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This study intends to assess the extent of the occurrence of CECs in different water types based on the literature
data reported for the countries from a lower part of the Middle Danube Basin, including those belonging to the
Western Balkan (WB) region and two upstream neighboring EU Member States, Groatia and Slovenia. These

zVasf;ewatert countries share main freshwater courses important for drinking water supply, agriculture, industry, navigation,
urface water . . . . :
Groundwaters tourism, etc, but in some of them there are low rate of wastewater treatment, impacting the chemical status of

water resources in the region and probably beyond, if downstream countries are considered. The literature
survey revealed 38 investigative studies reporting data on GEGs in water matrices sampled in the region in the
period 2008-2022. Surface water was the most frequently studied water type in WB countries, while wastewater
was the dominant water type studied in Slovenia and Croatia. The most often analyzed compounds in the studies
dealing with surface water and wastewater were the anti-epileptic drug carbamazepine, some non-steroidal anti-
inflammatory drugs, and antibiotics; pharmaceutically active compounds were also the most analyzed CECs in
groundwater and drinking water. Additionally, similarities/dissimilarities among the experimental approaches in
these studies were discussed in relation to the state-of-the-art research directions for the CECs surveillance in the
European Union, resulting in summarized strengths and gaps in capacities for the wide-range surveillance of
CECs in the lower part of the Middle Danube Basin. This is the first integral overview of the studies on CECs in
waters from the countries belonging to this part of the Danube Basin, representing a valuable baseline for further
enhancement of the relevant monitoring efforts and chemical status of the regional water resources, especially in
countries with poor wastewater management.

Drinking water

1. Introduction many substances reaching the environment are still largely unknown.

Moreover, the conventional analytical methods, often based on liquid or

Numerous substances from various anthropogenic sources reach the
environment through accidental or unintentional emission during the
production, use, and/or disposal of the products that contain them,
which may result in undesirable and harmful side effects on both human
health and the ecosystem (Kock-Schulmeyer et al,, 2021), On the other
hand, there is a rather small portion of the prioritized substances
routinely monitored in the envirenment for which environmental
quality standards (EQS) are set up (Kock-Schulmeyer et al,, 2021). The
disparity between the number of such priority substances and those
suspected or known to be present in environmental resources (but not
controlled/regulated) is enormous, so the occurrence and effeets of
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gas chromatography (LC or GC) coupled to single (MS) or tandem mass
spectrometry (MS/MS), also impose a limitation on the number of
substances that can be analyzed in one analytical run, as they are based
on a set of pre-selected substances, which analytical standards are
available at a laboratory for instument calibration. The presence of all
other substances in analyzed samples, which were not included in the
calibration with the corresponding standards, is left unregistered (if not
analyzed by high-resolution mass spectrometry, HRMS). Additionally,
many investigative studies often cover different sets of limited numbers
of unregulated substances in environmental resources, giving a frag-
mented insight into the chemical status of the environment
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nevertheless, they are important, ensuring inputs valuable for further
investigation and stringent control of chemicals in the environment.

Contaminants of emerging concern (CECs) represent a large hetero-
geneous group of chemicals “which have been discovered or are sus-
pected present in various environmental compartments and whose
toxicity or persistence are likely to significantly alter the metabolism of a
living being” (Sauve and Desrosiers, 2014). The term CECs refers to a
broad range of different chemical classes of substances such as phar-
maceuticals, personal care products, polar pesticides, poly- and per-
fluorcalkyl substances (PFAS), microplastics, industrial chemicals,
hormones, flame retardants, etc. The levels in which CECs have been
detected in the environment ranged from a few ng/L or even pg/L (e.g.,
in groundwaters) to ug/L to even 100 mg/L (Liska et al., 2021; Yadav
et al.,, 2021). Various sources are responsible for the emission of CECs
into the environment, but wastewater discharge, regardless of the
applied treatments, is of particular interest since the conventional
wastewater treatment plants (WWTPs) are not designed to efficiently
remove (all) organic micropollutants (Llamas Dios et al,, 2021; Yadav
et al., 2021). Thus, many compounds survive the wastewater treatment
processes (Munro et al., 2019), so WWTPs continuously discharge CECs
into the environment (Tran et al., 2018). The effectiveness of elimi-
nating organic contaminants from wastewater largely depended on their
physical and chemical properties influencing processes of their
biotransformation, sorption, and/or volatilization (Margot et al.,, 2015).
Among numerous chemicals present in wastewater, there are those
easily removed (e.g. typical removal rate of some anionic surfactants is
above 97%) or removed with rates usually above 70% (e.g. paraceta-
mol), but there are also those with removal rates between 30% and 70%
(e.g. atenolol, ciprofloxacin, clarithromycin) (Margot et al., 2015).
Remainings of those degradable CECs, still may enter the environment;
if it is a compound with significant usage/consumption in everyday life,
its traces may enter the environment continuously via WWTP effluents
(Petrovi¢ et al.,, 2003; Wu et al., 2022; Li et al.,, 2020.) Additionally,
landfill sites, agricultural and urban stormwater runoffs, industrial dis-
charges, septic systems, and crop irrigation particularly if reclaimed
wastewater is used, have been regarded as a significant source of CECs in
water systems (Han et al,, 2022; Khezami et al.,, 2024; Mutzner et al,,
2023; Renau-Prunonosa et al., 2020).

Despite the known problems of often poor wastewater management
practices and low investment rates in wastewater treatment facilities in
developing countries (Brika, 2018), there are rather limited data or re-
ports on the CECs contamination of their waters. This is also a major
challenge for countries in the Western Balkan (WB) region, belonging to
the lower part of the Middle Basin of the Danube River, known as the
most water-rich countries in Europe with regards to the amount of water
available per person (twice the European average (GRIDArendal,
2015)). Poor wastewater management practices in this region cause a
considerable organic load with a very complex composition that is dis-
charged into receiving watercourses (Terzic et al., 2008). Table 811
shows the share of the population connected to at least secondary
wastewater treatment in the countries from the lower part of the Middle
Danube Basin in 2021, In the case of Serbia, the average age of WWTP is
more than 20 years, while in the biggest cities such as Belgrade, Nowvi
Sad, and Nis$, wastewater is discharged directly to water recipients; by
2040 it was planned to significantly increase the number of WWTPs
from about 40 currently operational to 140 with a help of foreign funds
(Association for Water Technology and Sanitary Engineering, 2020).
Such investments are expected to reduce the CECs burden on the
recipient waters, so currently scarcely available data on CECs in this
region might be also regarded as a baseline for assessment of the future
improved wastewater management systems.

This paper aims to summarize the existing data on the CECs occur-
rence in wastewater, surface water, groundwater, and drinking water in
countries belonging to the lower part of the Danube Middle Basin.
Initially, the motivation for creating this regional review arose during
the preparation of the propesal of the now already-funded TwiNSol-
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CECs project (no. 101059867, 2022-2025) under the HORIZON
EUROPE program of the European Union (https://cordis.europa.eu/p
roject/id/101059867). The focus of the project research activities is
the monitoring of the CECs occurrence in the environmental resources of
Serbia. To create a base for reliable comparison of the obtained project
results, the need to compile the relevant data reported for Serbia and
other countries of the WB region appeared. The database of results from
reports publishing the data on the CECs presence in different water types
from the WB countries was further widened with the data for Croatia
and Slovenia as the nearest ‘upstream’ EU Member States from the same
(lower) part of the Danube River Middle Basin. The starting point for
compiling data set was taken to be 2008 as the year when the first study
on CECs in water samples from WB region was published (Terzic et al.,,
2008), Nevertheless, there are very scarce papers published before 2008
in the lower part of the Middle Danube Basin and they primarily dealt
with case studies in Croatia (water of the Krka river estuary (Kvestak
et al., 1994); municipal wastewater of Croatian cities (Jelici¢ and Ahel,
2003; Terzic and Ahel, 2006); groundwater below a municipal solid
waste landfill (Ahel and Jeli¢ic, 2001); leachate of the main landfill of
the Zagreb city (Ahel et al, 1998)). There are also some reports on
organic micropollutants in surface waters coming from Serbia before
2008, but they were focused on “conventicnal” (“classical”) pollutants
such as atrazine (Gasic et al, 2002.) and petroleum hydrocarbons
(Dalmacija et al,, 2003.). A detailed description of the methedelogical
approach in collecting and analyzing the literature data on the CECs
surveillance in the region of interest for this study is given in Text SI1. In
this way, up-to-date summaries of CEC profiles in different water types
from the countries in this part of Europe, sharing major freshwater
courses but differing in wastewater treatment rates, are revealed for the
first time in the most comprehensive way. Special attention was paid to
the analytical methodologies applied for the considered CECs surveil-
lance studies, so gaps and inconsistencies among them, as well as in
comparison to the most recent twends in developed EU countries, are
highlighted. Hence, based on a set compiled of literature-based data, this
review can be considered a source of valuable information for future
research projects and efforts to fill the gaps in the monitoring capacities
and schemes, and to improve the chemical status of water resources in
the WB countries and other developing countries, lagging behind
countries with stricter and more developed systems for wastewater
management and control. It might be considered as going beyond the
specific region of interest, knowing that many CECs are mobile and
persistent and might impair the quality of downstream water, i.e. those
in countries of Lower Danube Basin. Given the critical role of the Danube
River and its tributaries in providing drinking water for millions, sup-
porting agriculture, biodiversity, industry, navigation, and ultimately
impacting the Black Sea’s water quality, this study consolidates previ-
ously fragmented data and monitoring capabilities related to CECs
throughout the lower Middle Danube Basin. It serves as a comprehensive
reference for scientists, policymakers, decision-makers, utilities, media,
and the public in the region and beyond, all of whom share a vested
interest in establishing reliable management and control systems for
ensuring safe water resources.

