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ARTICLE INFO ABSTRACT

Keywords: In order to evaluate the performance of wastewater treatment strategies and to foster water reclamation it is

Water scarcity necessary to evaluate the removal of water pollutants such as pharmaceutical active compounds (PhACs).

EhAC; . J Therefore, the development and application of appropriate analytical methods for the monitoring of the most
ranstormation products relevant ones is crucial. In this work, the occurrence data of 157 PhACs in different water bodies and wastewaters

Catalonia . . C N s L. .

Greece in Catalonia (Spain) in the last 10 years, as reported in circa 30 publications, was gathered and reviewed to select

Spain the 50 most relevant compounds, including 12 transformation products and metabolites. Historical data

confirmed the high consumption and prescription of analgesic and anti-inflammatory drugs, together with
psychiatric drugs and antibiotics. An analytical protocol based on solid-phase extraction preconcentration and
further measurement by UHPLC-MS/MS was upgraded for the selected 50 compounds and applied to the
characterisation of water samples from Catalonia and the Greek Islands, both areas suffering from water scarcity.
Results showed similar PhAC concentration profiles in both countries except in the case of some compounds such

as iopromide, venlafaxine, and gemfibrozil.

1. Introduction

In a world suffering the consequences of overpopulation and climate
change, the necessity of finding new sources of water to fight water
scarcity is a major scientific challenge (Nikolaou et al., 2020). Water
reuse is a promising option to solve the lack of fresh water and waste-
water. For instance, treated wastewater is one of the most studied
sources for irrigation purposes (Siegrist & Joss, 2012). However,
emerging contaminants can be present in the water after its treatment
(Rosal et al., 2010). These compounds are unregulated, anthropogenic
or natural substances detected in the environment that are suspected to
pose a risk to wildlife and human health. Among emerging pollutants,
pharmaceutically active compounds (PhACs) have been detected in
wastewater (Barcellos et al., 2022), (Rodriguez-Mozaz et al., 2020),
(Verlicchi et al., 2012) and, since wastewater treatment plants (WWTP)
do not remove them completely (Martins et al., 2021), also in different
natural water bodies such as surface water (Celi¢ et al., 2019), (Kim &
Zoh, 2016) and marine water (Arpin-Pont et al., 2016), (Borecka et al.,
2015). Their presence in the aquatic environment may pose a high risk
for the ecosystem as they can generate unexpected responses in non-
target organisms even at low concentrations (Arpin-Pont et al., 2016);
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(Ginebreda et al., 2010). Ecosystems exposed to this continuous pres-
ence could suffer a reduction of their biodiversity (Kiimmerer, 2009)
and some studies also have reported a reduction in organisms mobility
(Raldua et al., 2013). Furthermore, the full trophic chain can be affected
since some of these compounds tend to be bioaccumulated in aquatic
organisms (Previsic et al., 2019), (Valdés et al., 2016). Additionally, the
continuous exposure of the aquatic microbial communities to antibiotics
can cause the spread of antibiotic resistance (Pantanella et al., 2020). To
assess the environmental impact of PhACs in the aquatic environment, a
continuous monitoring of their presence is necessary. Additionally,
transformation products (TPs) of these compounds can be generated
during water treatment and also in the natural environment (M. [banez
etal., 2021). These can sometimes be more toxic (Majewsky et al., 2015)
and/or recalcitrant than the parent compounds (Jaén-Gil et al., 2019)
and so even more environmentally relevant (Escudero-Onate et al.,
2020). The development of appropriate analytical methods to monitor
the presence of PhACs and their TPs in the environment is therefore
critically important.

Traditionally, these analyses are performed using high pressure
liquid chromatography (HPLC) and a mass spectrometry detector to
fulfil the sensitivity and specificity requirements. More recently, ultra-
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high pressure liquid chromatography (UHPLC), with shorter analyses
times and better peak resolution, is substituting for the traditional HPLC
systems. Different approaches can also be considered in the develop-
ment of analytical methodologies. On the one hand, non-target and
suspect screening methodologies have the advantage that a broad range
of compounds can be analysed at the same time and that no chemical
standards are required until the compound confirmation step (Gago-
Ferrero et al., 2018). However, information about the structures and
identity of the detected compounds are only tentative. In addition, a
proper quantification cannot be performed, nor can an accurate
assessment of the risk they pose to the environment be made. On the
other hand, target methodologies provide reliable information about the
detected compounds and their concentration, even at low levels (Blos-
zies & Fiehn, 2018). A major drawback of target analysis is that the
analytes must be selected in advance. As a result, they may not always be
present in the samples, whereas non-preselected analytes will be un-
observed (Blum et al., 2017).

Therefore, it is vital to select the most relevant analytes to monitor
and careful prioritisation is required before the development of the
target analytical method. The prioritisation of target compounds can
follow different approaches but usually a wide list of analytes is first
preselected (e.g., Kuzmanovic et al., 2013), according to available real
monitoring data, legislation or other specific interest and criteria. The
occurrence data of the contaminants can be obtained from monitoring
studies, i.e., measured environmental data (MEC) (Gros et al., 2017), or
calculated based on pharmaceuticals prescription (Dong et al., 2013),
consumption (Besse & Garric, 2008), frequency of release or pharma-
cokinetic considerations. Actually, upon consumption, only a fraction of
the prescribed pharmaceutical is excreted in its unchanged form with
values ranging from 0.5% up to almost 100% (Escola Casas et al., 2021).
For a proper determination of such predicted environmental data (PEC),
it is essential to consider also the location and geographical area of the
study as well as temporal factors (seasonal changes) (Riva et al., 2015).
Additionally, pharmaceutical occurrence is correlated with prescription
preferences among countries; numerous studies in sampling two or more

Table 1
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different countries in the same year have identified differences in terms
of PhACs usage and also in the selection of the preferred PhAC to treat
diseases (Rodriguez-Mozaz et al., 2020), (Patel et al., 2019), (aus der
Beek et al., 2016).

In this work, PhACs occurrence data generated by our group in
Catalonia (NE Spain) in the last 10 years was gathered and used to select
a shorter list of the most ubiquitous and abundant PhACs. Data came not
from one matrix but five: hospital wastewater, urban (influent and
effluent wastewater), river water and sea water. Then, an upgraded
multi-residue analytical method was developed for the selected PhACs.
For the evaluation of the developed analytical methodology a sampling
campaign was performed in an urban site of Catalonia (Girona). In order
to assess the transferability of the methodology, a second sampling
campaign was carried on in another Mediterranean area that also suffers
from water scarcity (Greek Islands). Even if both countries have similar
characteristics (Benett et al., 1998) and water consumption habits
(Reynauld, 2016), different consumption patterns might be observed.
The selection of the most relevant pharmaceuticals in terms of occur-
rence could be useful for the development of further technologies aiming
to wastewater treatment and fostering reclaimed wastewater
employment.

