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Abstract: There is a paucity of information on biotransformation and stability of new psychoactive
substances (NPS) in wastewater. Moreover, the fate of NPS and their transformation products (TPs) in
wastewater treatment plants is not well understood. In this study, batch reactors seeded with activated
sludge were set up to evaluate biotic, abiotic, and sorption losses of p-methoxymethylamphetamine
(PMMA) and dihydromephedrone (DHM) and identify TPs formed during these processes. Detection
and identification of all compounds was performed with target and suspect screening approaches
using liquid chromatography quadrupole-time-of-flight mass spectrometry. Influent and effluent
24 h composite wastewater samples were collected from Athens from 2014 to 2020. High elimination
rates were found for PMMA (80%) and DHM (97%) after a seven-day experiment and degradation
appeared to be related to biological activity in the active bioreactor. Ten TPs were identified and
the main reactions were O- and N-demethylation, oxidation, and hydroxylation. Some TPs were
reported for the first time and some were confirmed by reference standards. Identification of some
TPs was enhanced by the use of an in-house retention time prediction model. Mephedrone and some
of its previously reported human metabolites were formed from DHM incubation. Retrospective
analysis showed that PMMA was the most frequently detected compound.

Keywords: wastewater-based epidemiology; new psychoactive substances; mephedrone; transfor-
mation products; liquid chromatography tandem mass spectrometry; target and suspect screening;
retention time prediction model; activated sludge

1. Introduction

In the last two decades, an increased production and use of new psychoactive sub-
stances (NPS) was observed globally. NPS are chemically modified compounds of con-
ventional illicit drugs (i.e., cocaine, ecstasy, and amphetamine) producing similar effects.
Cathinones, cannabinoids, benzodiazepines, and phenethylamines were of the main classes
found in the market and hundreds of these substances were reported the last 15 years [1,2].
The synthetic phenethylamine drug, p-methoxymethylamphetamine (PMMA, C11H17NO),
is structurally and pharmacologically related to 4-methoxyamphetamine (PMA) and 3,4-
methylenedioxymethamphetamine (MDMA). It is found in tablets and capsules sold on
the illicit market as a substitute for “ecstasy”, presenting nevertheless a slower onset of
action and higher toxicity than MDMA [3,4]. Dihydromephedrone (DHM, C11H17NO) is
identified both as metabolite and transformation product of mephedrone in several stud-
ies [5]. Mephedrone is a synthetic, psychoactive drug structurally derived from cathinone
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and it has appeared in drug markets since 2007. It supplemented and/or replaced MDMA,
with its consumption associated with parties and night-clubs [6]. Both PMMA [7–14] and
mephedrone [15–18] have been associated with fatal and non-fatal intoxications worldwide
and their use was banned in many countries.

Many different sources are used by the European Monitoring Centre for Drugs and
Drug Addiction (EMCDDA) to track NPS use and diffusion including population surveys,
drug seizures, police intelligence, internet, forensic toxicology reports, and the wastewater-
based epidemiology (WBE) approach [19]. WBE is used as a complementary tool to monitor
spatial and temporal trends of illicit drug consumption in communities by EMCDDA [20].
Only a few studies investigated the occurrence of NPS in wastewater (i.e., [21–26]), but
WBE is a rapidly evolving discipline and more research is expected in the near future.
Monitoring NPS in wastewater is a challenging task, since [5,19,27]: (i) a large number of
new compounds are produced in a limited time and new analytical methods are needed for
these substances; (ii) the concentration levels and abundance in wastewater are expected to
be low, because the consumption rates are low due to little popularity in the market (sensi-
tive and selective methods are required); (ii) limited data are known with respect to NPS
metabolism and excretion and, thus, selection of suitable WBE biomarkers is considered
difficult; and (iv) biotransformation and stability in wastewater are not well understood.

The biotransformation and stability of NPS in wastewater has received little attention
so far and most of the WBE studies have focused on in-sample stability [25,28]. Furthermore,
the fate of NPS and their transformation products (TPs) in wastewater treatment processes
is not thoroughly investigated yet, compared to other chemicals of emerging concern (i.e.,
pharmaceuticals, household chemicals, personal care products, and pesticides [29–32]).
Metabolism and biotransformation studies of NPS are of high importance and should be
promoted, since there is a need to choose the most representative compounds for WBE
and to detect potential overlap of other biotransformation (i.e., microbial and mammalian)
routes [19,33,34].