2. Overview of the collected data

Thirty-eight scientific papers have been found to report CECs
occurrence in different water types from the countries belonging to the
lower part of the Middle Danube Basin. These data were published in the
period from 2008 to 2022. Tables §12 and SI3 summarize the most
important features of the studies reported for the countries currentdy
considered as the Western Balkan countries and the EU States from this
part of the Basin, respectively; the evaluation of similarities and differ-
ences among them is expected to enlighten if there are existing gaps that
should be bridged by further efforts for the harmonization of the
research capacities and activities in line with the latest trends in CECs
research.
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The total number of samples covered in 19 studies dealing with CECs
in waters from the WB countries (Serbia, Bosnia and Herzegovina, North
Macedonia) is 699: 374 of surface water, 70 of wastewater, 220 of
groundwater, and 35 of drinking water (Table 512, Fig. 1a). The total
number of samples analyzed in 19 studies from Slovenia and Croatia (the
EU Member States in the selected part of the Danube Basin) is 574: 318
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Fig. 1. Overview of literature-based data from the studies that reported levels
of CEGCs in different water types (WW-wastewater; SW-surface water; GW-
groundwater; DW-drinking water) from countries belonging to the lower part
of the Danube River Middle Basin: a) the percentage of different water type
samples relative to the total number of samples considered in WB region and in
b) Slovenia and Croatia, c) the percentage of studies on CECs occurrence in
water samples conducted in countries of the lower part of the Middle Danube
Basin in relation to 38 relevant studies reviewed here in total, and 4) the per-
centage of studied CECs classes in the analyzed studies based on the number of
compounds belonging to a particular class in relation to the total number of
compounds included in WB studies and e) in Slovenian and Croatian studies.
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wastewater, 137 surface water, and 119 groundwater (Table SI3,
Fig. 1b). Most of the WB studies (T'able SI2) were conducted in Serbia
(16 of 19); 1 study was conducted in Bosnia and Herzegovina and North
Macedonia, separately, and 1 reported summarized data from Bosnia
and Herzegovina, Serbia, and Croatia, which was indicated as “WBC*
study in Fig. 1c. Regardless of the water type examined, pesticides were
the most dominant class if the number of compounds targeted by the WB
studies is taken into account, followed by pharmaceuticals (Fig. 1d),
whereas in the studies from Slovenia and Croatia, this order was
reversed (Fig. le). Generally, pharmaceuticals and current-use pesti-
cides are often analyzed in environmental media worldwide: this is also
confirmed by a 50-year bibliometric survey of Muir et al. (2022),

The research design in the WB studies was based primarily on the
grab water sampling (Table SI12); in 4 studies some or all samples were
taken as 24-h flow-proportional composite samples or average 7-day
composite samples, while in one study water was sampled by use of a
passive sampler. In the Croatian and Slovenian studies, grab-water
sampling and 24-h flow-proportional composite sampling were almost
equally represented (Table SI3). Analysis of water samples for the
presence of CECs was conducted mainly by target methods, either LC-
MS/MS or GC-MS (Tables SIZ and 8I3); in 5 studies, HRMS detection
was applied alene or in combination with an instument equipped with
MS/MS, but primarily it was used for target analysis. Only in one study
based on GC-MS, screening analysis in conjunetion with a mass spectral
database was used, which makes this report very specific for the region,
enabling insight into the presence of more than 700 semi-volatile
organic compounds (Skrbié et al.,, 201 8), even though most of these
compounds have been uniquely targeted if compared to other studies
considered here. This study of Skrbié etal. (2018) is based on the GC-MS
method of Kadokami et al. (2005), who developed an automated iden-
tification and quantification system with a GC-MS database for the
compound identification and quantification of micropollutants in envi-
ronmental and food samples. However, this GC-MS method is based on
single quadrupole MS (not high-accuracy and high-resolution MS), and
it is not based on the 5-level classification scheme proposed by Schy-
manski et al., in 2014 for communicating the confidence of identifica-
tion in non-target analysis (Schymanski et al.,, 2014; Hoellender et al.,
2023). Thirty-three out of 38 studies targeted a few to several dozen
compounds (up to 81), while only 5 studies analyzed more than 100
compounds (Fig. SI1, Tables S12 and 813).

3. Occurrence of CECs in wastewaters

The widest concentration ranges of several orders of magnitude were
determined for pharmaceutically active compounds in wastewaters,
followed by pesticides and industrial chemicals. The highest value in
wastewater samples of more than 2000 pg/L (Terzic et al,, 2008) was
detected for linear alkyl benzene sulfonates (grouped in industrial
chemicals); Terzic et al. (2008) did not link the extremely high level of
linear alkyl benzene sulfonates to any specific source, but they reported
it was present at relatively uniform levels in all examined municipal
wastewaters. There were numercus high-level extremes for pharma-
ceuticals in wastewater samples, implying their specific sources at
respective sampling locations. The highest value of pharmaceuticals in
wastewater (39.15 pg/L of carboxy-cyclophosphamide (Isidori et al.,
2016) was found for sample from Slovenia, representing hospital efflu-
ents; without this extreme, the ranges of pharmaceuticals in the WB and
the EU countries within the lower part of the Middle Danube Basin were
similar, with maximum values about 20 pg/L. Levels of the reported
PFAS levels in wastewaters span over a similar range of concentrations
throughout the region, if the extreme value observed for PFOS in
Slovenia (Alygizakis et al., 2019) is not considered (Fig. 2).

Fig. 512 and SI4 depict the average levels of particular contaminants
from each study on wastewater. In the framework of considered WB
studies, out of a total of 401 compounds that were analyzed in waste-
water samples, 170 have never been detected. In Slovenia and Croatia, a
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waters of Slovenia and Croatia, 523 compounds were detected in total.
The average concentrations of different CECs detected in surface waters
of the reviewed studies are shown in Fig. SI3 and SI5. Regarding
determined concentrations, 99% of the analyzed compounds were found
at levels below 1 ug/L throughout the region of lower Middle Danube
Basin. As can be seen from Fig. SI3 and 815, the concentrations of
detected CECs were compared with the corresponding PNEC (Predicted
No-Effect Concentration) values available in the NORMAN database (htt
psi//www.norman-network.com,/nds/ecotox/lowestPnecsindex. php).
Only 6.2 and 7.7% of the analyzed compounds in the surface waters of
the WB countries and in Croatia and Slovenia, respectively, were
detected at levels above the respective PNEC. As expected, the concen-
trations of detected compounds in surface waters were notably lower
compared to those found in wastewater, except for a few compounds
from the group of antibiotics and their derived compounds. Fig. 3 shows
ranges of average contents for different CEC classes in surface waters
from the region. As in the case of wastewaters, the range of pharma-
ceutically active compounds was the widest with numerous extreme
values; median values were 0.003 and 0.004 ug/L in the WB countries
and the considered EU Member States, respectively. Similar ranges of
pesticides were detected in surface waters with medians of 0.001 and
0.002 pg/L in the WB countries and Slovenia/Croatia. Concerning the
available data for PFAS (Fig. 2), the concentration range of the reported
levels in the WB surface waters was higher than those in the WB
wastewater; these results were obtained in the same study (Buljoveic
et al,, 2022, Table SI12) and the authors concluded that there was no
significant difference between the mean values obtained for PFAS in
surface water samples collected upstream and downstream to the
wastewater discharge point, which suggested that discharged waste-
water did not influence the recipient surface water quality. To the best of
our knowledge, there is not any PFAS production site in Serbia, and
PFAS contamination might be linked to the use and disposal of
PFAS-containing products. On the other hand, samples of surface water
and wastewater analyzed for the occurrence of PFAS in Croatia and
Slovenia came from different studies (Malev et al,, 2022; Alygizakis
et al,, 2019): higher levels were detected in effluents of WWTP (with
secondary or tertiary treatment) than in surface water of Sava, with a
median of 0.0003 pg/L in the surface water (EU SW in Figs. 2) and 0.002
pg/L (EU WW in Fig. 2).

