adverse
effects, or inadequate performance of the analytical methods for their
measurement in the environment) (von der Ohe and Dulio, 2013).
The concept involves the application of a decision tree which allows
the allocation of substances into six main action categories, based on
the identified knowledge gaps and actions needed to address them.
The priority within each category is then evaluated on the basis of spe-
cific occurrence, hazard (e.g. persistence, bioaccumulation,mobility, en-
docrine disruption potential) and risk indicators.

This workflow, originally designed to work with target monitoring
data, is currently exploring the automatic query of non-target screening
(NTS)mass spectral information archived in theDigital Sample Freezing
Platform (DSFP).

As part of the NORMAN Database System (NDS) (“NORMAN
Database System”) and its interconnected databases (SusDat database
(“NORMAN Substance Database”) ECOTOX database (“NORMAN
Ecotoxicology Database”), the NORMAN Digital Sample Freezing Plat-
form (DSFP) (Alygizakis et al., 2020) is a virtual platform able to store



Fig. 2. Maprotiline degradation (black line) and mineralization (colored lines) in the
presence of TiO2 (500 mgL−1).
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an extensive number of raw HRMS data converted into a common
(open) format, designed for retrospective screening. Thanks to a set of
fully integrated tools NORMAN DSFP can provide reliable qualitative
and semi-quantitative data on the occurrence of CECs, can represent
the spatial distribution of contaminants and the degree of exceedance
of threshold values and in thisway support identification and prioritiza-
tion of CECs frequently detected in environmental samples.

Maprotiline was identified as a compound of potential interest fur-
ther to a suspect screening test carried out for a list of more than
40,000 substances (present at the time of the study in the SusDat data-
base, 5th September 2019) on 46 composite effluent wastewater sam-
ples collected from Danube river basin (August 2017) (Alygizakis
et al., 2019a) and from a national wastewater effluent campaign in
Germany (May 2018) (Freeling et al., 2019) archived in DSFP. Consider-
ing mass accuracy, plausibility of the chromatographic retention time
(RT), isotopic pattern fit, number of experimental and predicted frag-
ments, and % similarity of experimental and library spectra as criteria
supporting the tentative identification of the suspects, maprotiline
was elucidated at level 2A (probable structure by library spectrum
match) as compared to other substances for which actions to improve
the elucidation of the structure are needed before implementation of
further monitoring effort.

In line with the purposes of the prioritization methodology (worst-
case scenario approach), the lowest Provisional No Effect Concentration
(PNEC) values were used – representing the most conservative ecotox-
icological threshold values for the investigated suspect compounds. All
PNEC values used in this study were extracted from the NORMAN Eco-
toxicology database. In cases where no experimental data on the toxic-
ity of detected substances were available, predicted PNECs (P-PNECs)
were derived by QSTR models (Aalizadeh et al., 2017). The substances
were ranked based on three indicators: (i) Frequency of Appearance
(FoA), calculated as percentage of sites where the substance was de-
tected above the limit of detection (LOD); (ii) Frequency of PNEC ex-
ceedance (FoE), calculated as percentage of sites where the substance
was detected above the PNEC, and (iii) extent of PNEC exceedance
(EoE), calculated as the 95th percentile (MEC95) of the substance's
maximum observed concentration at each site divided by the PNEC.
No PNEC value based on experimental data was available for
maprotiline and therefore a predicted PNEC (P-PNEC) was used.
Maprotiline was prioritized and allocated to the group of compounds
with “Sufficient frequency of appearance (FoA)”, that is FoA (sites
with positive detection) ≥ 20%, (67% of the investigated wastewater
treatment stations) with 17% of the sites exceeding the predicted
PNEC value (0.300 μg L−1).
0

10

20

30

40

50

0 1 2.5 3.5 5 10 15 30

In
hi
bi
�o

n,
%

Irradia�on �me (min)

Fig. 3. Inhibition effect on Vibrio fischeri bioluminescence in the presence of TPs resulting
from maprotiline photocatalytic degradation as a function of irradiation time. Error bars
correspond to standard deviations (n = 3).
3.2. Maprotiline degradation in ultrapure water