The increasing number of emerging NPS in recent years, the absence of reference
standards, and/or their prohibitive cost has made high-resolution mass spectrometry
(HRMS) instruments necessary in forensic, chemical (analytical and environmental), and
clinical screening procedures [35]. HRMS systems and appropriate analytical strategies are
required for the detection and identification of (new) TPs in wastewater [36]. Moreover, the
use of retention time prediction models could be a complementary and very advantageous
tool for the identification of suspect and unknown compounds [37]. However, it has
been emphasized that prediction models cannot always distinguish isomers and isobaric
compounds and, thus, the use of analytical standards are necessary for the confirmation of
a suspect isomeric and isobaric compound in real samples [38].

The main objectives of this work were: (i) to perform transformation experiments with
activated sludge and wastewater and to explore the formation of TPs from PMMA and
DHM, applying target and suspect screening based on liquid chromatography quadrupole-
time-of-flight mass spectrometry (LC-QToF-MS); (ii) to elucidate the structures of the
candidate TPs, based on accurate mass and isotopic pattern using LC-QToF-MS and
tentative interpretation of MS/MS spectra; (iii) to support and enhance (if possible) the
identification level of the TPs using an in-house retention time prediction model; and (iv)
to propose potential WBE biomarkers for the studied NPS.

2. Results
2.1. PMMA and DHM Degradation

The aerobic degradation of PMMA in the activated sludge (biotic) reactor was deficient
after a seven-day experiment (Figure 1). On the other hand, the aerobic degradation of
DHM was almost 100% (Figure 2). The initial PMMA concentration (2 mg/L was the
spiking level and 3 g/L the total suspended solids concentration) was decreased 50%
during the first two and a half days and then decreased further reaching the maximum
degradation rate of approximately 80% after five days, where it remained stable until the
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end of the experiment. DHM presented a faster degradation rate than PMMA, with a
half-life of one day and an overall degradation up to 100% from the fourth day of the
experiment. An exponential decrease was observed during the seven-day experiment.
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Figure 2. (a) DHM degradation in different reactors; (b) DHM TPs formation in the biotic reactor.

The control reactors running in parallel showed limited losses. PMMA presented
18% losses in both the sorption and abiotic reactors and DHM 14% in the abiotic reactor
after 168 h. The control experiments with diluted autoclaved sludge (sorption reactor)
showed significant losses (45% after seven days). However, until the fourth day of the
experiment, where DHM was completely degraded, negligible losses were observed (4%).
Thus, the degradation of both PMMA and DHM can be related to biological activity in the
active bioreactor.

The parameters pH and temperature remained constant throughout the experiment.

2.2. PMMA Biotransformation Products

Four TPs were found in the biotic reactor experiments, namely TP-166 and TP-196(a–c)
(Table 1).
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Table 1. Transformation products identified for PMMA over seven-day incubation in the biotic reactor.

Compound Retention
Time (min.)

Measured m/z
[M + H]+

Chemical
Formula

Mass Error
(∆m, ppm)

Diagnostic Product
Ions (m/z) Id. Level *

PMMA 4.38 180.1376 [C11H18NO]+ −3.89 149.0953, 121.0650,
109.0661, 91.0544 1

TP-166 3.01 166.1215 [C10H16NO]+ −6.62 135.0797, 107.0491 2a

TP-196a 3.03 196.1317 [C11H17NO2]+ −7.65 MS/MS spectra
not obtained 4

TP-196b 3.53 196.1324 [C11H17NO2]+ −4.08 MS/MS spectra
not obtained 4

TP-196c 3.93 196.1323 [C11H17NO2]+ −4.59 178.1216, 163.0981,
148.0736, 121.0654 3

* Identification level according to Schymanski et al. (2014) [39].