Among the analyzed compounds in the WB studies, the most
frequently detected (i.e. in 4 or more studies) were carbamazepine,
azithromycin, trimethoprim followed by ibuprofen, bisphenol A,
caffeine, sulfamethoxazole, lorazepam, estrone, metolachlor, carben-
dazim and two metamizole metabolites (4- formylaminoantipyrine (4-
FAA) and 4-acetylaminoantipyrin (4-AAA)). The most frequently
detected CECs in surface waters from Slovenia and Croatia were also
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carbamazepine and caffeine as well as ketoprofen. Concerning the
compounds listed in the 4th Watch List established by European Com-
mission as a mechanism for gathering new monitoring data as a support
for the future prioritization and EQS (EC Decision, 2022a), 19 out of 26
compounds were analyzed in the collected studies, while 17 substances
were detected in surface waters througout the region: sulfamethoxazole,
gimethoprim, venlafaxine and O-desmethyl venlafaxine, imazalil,
ipconazole, prochloraz, tebuconazole, tetraconazole, famoxadone,
clindamycin, metconazole, penconazole, azoxystrobin, diflufenican,
fipronil, and ofloxacin. Of these compounds, the following ones were
detected in levels above the maximum acceptable method detection or
quantification limit (proposed by the 4th Watch List): sulfamethoxazole
in 33% of the samples from North Macedonia analyzed by Stipanicev
et al, (2017), and venlafaxine, O-desmethyl venlafaxine, famoxadone,
and fipronil in 1009%, 80%, 100%, and 80% of the samples from Croatia
analyzed by Malev et al. (2022).

To compare the levels of selected CECs in surface waters among the
considered WB and EU countries, the 8 most studied compounds in the
collected articles were recognized and the data are presented inFig. SI7.
These 8 compounds are: azithromyein, trimethoprym, carbamazepine,
venlafaxine, diclofenac, ibuprofen, caffeine, and bisphenol A. Due to
inconsistency in their analysis among different studies, it is almost
impossible to withdraw observations on their spatial and temporal dis-
aibution (Fig. S17); e.g. levels of carbamazepine varied within similar
range in both groups of countries, while the levels of caffeine were
among the highest of these 8 substances throughout the region. Fig. S17
illustrates 2012 and 2015 as the years with the most frequent campaigns
on the CECs monitoring in surface waters of the WB region, and
2016-2018 in Croatia and Slovenia. The reported frequency of detection
of these 8 compounds is given in Table S14: in most cases, they were
detected with a frequency above 50%.

As can be noted (Fig. SI5), azithromycin and azithromycin-derived
compounds, as well as ervthromycin-derived compounds (ervthro-
mycin oxime and anhydrous erythromycin), were found in the Sava
River downstream of the pharmaceutical effluent discharge in rather
high average concentrations exceeding 1 ug/L (Senta et al., 2017). The
average concentration of azithromycin (1.6 pg/L), N-desmethyl azi-
thromyein (4.7 pg/L), erythromycin oxime (6.8 pg/L), and anhydro
erythromycin (4.0 pg/L) were above their respective PNEC values (i.e.
0.019 pg/L, 1.3 ug/L, 0.17 pgsL, 0.057 ug/L, respectively). Furthermore,
the average content of azithromycin (1.6 ug/L) reported by Senta et al.
(2017) exceeded its threshold (0.18 pg/L) set by the latest European
Commission’s Proposal 2022/0344 (COD). Kock-Schulmeyer et al.
(2021) compared the contents of various CECs families in Sava and two
other Mediterranean rivers (Adige in Italy and Evrotas in Greece) and
concluded that the water pollution lead was dominated by
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Fig. 3. Box-whisker plots of the averaged levels of CECs detected in studies on surface water from the lower part of the Middle Danube River Basin: a) WB countries,

b) EU countries.
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similar total number of compounds were examined in wastewater (381),
of which 74 have never been detected. The most frequently detected
compounds in WB studies were carbamazepine (in 4 out of 7 studies
dealing with wastewater), diclofenac (4/7), and naproxen (3/7),
whereas in Slovenia and Creatia were azithromycin (5/13), clari-
thromycin (5/13), bisphenol A (4/13) and bisphenol AF (4/13). If the
arbitrarily chosen level of 1 pg/L (Kerketta and Sahoo, 2022) was used
to point out the contaminants present in wastewater at very high levels,
16 compounds might be observed in the WB studies, while in Slovenia
and Croatia, 18 compounds were detected to be above 1 ng/L. These
compounds found in the highest levels in either the discharged un-
treated wastewater or WWTP effluent samples mostly belonged to
different therapeutic groups of pharmaceutically active compounds
(analgesics/anti-inflammatories, psychiatric drugs, psychostimulant
drugs, antibiotics, p-blocker, diuretics, antihypertensives, antiulcer
drugs, antineoplastics, antitheumatic drugs), which may reflect the
drugs most often used by local residents Of these compounds, mid-
azolam (21.41 nug/1, Alygizakis et al., 2019), two metabolites of carba-
mazepine (10,11-epoxy carbamazepine and 2-hydroxy carbamazepine,
both ~ 16 pg/L, Petrovi¢ et al,, 2014) from the group of psychiatric
drugs and caffeine (17.20 pg/L, Cesen et al., 2018) from the group of
psychostimulants were detected in remarkably high concentrations.
Other substances recorded in high concentrations in wastewater (=1
ug/L) belonged to analgesics/anti-inflammatories.

The number of analytes analyzed in wastewater samples was notably
different (Tables SI2 and SI3); the analysis of a larger number of com-
pounds does not necessarily reflect a higher total concentration of CECs.
For example, in the study of Petrovic et al. (2014), 75.6 ug/L was the
total concentration of 81 compounds analyzed in wastewater, while it
was 42.6 ug/L for 48 compounds analyzed in wastewater in the study of
Bogunovié et al, (2021), and 34.2 pg/L for 280 compounds analyzed in
wastewater in the study of Alygizakis et al. (2019), Furthermore, 19.3
pg/L was the total concentration of 48 compounds analyzed in waste-
water in the study of Cesen et al. (2018), 16 pg/L for 15 compounds
analyzed in wastewater in the study of Senta etal. (2019), and 26.7 ug/L
for 280 compounds analyzed in wastewater in the study of Alygizakis
etal. (2019).

However, a comparison of the CEC levels in wastewater at different
lacations is not an easy task, as can be seen in Figure SI6. Apart of
different sets of analytes chosen to be investigated, the studies differed
in type of wastewater, as some studies covered untreated municipal
wastewater samples (Terzié et al., 2008; Petrovi¢ et al,, 2014), while
some of the more recent ones (Cesen etal., 2018, 2019; Alygizakis et al.,
2019) analyzed influents and/or effluents of municipal WWTP; types of
the applied treatment and the achieved removal efficiencies have a
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significant influence on the released CECs. Sampling methods also
differed among the studies. Eventually, types and concentrations of
CECs in WWTP effluents depend on the sociceconomic composition of
the population connected to the WWTPs (Tran et al., 2018) and the wide
range of consumer products they used. Results on ibuprofen, one of the
most prescribed and consumed drugs, reported in 5 studies from the
countries in the lower part of the Middle Danube Basin may additionally
illustrate large differences among the levels in wastewater from different
studies (Fig. Sloa): it was found from 0.02 pg/L in wastewater effluent
from Slovenian WWTPs (Cesen et al., 2018) to 20,13 ug/L in municipal
wastewater from the area of Novi Sad (Petrovic et al., 2014). Similarly,
wide ranges of average concentrations were observed for all previously
mentioned frequently analyzed substances in wastewater. Azi-
thromyein, in particular, exhibited a range spanning three orders of
magnitude (0.005-5.837 ug/L, Fig. 516d); the ranges for carbamazepine
(0.006-0.809 ng/L) and clarithromyein (0.071-0.828 ug/L) are shown
in Fig. SIbb and Fig. Sloc, respectively. Differences may also imply
different drug consumption rates within the region, as implied in the
latest report on a Euwropean multi-city study on drugs in wastewater:
analysis of municipal wastewater, apart from the importance of studying
environmental pollution, is also a developing epidemiological toolkit
with the potential to provide timely information on geographical and
temporal trends (EMCDDA, 2024).