2. Materials and methods
2.1. Gathering 10 years of PhACs monitoring in water

The studies performed by our research group in the last 10 years
(since 2012) on PhACs presence in water matrices of Catalonia were
examined, generating a comprehensive database of PhACs occurrence
(Table 1). A total of 30 peer-reviewed articles were gathered regarding
different water matrices: hospital wastewater (HWW), urban influent
wastewater (IWW), treated wastewater or effluent (EWW), surface water
and sea water. Information about the occurrence of a total of 157
pharmaceuticals and TPs was collected from these articles for their
evaluation (Table S1).

Studies performed by ICRA from 2012 to 2021 in different water matrices. HWW, IWW, EWW stand for hospital wastewater, influent wastewater, and effluent
wastewater, respectively. All the analytical methods are based on HPLC/MS-MS.

Paper HWW wWw EWW River Sea Number of analysed PhACs Analytical method
1 Cruz-Morato et al., 2014 X 99 Gros et al., 2012
2 Badia-Fabregat et al., 2016 X 76 Gros et al., 2012
3 Mir-Tutusaus et al., 2017 X 40 Gros et al., 2012
4 Mir-Tutusaus et al., 2019 X 74 Gros et al., 2012
5 Mir-Tutusaus et al., 2021 X 19 Gros et al., 2012
6 Cruz-Morat6 et al., 2013 X 80 Gros et al., 2012
7 Jelic et al., 2015 X 45 Gros et al., 2012
8 Badia-Fabregat et al., 2015 X 56 Gros et al., 2012
9 Badia-Fabregat et al., 2017 X 72 Gros et al., 2012
10 Hom-Diaz et al., 2017 X 81 Gros et al., 2012
11 Collado et al., 2014 X X 81 Gros et al., 2012
12 Mandaric et al., 2018 X X X 68 Gros et al., 2012
13 Gros et al., 2012 X X X X 81 Gros et al., 2012
14 Celi¢ et al., 2019 X X X X 74 Gros et al., 2012
15 Osorio et al., 2012 X 73 Gros et al., 2012
16 Acuna et al., 2015 X X 62 Gros et al., 2012
17 Lucas et al., 2016 X 47 Gros et al., 2013
18 Gros et al., 2013 X X X X 53 Gros et al., 2013
19 Rodriguez-Mozaz et al., 2015 X X X X 62 Gros et al., 2013
20 Avila et al., 2021 X X 51 Gros et al., 2013
21 Auguet et al., 2017 X 53 Gros et al., 2013
22 Becker et al., 2017 X 38 Gros et al., 2013
23 Rodriguez-Mozaz et al., 2020 X 53 Gros et al., 2013
24 Huerta et al., 2013 X 53 Gros et al., 2013
25 Mamo et al., 2018 X 30 Garcia-Galan et al., 2016
26 Garcia-Galan et al., 2020 X 80 Garcia-Galan et al., 2016
27 Garcia-Galan et al., 2016 X X 32 Garcia-Galan et al., 2016
28 Aymerich et al., 2016 X X X 19 Garcia-Galan et al., 2016
29 Rubirola et al., 2014 X X 9 Rubirola et al., 2014
30 Ferrando-Climent et al., 2012 X X 4 Ferrando-Climent et al., 2012
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2.2. PhAC:s prioritisation

The concentration of each of the PhACs was obtained from the
selected studies and its average was calculated for each study (in cases
where more than one sampling campaign was provided in the corre-
sponding publication). Reported values below the quantification or
detection limits were considered as zero for the calculations. The data
are collected in Table S1 (in-house database). Then, the overall average
concentration, considering all the studies, was calculated for each

Table 2
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pharmaceutical compound in each of the five water matrices (Table S2).

The 157 compounds analysed in the last 10 years by our group were
ranked according to their occurrence using their average concentration
(the first position corresponding to the highest concentration) in each of
four matrices (hospital wastewater, influent wastewater, effluent
wastewater, river water). Sea water data was not considered for pri-
oritisation as only two publications were available and were considered
insufficient to spot trends. Ranking positions of a pharmaceutical in each
of the matrix were averaged to obtain a final general score. When the

Selected compounds included in the analytical method with their retention time (RT), internal standard used for quantification purposes, MRM transitions, and

ionization conditions in the mass analyzer.

Therapeutic class PhAC Retention Internal standard CAS Precursor ion Q3 DP/CE/ Q3 DP/CE/
Time (m/z) CXP CXP
Analgesics and anti- Acetaminophen 0.61 Acetaminophen-d4 103-90-2 150 107 —45/-24/-  n/a n/a
inflammatories 15
Codeine 1.24 Carbamazepine-d10 76-57-3 300 152 61/87/12 115  61/101/16
Diclofenac 1.29 Ibuprofen-d3 15362-40-0 294 250 —65/-16/- 214  —65/-28/-
11 11
Ibuprofen (IBU) 1.26 Ibuprofen-d3 15687-27-1 205 161 —60/-10/-
13
1-OH-IBU* 0.87 Ibuprofen-d3 53949-53-4 221 177 ~ -55/-10/- 159  —55/-16/-
9 13
2-OH-IBU* 0.77 Ibuprofen-d3 51146-55-5 221 177 —75/-12/- n/a n/a
11
CBX-IBU* 0.40 Ibuprofen-d3 15935-54-3 235 191 -20/-12/- 73 —20/-22/-
7 13
Ketoprofen 1.05 Ibuprofen-d3 22071-15-4 253 209 -30/-12/- n/a n/a
11
Meloxicam 1.09 Meloxicam-d3 71125-38-7 350 146 —65/-28/- 286  —65/-18/-
7 15
Naproxen 1.00 Naproxen-d3 22204-53-1 229 170  30/20/9 185  30/10/
2007
Salicylic acid* 0.65 Acetaminophen-(ring- 69-72-7 137 93 -50/-20/- n/a  n/a
d4) 1
Antibiotics Azithromycin 2.48 Azithromycin-d3 83905-01-5 749 591 121/41/ 116  121/48/13
22
Ciprofloxacin 1.85 Ciprofloxacin-d8 85721-33-1 332 288  66/27/12 245  66/33/16
Clarithromycin 3.86 Clarithromycin-d3 81103-11-9 748 158  96/37/14 590  96/27/22
Erythromycin 3.22 Norfloxacin-d5 59319-72-1 734 576  116/27/ 158 116/39/14
22
Metronidazole 1.08 Metronidazole-d4 443-48-1 172 128  56/21/10 82 56/35/10
Metronidazole-OH* 0.90 Metronidazole-OH-d4 443-48-1 188 126  51/23/18 123  51/19/16
Ofloxacin 1.80 Ofloxacin-d3 82419-36-1 362 318 86/27/12 261 86/39/12
Norfloxacin 1.76 Norfloxacin-d5 70458-96-7 320 276 106/25/ 233  106/35/34
12
Sulfamethoxazole 2.54 Sulfamethoxazole-d4 723-46-6 254 156 81/23/12 92 81/37/12
Trimethoprim 1.64 Trimethoprim-d3 738-70-5 291 230 91/33/12 261  91/35/10
Anthelmintics Levamisole 3.33 16595-80-5 205 178  41/31/14 91 41/59/14
Antihypertensives Irbesartan 1.31 Valsartan-d8 138402-11- 427 193  —95/-34/- 399  —95/-26/-
6 11 19
Losartan 1.20 Valsartan-d8 114798-26- 421 127 —105/- 179 —105/-
4 40/-5 34/-11
Valsartan 1.00 Valsartan-d8 137862-53- 434 179 —105/- 350 —105/-
4 30/-9 26/-13
Calcium channel blockers Diltiazem 3.33 Carbamazepine-d10 42399-41-7 415 178  91/35/10 109 91/35/10
Lipid regulators Gemfibrozil 1.61 Gemfibrozil-d6 25812-30-0 249 121 65/24/7 127 65/14/9
Diuretics Furosemide 1.02 Furosemide-d5 54-31-9 329 285 —95/-20/- 204 —95/-30/-
11 15
Hydrochlorothiazide 0.76 Hydrochlorothiazide- 58-93-5 296 269 —125/- 205 —-125/
d2 28/-9 -32/-7
Histamine receptor Ranitidine 0.96 Cimetidine-d3 66357-59-3 315 176  66/25/24 130  66/35/12
antagonists
Psychiatric drugs Carbamazepine 3.55 Carbamazepine-d10 298-46-4 237 194  61/29/28 193  61/49/14
(CBZ)
2-OH-CBZ* 2.72 Carbamazepine-d10 68011-66-5 253 210  76/27/12 208  76/33/12
10,11-epoxy-CBZ* 291 Carbamazepine-d10 36507-30-9 253 180 66/43/28 236 66/17/8
X-ray contrast agents Iopromide 1.07 Sulfamethoxazole-d4 73334-07-3 792 573  156/35/ 300 156/83/10
20
p-Blocking agents Atenolol 0.96 Atenolol-d7 29122-68-7 267 145 91/37/14 190 91/27/18
Metoprolol (MTP) 2.09 Atenolol-d7 37350-58-6 268 133 86/35/12 121 11/33/18
MTP acid* 1.45 Atenolol-d7 56392-14-4 268 145 91/31/26 165 91/31/26
Sotalol 0.97 Atenolol-d7 959-24-0 273 255  51/17/12 133  51/37/12