The chromatographic peak of the TP-166 (m/z 166.1215) at 3.01 min could be attributed
to two different compounds, the N-demethylation or O-demethylation product of PMMA
according to the suspect database. This TP was observed after 2 h at relatively low levels
(absolute peak area) (Figure 1) and according to accurate mass, retention time, and MS/MS
spectra the TP-166 was the O-demethylation product of PMMA (Figure 3). The reten-
tion time prediction model calculated a tR of 5.87 min for the N-demethylation product
and 3.14 min for the O-demethylation one. Hence, the N-demethylation product was
excluded as a potential TP according to the prediction model. Furthermore, the product
ions of the MS/MS experiments corresponded to loss of NH2CH3 (m/z 135.0797) and a
further loss of C2H4 (m/z 107.0491) (Figure 3), which matched the product ions of p-OH-
methamphetamine [5,40].
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Three peaks were observed for the TP-196(a–c) at 3.0, 3.5, and 3.9 min. TP-196a,
TP-196b, and TP-196c were observed after 24 h, 48 h, and 8 h, respectively (Figure 1). Three
possible structures were proposed, including two products of aliphatic hydroxylation
reactions and one due to N-hydroxylation. Retention time prediction analysis calculated a
range of 3.2–4.7 min as elution time for the three compounds and, thus, it was not possible
to discern the isomeric forms of TP-196 by this model. The TP-196c was identified as
a hydroxylation product of PMMA based on accurate mass and MS/MS spectra. The
product ions for TP-196c resulted from the loss of a hydroxyl and a methyl group (m/z
178.1216), a further loss of the (N) methyl group (m/z 163.0981) and, finally, an additional
(O) methyl loss (m/z 148.0736). The diagnostic product ions with m/z 121.0654, and m/z
135.0774 matched the alkyl benzene moieties with an intact methoxy group (Figure 3).
These product ions were not distinctive to any of the three isomeric forms and the obtained
fragmentation did not depend on the position of the hydroxyl substituent. Therefore, an
identification level 3 was assigned, since the position of the hydroxyl group could not be
confirmed. To the best of our knowledge, TP-196 has not been previously identified in
relation to PMMA degradation.

2.3. DHM Biotransformation Products

Six TPs were found in the biotic reactor (Table 2). TP-210 and TP-178 were charac-
terized as the major TPs and TP-166, TP-164, TP-192a, and TP-192b, as the minor TPs
according to their abundance (Figure 2).

Table 2. Transformation products identified for DHM over seven-day incubation in the biotic reactor.

Compound Retention
Time (min.)

Measured m/z
[M + H]+

Chemical
Formula

Mass Error
(∆m, ppm)

Diagnostic Product
Ions (m/z) Id. Level *

DHM 4.64 180.1382 [C11H18NO]+ −0.56 162.1286, 147.1047, 131.0861 1
TP-210 1.82 210.1130 [C11H16NO3]+ 2.38 192.1011, 177.0722, 161.0577 3
TP-178

(mephedrone) 4.64 178.1212 [C11H16NO]+ −7.86 162.1269, 145.0883, 132.0826 1

TP-166 4.49 166.1228 [C10H16NO]+ 1.20 148.112, 131.0848, 116.063 2b
TP-164 6.50 164.1071 [C10H14NO]+ 0.61 146.0968, 131.0727, 120.0798 2b
TP-192a 5.10 192.1024 [C11H14NO2]+ 2.60 148.1112, 135.0432, 119.049 3
TP-192b 6.15 192.1022 [C11H14NO2]+ 1.56 148.1113, 135.0435, 119.0482 3

* Identification level according to Schymanski et al. (2014) [39].

The TP-210 with m/z 210.113 and retention time of 1.82 min was detected after 8 h of
incubation. Three isomeric compounds were proposed according to the suspect database,
but the retention time prediction model was not able to distinguish the isomeric forms of
TP-210. The predicted retention times (from 3.1 min to 3.3 min) of isomers were within the
limits of the model [37] and, therefore, it could be assigned to one of the isomeric TPs. The
formation of TP-210 (Figure 4) was proposed to be done by two biotransformation path-
ways. Oxidation of the primary alcohol on DHM was the first one, following the formation
of a ketone group on the β-carbon (forming TP-178) and, after that, dihydroxylation. Two
TP-210 structures could be formed: a hydroxylation on methylphenyl and primary amine
groups or a hydroxylation on the benzene ring and methylphenyl group. The second
probable biotransformation pathway for TP-210 could be done by three reactions. It is
proposed a hydroxylation on the aliphatic methyl group, following by an oxidation of the
alcohol to form an aldehyde group and, finally, a carboxylate formation (Figure 4). The
last form matched 4-carboxy dihydromephedrone as it was described in human urinary
experiments [15].
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The TP-178 with m/z 178.1212 at 4.64 min was occurred after 2 h, getting its maximum
point at 72 h and decreased gradually afterwards (Figure 2). TP-178 corresponded to
the oxidation of the primary alcohol of DHM and taking into account the mass accuracy,
retention time and MS/MS spectra, it was identified as mephedrone (Figure 5). Finally,
an identification level of 1 was given, since it was confirmed with the corresponding
reference standard.

TP-166 with m/z 166.1228 at 4.49 min was found at 2 h time-point, reaching its maxi-
mum peak at 12 h (Figure 2). TP-166 was characterized as the N-demethylated form (MS,
MS/MS, retention time) of DHM (Figure 5) which was identified in rat and human studies
as nor-dihydromephedrone [16,41].