The levels of ibuprofen, acetaminophen, valsartan, hydrochlorothi-
azide, azithromycin, and atenolol found in the WBs wastewater were in
the range of these detected in the Spanish wastewater influents (Celi¢
et al., 2019). Nevertheless, there are a few exceptions, such as diclofe-
nac, codeine, sulfamethoxazole, 2-hydroxycarbamazepan, and 10,
11-epoxycarbamazepan, which concentrations were somewhat higher
than those found in the Spanish study. The most recent work carried out
in Ireland, dealing with the determination of more than 140 CECs in
wastewater influents (Rapp-Wright et al,, 2023), found the levels of
azithromycin, 10,11-epoxycarbamazepan, diclofenac, hydrochlorothia-
zide, and sulfamethoxazole below 1 pg/L, being lower than those found
in the WBs wastewater and the above-menticned Spanish influents.

4. Occurrence of CECs in surface waters

The samples analyzed in the collected studies were taken from water
bodies such as rivers (Danube, Sava, Tisa, Tamis, Pek, etc.), lakes (Palic,
Zobnatica, etc.), and the hydro-engineering system of Danube-Tisa-
Danube canal (Tables S12 and S13). Although many CECs (1207) were
considered in the WB studies, the majority (935) were not detected, with
most of them being screened by GC-MS-based method within the study
of Skrbié et al. (2018), which was discussed previously as having a
unique sereening approach. In contrast, in Slovenian and Croatian sur-
face waters, the spectrum of analyzed CECs was smaller (659), of which
almost 80% were detected. A recent study by Zhou et al. (2019) indi-
cated that out of 477 analyzed emerging pollutants in European surface
waters, 284 (60%) were detected in one or more of 33 European coun-
tries. The most frequently analyzed classes of selected CECs in the WB
surface water are pesticides (52% of the total number of analytes),
pharmaceuticals (23%), and industrial chemicals (20%), while PFAS
and personal care products have been targeted sporadically. The classes
of analyzed CECs in the surface waters studied in Slovenia and Croatia
were pharmaceuticals (46%), followed by pesticides (44%), industial
chemicals (8%), and personal care products (3%). These data illustrate
uneven coverage of various CECs classes by the studies conducted so far,
which most probably could be attributed to analytical capacities of the
groups performing the research (e.g. available instuments, sets of
analytical standards). Nevertheless, these studies gave snapshots that
even limited in the chemicals range as well as in spatial and temporal
coverage of contamination, still represent pioneering work that is a basis
for developing further regional monitoring plans.

The review revealed a widespread occurrence of CECs in surface
water of the WB region, with 272 detected compounds. In the surface
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pharmaceuticals and personal care products; the highest total concen-
tration of pharmaceuticals per site in Sava was 461 ng/L compared to
368 ng/L in Evrotas and 2041 ng/L in Adige, while the maximum levels
of personal care products were 4603 ng/L, 3569 ng/L, and 3055 ng/L,
respectively., These authors reported that the highest concentrations
among all studied pharmaceuticals in water samples of the Sava River
were found for anti-inflammatory drugs such as acetaminophen,
ibuprofen, diclofenac, and naproxen (Kock-Schulmeyer et al,, 2021).
The other most abundant compound in surface waters was caffeine,
which showed an average concentration of 1 pg/L in surface water
samples of North Serbia (Skrbié et al., 2018). Caffeine as the most
frequently consumed psycheoactive stimulant (can be found in food,
beverages, spices, tobacco, and medicine (Diaz-Garduno et al,, 2017))
was detected in 90% of the analyzed surface water samples from 30
European countries with an average concentration of 885 ng/L, and the
highest concentration of 39,813 ng/L found in Belgium (Zhou et al,,
2019). In the study by Narmmou et al. (2015), caffeine was also the most
abundant compound (average of 1524 ng/L) in lake water from North-
west Greece, detected in 100% of the analyzed water samples. However,
caffeine has also been found at lower levels elsewhere (e.g., 256 ng/L in
the Guadalhorce River, Spain (Llamas-Dios et al., 2021)).
Carbamazepine, one of the most persistent and environmentally
studied anticonvulsants (Vazquez-Tapia et al., 2022), was the most
studied compound in reviewed studies, with average concentrations
ranging from 1.5 ng/L (Slovenian surface waters, Klancar et al., 2018) to
248 ng/L (surface waters of North Serbia, Skrbié et al., 2018). Although
carbamazepine is widely distributed and detected, the average contents
were far below its maximum allowable concentration (1.6 % 102 pg/L)
and annual average EQS (2.5 pg/L) set by the European Commission’s
Proposal (2022/0344 (COD)). It is interesting to note that the content of
carbamazepine in the surface waters of Serbia (Grujic et al. (2000);
Lalovic et al. (2017); Kovacevi¢ et al. (2017); Milic et al. (2018); Pet-
rovié et al. (2014); Radovié et al. (2012); Skrbié et al. (2018)), varied
widely from 4.0 ng/L to 248 ng/L, but below the average concentrations
reported for the surface waters of Belgium, Hungary, and Cyprus, found
to be up to 572, 771, and 5783 ng/L, respectively (Zhou et al., 2019).
The observed differences in the content of carbamazepine can probably
be related to the specificity of the sampling locations and the specific
resident’s consumption of this drug, as well as to the temporal and
spatial variability in its environmental content (Brack et al., 2016). All
authors agree that carbamazepine is inevitably present in surface wa-
ters, considering its constant input, which is a consequence of the
treatment of epilepsy that usually lasts a lifetime. All this, together with
the environmentally persistent nature of carbamazepine, leads to an
increased load on the watercourses with this drug, which is excreted
unchanged in only a few percentages (Kasprzyk Hordern et al., 2000},
Particular attention has also been given to the occurrence of
ibuprofen in surface water. It belongs to non-steroidal anti-inflamma-
tory drugs (NSAIDs), which cause great concern due to the widespread
consumption for the treatment of inflammation and pain (Shanmugam
etal, 2014; Vieno and Sillanpaa, 2014) and constitute the largest group
of non-prescription drugs sold worldwide. Ibuprofen is among the most
frequently studied emerging organic contaminants in the surface waters
of the WB studies, whose concentrations ranged from 15.4 ng/L (BMilic
et al,, 2018) to 163 ng/L (Skrbi¢ et al,, 2018). Levels of ibuprofen found
in surface waters from Slovenia and Croatia (4.1 ng/L (Cesen et al.,
2018) — 206 ng/L (Malev et al., 2022)) were in a similar range as those
detected in Serbian surface waters (Fig.SI7). The annual average EQS
proposed for ibuprofen in inland surface waters by EC is 0.22 pg/L
(2022/0344 (COD)). A study by Zhou et al. (2019) showed that
ibuprofen was among the 45 most studied compounds in European
surface waters, which was analyzed in more than 28 European countries,
and it was detected in 59% of all analyzed samples, with a mean and
maximum levels found to be 337 ng/L and 31,323 ng/L. Although
ibuprofen has been reported to show an acceptable removal rate (from
59 to 95%), it is often detected in the WWTP effluents in fairly high
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concentrations up to 28 pg/L, which may have a direct impact on
receiving watercourses (Bueno et al,, 2012; Gomez et al., 2007). Due to
high consumption, incomplete removal in WWTPs, but also the direct
discharge of untreated wastewater into surface watercourses, ibuprofen
was frequently detected in surface waters of different countries such as
France (up to 8 ng/L (Vulliet and Cren-Olivé, 2011)), Greece (up to 67
ng/l(Stasinakisetal., 2012) or even to 548 ng/L in Nannou et al,, 2015),
the UK (up to 100 ng/L (Kasprzyk-Hordern et al., 2009)), Finland (up to
1830 ng/L (Meierjohann et al,, 2016)), Spain (up to 28.9 ng/L (Celié
et al,, 2019) and 89 ng/L (Llamas-Dios et al,, 2021)).