*Transformation product.
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compound was not analysed in one matrix, the average was performed
considering the remaining ones. The 50 compounds with the lowest
average numbers (highest scores) were considered the most relevant
ones and selected for the analytical method upgrade (Table S2). Table 2
reports the compounds, together with the parameters for their analysis
with the new method.

2.3. Chemicals and reagents

All chemical standards were of high purity grade (less than90%). All
compounds were purchased from Sigma-Aldrich and Toronto Chem-
icals. The full list of the analytes can be found in Table 2.

The individual stock standards, the isotopically labelled internal
standards and the surrogate standard solutions were prepared at 1,000
mg/L by dissolving 10 mg of the analyte in 10 mL of the correspondent
solvent. Cefuroxime was dissolved in water; the rest of compounds were
dissolved in methanol (MeOH). Nonetheless, 100 uL of NaOH 1 M had to
be added to fluoroquinolones and quinolones antibiotics to successfully
dissolve the compounds, as described in (Ibanez et al., 2009). Stock
solutions were stored at —20 °C. Three different working standard
mixture solutions were prepared in MeOH at a concentration of 0.5 mg/
L: the first for the analytes, the second for the internal standard com-
pounds and the third for the surrogate standards.

The cartridges used for the solid phase extraction were Oasis HLB
(60 mg, 3 mL) for river and wastewater samples (HWW, IWW, EWW)
and Oasis HLB (200 mg, 6 mL) for marine water samples (Waters Cor-
poration; Milford, MA, U.S.A.). Glass fibre filters (1 um) and PVDF
membrane filters (0.45 pm) were purchased from Whatman (U.K.).
HPLC grade MeOH, acetonitrile, and water (Lichrosolv) were supplied
by Merck (Darmstadt, Germany). Ammonium hydroxide, hydrochloric
acid 37% and ethylenediaminetetraacetic acid disodium salt solution
(NaEDTA) at 0.1 mol/L were from Panreac. Formic acid 98% was from
Merck (Darmstadt, Germany). Nitrogen for drying was from Abello
Linde S.A. (Spain) with 99.999% purity. A Milli-Q-Advantage system
from Millipore Ibérica S.A. (Spain) was used to obtain HPLC-grade
water.

2.4. Analytical methodology

2.4.1. Sample treatment

The extraction was performed as in (Gros et al., 2012). The water
samples were first filtered (1 ym and 0.45 um PVDF) and a suitable
volume of a 0.1 M NayEDTA solution was added to achieve a final
concentration of 0.1% (gsolute/8solution)- This chelating agent improves
the recoveries for the compounds that tend to form complexes with
calcium, like tetracyclines (Eichhorn & Aga, 2004). Moreover, the
samples were spiked with a mixture containing the surrogate standards
(Ketoprofen-d3 and Sulfadoxine-d3) to obtain a concentration of 10 ng/
mL in the final extract.

Solid phase extraction cartridges were conditioned with 6 mL of
MeOH followed by 6 mL of water at 1 mL/min, then the sample was
loaded into the cartridges at the same flux: 25 mL for IWW, 50 mL for
EWW, 100 mL for river, and 200 mL for sea samples. The cartridges were
then washed with 6 mL of water and dried under vacuum conditions.

The elution was performed with 6 mL of MeOH. Then, the solvent
was removed under a gentle nitrogen flow and samples were redissolved
in a mixture of 2:8 MeOH/Water (v/v) and spiked with a mix containing
all the isotopically labelled compounds to a concentration of 10,000 ng/
L.

The recoveries were performed at three different levels, 1, 10, and
100 ng/L. When the spiked concentration of a compound was lower than
the background concentration in the sample, the recovery value was
discarded and labelled as “NA” (Non Applicable). The nearest recovery
level to the detected concentration was used for the correction of the
sample. Detailed information about the method performance (re-
coveries, limits of quantification (LOQ) and limits of detection (LOD))
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can be found in Tables S3-6. LOD was determined as the minimum
detectable concentration with a signal-to-noise ratio of 3, while LOQ
was set at a signal-to-noise ratio of 10.

2.4.2. Instrumental analysis

The chromatographic separation was carried out with a Waters
Acquity Ultra-Performance™ liquid chromatography system equipped
with two binary pumps systems (Milford, MA, USA). Two different
separation chromatographic gradients were optimized depending on the
polarity of the compound. The method for positive ionized compounds
consisted in an adaptation of (Gros et al., 2013) with an Acquity HSS T3
column (50 mm x 2.1 mm i.d., 1.8 pm particle size, Waters Corpora-
tion). Acetonitrile and 0.1% formic acid were selected as mobile phases
at a flow of 0.5 mL/min (see Table S7 for gradient details). The method
for the negative ionized compounds consisted in an adaptation of (Gros
et al., 2012) with an Acquity BEH C18 column (50 mm x 2.1 mm i.d.,
1.7 m particle size). The mobile phases were acetonitrile and an aqueous
solution of 5 mM ammonium acetate/ammonia at pH 8 at a flow of 0.6
mL/min (see Table S8 for gradient details).