The direct photolysis of maprotiline in the considered time window
(1 h) is negligible. The most likely reason is the fact that the molecule
does not absorb radiations above 280 nm (Suh and Smith, 1986),
while the sunlight irradiance below 300 nm is extremely limited
(Frank and Klöpffer, 1988). To hasten the degradation process and gen-
erate degradation products, the drug degradation was firstly performed
at high concentration (for easier identification) in ultrapurewater using
TiO2 as photocatalyst. Fig. 2 shows the maprotiline degradation in the
presence of the heterogeneous photocatalyst activated under UVA irra-
diation. In the presence of the photocatalyst, the complete maprotiline
removal was achieved after only 15 min, while the total organic carbon
(TOC) measurements showedmore than 85% of the pollutant minerali-
zation in just 30 min under irradiation and >95% after 1 h. This trend is
in agreement with the ammonium and nitrate concentrations moni-
tored during the degradation, as shown in Fig. 2. The ammonium ion
(73%) release was observed in a significantly higher amount than that
of nitrate (15%) within 1 h of irradiation, as previously observed (Low
et al., 1991).
4

All samples were analyzed by HPLC-HRMS for the identification of
maprotiline degradation products. The m/z ratios, proposed elemental
compositions, as well as fragment ions and retention times are pre-
sented in Table S1 (see supplementary information). In total, 32 degra-
dation products were formed, many of them in the form of several
isomeric species as summarized in Table S1. The formation of degrada-
tion products and their evolution over irradiation time are shown in
Fig. S1. For all degradation products, complete removal was observed
after less than 30 min of irradiation, in agreement with the high per-
centage ofmineralization (86%) obtainedwithin the same experimental
time.

Among the identified TPs, 18 resulted from the drug hydroxylation.
Species withm/z 294.1858, 310.1806, 326.1755 and 342.1709 matches
with formulae corresponding to mono-, di, tri- and tetrahydroxy deriv-
ative isomers. The main drug degradation products were those involv-
ing monohydroxylation (m/z 294, see Fig. S2), and in particular the
isomers 294-D and 294-E, which exhibited maximum intensity within
5 min, as shown in Fig. S1. The species resulting from the addition of
the second (m/z 310), third (m/z 326) and fourth (m/z 342) hydroxyl
groups showed similar evolution profiles over time. Additionally, 9 deg-
radation products resulting from the drug oxidation were identified.
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Species withm/z 292.1709, 308.1648, 324.1609 match formulae corre-
sponding to dehydrogenation of mono-, di- and trihydroxy derivatives,
respectively. It can be reasonably assumed that these TPs are a result of
H2 elimination from the corresponding species determined with m/z
294, 310 and 326. The TPs withm/z 308 showed a fast formation (max-
imum intensity at 5 min) but a longer persistence, nevertheless they
were also completely removed within 30 min. A similar evolution
over time was observed for the 3 isomeric species with m/z 284.1647
matching with the formula C18H22NO2

+. Additionally, two species atm/
z 258.1503 and 234.1505 ions were observed, matching respectively
with the formulae C16H20NO2

+ and C14H20NO2
+, and both species pre-

sented the maximum intensity at 5 min and complete disappearance
in 30 min. Furthermore, it could be noted a progressively lower abun-
dance of TPs formed from the addition of multiple hydroxyl groups.
Also, the species with m/z 284.1647, 258.1503 and 234.1505 were the
lowest abundant TPs.

The potential acute toxicity of maprotiline and its TPs was assessed
by using the Vibrio fischeri assay and the results are plotted in Fig. 3. At
m/z HN
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time zero, the inhibition percentage related to maprotiline is low
(12%) and, despite a slight increase in the first stage of degradation,
then it decreases, so implying that the drug transformation proceeds
through the formation of slightly toxic compounds. The sample at 30
min presents a percentage of inhibition close to zero in agreement
with the complete removal of the identified TPs and the almost com-
plete mineralization.

3.2.1. Structural elucidation of maprotiline main degradation products
Aiming at TPs structural elucidation, the maprotiline fragmentation

pathway was firstly investigated by CID experiments, ascertaining the
most likely losses from the protonated molecule. The maprotiline
MH+ (m/z 278.1910) MS2 fragmentation pathways are presented in
Fig. 4 and was suggested based on the 5 observed product ions (see
Table S1).