Among the most frequently studied compounds in surface waters was
also bisphenol A, whose average concentrations were between 16 ng/L
(Celi¢ et al,, 2020) and 224 ng/L (Malev et al., 2022), Fig.S17. These
levels were below the maximum allowable EQS (130 ug/L) proposed by
the EC Proposal (2022/0344 (COD)). It came into the focus of attention
in the last decade due to its weak estrogenic activity (Flint et al., 2012),
even though its environmental occurrence has been monitored since the
mid-1990s in the freshwater of Europe, it has been present in a wide
concentration range, with a 95th-percentile concentration of 0.3 pg/L
over the 19-year period (Staples et al., 2018).

5. Occurrence of CECs in groundwaters

Groundwater could be regarded as the largest freshwater body in the
European Union, but at the same time, it is the most sensitive resource
(GWD, 2006/118/EC). Although groundwater is less susceptible to
contamination by CECs than surface water (Lukac Reberski et al., 2022),
groundwater contamination with these contaminants represents the
most significant global threat. Additionally, groundwater is a vital water
resource of each country worldwide, and its potential contamination is
of great concern, so knowledge about the occurrence of CEC in this
resource is necessary (Sui et al, 2015). Unlike advanced European
countries such as Italy (Meffe and de Bustamante, 2014), Spain (Jurado
et al., 2012), and the UK (Stuart et al., 2012), where nationwide studies
on CECs have been reported, including their occurrence in groundwater,
information on the occurrence and presence CECs in groundwater in the
WB region, Slovenia, and Croatia are rare. There are 6 studies from
Serbia, 2 from Slovenia, and 2 from Croatia that reported the CECslevels
in groundwater (Gruji¢ et al., 2009; Kovacevic et al.,, 2017; Pewovié
et al., 2014; Radovic et al., 2012, 2015; Lalovi¢ et al., 2017; Korosa and
Mali, 2015; Korosa et al.,, 2016; Senta et al.,, 2021, Selak et al., 2022,
Tables 512 and SI3). The studied compounds in groundwater within
these investigations were mainly pharmaceutical active compounds
(120 compounds) followed by pesticides (19).

The pharmaceuticals detected in groundwater belonged to the
following therapeutic groups: analgesic and anti-inflammateries (7
compounds), p-blockers (3), antibiotics (including their synthesis in-
termediates and transformation products, 9), psychiatric drugs (3),
analgoantipyretic (metamizole metabolites (2)), antihypertensive (1)
and anthelmintics (1), Maximum individual concentrations have been
found for azithromyein (140 ng/L, Grujic et al, 2009), N-for-
myl-4-amino-antipyrine (150 ng/L, Kovacevi¢ et al, 2017; Radovic
et al,, 2015), N-acetyl-4-amino-antipyrine (150 ng/L, Radovic et al,
2015) gimethoprim (100 ng/L, Grujic et al., 2009), ibuprofen (92 ng/L,
Petrovic et al.,, 2014), carbamazepine (88 ng/L, Korosa et al,, 2016),
ketoprofen (40.8 ng/L, Selalk et al., 2022), gebapten (37.1 ng/L, Selak
et al.,, 2022), lorazepam (30 ng/L, Kovacevic et al,, 2017), naproxen
(27.6 ng/L, Perovic et al.,, 2014), propyphenazone (24.8 ng/L, Petrovic
et al, 2014), and phenazone (23.4 ng/L, Petrovic et al,, 2014). Con-
centrations of other detected pharmaceuticals, such as diclofenac,
metoprolol, bisoprolol, salicylic acid, propranolol, albendazole, car-
azolol, etc. did not exceed 20 ng/L. Among the analyzed pesticides,
atrazine, desethylatrazine, metolachlor, simazine, and terbuthylazine
were detected, whose maximum concentrations reached 228.8, 103.0,
67.6, 20.6, and 25.7 ng/L, respectively (Korosa et al., 2016). The
maximum concentrations of other detected pesticides such as
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carbendazim, carbofiran, deisopropylatrazine, desethylterbuthylazine,
and propazine were up to 20 ng/L (Radovic et al., 2015; Korosa et al.,
2016). A recent study carried out by Senta et al. (2021) dealt with
macrolide antibiotics and their transformation products in groundwater.
Similar to the findings for water of Sava river analyzed by Senta et al.
(2017), Senta et al. (2021) determined that the concentration of trans-
formation products such as decladinosyl azithromycein (up to 1143 ng/L)
and N-demethyl azithromycin (up to 490 ng/L) largely exceeded the
concentration of the parent compound, azithromycin, (0.16-17 ng/L),
drawing attention to the need for further research. Based on the
measured vertical profiles of macrolides content in aquifer sediments,
the authors found that their highest concentrations in groundwater were
determined at two locations with the highest contamination in deeper
sediment layers, which peinted that highly contaminated aquifer sedi-
ments should be considered as a significant threat to drinking water
supply (Senta et al., 2021). Accordingly, itmay be speculated that in the
case of the deeper aquifer sediments, the transformation of parent
compounds occurs in these sediment layers, which are often a part of the
saturated zone of the aquifer that probably enhances the oansfer of the
transformation products to the adjacent groundwater.

In contrast to sporadic data in the WB region, extensive data from
different EU countries were gathered providing insight into the CECs
distribution in groundwater based on studies conducted in Spain
(Cabeza etal, 2012; Gros etal,, 2021; Jurado et al,, 2020; Lopez-Serna
et al.,, 2013; Tejjon et al,, 2010) Germany (Einsied] et al., 2010; Wolf
et al.,, 2012), the UK (Stuart et al., 2012), Poland (Kapelewska et al.,
2018), Hungary (Kondor et al, 2020), Switzerland (FOEN, 2009;
Morasch, 2013), Czech Republic (Rozman et al., 2017), and Europe
(Bunting et al., 2021; Loos et al., 2010). Among the most frequently
detected CECs in groundwater were pharmaceuticals (Silori et al.,
2022). The levels ranged from a few ng/L to more than 1 pg/L, which
indicated some alarming data (Silori et al,, 2022). To ensure the best
possible menitoring of Eurcpean groundwater, the first Voluntary
Groundwater Watch List (GWWL) was recently initiated in Europe
(CIRCABC, 2019) to identify pricrity CECs for which groundwater
quality standards or threshold values should be set. However, to the best
of our knowledge, there is still no data available in the literature on this
topic.

6. Occurrence of CECs in drinking waters

Drinking water is obtained mainly from surface water and ground-
water, so it is also susceptible to contamination by CECs due to incom-
plete removal in conventional drinking water eatment plants (DWTP)
(Kolkman et al,, 2021). The latest revised Drinking Water Directive,
DWD (EU, 2020) tackles emerging pollutants, referring to
endocrine-distupting compounds and PFAS. The Directive provides for
the establishment of the first watch list for pharmaceuticals in water
intended for human consumption, which was adopted in 2022. This list
indicates guidance values for 17-beta-estradiol and nonylphenol of 1
ng/L and 300 ng/L, respectively, as well as the limit of their quantifi-
cation to allow for the measurement of the guidance values with an
acceptable degree of precision. Moreover, the recast DWD introduced 2
new parameters for monitoring PFAS, ‘PFAS Total’ (“the totality of per-
and polyfluoroalkyl substances™) and ‘Sum of PFAS’ (a list of 20 PFAS),
with limit values of 0.5 ug/L and 0.1 pg/L, respectively, to which
Member States must comply with by January 12, 2026.