The sample volume injected was set at 5 uL for positive (PI) and
negative (NI) ionization modes. The UHPLC instrument was coupled to a
5500 QTRAP hybrid triple quadrupole-linear ion trap mass spectrometer
(Applied Biosystems, Foster City, CA, USA) with a turbo ion spray
source. Compound dependent MS parameters (declustering potential,
collision energy, and collision cell exit potential) were optimized for
each compound. A summary of the optimum values and selected reac-
tion monitoring (SRM) transitions is available in Table 2. All transitions
were recorded by using the Scheduled MRM™ algorithm. In PI mode,
target scan time (TST) was set at 0.25 s, with an SRM detection window
of 20 s, whereas for NI mode, TST was set at 0.25 s with an SRM
detection window of 30 s. In both cases, the resolution at the first
quadrupole (Q1) was set at unit, and at the third quadrupole (Q3), it was
set at low and the pause between mass ranges was 5 ms. The settings for
source-dependent parameters were set-up as follows. For compounds
analysed under PI the parameters were: curtain gas, 30 V; Nitrogen
collision gas medium; source temperature of 650 °C; ion spray voltage at
5500 V; ion source gases GS1 and GS2 set at 60 and 50 V, respectively.
For compounds analysed under NI, such parameters were: curtain gas,
30 V; Nitrogen collision gas medium; source temperature of 650 °C; ion
spray voltage at — 3500 V; ion source gases GSland GS2 set at 60 and 70.
The entrance potential was set at 10. All data were acquired and pro-
cessed using Analyst 1.5.1 software. For each compound, two mass
transitions were selected, one at higher intensity for quantification
purposes and a second for compound confirmation.

2.5. Sampling campaigns

The method was validated using river, sea, and wastewater samples
from regions in Europe subject to water scarcity: in Catalonia (Girona
province, NE Spain) and the islands of Lesbos and Tinos (Greece). Both
countries have similar annual precipitations (600-900 mm in Greece
Click or tap here to enter text.and slightly lower, 480-770 mm, in Spain
(Llasat et al., 2021)), and water consumption habits (81.9 and 52.4 m®
per capita in Greece and Spain, respectively, in 2010 according to
Reynauld, 2016).

In Spain, WWTP influent and effluent samples (24 h composite) for
one day were collected from Girona WWTP in February 2020, consid-
ering WWTP hydraulic retention time of 27 h. Girona WWTP serves a
population of 120,000 person equivalent (PE) (Rodriguez-Mozaz et al.,
2015) with an important hospital contribution (from Josep Trueta
Hospital, 400 beds). Three water samples were collected from the river
Ter: upstream, 3 km downstream of the WWTP, and before its mouth.
The average flow of the studied river in the season of the sampling
campaign (from 1st of January to 31st of March) was 37.28 m®/s, much
higher than 8.84 m®/s, the average flow from the last 10 years (1st of
January 2013 to 1st of January 2023) (values provided by the Catalan
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Agency of Water, https://aplicacions.aca.gencat.cat/sdim21/inici.do).
Two samples were also taken from the sea: close to the Ter River mouth
and at L’Estartit (3 km distance from the mouth of the Ter). The location
of the sampling points is shown in Fig. 1.

In Antissa (Lesbos, Greek Islands), which serves a population of
1,700 PE, 24 h composite influent wastewater samples were collected on
three consecutive days in September 2019, once per day. One river and
one sea samples were grabbed downstream of the WWTP in the Voul-
garis river and from the Mediterranean Sea at Tinos Island, respectively,
in September 2019.

All water samples were filtered through 1 and 0.45 ym PVDF filters
and stored at —20 °C in amber PET bottles until sample processing and
analysis. Samples collected in Catalonia were analysed in triplicate. In
the case of Greece, wastewater samples were analysed in triplicate; river
and sea samples were analysed in duplicate.

3. Results and discussion
3.1. Ten years of PhACs monitoring in water samples in Catalonia

There are several studies on pharmaceutical occurrence worldwide
(Demirbas, 2011; Anand et al., 2022; Couto et al., 2019; Khan et al.,
2020) and very recently, a comprehensive database has been built as
(The UBA database — “Pharmaceuticals in the environment” | Umwelt-
bundesamt, 2023) collecting information from 7,353 papers worldwide.
These review papers and database allow to identify overall trends and
differences across the countries and even selected regions. On the other
hand, other review papers rather focus on selected areas such as Latin
America (Valdez-Carrillo et al., 2020) or the Lower Danube Basin and
Northwest Black Sea Region (Chitescu et al., 2021). In the case of Cat-
alonia, no review studies are available gathering pharmaceutical
occurrence data except for the study by (Gomez-Canela et al., 2019), in
which environmental concentrations are predicted from prescription
data. Furthermore, most studies on the presence of PhACs in the natural
environment or in wastewater treatment focus on the fate and/or
removal of PhACs in their unchanged form and do not consider their
transformation products. Nonetheless, a portion of the ingested com-
pound can be excreted as a metabolite, the percentage depends on the
compound of interest, but in some cases, the excretion rate of the
metabolite can be up to 70% (e.g., for N-acetyl-sulfamethoxazole with a
parent compound excretion rate of 20%, Escola Casas et al., 2021).
Water treatment processes can also cause the generation of TPs that may
or may not coincide with the excreted metabolites, in some cases at
concentration of the same order of magnitude than the parent
compounds.
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The collection of published data on the presence of contaminants in a
particular country or region allows assessing the contamination status of
their water bodies and designing appropriate pollution remediation
measures, e.g., dedicated wastewater treatment or advanced water
treatment. Therefore, occurrence data of 157 PhACs, including some of
their TPs, in five water types (HWW, IWW, EWW, river and sea water) in
Catalonia were gathered in this work. All data (in-house database) are
related to the information reported in 30 peer-reviewed articles by our
group between 2012 and 2021 (Table S1). The average concentration
per compound and water matrix is also reported in Table S2. The
average concentrations ranged from low ng/L up to more than 131,000
ng/L in the different matrices. The highest PhAC concentrations were
usually encountered in HWW, followed by IWW, EWW, river, and sea
water. Average concentrations higher than 10,000 ng/L were detected
in HWW and IWW for 10,11-carbamazepine, acetaminophen, ibuprofen
(IBU) and its metabolites 2-OH-IBU and CBX-IBU; salicylic acid, and
iopromide (Table S1). In contrast, other PhACs, such as warfarin and
tamsulosin, were never found at concentrations higher than 10 ng/L.

Not all the compounds were analysed in every matrix of the study, e.
g, only 2 publications were reported for sea water and covering a
limited number of pharmaceuticals. The pharmaceuticals analysed in
the 5 matrices (HWW, IWW, EWW, river, and sea) are summarized in
Table S9 and the sum of the compounds grouped by therapeutical classes
shown in Fig. 2. A detailed discussion about the findings in each of the
matrix for each therapeutic class having into account only the com-
pounds analysed in all matrices is provided below.