TP-164 with m/z 164.1071 at 6.5 min was identified for the first time at 24 h and
presented until the 96 h time-point (Figure 2). Two pathways were proposed for the
formation of TP-164, the N-demethylation of TP-178 and/or the oxidation of TP-166
leading to the formation of a β-ketone group. Product ions of TP-164 with m/z 146.0968
(H2O loss) and m/z 131.0727 (CH5O loss) matched in vivo and in-sewer studies [5,15].

TP-192a and TP-192b with m/z 192.1024 at 5.10 min and m/z 192.1022 at 6.15 min respec-
tively were occurred at 24 h (Figure 2). MS/MS spectra of both TPs with their fragmentation
can be found in Figure 6. Two different reaction pathways were proposed for the TP-192a
and TP-192b (Figure 4). Firstly, formation of TP-192a involved the hydroxylation and then
oxidation of the aromatic methyl group on TP-178 forming a ketone. Secondly, formation of
TP-192b involved the hydroxylation and then oxidation on the aliphatic methyl of TP-178
forming a ketone. The proposed isomer TP-192a could be the hydroxytolylmephedrone
with a further oxidation of the primary alcohol. TP-192 isomers have not been previously
identified in mephedrone studies.
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2.4. Occurrence of the Selected Compounds and Their TPs in Wastewater

Retrospective analysis of influent (IWW) and effluent wastewater (EWW) samples
from Athens was executed for the detection of PMMA, DHM, and their TPs. Some results
of PMMA have been published elsewhere [23,42]. PMMA was detected in wastewater
from 2014 to 2020, except in the year 2019. PMMA TPs were never detected. DHM was
only detected in both IWW and EWW in 2017. The DHM TPs, TP-178, TP-164, TP-192b,
and TP-210 were not detected. The DHM TP-166 (nor-dihydromephedrone) was found in
three EWW samples in 2020, and TP-192a in all EWW in 2015, 2016, and 2019.

3. Discussion

The degradation batch experiments with activated sludge presented high elimination
rates for PMMA (80%) and DHM (~100%) and control reactors presented lower removal
rates (20% for PMMA and 30% for DHM). Therefore, the degradation experiments were
associated to a great extent to biological activity. Sorption and abiotic reactors for PMMA
and the abiotic reactor for DHM showed small losses and this loss was due to sorption
processes or reactions with sludge particles or other abiotic reactions (i.e., hydrolysis
and volatilization). The control experiments with the sorption reactor showed important
losses for DHM that can be attributed to sorption onto sludge particles most likely by a
partial reactivation of the autoclaved sludge, since sludge can be contaminated during
sampling [43].

During the biodegradation experiments eight TPs were formed. The main reactions for
PMMA TPs were O-demethylation and hydroxylation, while oxidation, hydroxylation, and
N-demethylation were observed for DHM TPs. One of the TPs formed (i.e., mephedrone)
was confirmed with the corresponding reference standard. Furthermore, the PMMA TP-
166 was confirmed as p-OH-methamphetamine, since its experimental spectrum matched
with literature. For the additional TPs, probable structures based on diagnostic evidence
were proposed. The retention time prediction model was used to assist identification (no
reference standards were available) and was able to distinguish two isomeric compounds
(O-demethylation product of PMMA).

Four PMMA TPs were found in the biotransformation experiments. The TP-166 corre-
sponded to p-OH-methamphetamine which was confirmed as a human metabolite [40,44],
and an in-sewer PMMA TP [5]. Additionally, it was found to be a methamphetamine
metabolite [44]. These experiments suggested that p-OH-methamphetamine cannot be
used as a WBE biomarker for PMMA. Additionally, it was formed early (2 h) at a relatively
low concentration in the experiment, taking into account that a mean hydraulic residence
time usually ranged from 1 to 12 h with a mean value of ~4 h [45]. Therefore, PMMA itself
could be measured in untreated wastewater with the aim to assess human consumption.
However, direct disposals should be considered when parent compounds are used as WBE
biomarkers. To the best of our knowledge, the TP-196 has never been identified in the
literature. An identification level of 3 was assigned and, thus, further research is needed to
confirm its identity.