Literature data about CECs presence in drinking water in the lower
part of the Middle Danube Basin are very limited: only two studies from
Serbia documented the presence of some CECs in samples of drinking
water (Celi¢ et al,, 2020; Petrovi¢ et al., 2014; Table SI2). Celi¢ et al.
(2020) analyzed water sampled from public fountains in selected resi-
dential areas (n = 30). These authors reported the presence of bisphenol
A, nonylphenol, and octylphenol with maximum levels of 35.6 ng/L, 7.9
ng/L, and 3.7 ng/L, respectively, while estradiols E1, E2, and E3, and the
metabolites E1-3S and E3-35 were not detected; reported level for
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nenylphenol did not exceed the guidance level (300 ng/L, EC Decision,
2022b). Petrovic et al. (2014) analyzed 81 pharmaceuticals in samples
of raw untreated water and chlorinated water collected from publie
utility company for the Novi Sad city drinking water supply and in a
sample of tap water (Novi Sad, Serbia), detecting 14% of the targeted
compounds with the maximum levels ranged from 0.4 ng/L for pro-
pranolol to 128 ng/L for 10,11-epoxycarbamazepine. Additionally,
these authors observed that the treatment and distribution of water in
the eity water supply did not affect the presence of albendazole, pro-
pranolol, and salicylic acid (Petrovic et al., 2014).

The presence of pharmaceutical compounds in drinking water has
also been documented elsewhere (Troger et al, 2021; Valbonesi et al.,
2021). A recent comprehensive study in 8 European countries (Sweden,
Spain, Czech Republie, Netherlands, Switzerland, Germany, Italy, and
Belgium) conducted by Troger et al. (2021), reported a wide range of
CECs (177 compounds) in source and drinking water collected from
DWTPs; the number of detected CECs in source water samples varied
from 6 in Germany to 71 in Spain. There was a significant variation in
the concentrations of detected CECs per country (Iroger et al., 2021):
the samples from Spain showed the highest total content of detected
CECs (7995.2 ng/L), followed by samples from the Czech Republic, the
Netherlands, Belgium, and Italy, which were characterized by a medium
level (up to 1092.5 ng/L), and then samples from Sweden, Germany,
Switzerland, and another sample from Italy, which had relatively low
total CEC levels (up to 247.0 ng/L).

7. Future perspectives for wide-range CEC surveillance in the
region

The investigative studies on CECs performed so far in the lower part
of the Middle Danube Basin gave the snapshots that proved the wide
abundance of CECs in various water samples, reaching also drinking
water. It might be presumed that detected CECs in the waters of the
region are only the tip of an iceberg, while the full spectrum of those
non-targeted chemicals is left unrecorded, so their levels remain un-
known. Most of the studies considered here were based on conventional
analyvtical approaches targeting from a few to several tens of CECs. The
only b studies included in this review that targeted several hundreds of
compounds can be regarded as rather specific and sporadic. It is inter-
esting to note that 11 out of 38 reviewed studies were produced as a
result of international (bilateral) collaboration. Among these studies are
those that reported the results on several tens to hundreds of analyzed
CECs. It seems that the regional analytical capacities were generally
limited to target analysis of CECs in water, at least for the period covered
by this review. Although some of these studies proved that the HRMS
insguments have been used for the CECs monitoring in the region, none
have been used for suspect or non-target screening analysis.

A suspect screening based on liquid chromatography with HRMS has
been imposed recently as a promising and reliable addition to target
analysis not only in the scientific community but also for authorities and
regulators (Hollender et al., 2023). Suspect screening analysis relies on
lists of chemicals expected to be present in the sample, and it is typically
performed without reference standards, but with prior information on
exact mass and isotope pattern from the known molecular formula or the
expected adduct(s); sometimes it is referred to as analysis of “known
unknowns” (Hajeb et al., 2022; Hollender etal,, 2023; Paszkiewiczetal,,
2022; Schymanski et al., 2015). On the other hand, non-target HRMS
analysis aims to analyze “unknown unknowns” without a priori criteria;
because no structural information is available in advance, a full
nen-target identification starting from the exact mass, isotope, adduct,
and fragmentation information needs to be performed (Hajeb et al,
2022; Hollender et al., 2023; Paszkiewicz et al., 2022; Schymanski etal,,
2015). Both of these approaches might be covered by the general term
“non-target screening”, because many aspects and methods are the same
for both; in general, they are laberious, time-consuming, and compu-
rationally challenging, with much more “identification burden” linked
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to the analysis of “unknown unknowns” (Hollender et al, 2023; Lai
et al., 2021). Besides obtaining an insight into the broader range of
substances detected in samples with various levels of confidence than
the one obtained by conventional target analytical approaches, suspect
and non-target screening enables archiving of the HRMS data, keeping
in this way the most comprehensive information on the chemical status
of the sample that can be subjected to the later assessment. Additionally,
the sharing of electronic HRMS data according to FAIR (Findable,
Accessible, Interoperable, Re-useable) principles enables maximization
and internationalization of the local research efforts, being eventually
retraceable and verifiable for the final purpose of use by legislators and
policymakers (Hollender et al.,, 2023). The digital archiving and sharing
of HRMS spectra via open science can also foster the knowledge ex-
change necessary for boosting and harmonizing the relevant research
competencies needed for the effective implementation of suspect
screening analysis in environmental monitering. To the best of our
knowledge, only a laboratory at the Faculty of Technology Novi Sad
(University of Novi Sad), Serbia, owns the capacities that enable
non-target analysis in the WB region (LC-HRMS and the dedicated
vendor software for HRMS data processing towards suspect and
non-target screening) (Farre et al.,, 2023). With this material capacity
and the raining that has been conducted within Herizon Europe project
TwiNSol-CECs (GA 101059867, www.twinsol-cec.com) coordinated by
the Faculty of Technology Novi Sad, Serbia, the aim is precisely to
perform the first suspect screening analysis of the surface water in Serbia
in collaboration with IDAEA-CSIC, Barcelona, Spain, as the project
partner known for development of multitesidue analytical methods
(Llorca et al,, 2021; Picardo et al,, 2020b, 2020a). Nevertheless, this
capacity must be further harmonized and linked with other researchers,
teams, and institutions in the region involved in the CECs monitoring in
water, including also those spotted via this review in Serbia, North
Macedonia, Bosnia and Herzegovina, Croatia, and Slovenia. This review
pointed out the significant background of the Serbian, Creatian, and
Slovenian researchers in the CECs monitoring in the past decades
(Table SI2Z and SI3). Some researchers from these countries have
established important links with prestigious international teams known
in the field of environmental monitoring. Even more, among them, there
is a proven interest and expertise available in non-target analysis
(Schymanski et al,, 2015), Table SI5 summarizes regional strengths and
gaps in knowledge and capacities for the wide-range surveillance of
CECs within the lower part of the Middle Danube Basin. The stronger
regional and international cooperation is needed not just to fill the gaps
in monitoring capacities, but also to foster the flow of relevant infor-
mation and two-way exchange of best practices and knowledge, estab-
lishing a platform capable to influence and guide future monitoring
strategies and schemes in the region in line with latest EU initiatives and
directions on water quality and safety.

8. Conclusion

This review gave a comprehensive overview of the work performed
on the CECs monitoring of different types of water in the WB and EU
countries in the lower part of the Middle Danube River Basin. The ma-
jority of collected data are presented in graphs included in the Supple-
mentary Information, helping in easy visualization and comparison of
data on the levels of pharmaceuticals, pesticides, PFAS, perscnal care
products, and industrial chemicals analyzed in surface and wastewater
from the WB countries, Slovenia and Creatia, and representing a unique
database of information on the CECs presence in this region. An
assessment of the gathered results showed that many CECs are present in
the regional aquatic environment, including some of those listed in the
watch lists. Pharmaceutically active compounds and pesticides were
among the most frequently analyzed CECs: the ranges of their oceur-
rence in surface and wastewater significantly differed, with wider ranges
and many extreme values observed for pharmaceuticals, indicating also
a variety in their consumption rates. Less than 10% of analyzed
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substances in surface water througout the region were above the rele-
vant PNEC values. The compounds found in high quantities and also
those in levels above the values proposed by the latest EU decisions, may
be considered as candidates for further regional monitoring schemes and
pricritization efforts for substances of regiocnal /national concern.

Nevertheless, consolidated knowledge of the current status of waters
points out studies rather limited in terms of the number of compounds
measured and the geographical distribution of sampling points, with the
lack of continuity in the aforementioned studies. Accordingly, new
studies should be based on novel approaches such as those based on
HRMS suspect screening methods harmonized with the existing Euro-
pean and worldwide research efforts in order to fill data gaps and to
reveal the chemical status of the regional’s water resources. Interna-
tional research projects, collaboration with well-experiences labora-
tories in Europe and beyond, and open science data exchange are
possible directions needed to facilitate the regional strengths in
advanced and comprehensive analytical approaches. The research teams
and capacities observed by this review represent a good starting point
for further bilateral, regional, and international cooperation needed to
foster the monitoring efforts and community.

