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a b s t r a c t

Citalopram (CTR) is a worldwide highly consumed antidepressant which has demonstrated incomplete
removal by conventional wastewater treatment. Despite its global ubiquitous presence in different
environmental compartments, little is known about its behaviour and transformation processes during
wastewater treatment. The present study aims to expand the knowledge on fate and transformation of
CTR during the biological treatment process. For this purpose, batch reactors were set up to assess biotic,
abiotic and sorption losses of this compound. One of the main objectives of the study was the identi-
fication of the formed transformation products (TPs) by applying suspect and non-target strategies based
on liquid chromatography quadrupole-time-of-flight mass spectrometry (LC-QTOF-MS). The comple-
mentary use of reversed phase liquid chromatography (RPLC) and hydrophilic interaction liquid chro-
matography (HILIC) for the identification of polar TPs, and the application of in-house developed
quantitative structure-retention relationship (QSRR) prediction models, in addition to the comprehen-
sive evaluation of the obtained MS/MS spectra, provided valuable information to support identification.
In total, fourteen TPs were detected and thirteen of them were tentatively identified. Four compounds
were confirmed (N-desmethylCTR, CTR amide, CTR carboxylic acid and 3-oxo-CTR) through the purchase
of the corresponding reference standard. Probable structures based on diagnostic evidence were pro-
posed for the additional nine TPs. Eleven TPs are reported for the first time. A transformation pathway for
the biotransformation of CTR was proposed. The presence of the identified TPs was assessed in real
wastewater samples through retrospective analysis, resulting in the detection of five compounds. Finally,
the potential ecotoxicological risk posed by CTR and its TPs to different trophic levels of aquatic or-
ganisms was evaluated by means of risk quotients.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Citalopram (CTR), a selective serotonin re-uptake inhibitor
(SSRI), is a compound of interest due to its worldwide high con-
sumption for the treatment of depression. Following oral ingestion,
it undergoes hepatic metabolism in order to formmore hydrophilic
excretable compounds. The phase I human metabolites of CTR
include N-desmethylCTR, N-didesmethylCTR, CTR-N-oxide, and a
CTR propionic acid derivative (Kosjek and Heath, 2010; Silva et al.,

2012). Several studies carried out in different countries reported
the presence of CTR in different environmental matrices, including
influent wastewaters (IWW), effluent wastewaters (EWW), sewage
sludge, surface waters and biota (Silva et al., 2012, 2015). A litera-
ture review of worldwide levels in different environmental com-
partments (Table S1, Section S1) reveals CTR's global ambiguous
distribution. However, fewer studies (Table S2, Section S1) have
focused on the presence of CTR's metabolites in environmental
samples: N-desmethylCTR has been detected in IWW, EWW,
sewage sludge (Schlusener et al., 2015; Subedi and Kannan, 2015),
surface waters (Schlusener et al., 2015) and biota (Metcalfe et al.,
2010), while N-didesmethyl CTR was only detected in one study
in IWW and EWW samples (Vasskog et al., 2008).* Corresponding author.
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In contrast to the large number of studies evaluating the
occurrence of CTR, the studies dealing with its fate and trans-
formation processes in the environment or during wastewater
treatment are scarce. For CTR, biodegradation is considered to be
the most important removal mechanism during wastewater
treatment while the contribution of sorption and volatilization
seems to be insignificant (Alvarino et al., 2015; H€orsing et al., 2011,
2012). The compound was moderately biodegraded under both
aerobic and anoxic conditions with an approximate elimination
rate of 60% and 40%, respectively, in the studies carried out by
Suarez et al. (Suarez et al., 2010, 2012). Moreover, CTR was found to
be hydrolytically stable at pH 5, 7 and 9, whereas photodegradation
at pH 9 resulted in the formation of two photoproducts: N-des-
methylCTR and CTR-N-oxide, both tentatively identified by LC-MS/
MS (Kwon and Armbrust, 2005). Another study, dealing with its
fate during water treatment with O3 and ClO2 oxidation, reported
N-desmethylCTR, CTR-N-oxide and three other TPs (3-oxo-CTR, a
hydroxylated dimethylamino-side chain derivative and a defluori-
nated derivative of CTR) (H€orsing et al., 2012).

Apart from the presence and the fate of CTR and its TPs in the
environment, another aspect to assess is their toxicity by deter-
mining possible effects that can be expected at relevant concen-
trations. CTR has been found to present low acute and chronic
toxicity so far, being considered the least toxic among the SSRIs, but
also the one least tested for ecotoxicological effects (Christensen
et al., 2007; Silva et al., 2015).

Therefore, the detection and identification of biotransformation
TPs is a necessary but challenging task, which requires the use of
modern high resolution mass spectrometric (HR-MS) systems and
appropriate analytical strategies (Bletsou et al., 2015; Pic�o and
Barcel�o, 2015). In this regard, hydrophilic interaction liquid chro-
matography (HILIC) is becoming an attractive alternative (or com-
plement) to the commonly used reversed phase liquid
chromatography (RPLC), due to its ability to separate hydrophilic
compounds which are poorly retained on RPLC columns (Zonja
et al., 2014; Gago-Ferrero et al., 2015). The use of reliable quanti-
tative structure-retention relationships (QSRR) prediction models
is also a very useful tool for the identification of suspect and un-
known compounds (Gago-Ferrero et al., 2015; Aalizadeh et al., in
press).