The X-ray contrast agent iopromide was the compound detected at
the highest concentration (131,078 ng/L, on average, in hospital
wastewater). Other studies have also raised awareness on the high
concentrations of this compound in hospital effluent (e.g., up to 164,000
ng/L of iopromide in Coimbra hospital, Portugal; Santos et al., 2013).
The concentration in urban wastewater was much lower, with 952 ng/L
average concentration in our data pool, close to other reported values in
literature (e.g., 1,200 ng/L in Sweden; Knopp et al., 2016). Conversely,
other studies have reported much higher concentrations (e.g., 18,100
ng/L in Germany, Altmann et al., 2014).

The therapeutical class with the highest concentrations was analge-
sics and anti-inflammatories, in particular for 4 compounds: ibuprofen
(Fig. 2), acetaminophen, naproxen, and salicylic acid. These trends are
in line with those observed by Verlicchi et al., 2012, who evaluated the
removal of multiple PhACs in conventional WWTPs in Europe.

Psychiatric drugs were also present at very high concentrations in
HWW (total concentration of 59,793 ng/L across eight articles and ac-
cording to Table 2) and circa one order of magnitude lower in IWW
(3,834 ng/L, Table S9). This may be due to the fact that within the eight
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Fig. 1. Sampling points of the campaign performed in Catalonia in February 2020.
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Fig. 2. Sum of the average concentration (ng/L, in logarithmic scale) of the PhACs, grouped by therapeutical class obtained from literature between 2012 and 2021
in each of the 5 water types. In brackets the number of analysed compounds within each therapeutic class. IWW, EWW, and HWW stand for urban influent

wastewater, treated wastewater or effluent, and hospital wastewater, respectively.

publications about hospitals considered, three correspond to a hospital
with a large psychiatric ward, St. Joan de Déu, Barcelona (J. A. Mir-
Tutusaus et al., 2017; Josep Anton Mir-Tutusaus et al., 2019, 2021).
Compounds at the highest concentration in IWW were venlafaxine (771
ng/L) and paroxetine (451 ng/L, Table S2). After them, carbamazepine
TP, 10,11-epoxy-CBZ (Heye et al., 2016), and carbamazepine itself were
found in all the matrices, with the TP at higher concentration than the
parent compound (e.g., 784.74 and 205.17 ng/L, respectively, in urban
wastewater) except river water (31 and 53.1 ng/L, respectively). These
findings are in line with the ones indicated by other authors, for
example, (Paiga et al., 2017), who reported an average concentration of
95 ng/L of carbamazepine in Portuguese urban wastewater.

Antibiotics were the therapeutic class with the largest number of
monitored compounds (67). Nonetheless, many of them were seldom
detected and only 31 of them at a concentration higher than 50 ng/L in
at least one of the four matrices. Considering only the antibiotics ana-
lysed in the 5 matrices the list shortens to 13. These compounds
(Table S9) were consistently detected in all water matrices except by sea
water. Highest concentration was observed for ciprofloxacin, up to
7,487 ng/L in HWW.

p-blocking agents, antihypertensives and diuretics were at the same
order of magnitude in HWW and IWW as they are probably equally used
in both hospitals and urban areas. Regular consumption of these phar-
maceuticals is often observed since they are prescribed for long periods
or even for the whole life (mainly in elderly population). f-blockers were
at much lower concentration in river water than in EWW, compared
with other therapeutic classes, suggesting that they are, on average, less
persistent. The p-blocking agent at the highest concentration in IWW
was atenolol (2,651 ng/L, Table S9), in agreement with the literature (i.
e., 3,733 and 25,000 ng/L, as reported by Patel et al., 2019; Verlicchi
et al., 2012, respectively). Among antihypertensives, valsartan was at
the highest concentration (2,159 in HWW, 2,298 in IWW and 1,392 ng/L
in EWW, respectively). In the case of diuretics, furosemide was the most
concentrated in HWW and IWW (3,207 and 1,501 ng/L, respectively)
and hydrochlorothiazide in EWW and river water (1,043 and 232 ng/L,
respectively).

Lipid regulators were present at high concentrations in most matrices
(up to 5,488 ng/L in HWW, Table S9) with a high contribution of
gemfibrozil (5,315 ng/L in HWW), in line with the very high

concentrations reported in raw urban wastewater in other studies, up to
17,100 ng/L (Luo et al., 2014). Among the histamine receptor antago-
nist group, ranitidine was the compound with the highest concentration
in HWW and IWW (2,246 and 403 ng/L, respectively).

Other considered therapeutic classes (anthelmintics, calcium chan-
nel blockers, and tranquilizers) were reported at concentrations lower
than 400 ng/L in IWW, at less than 200 ng/L in EWW, and barely
detected in river or sea water. Salbutamol was detected mostly in HWW
(379 ng/L). This pharmaceutical compound is widely prescribed in
hospitals to treat asthma and respiratory diseases at a higher dose than
for domestic use (Naveen Kumar & Jafrin Antony, 2021, Connett et al.,
1994), as well as the synthetic glucocorticoid, dexamethasone, detected
only in the same kind of water (120 ng/L).

Relevant information can be extracted from the database, especially
for the transformation products, even though some compounds were not
analysed in all water matrices. For instance, the ibuprofen metabolite 2-
OH-IBU was found at concentrations 2.28 times higher than its parent
compound ibuprofen in IWW (Table S2, figure S1). This metabolite is
also generated as an ibuprofen TP during wastewater treatment (Fer-
rando-Climent et al., 2012). Fig. 3 shows the concentration of selected
parent compounds and some of their TPs and metabolites extracted from
our database (Table S2) corresponding to different points of the urban
water system from the WWTP to the river (additional parent/TPs can be
found in Figure S2). A representative example is MTP Acid (metoprolol
acid) which was found after the treatment up to 30 times higher than the
parent compound itself, metoprolol. MTP Acid is not only a TP of
metoprolol but also of atenolol and, therefore, its increase needs to be
carefully correlated to the degradation of both compounds. Some TPs
were found at similar concentration in the different sample types IWW,
effluent and river): O-desmethyl-VLF, ibuprofen TPs, carbamazepine
TPs and 4-OH-DCF (Fig. 3). The SMX metabolite N4-acetyl-
sulfamethoxazole, present in IWW at high concentration (783 ng/L), is
not detected in the secondary effluent (Figure S2) as it may be decon-
jugating into its parent compound during wastewater treatment. Sulfa-
methoxazole generation might thus counteract its actual elimination,
leading to moderate overall SMX removal values (from 230 to 110 ng/L
mean values in influent and effluent wastewater respectively, as seen in
Table S2) and even negative removal observed in some cases (Brown
et al., 2020).
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Fig. 3. Average concentration (ng/L) of the parent compounds (in blue) venlafaxine (a), ibuprofen (b), carbamazepine (c), diclofenac (d), sulfamethoxazole I and
metoprolol (f), and their corresponding TPs (in orange, grey, and yellow) in IWW, EWW, and river water. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Furthermore, comparing antibiotics findings with other studies in
Europe, it is confirmed that the use of antibiotics is highly dependent on
the specific geographical area. For example, Verlicchi et al 2012, who
reported concentration data of PhACs in influent wastewater all over
Europe, reported values of roxithromycin up to 17,000 ng/L, while in
our study in Catalonia this antibiotic was only at 19 ng/L. Similarly,
sulfapyridine was detected between 914 and 4,971 ng/L (IWW) in the
UK (Petrie et al., 2015) while in Catalonia our findings ranged between
12 and 235 ng/L.