CRediT authorship contribution statement

Natasa Purisi¢c-Mladenovic¢: Writing — original draft, Methodology,
Investigation, Conceptualization. Jelena Zivanéev: Writing — original
draft, Visualization, Methodology, Investigation, Data curation,
Conceptualization. Igor Antié: Visualization, Investigation. Dusan
Rakié¢: Visualization, Investigation. Maja Buljovcié: Visualization,
Investigation. Biljana Pajin: Supervision. Marta Lloreca: Supervision.
Marinella Farre: Supervision.

Declaration of competing interest

The authers declare that they have no known competing finaneial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study was conducted under the TwilNSol-CECs project, which
received funding from a Herizon Europe program under grant agree-
ment No. 101059867, and under the projects no. 451-03-66/2024-03/
200134 and 451- 03-65/2024-03/200134, funded by the Ministy of
Science, Technological Development and Innovation of the Republic of
Serbia.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2024,1251 28.

Data availability
Data will be made available on request.

References

municipal solid waste landfill. [n: Daughton, C.G.,, Jones-Lepp, T. (Eds.),
Pharmaceutical and Personal Care Products in the Environment: Scientific and
Regulatory Issues. Symposium Seties, vol. 791. American Chemical Society,
Washington DC, pp. 100-115.

Ahel, M., Mikac, M., Cosovi¢, B., Prohié, E., Soukup, V., 1998, The impact of
contamination from a municipal solid waste landfill (Zagteb, Croatia) on undetlying
soil. Water Sci. Technd. 37, 203-210.

Alvgizakis, N.A., Besselink, H., Paulus, G.K, Oswald, P., Hornstra, .M., Oswaldova, M.,
Medema, G., Thomaidis, N.5., Behnisch, P.A., Slobodnik, J., 2019. Characterization
of wastewater effluents in the Danube River Basin with chemical screening, in vitro




N. Duriic-Mladenovié et al.

bioassays and antibiotic resistant genes analysis. Environ. Int. 127, 420-429.
https://doi.org/10.1016/j.envint. 2019.03.060.

Association for Water Technol ogy and Sanitary Engineering, 2020. Mapping of
wastewater treatmment plants in Serbia. https://utvsi.com/mapiranje-pos
trojenja-za-preciscavanje-otpadnih-voda-u-sebiji/.

Brack, W., Ait-Aissa, 8., Burgess, R.IM., Busch, W., Creusot, M., Di Paolo, C., Escher, B.1,,
Mark Hewitt, L., Hilscherova, K., Holender, J., Hollert, H., Jonker, W., Kod, J,,
Lamoree, M., Muschket, M., Heumann, S., Rostkowski, P., Ruttkies, C., Schollee, J.,
Schymanski, E.L, Schulze, T., Seilet, T.B., Tindall, A.J., De Aragdo Umbuzeiro, G.,
Vrana, B., Krauss, M., 2016. Effect-directed analysis supporting monitoring of
aquatic environments - an in-depth overview. Sci. Total Environ. 544, 1073-1118.
https://doi.org/10.1016/j.scitotenv.2015.11.102.

Brika, B., 2018. Water resources and desalination in Libya: areview. Proceedings 2, 1-7.
https://doi.org/10.3390/proceedings2110586.

Bogunovi¢, M, Ivanéev-Tumbas, L, Cesen, M., Sekuli¢, T.D., Prodanovié, J., Tubi¢, A.,
Heath, D.,, Heath, E., 2021. Removal of selected emerging micropoll utants from
wastewater treatmment plant effluent by advanced non-oxidative treatment - a lab-
scale case study from Serbia. Sci. Total Environ. 765, 142764. https://doi.org/
10.1016/j.scitotenv.2020.142764.

Bueno, M.JM., Gomez, M.J., Hertera, ., Hernando, M.D., Agiiera, A, Fernandez-
Alba, AR, 2012. Occurrence and persistence of organic emerging contaminants and
priotity pollutants in five sewage treatment plants of Spain: two years pilot survey
monitoring. Environ. Pollut. 164, 267-273. https://doi.org,/10.1016/7.
envpol.2012.01.038.

Buljovéi¢, M.B., Antié, 1.8., Kadokami, K., 8krbi¢, B.D., 2022. Temporal trend of
petfluorinated compounds in untreated wastewater and surface water in the middle
part of the Danube River belonging to the northern part of Serbia. J. Serbian Chem.
Soc. 87, 1425-1437. https://doi.org/10.2298/J5C220427061B.

Bunting, $.Y., Lapworth, D.J., Crane, E.J.,, Grima-Olmedo, J., Koro§a, A., Kuczynska, A.,
Mali, M., Rosengvist, L., van Vliet, M.E., Togola, A., Lopez, B., 2021. Emerging
organic compounds in Enropean groundwater. Environ. Poll ut. 269. https://doi.org/
10.1016/j.envpol.2020.115945.

Cabeza, Y., Candela, L, Ronen, D., Teijon, G., 2012. Monitoring the occurrence of
emerging contaminants in treated wastewater and groundwater between 2008 and
2010. The Baix Llobregat (Barcelona, Spain). J. Hazard Mater. 239-240, 32-39.
https://doi.org/10.1016/j.jhazmat.2012.07.032.

Celié¢, M., Gros, M., Farré, M., Barcel 6, D,, Petrovi¢, M., 2019. Pharmaceuticals as
chemical markers of wastewater contamination in the vulnerable area of the Ebro
Delta (Spain). Sci. Total Environ. 652, 952-963. https://doi.org/10.1016/].
scitotenv.2018.10.290.

Gelié, M., $krbi¢, B.D,, Insa, S., Zivanéev, J., Gros, M., Petrovié, M., 2020. Occurrence
and assessmment of environmental risks of endocrine disrupting compounds in
drinking, surface and wastewaters in Serbia. Environ. Pollut. 262. hitps://doi.org/
10.1016/j.envpol.2020.114344.

Cesen, M., Heath, D., Krivec, M., Koémij, J., Kosjek, T., Heath, E., 2018. Seasonal and
spatial variations in the occurrence, mass loadings and removal of compounds of
emerging concern in the Slovene aqueous environment and environmental risk
assessment. Environ Pollut 242 (Pt A), 143-154. https://doi:10.1016/j.envpol.20
18.006.052.

Cesen, M., Ahel, M., Terzié, 5., Heath, D.J,, Heath, E., 2019. The occurtence of
contaminants of emerging concern in Slovenian and Croatian wastewatets and
receiving Sava river. Sci. Total Enviton. 650, 2446-2453. https://doi.org/10.1016/].
seitotenv.2018.09.238.

CIRCABC, 2019. Voluntary groundwater watch list, V.3.1. https://circabc.europa.eu/sd/
a,/d3fa0178-0134-4316-allc-dcfd71efca69, Watch-List Concept _Final.pdf.

Dalmacija, B., Ivanéev-Tumbas, 1., Zejak, J., Djurendié, M., 2003. Case study of
petroleum contaminated atvea of Hovi Sad after WATO bombing in Yugoslavia. Soil
Sediment Contam. 12 (4), 591-611.

Diaz-Gardufio, B., Pintado-Herrera, M.G., Biel-Maeso, M., Rueda-Marquez, J.J,, Lara-
Martin, P.A., Perales, J.A., Manzano, M.A., Garrido-Pérez, C., Martin-Diaz, M.L.,
2017. Environmental risk assessment of effluents as a whole emerging contaminant:
efficiency of alternative tertiary treatments for wastewater depuration. Water Res.
119, 136-149. https://doi.org/10.1016/j. watres.2017.04.021.

EC Decision, 2022a. Commission Implementing Decision (EU) 2022,/1307 of 22 July
2022 Establishing a Watch List of Substances for Union-wide Monitoring in the Field
of Water Policy Pursuant to Directive 2008,/105/EC of Teh European Patliament and
of Teh Couneil. Official Journal of the European Union L197,/117, Brussels.

EC Decision, 2022b. Commission Immplementing Decision of 19.1.2022 Establishing a
‘Watch List of Substances and Compounds of Concern for Water Intended for Human
Consumption as provided for in Directive (EU) 2020/2184 of the European
Parliament and of the Council, C, 2022) 142 final. Brussels.