Six DHM TPs were detected and identified in the biotic reactor. TP-210, TP-164, and
TP-166 were reported as human urinary metabolites [15,16] and TP-192a and TP-192b have
never been reported previously in the literature. According to the fragmentation pathway
of TP-210, the carboxylated form (4-carboxy dihydromephedrone) should be the most
probable structure. However, an identification level 3 was assigned, since the position of
the substituent hydroxyl group could not be confirmed (Figure 5). A reference standard is
needed to confirm the above hypothesis. The TP-178 was confirmed as mephedrone, which
was formed back from DHM incubation. Indeed, in-sewer experiments with the presence
of biofilm reported mephedrone as highly unstable [5]. Mephedrone is currently used as a
WBE biomarker [46–48], but its stability under different wastewater compositions could
lead to different transformation rates [49]. This study illustrated how complicated a back-
calculation model for mephedrone can be, since it was also formed from DHM incubation.
Therefore, mephedrone consumption is possibly overestimated if the in-sewer dynamics
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and transformation processes are not taken into consideration. TP-164 could be identified
as nor-mephedrone, since its characteristics matched in vitro, in vivo [15,16,41,50,51], and
in-sewer [5] studies. However, it could not be confirmed without a commercial reference
standard (Figure 5). Additionally, in vivo metabolism of mephedrone proposed the N-
demethylation pathway as the main metabolic pathway [50] (Figure 4).

PMMA was the most frequently detected compound, presented in both IWW and
EWW. Its occurrence in EWW showed that the WWTP was not able to eliminate it. A
few studies have detected this compound in wastewater [23,26,42]. PMMA TP-166 was
not detected, even if it was formed in a relatively short time (2 h). Its absence could be
explained by the fact that it had low abundance during incubation experiments when the
spiked PMMA concentration was high, compared to the usual levels found in wastewater.
TP-196(a–c) were formed after 24 h, 48 h, and 8 h, respectively, thus, their presence in
IWW was not expected, taking into account the mean hydraulic residence time. DHM
was detected in all IWW and EWW samples in 2017. However, the parent compound
mephedrone was not detected that year [23]. DHM TP-166 was detected in three EWW in
2020 and the signal to noise ratio was around four. The presence only in EWW could be due
to its cleaner matrix compared to IWW, which significantly affects the method sensitivity,
especially at such low concentration levels. TP-192a was detected only in EWW samples
and it could be explained by its high formation time (24 h) in wastewater.

4. Materials and Methods
4.1. Chemicals and Reagents

Analytical standards of PMMA and DHM were purchased from LGC Standards SARL
(Molsheim, France) and Cerilliant (Round Rock, TX, USA). Information on the reagents
(methanol, acetonitrile, ethyl acetate, ammonium formate, ammonium acetate, formic acid,
and distilled water) and sample preparation consumables can be found elsewhere [42].

4.2. Samples and Sampling Procedure

The samples (activated sludge, IWW and EWW) were collected from the wastewa-
ter treatment plant (WWTP) of Athens, Greece. Daily composite IWW and EWW were
sampled during spring for eight or seven consecutive days from 2014 to 2020 and they
were used for the retrospective analysis of PMMA, DHM, and their TPs. A population of
3,700,000 inhabitants is covered by the WWTP of Athens.

Samples were collected in high-density polyethylene bottles.

4.3. Biotransformation Batch Experiments

The individual biotransformation of PMMA and DHM was performed over seven-day
batch experiments. The final concentration of PMMA and DHM to the bioreactors was
2 mg/L. More details about biotransformation batch experiments can be found to our
previous publication [52].

4.4. Treatment of Wastewater Samples and Instrumental Analysis

Solid phase extraction was applied as pretreatment procedure and the analysis was
done using LC-QToF-MS instrumentation. More details about the analytical methodology
can be found elsewhere [42].

4.5. Identification of Transformation Products by Suspect Screening

Detection and identification of PMMA and DHM TPs was performed by a post-
acquisition approach [36]. A suspect database of potential TPs was built using two in silico
prediction tools, the Eawag-Biocatalysis/Biodegradation Database Pathway Prediction
System and the MetabolitePredict software, and a list of reported metabolites and TPs from
the literature [5,15,16,40,41,51,53]. Samples were screened using specific criteria [52] and
an in-house retention time prediction model [37]. Finally, the confidence levels for the
identification of a compound proposed by Schymanski et al. (2014), were used [39].
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4.6. Retrospective Screening of the Compounds in Wastewater

Retrospective analysis was done with the aim to assess the presence of PMMA, DHM,
and their TPs in IWW and EWW. Specific criteria for the tentative identification or confir-
mation of these compounds were used, such as mass accuracy, isotopic fit, retention time
window, and occurrence of qualifier ions (MS/MS spectra).
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