Median values are generally close or at the same order of magnitude
than the average values (Table S1, Fig. 4). Occurrence data in hospital
wastewater exhibited more dispersion than in wastewater influent,
effluent, or river water. This can be partially related to the smaller
number of collected articles regarding hospital wastewater (8)
compared to influent wastewater (20). In addition, larger populations (e.
g., those served by large WWTPs) lead to smaller uncertainty in average
calculations compared to smaller population (e.g., population in hospi-
tals monitored in this work did not exceed 400 beds). For instance,
(Castiglioni et al., 2013) evaluated the uncertainty in biomarkers mea-
surement in influent wastewater associated to population sizes, with a
38% of RSD in a population censed with 120,000 inhabitants and 18% in
a one having 1,250,000.

3.2. Occurrence-based prioritisation

The 157 compounds analysed by our group in the last ten years were
ranked based on their occurrence in each of the four matrices: i.e., the
average of the position assigned to each compound in each of the four
matrices based on the concentration levels (Table S2). A final list of 50
compounds with the highest score was selected as the most relevant; the
first 20 compounds are presented in Figure S1.

The x-ray contrast agent iopromide was the compound with the
highest concentration in HWW and EWW, and the third highest in river
water. Antibiotics were more represented in HWW (eighteen compounds
in the first fifty) than in IWW (twelve compounds). Higher concentra-
tions of antibiotics were previously detected in hospital wastewater
compared to wastewater influent (Rodriguez-Mozaz et al., 2015). An-
algesics and anti-inflammatories were the therapeutical group with the
most compounds in the final list of prioritised compounds due to their
massive consumption and six of them (parent compounds) were priori-
tised within the 50 most relevant compounds in all water matrices:
acetaminophen, ibuprofen, naproxen, ketoprofen, diclofenac (DCF) and
codeine. Moreover, five analgesic TPs were prioritised in top positions in
several matrices: salicylic acid, 1-OH-IBU, 2-OH-IBU, CBX-IBU and 4-
OH-DCF (Figure S1). Also, several TPs from psychiatric drugs (e.g.,
10,11-epoxy-CBZ, O-desmethyl-VLF and N-desmethyl-VLF) were pri-
oritised in the selected water matrices. For instance, 10,11 epoxy-CBZ
was ranked second in HWW. Fluoxetine was excluded from the final
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Fig. 4. Average concentrations, median and error dispersion (ng/L) of selected compounds of interest in IWW, EWW and river water. Ibuprofen (analgesic and anti-
inflammatory), gemfibrozil (lipid regulator), furosemide (diuretic), valsartan (antihypertensive), ranitidine (histamine receptor antagonist), carbamazepine (psy-

chiatric drug), sulfamethoxazole (antibiotic) and atenolol (-blocker).

prioritisation list while one of its TPs, norfluoxetine, was detected at
concentrations higher than its own parent compound in EWW and pri-
oritised. Regarding the lipid regulators, out of the seven compounds
studied by the group, only gemfibrozil was finally selected.
Gomez-Canela also performed a prioritisation of PhACs in Catalonian
rivers in 2019 (Gomez-Canela et al., 2019) and out of 165 prioritised in
their work only 10 are in common with the 50 of the present study:
ciprofloxacin, valsartan, ibuprofen, propranolol, diclofenac, ranitidine,
diazepam, norfloxacin, citalopram and venlafaxine. The prioritisation
approach by Gomez-Canela et al., 2019 was based on prescription-based
predicted concentrations in the environment rather than real monitoring
data, as in the present work. Therefore, for example amoxicillin, which
is highly prescribed, was in second position in their prediction-based
prioritisation list, whereas it was placed only ninety-ninth in our
study, probably due to its low stability in water (Kosinska et al., 2016)).
In comparison, (Park et al., 2018), prioritised 38 from an initial list of
189 PhACs based on real monitoring data of Korean rivers. Out of their
38 selected compounds, 11 are shared with our river prioritisation list:
carbamazepine and its TP 10,11-epoxy-carbamazepine, naproxen, val-
sartan, irbesartan, sulfamethoxazole, losartan, venlafaxine, ranitidine,
atenolol, and trimethoprim. However, other compounds were selected
in their list but not in ours: cimetidine, amoxicillin, lincomycin, sulfa-
diazine, sulfomerazine, sulfamethazine, sulfadimethoxine, propranolol,
fluoxetine, and metoprolol. This difference might be related to regional
variations, i.e., different national consumption patterns. In fact, priori-
tisation results might not be directly comparable in many cases and care
must be taken because the initial list of compounds to be prioritised can
differ enormously. In the recently published database from the German
Environmental Agency (PHARMS-UBA database, 2022, updated in
2021) which collects pharmaceutical levels information from 7353 pa-
pers worldwide, 18 of the 31 more frequently detected ones are also
considered within the top 50 in the present work. However, this data-
base took only into account 4 articles among the 30 included in our
database (Table 1) and did not include hospital wastewater data,
whereas 9 articles reporting concentrations in that type of matrix are
considered in our in-house database. Despite such variations in the
compounds prioritised, these lists are necessary to raise awareness of

compounds to be included in future monitoring campaigns that might
otherwise be overlooked. It also helps to avoid investing resources in
monitoring compounds that are barely detected in the environment.

The objective of the present work was to select the most relevant
compounds overall (in terms of occurrence) for a whole set of water
types (HWW, IWW, EWW and surface water). However, selected com-
pounds in one matrix can be different than in another (Table S2). For
instance, the HWW prioritisation list contains a higher number of anti-
biotics than the river list or the combined list of the four matrices
because a larger number of them were frequently detected in hospital
wastewater. Additionally, although beyond the objective of our work, in
many occasions the risk posed by the contaminants is taken into
consideration for prioritisation approaches. In those cases, the impact of
contaminants in the environment is considered using environmental
concentrations of the pollutants together with their predicted no-effect-
concentration (PNEC), which can be calculated through acute or chronic
toxicities in three different trophic levels (Kandie et al., 2020) (Tsaboula
et al., 2016), (Dong et al., 2013). Commonly, other factors are consid-
ered such as the persistence of the compound in the environment or its
potential to bioaccumulate through the trophic chain. Prioritisation
approaches considering all the previous aspects are called PBT (persis-
tence, bioaccumulation, and toxicity) prioritisation approaches (San-
gion & Gramatica, 2016).

3.3. Method performance

The analytical method based on solid-phase extraction (SPE) for
sample preparation followed by UHPLC-MS/MS analysis was upgraded
and validated for the prioritised compounds in section 3.2. Four out of
the prioritised compounds were not included in the methodology
because no reference standards were available: ceftiofur, cefotaxime,
tenoxicam and hydrocodone. Furthermore, at the time of the analysis 4-
OH-DCF was not analysed due to a contamination in the mass detector.
Despite being prioritised, 5-OH-DCF was not added to the methodology
since it was only measured once (Garcia-Galan et al., 2020). Norfloxacin
was analysed in the sampling campaign of the Greek Islands but could
not be analysed in Catalonia. The method thus allowed the successful
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detection and quantification of a total of 45 compounds.