The present study aims to contribute to the existing knowledge
on fate and transformation of CTR during the biological treatment
process. For this purpose, biodegradation batch experiments under
aerobic conditions were carried out to investigate its behaviour and
the formation of TPs during activated sludge treatment. The iden-
tification of the formed TPs was based on an integrated LC-HRMS-
based workflow, using both suspect and non-target approaches.
Analysis was performed by both RPLC and HILIC to investigate their
complementarity for the detection of additional compounds. In-
house developed QSRR prediction models were also used to sup-
port identification. The presence of the identified TPs in the batch
experiments was investigated in real wastewater samples from the
WWTP of Athens through retrospective analysis. Finally, an envi-
ronmental risk assessment study was performed by using the
predictive ECOSAR model to assess the potential threat for aquatic
organisms.

2. Materials and methods

2.1. Chemicals and reagents

Details on the used chemicals and reagents are provided in the
Supplementary material (Section S2).

2.2. Sampling

Activated sludge and EWW were sampled from the WWTP of
Athens (Greece) for the biotransformation batch experiments.
Moreover, 24-h composite flow-proportional samples of IWW and
EWW, collected in March of 2014 and 2015 during eight consecu-
tive days for each year, were used for the retrospective analysis of
CTR TPs.

The WWTP of Athens is designed with primary sedimentation,
activated sludge process with biological nitrogen (nitrification,
denitrification) and phosphorus removal and secondary sedimen-
tation. The hydraulic retention time in bioreactors was 9 h, the
sludge retention timewas 7 days and the estimated sewage flow for
the collected samples was 750,000 m3 day�1. The residential pop-
ulation connected to the WWTP was 3,700,000. The WWTP is
designed to serve a population equivalent of 5,200,000 and thus is
by far the largest in Greece. A schematic flow diagram of the
wastewater treatment in WWTP of Athens is presented in
Supplementary material (Fig. S1, Section S3) along with the sam-
pling points for IWW, EWW and activated sludge.

The suspended solid (SS) content of the activated sludge was 3.7
g L�1 and its volatile solid content was 3.0 g L�1 during the sam-
pling period. The main average qualitative characteristics of the
EWW samples used during the experimental period were:
pH ¼ 7.4; COD ¼ 34 mg L�1; BOD ¼ 9.1 mg L�1; TSS ¼ 8 mg L�1;
NH4-N ¼ 0.67 mg L�1; NO3-N ¼ 7.22 mg L�1; Ptotal ¼ 1.6 mg L�1.

Activated sludge, IWWand EWWwere collected in pre-cleaned,
high-density polyethylene (HDPE) bottles. Biotransformation ex-
periments commenced within 24 h after sampling. Wastewater
samples were filtered through sterile glass fiber filters (GFFs) of
pore size 0.7 mm immediately upon arrival at the laboratory, then
stored in the dark at 4 �C until analysis within the next 24 h.

2.3. Biotransformation batch experiments

Biotransformation of CTR was investigated within a 6-day batch
experiment. The biodegradation test system was prepared in
500 mL amber glass bottles with 200 mL of appropriate content.

Activated sludge was sampled directly from the aeration tank
(Supplementary material, Section S3, Fig. S1) in order to seed the
biotic reactor. Total suspended solids (TSS) concentration was
measured using Standard Method 2540B (Clesceri et al., 1998).
Additionally, two different control experiments were carried out. A
batch reactor with EWW was run as hydrolysis and volatilization
control (abiotic reactor) and another batch reactor with sterilized
sludge (autoclaved at 121 �C for 24 h) diluted with EWWwas set up
to examine the sorption losses (sorption reactor) (Gulde et al.,
2014). All bioreactors were spiked with 400 mL of CTR standard
stock solution to obtain a final concentration of 2 mg L�1. A non-
spiked blank reactor seeded with activated sludge was always run
in parallel to check for potential cross-contamination between
sampling and to subtract the background caused by the natural
sludge matrices in post-acquisition data treatment.

Each bioreactor was loosely covered with a perforated cap to
allow oxygen diffusion, but avoiding contamination and evapora-
tion, and placed on a magnetic stirrer to further simulate the
conventional activated sludge system. Initial pH was in the range
7.4e8.4 and the bottles were at controlled temperature (20 �C)
under dark conditions.

Samples were taken immediately after spiking, 1, 2, 4, 6, 8 and
10 h later and after 1, 2, 3, 4, 5 and 6 days. 1 mL was sampled from
each reactor, filtered first through a 1.0 mm disposable GF syringe
filter and then through a 0.2 mm regenerated cellulose (RC) syringe
filter and divided in two aliquots. In RPLC mode, the filtrates were
diluted with MeOH to achieve an in-vial composition of 50:50
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