Five photoproducts with m/z 294 were detected with retention
times between 9.0 and 11.3 min and, based on their empirical formula,
were attributed to hydroxylatedmaprotiline. If one considers that these
278
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rotonated maprotiline in CID experiments.



Fig. 5. Suggested dissociation pathways for photoproducts resulting from hydroxylation of maprotiline on an aromatic ring.
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photoproducts result from hydroxyl addition onto an aromatic ring, as
usually reported when photochemistry occurs in water matrix, the
main dissociations of oxidized maprotiline are expected to be those
displayed in Fig. 5. It is to be noted that water loss from the protonated
molecule is not informative considering that protonation of a hydroxyl
group can lead to water elimination whatever its location on the ion
(Nicolescu, 2017).

Themain ions observed in CID experiments onm/z 294 are those de-
scribed in Fig. 5, and are common for the photoproducts 294-A, 294-C,
294-D and 294-E (see Table 1) but not for 294-B, for which CID decom-
position pathways are different. The protonated structure of the com-
pound 294-D displays specific ions (m/z 263 and m/z 245), which
allow to determine the position of the hydroxyl group according to
the mechanism displayed in Fig. S2. In the same way, the specific ion
at m/z 157 allowed structural determination of the compound 294-E
(see Fig. S4). The CID mass spectra of the photoproducts 294-A and
294-C are the same and do not allow to discriminate between the com-
pound resulting from hydroxyl addition on the carbon atom 3 or onto
the carbon atom 4 (see Fig. 1). The structures were suggested based
on their relative retention times, in comparison with those of the eluci-
dated structures. In the case of the photoproduct 294-B, CID experi-
ments provided common ions with those resulting from CID of
protonated maprotiline: m/z 276, m/z 250, m/z 219 and m/z 191,
which show evidence that hydroxylation of this compound occurred
on thebridge, i.e. on C8 or C9. The CIDpathways depicted in Fig. S5 dem-
onstrate that it is not possible to establish whether the hydroxylation
took place on carbon 8 or 9 since the CID mechanism begins by a
water elimination that leads to the same ion in both cases. One should
have expected hydroxylation to occur onto C7 because cleavage of the
C7\\H bond would have led to a very stable carbocation but the
resulting compound would not have been able to undergo the subse-
quent losses of H2O and C2H2 reported in Table 1 for the corresponding
ion. Additional experiments (see below) allowed to establish that hy-
droxylation took place on C9.

Five photoproductswith a pseudomolecular ion atm/z 292were de-
tected with retention times between 9.4 and 11.6 min; in terms of mo-
lecular formulae, they result from the addition of one oxygen atom and
the removal of two hydrogen atoms onmaprotiline. It can be reasonably
Table 1
Ions detected in CID experiments for maprotiline main degradation products.

m/z Ion formula 294

A B C D E

294.1852 C20H24NO+ + + + +
276.1747 C20H22N+ + + +
266.1539 C18H20NO+ + + + +
263.1447 C19H19O+ +
250.1606a C18H20N+ +
245.1341 C19H17