The method quality parameters (recoveries, LODs and LOQs) for
each compound and matrix, are reported in detail in Table S3 and
Table S4 for Catalonia samples, and in Table S5 and Table S6 for Greek
Islands samples. Most of the recoveries ranged between 70% and 130%
in all the matrices and the LOD reached values as low as 3.93,2.13,1.12,
and 0.12ng/L, and the LOQ of 13.09, 7.09, 3.73, and 0.39 ng/L for IWW,
EWW, river and sea water, respectively.

3.4. PhACs monitoring in the field sites in Catalonia and Greek Islands.

The upgraded method with the 45 prioritised compounds was vali-
dated with real samples from two different areas (Girona province in
Catalonia, and the Greek Islands of Lesbos and Tinos). Detailed data of
both sampling campaigns are reported in Table S10 (Catalonia) and
Table S11 (Greek Islands). The total PhAC concentration for each matrix
is reported in Fig. 5.

3.4.1. Monitoring in Catalonia (Girona province, NE Spain).

The findings related to the PhACs in the sampling campaign in Cat-
alonia are shown in Fig. 5, grouped by therapeutic class. Around 96% of
the total content in IWW corresponds to only 3 therapeutic classes: an-
algesics and anti-inflammatory compounds (75%), the x-ray contrast
agent iopromide, and diuretics (hydrochlorothiazide and furosemide).

The compounds at the highest concentration in IWW were acet-
aminophen (105,012 ng/L) and CBX-IBU (91,420 ng/L, Table S11),
followed by the contrast agent iopromide at a remarkably high con-
centration (50,146 ng/L), and the diuretic hydrochlorothiazide at
14,123 ng/L (Table S10). EWW presented a different distribution of
therapeutic classes than IWW (Fig. 5). Analgesics and anti-
inflammatories, in fact, were largely removed (99%) by the WWTP, as
frequently reported in the literature on conventional WWTP (Castano-
Trias et al., 2020), (Margot et al., 2015). The other two therapeutic
classes with relevant concentrations in IWW also decreased their con-
centrations in EWW, but to a different degree: iopromide (96%) and
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diuretics (67%). The diuretic hydrochlorothiazide was, in fact, the
compound at the highest concentration in EWW (4,466 ng/L,
Table S10).

As it was expected, the concentration of most PhACs strongly
decreased after wastewater treatment. However, the opposite phenom-
enon was observed for some compounds: ketoprofen concentration
increased its concentration from 614 to 1,116 ng/L, azithromycin from
97 to 376 ng/L, venlafaxine (VLF) from 287 to 350 ng/L, and the TPs O-
desmethyl-VLF and MTP acid from 685 to 1,358 ng/L and from 373 to
976 ng/L, respectively. The increase in the concentrations may be due to
the cleavage of the conjugates and/or re-transformation of metabolites
by microbial community present in wastewater (Jelic et al., 2015). For
instance, carbamazepine concentration in EWW (100 ng/L, Table S10)
was higher than in IWW (77 ng/L, table S10) while its transformation
product 10,11-epoxy-carbamazepine, even detected in IWW (30 ng/L,
table S10) it was not detected in EWW, which might be due to back
transformation to the parent compound (Bahlmann et al. 2014). Another
cause of negative removals is the partitioning to the aqueous phase of
compounds sorbed in the solid phase during water treatment (Jelic et al.,
2011).

The dilution factor of the WWTP effluent in the river (1:65) was
calculated based on the WWTP discharge flow of 0.58 m?/s (corre-
sponding to 50,000 m2/day, Ferrando-Climent et al., 2012) and the
average river flow of the Ter River (37.28 m3/s) in winter 2020
(January-March). The total concentration of analgesics and anti-
inflammatories increased from 208 ng/L to 1,127 ng/L before and
after the WWTP, respectively (Table S10), highlighting the impact of the
WWTP. A further decrease for all the compounds is observed at the
mouth of the river, which is attributed to attenuation processes in the
river such as dilution, photo, and biodegradation, as well as sorption
processes (Fig. 6). Although other WWTPs of smaller size are also dis-
charging into the Ter River between the sampled WWTP and the river
mouth, their contribution to the river contamination was not sufficient
to increase the PhACs levels and so these levels are their lowest at the
river mouth.
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35 compounds
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Analgesics and antiinflamatories
Antibiotic
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N Antihypertensives
M Calcium Channel Blocker
M Lipid Regulator
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Fig. 5. PhACs in Catalonia IWW (a), Catalonia EWW (b), and Greek Islands IWW (c). Total concentration (ng/L) for the most abundant therapeutic class are

indicated. Samples were analysed in triplicate.
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Fig. 6. Concentrations of PhACs and TPs, grouped by therapeutic classes, in the three sampled points of the river Ter in Catalonia, February 2020.

Very few compounds were detected in sea water: six in the site
closest to the river mouth, and three at the one located 3.4 km from the
river mouth (I’Estartit). Most of them were at concentrations below 5
ng/L, except for clarithromycin (35 ng/L) and salicylic acid (27 ng/L),
which were also the only two compounds present at both sea sites
(Table S10). As it was expected, concentration in sea water samples were
in general lower than those found in the river water: e.g., clarithromycin
at 79 ng/L at the river mouth and 35 and 32 ng/L at the sea sites.
Iopromide concentration was 60 ng/L at the river mouth and 5 ng/L in
the sea close to the river mouth whereas it was not detected in the
furthest site in the sea (I’Estartit), relating its presence in the sea to the
river. Salicylic acid, on the other hand, was detected at higher concen-
tration at the sea sites (27 and 154 ng/L; Table S10) compared to the
river mouth (<LOQ).

Comparing the 2020 sampling campaign with the historical in-house
database, several differences could be observed (Table S12). Ibuprofen
concentration in IWW of Girona in 2020 was in the range of the in-house
database. Ibuprofen TPs 1-OH and 2-OH IBU, on the other hand, were
found at concentrations more than twice the historical average INWW
values but not too much higher compared to other studies of the group
(e.g., 1-OH-IBU at 4,764 ng/L, Garcia-Galan et al., 2020; 2-OH IBU at
even higher concentrations of 54,316 ng/L (Ferrando-Climent et al.,
2012). Hydrochlorothiazide concentration was 10 times higher than the
average historical value in IWW (4,466 ng/L). Also, its concentration in
EWW was very high (1,670 ng/L). Overall, the observed concentrations
in EWW in 2020 were lower than the historical values (except for hy-
drochlorothiazide and ketoprofen, and very slightly lower for acet-
aminophen, azithromycin, citalopram, clarithromycin, and
trimethoprim). The total amount in 2020 was half of the historical value.
Compounds having larger differences from the historical values were
hydroxy ibuprofen TPs (under quantification limits), naproxen and
iopromide. The 2020 sampling campaign was carried out one week after
the floods caused by Storm Gloria (an extratropical cyclone with rainfall
accumulation of 450 mm, (Palau et al., 2022)). In fact, mean flow of the
river from 1st of January to 1st of March was 37.28 m®/s which is higher
than the average flow calculated from 2013 to 2023 (8.84 m3/s). The
storm could have affected not only the river flow (thus increasing the
dilution factor of WWTP discharges into the river) but also have diluted
the WWTP influent and affected the WWTP operation itself (e.g,
reduced degradation). On the other hand, sewer overflows could have
happened as well, increasing the input of non-treated wastewater in the
river. All these factors may explain the differences between the 2020
sampling campaign and the in-house historical database. For example,
gemfibrozil and carbamazepine were on average 111 and 105 ng/L in
the Ter River based on the in-house database, and only up to 52 and 10

10

ng/L respectively in the 2020 sampling campaign. In fact, total con-
centration of pharmaceuticals in the 2020 river sampling (after the
WWTP effluent discharge) was just 33% of the total average concen-
tration in the historical database. This effect was also observed in sea
water samples, returning much lower values than the expected ones.