+ + +
235.1132 C15H15O+ + + + +
219.1182a C17H15

+ +
207.0804 C15H11O+ + + + +
191.0868a C15H11

+ +
185.0973 C13H13O

+ + + + +
169.1023a C13H13

+ + + + +
157.0658 C11H9O+ +

m/z Ion formula 292

A B C D E

292.1713 C20H24NO+ + + + + +
250.1605a C18H20N+ + + + +
246.1292 C18H16N+ +
243.1183 C15H15O+ + +
219.1182a C17H15

+ + + + +
217.1025 C15H11O+ + + + +
191.0867a C15H11

+ + + + +
183.0816 C13H13O

+ +

a Product ions observed also in the maprotiline fragmentation.
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assumed that these five photoproducts result from H2 elimination from
the five photoproducts with a pseudo molecular ion at m/z 294. Dehy-
drogenation is possible to create a double bond between C7 and C8 or
C8 and C9, the first hypothesis leading to a more stable species regard-
ing mesomeric effects. This is confirmed by CID mechanisms. Consider-
ing for example the molecule 292-B, the formation of ions at m/z 250
andm/z 119 fromMH+ is only possible if the new double bond created
is located between C7 and C8 (see Fig. S6). Based on these consider-
ations, the four ions at m/z 292 that dissociate to provide ions at m/z
250,m/z 243,m/z 219 andm/z 191were assumed to result from the for-
mation of a double bond between carbon atoms C7 and C8 from the
photoproducts withMH+ ions atm/z 294. The photoproduct 292-E dis-
plays a different CID pathwaywith product ions atm/z 246 andm/z 183,
which show that in this case the double bond was created on the alkyl
chain. It has been assumed to be formed between C12 and C13 because:
i) it is thus conjugatedwith the free doublet of the nitrogen atom, ii) this
localization allows the C2H4 elimination depicted in Fig. S7. Localization
of the hydroxyl group on C9 permits to explain the same mechanism.
This last conclusion allowed assigning the structure of the compound
294-B as displayed in Fig. S8 (see supplementary material).

Considering the molecular symmetry of maprotiline and the fact
that water loss induced by CID does not allow to attribute the exact po-
sition of the corresponding hydroxyl group, it was not always possible
to accurately elucidate the structures of the poly hydroxylated species.
However, it is reasonable to assume that the second, third and fourth
consequent hydroxylations took place on the aromatic ring or the ethyl-
ene bridge of species with molecular ions atm/z 294 and 292.

Six products with MH+ at m/z 310 resulting from the
dihydroxylation of maprotiline were detected between 8.4 and 11.3
min. As suggested above, it can be expected that these substances re-
sulted from the hydroxyl addition to the generated monohydroxylated
species m/z 294. Table S3 summarizes the common ions observed in
CID experiments of different isomers and the main dissociation path-
ways are shown in Fig. S9. In the case of the photoproduct 310-F, CID ex-
periments provided common ions with those resulting from CID of
protonated maprotiline: m/z 250 and m/z 191, which show evidence
that hydroxylation of this compound occurred on the bridge, i.e. on C9
and C8 (Fig. S10). The CID experiments of the photoproduct 310-E pro-
vided the ions m/z 280 and 101, allowing to postulate the hydroxyl
group addition in the C2 and C5 (Fig. S11). As evidenced in Fig. S1, this
was the most abundant dihydroxylated compound, what can be ex-
plained the probability of the second hydroxyl group addition in the
Fig. 6.Maprotiline (10 μgL−1) removal over time in a river water sample, in the dark and
under UVA irradiation.
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most abundant photoproducts, also formed from the hydroxylation in
the C2 (294-E) and C5 (294-D), besides the ortho/para director effect.
However, this structure could not be demonstrated due to the lack of
product ions. The CID experiments of 310-A, 310-C and 310-D do not
permit to elucidate the structure of the isomer. However, the generated
ion at m/z 251 from 310-C and 310-D species allowed to confirm that
the hydroxylation does not occurred on the bridge, i.e. on C8 and C9,
while the ion m/z 201 from 310-D endorsed to ascertain the
dihydroxylation in the same aromatic ring (Fig. S9). The ionm/z 266 ob-
tained from CID experiments of compound 310-B evidenced the hy-
droxyl addition to the bridge, i.e. on C9 if considering this species to
result from the hydroxyl group addition to the 294-B. The formation
of ionsm/z 123 and 89 allowed to postulate the hydroxyl group addition
on C11, as suggested in Fig. S12. However, the formed ions do not allow
demonstrating the suggested structure.

Additionally, three compounds with MH+ atm/z 284 were detected
with retention times between 8.0 and 9.5 min; they result from ethyl-
ene loss and hydroxylation with ring-opening. In the case of 284-A,
CID experiments lead to the formation of the fragment at m/z 225
through consecutive losses of methylamine and carbon monoxide. The
compound 284-C generated the product ion at m/z 256 from the loss
of ethylene bridge and at m/z 225 through the loss of methylamine.
The structures were postulated based on these eliminations (Figs. S13
and S14) but the lack of other product ions does not allow their conclu-
sive elucidation. The 284-B generated a single ion at m/z 89, allowing
speculating the oxygen addition on C3 and C4with the loss of the ethyl-
ene bridge, as proposed in Fig. S15.