3.4.2. Monitoring in the Greek Islands

PhACs total concentrations were very similar in the IWW of both
countries: 351,187 and 359,735 ng/L in Catalonia and the Greek Islands,
respectively. Nonetheless, some relevant differences were observed.
Analgesics and anti-inflammatories were the most abundant in the
Greek Islands (77% of the total concentration), followed by antihyper-
tensives (14%), and psychiatric drugs (5%) (Table S11 and Fig. 5).
Nevertheless, the x-ray contrast agent iopromide was at very low con-
centration (25 ng/L) in the Greek Islands and extremely high in Cata-
lonia (50,146 ng/L). lopromide is commonly used in hospitals, therefore
it is found in Girona (with hospitals discharging in the sewage system)
but not in Antissa (without hospitals). The highest concentration
observed was of the analgesic acetaminophen (212,647 ng/L,
Table S11), as it was in Catalonia too. Ibuprofen was at much lower
concentration than in Catalonia (2,351 vs. 12,866 ng/L, respectively), as
were ibuprofen TPs. On the other hand, naproxen and valsartan were
more abundant in the Greek Islands (28,651 ng/L and 39,922 ng/L,
respectively) than in Catalonia (5,234 and 2,523 ng/L, respectively,
Table S10 and Table S11). These differences in PhACs levels in IWW
between the two countries can be attributed to prescription and/or
consumption patterns of analgesics and anti-inflammatories in the two
areas.

While in the Ter River in Catalonia up to 30 PhACs were detected,
only seven PhACs were quantified in the Greek river: irbesartan (64 ng/
L), salicylic acid (53 ng/L), ketoprofen (50 ng/L), hydrochlorothiazide
(44 ng/L), iopromide (9 ng/L), O-desmethyl-VLF (9 ng/L) and azi-
thromycin (7 ng/L, Table S11). In line with these results, the total
concentration was almost one order of magnitude lower in the Greek
River (240 ng/L) than in the Ter River in Catalonia (2,098 ng/L). Further
investigations are required to determine if these differences are
consistent.

Finally, with regards to seawater samples, concentrations were low
both in Catalonia and the Greek Islands (avg. 141 ng/L of the two
sampling points in Catalonia, and 184 ng/L in the Greek Islands). In
Greece, all the compounds were below 20 ng/L, except ketoprofen,
which was detected at a concentration of 125 ng/L. In Catalonia, the
only compound with a concentration higher than 20 ng/L was salicylic
acid (27 ng/L at Ter’s mouth and 154 ng/L at I’Estartit). It should be
noted that the Greek seawater sample was not taken close to the river
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mouth as it was at the sea sites in Catalonia and therefore a proper study
of the possible contamination source of seawater in this sampling point
in Greece is lacking.

Historical data about PhACs occurrence in Greek water bodies is
scarcer than that available for Catalonia. Table S12 compares literature
values with the 2019 sampling campaign in the Greek Islands. The
findings of the sampling campaign in the Greek islands were in line with
the few reported in previous studies (Table 3). The largest differences
were observed in IWW, with concentrations above the historical data for
acetaminophen, irbesartan, naproxen and valsartan. For instance,
acetaminophen levels in the 2019 sampling campaign (212,647 ng/L),
were much higher than in the literature (41 ng/L, Desbiollesa et al.,
2018). Naproxen was at an even higher concentration (28,651 ng/L)
than previously described values, which ranged between 127 and
10,000 ng/L (Kosma et al., 2010, Kosma et al., 2014, Papageorgiou
et al., 2016, Papageorgiou et al., 2019, Borova et al., 2014).

4. Conclusions

Data about the presence of 157 pharmaceutical compounds in water
bodies in Catalonia in the last 10 years (2012-2021) have been compiled
and discussed in this work. Different concentration profiles were
measured in the water matrices considered: hospital, influent and
effluent wastewater, as well as river and sea water. A list of 50 com-
pounds belonging to 11 therapeutic classes was elaborated based on the
most abundant compounds in each of the matrices, with analgesics, anti-
inflammatories, psychiatric drugs, and antibiotics being the most rele-
vant PhACs, the latter particularly so in hospital wastewater.

Tracking the presence of selected compounds can provide general
view of the contamination degree of a water body and therefore support
the design of appropriate pollution remediation measures when
required, e.g, dedicated wastewater treatment or advanced water
treatment. In fact, the performance of such alternative water treatment
strategies should also be evaluated based on the removal achieved for
these pollutants beyond other parameters (e.g., water quality in terms of
standard parameters, greenhouse gases emission, energy requirements,
footprint).

An analytical method was upgraded to target the 45 selected PhACs
and was applied to monitor their presence in two different European
regions in Spain and Greece suffering from water stress. Though they
exhibited similar concentration profiles, several differences were
spotted regarding some compounds: valsartan and acetaminophen
(higher in the Greek Islands); iopromide, and ibuprofen and its TPs
(higher in Catalonia).

Transformation products and metabolites, not always considered in
target analytical methods and in monitoring programs, proved to be
relevant compounds in terms of occurrence (12 out of 50 prioritized
PhACs) and cannot be neglected in future investigations.

The target contaminants in monitoring studies need to be continu-
ously updated considering occurrence data from other contaminants
pinpointed in exploratory approaches (such as those based on suspect
and non-target screening) as well as prescription data. Ecotoxicity pa-
rameters are recommended to be included in further prioritization ap-
proaches, so that the risk that chemical pollution poses to the
environment is properly assessed. Also, the impact of tourism and sea-
sonality on the occurrence of PhACs should be carefully considered in
future studies.
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Table 3
Previous studies on the presence of PhACs in Greek water bodies.

Study IWW  River Sea Number of Analysed
Compounds

(Kosma et al., 2010) X 6
(Kosma et al., 2014) X 9
(Papageorgiou et al., X 22

2016)
(Papageorgiou et al., X 31

2019)
(Borova et al., 2014) X 6
(Stasinakis et al., 2012) X 4
(Bellos & Sawidis, 2005) X 5
(Nannou et al., 2015) X 12
(Mandaric et al., 2019) X 30
(Stamatis et al., 2013) X 7
(Alygizakis et al., 2016) X 13
(Nodler et al., 2014) X 7
(Desbiolles et al., 2018) X X 25
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