A compound with MH+ at m/z 258 (C16H20NO2
+) elutes at 7.3 min.

The fact that no other isobaric species are detected suggests that it
Fig. 7. Profile over time of maprotiline degradation products observed in a riv
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does not result from further oxidation of one the aforementioned hy-
droxylated species. Only two product ions are detected in CID experi-
ments and correspond to subsequent losses of water and carbon
monoxide, which is typical of protonated carboxylic acids. That is why
the structure displayed in Fig. S16 is that of a carboxylic acid. Opening
of an aromatic ring with the formation of a carboxylic acid is quite fre-
quent in photochemistry (Horspool et al., 2003). Unfortunately, the
structure postulated in Fig. S16 was not demonstrated due to the lack
of product ions in CID experiments; although its high polarity is in
agreement with relatively short retention time.

3.3. Simulated and real environmental conditions

The environmental fate of the drug was investigated in natural river
water by searching for the TPs detected in the photocatalytic simulation,
but also for potential new TPs not observed before. For such, a river
water sample was spiked with maprotiline (10 μg L−1) at a concentra-
tion similar to those previously reported in the environment (UNESCO
and HELCOM, 2017). It should be pointed out that, as detailed in
Section 2.2.1, the samples were pre-concentrated by freeze-drying be-
fore analysis. During degradation experiments, the pH value was mea-
sured and compared the initial pH with that measured at the end of
the degradation no significant change over time was observed (ΔpH ≤
0.1).

As evidenced in Fig. 6, experiments performed in the dark showed
around 20% of maprotiline removal within 72 h, so implying a limited
effect of the biotic components on drug fate. In the dark, the drug deg-
radation leads to the formation of the byproducts 294-D and 284-C, ob-
served after 24 h and 16 h, respectively, and still present after 72 h, as
er water sample over time: a) in the dark; b, c and d) under irradiation.
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shown in Fig. 7a. The monohydroxylated species matches with one of
the most abundant TPs observed in ultrapure water, while the species
with m/z 284, was previously observed in low abundance.

Under irradiation, the maprotiline degradation kinetic increased fol-
lowing a pseudo first-order decay until 24 h, achieving 65% of drug re-
moval (Fig. 6), while the appearance of TPs is also favored compared to
dark conditions. In detail, 12 out of the 32 TPs previously identified (see
Table S4) were found in spiked river water and all were still present
after 72 h irradiation. All the 5 isomeric forms of the monohydroxylated
species (MH+ atm/z 294)were observed, 294-C, 294-D and 294-E in sig-
nificantly larger amounts (Fig. 7). It is interesting to note the slower for-
mation of 294-B, the only isomer resulting from hydroxylation on the
bridge andnot on an aromatic ring (see Section3.2.1). From the literature,
it is possible to realize that besides maprotiline degradation, the species
294-A (2-hydroxymaprotiline) and 294-C (3-hydroxymaprotiline) can
reach the environment also from drug metabolization; hydroxylated
products represent 4–8% of the dose being excreted in human urine,
with 3-hydroxymaprotiline and the corresponding N-demethylated spe-
cie reported asmajor humanmetabolites (Breyer-Pfaff et al., 1985). Addi-
tionally, the study identifies metabolites resulting from hydroxylation on
the C8 atom (ethylene bridge) and the corresponding demethylation
product, besides the metabolite resulted from the di-hydroxylation in
C3 and C4.

The species 292-B, 292-C and 292-D, issued from dehydrogenation
of the most abundant 294 isomers, (with the formation of a double
bond between atoms C7 and C8, see Section 3.1.1) show distinct
evolutions over time. 292-C showed its maximum intensity at 4 h and
HN 294-A* HN 294-B

OH

OH

HN 29

HN 29

-H

HN m

O
O

HN 284-A

biotic

OOHOH

HN

O

O

284-C

Fig. 8. Proposed maprotiline degradation pathways in river water in the dark (biotic) and und
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was completely removed within 48 h, 292-D reached its maximum in-
tensity at 48 h and was still present at 72 h, while 292-B appeared
after 24 h and decreased until the end of the experiment.

Only one specie formed by the addition of more than one hy-
droxyl group was detected. Resulting from the addition of two hy-
droxyl groups, the compound 310-E was formed after 24 h
irradiation with increasing abundance until the end of the experi-
ment. As stated before (see Section 3.1.1) this compound was the
most abundant dihydroxylated observed in photocatalytic experi-
ments in ultrapure water and resulted from a second hydroxyl
group addition into the most abundant monohydroxylated species
(294-D and 294-E).

Additionally, the 3 species at m/z 284 resulting from the ring-
opening were also formed with maximum intensity at 24 h, showing a
slow degradation profile and still present at the end of the experiment.
One could argue that the speciesMH+ atm/z 284 resulted from the deg-
radation through ring-opening of the dihydroxylated compounds
(MH+ at m/z 310), particularly the 284-A resulting from the degrada-
tion of the compound310-E. However, as evidenced in Fig. 7, the species
MH+ at m/z 284 are formed at the early steps of maprotiline degrada-
tion,while the compound 310-Ewas observed only after 24 h, so imply-
ing that ring-opening pathway occurs frommaprotilinemolecule. Fig. 8
displays the proposedmaprotiline degradation pathways in river water.

All the TPs observed in river water experiments matched with those
previously identified in thephotocatalytic experiments performed in ul-
trapure water, as previously observed for other pollutants (Katagi,
2018; Sirtori et al., 2010).
OH

4-C* HN 294-D

OH
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OH
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HN
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Additionally, the faster photodegradation rate observed in river
water experiments relative to the degradation in ultrapure water indi-
cated that indirect photolysis played an important role in the drug re-
moval. Faster photodegradation of organic pollutants in wastewater
has been reported by other authors (Dong et al., 2015; Rering et al.,
2017; Wang et al., 2017), while nitrate and dissolved organic matter
have been identified as photosensitizers responsible for the generation
of reactive species (Bodhipaksha et al., 2017; Dong et al., 2015;
Minero et al., 2007).

The results of the retrospective suspect screening presented in
Table S4 indicate that the elucidated TPs by laboratory-scale experi-
ments are formed in real waters. 16 TPswere detected in at least one ef-
fluent wastewater sample with maprotiline 308-B showing the highest
frequency of appearance (FoA 56.9%). This fact creates concerns about
the toxicity of the formed chemical mixture in wastewaters. Despite
the formation and the detection of numerous TPs in real wastewater,
most of the TPs remained undetectable in river water samples.
Maprotiline and three TPs (308-B, 326-C, Maprotiline 234) were the
only TPs that were scarcely detected in river waters (FoA below 2.8%),
which indicates that the substance is further degraded in the environ-
ment and the concentration of the substance and its TPs becomes
lower than the limit of the detection of the applied sample preparation
and instrumental methods.

4. Conclusions

The degradation of maprotiline in spiked river water led to the forma-
tion of twelve TPs, structurally elucidated through LC/HR-MS. The degra-
dation pathways in natural water were proposed for the first time, which
results from monohydroxylation in several positional isomers and the
corresponding dehydrogenated molecules, besides dihydroxylation and
ring-opening. Some of these TPs, 2-hydroxymaprotiline and 3-
hydroxymaprotiline matched with described maprotiline metabolites,
that can be released in the environment by drug excretion.

Moreover, photocatalytic experiments led to the formation of a
higher number of TPs, mostly resulting from similar chemical transfor-
mation in multiple positions.

Additionally, retrospective suspect screening of wastewater efflu-
ents and river water samples indicate that the elucidated TPs by
laboratory-scale experiments are formed in real waters.

Vibrio fischeri Microtox assay allowed estimating that maprotiline
photocatalytic degradation leads to the formation of slightly more
toxic TPs than the parent compound. Therefore, future research should
focus on evaluating the toxicity of the formed TPs in wastewater treat-
ment plants.
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