Finsiedl, F., Radke, M., Mal oszewski, P., 2010. Occurrence and transport of
pharmacentical s in a karst groundwater system affected by domestic wastewater
treatment plants. J. Contam. Hydrol. 117, 26-36. https://doi.org/10.1016/5.
jeonhyd.2010.05.008.

EMCDDA, 2024. European monitoring centre for drugs and drug addiction, wastewater
analysis and drugs — a European mul ti-city study. https://www.emedda. europa.
eu/publications/html /pods/waste-wateranalysis en#sourceData. (Accessed 20
March 2024).

EU, 2020. DIRECTIVE (EU) 2020,2184 OF THE EUROPEAN PARLIAMENT AND OF THE
COUMCIL of 16 December 2020 on the quality of water intended for human
consumption. Off. J. Eur. Union L 435 (1), 1-62.

Farre, M., Crespo, J., Panic, 5., Purifi¢-Madenovi¢, N., 2023. Mid-term Report on
Performed Trainings, Project Deliverable 3.3. TwilSol-CECs project, p. 8. GA
101059867. https://twinsol-cecs.com/images,/documents,d3 3-mid-term training-o
ct2023-tinal . pdf.

Enviroranental Pollutiont 363 (2024) 125128

Hint, 8., Markle, T., Thompson, 5., Wallace, E., 2012. Bisphenol A exposure, effects, and
policy: a wildlife perspective. J. Environ. Manage. 104, 19-34. https://doi.org/
10.1016/j.jenvman.2012.03.021.

FOEMN, 2009. Results of the Swiss Groundwater Monitoring (NAQUA) Condition and
Devdopment 2004-2006. Federal Office for the Environment.

Gagi¢, 8., Budimir, M., Brkié, D., Nefkovié, N., 2002, Residues of atrazine in agricultural
areas of Serbia. J. Serb. Chem. Soc. 67 (12), 887-892.

Gomez, M.J., Martinez Bueno, M.J., Lacorte, S., Ferndndez-Alba, AR, Agiiera, A., 2007.
Pilot survey monitoring pharmaceuticals and related compounds in a sewage
treatment plant located on the Mediterranean coast. Chemosphere 66, 993-1002.
https://doi.org/10.1016/j.chemosphere.2006.07.051.

GRIDArendal, 2015. Outl ook on climate change adaptation in the western balkan
mountains. Water stress, uses and withdrawal. www.grida.no/resources/7068.
Gros, M., Catalén, M., Mas-Pla, J,, Celié, M., Petrovi¢, M., Farré, M.J, 2021. Groundwater
antibiotic pollution and its relationship with dissolved organic matter: identification

and environmental impications. Environ. Pollut. 289. https://doi.org/10.1016/].
envpol.2021.117927.

Gruji¢, 8., Vasiljevic, T., LauSevi¢, M., 2009. Determination of multiple pharmaceutical
classes in surface and ground waters by liquid chromatography-ion trap-tandem
mass spectrometry. J. Chromatogr. A 1216, 4989-5000. https://doi.org,/10.1016/].
chroma.2009.04.059.

2022/0344 (COD) 2022/0344 (COD) Protection of Groundwater against Pollution
and Environmental Quality Standardsin the Field of Water Policy.

GWD 2006,/118/EC. Directive 2006/118,/EC of the European Patliament and of the
Council of 12 December 2006 on the protection of groundwater against pollution
and deterioration. OJ L 372, 27.12.2006, p. 19-31https://eurd ex.europa.eu/eli/dic/
2006,/118/0j.

Hajeb, P., Zhu, L, Bossi, R, Vorkamp, K, 2022. Sample preparation techniques for
suspect and non-target screening of emerging contaminants. Chemosphere 287,
132306.

Han, Y., Hu, L.-H,, Liu, J., Wang, Y.-Q,, Zhao, J.-H., Liu, Y.-8., Zhao, J.-L, Ying, G.-G,,
2022. Non-target, suspect and target screening of chemicals of emerging concern in
landfill leachates and groundwater in Guangzhou, South China. Sci. Total Environ.
837, 155705,

Hollender, J., Schymanski, E.L., Ahrens, L., Alygizakis, N., Béen, F.,, Bijlsma, L,
Brunner, A.M., Celma, A, Fildiet, A., Fu, Q., Gago-Ferrero, P, Gil-Solsona, R.,
Haglund, P., Hansen, M., Kaserzon, S., Kruve, A, Lamoree, M., Margoum, C,,
Meijer, J., Merel, 8., Rauert, C,, Rostkowski, P., Samanipour, S., Schulze, B.,
Schulze, T., Singh, R.R., Slobodnik, J., Steininger-Maitinget, T., Thomaidis, I.S.,
Togola, A, Vorkamp, K., Vulliet, E., Zhy, L., Krauss, M., 2023. NORMAN guidance
on suspect and non-target screening in environmental monitoring. Environmental
Sciences Europe. Springer Berlin Heidelberg. https://doi.org/10.1186/512302-023-
00779-4.

Isidori, M., Lavorgna, M., Russo, C.,, Kundi, M., Zegura, B., Novak, M., Filipi¢, M.,
Misik, M., Knasmueller, S., de Alda, M.L., Barcd 6, D., Zonja, B., Cesen, M.,
S¢antar, J., Kosjek, T., Heath, E., 2016. Chemical and toxicological characterisation
of anticancer drugs in hospital and municipal wastewaters from Slovenia and Spain.
Environ Pollut 219, 275-287. https://doi:10.1016/j.envpol.2016.10.039.

Jelitié, I, Ahel, M., 2003. Occurrence of phenazone analgesics and caffeine in Croatian
municipal wastewaters. Fresenius Env Bull 12, 46-50.

Jurado, A, Margateto, A, Pujades, E.,, Vazquez-Sufié, E., Diaz-Cruz, IM.S., 2020. Fate and
risk assessment of sulfonamides and metabolites in urban groundwater. Environ.
Pollut. 267. https://doi.org,10.1016/].envpol.2020.115480.

Jurado, A., Vazquez-Suié, E, Carrera, J.,, Lopez de Alda, M., Pujades, E., Barcelo, D.,
2012. Emerging organic contaminants in groundwater in Spain: a review of sources,
recent occurrence and fate in a European context. Sci. Total Environ. 440, 82-94.
https://doi.org/10.1016/]j.scitotenv. 201 2.08.029.

Kadokami, K, Tanada, K., Taneda, K, MNakagawa, K, 2005. Hovel gas
chromatography—mass spectrometry database for automatic identification and
quantification of micropollutants. J. Chromatogr. A 1089 (1-2), 219-226.

Kapel ewska, J., Kotowska, U., Karpinska, J., Kowalczuk, D., Arciszewska, A.,
$wiryd0, A, 2018. Occurrence, removal, mass loading and environmental risk
assessment of emerging organic contaminants in leachates, groundwaters and
wastewaters. Microchem. J. 137, 292-301. https://doi.org,/10.1016,].
microc.2017.11.008.

Kasprzyk-Hordern, B., Dinsdale, R.M., Guwy, A.J., 2009. The removal of
pharmaceuticals, personal care products, endocrine disruptors and illicit drugs
during wastewater treatment and its impact on the quality of receiving waters. Water
Res. 43, 363-380. https://doi.org/10.1016/j.watres.2008.10.047.

Kerketta, A., Sahoo, P.K., 2022. A decadal analysis to unravel the global status of
emerging contaminants in wastewaters and comparison with the Indian context.
Groundw. Sustain. Dev. 18, 100803. https://doi.org,/10.1016/j.gsd.2022.100803.

Khezami, F., Gomez-Mavarro, 0., Barbieri, M.V., Khiari, M., Chkirbene, A., Chiron, 5.,
Khadhar, 8., Pereg, 8., 2024. Occurrence of contaminants of emerging concern and
pesticides and rel ative risk assessment in Tunisian groundwater. Sci. Total Environ.
906, 167319.

Klanéar, A, Trontej, J., Roskar, R, 2018. Development of a multi-residue method for
monitoring 44 pharmaceuticals in Slovene surface water by SPE-LCMS,/MS. Water
Air Soil Pollut. 229, 192. https://doi.org/10.1007,/§11270-018-3845-7.

Kéck-Schulmeyer, M., Ginebreda, A., Petrovic, M., Giulivo, M., Aznar-Alemany, O.,
Hjarrat, E., Valle-Sistac, J., Molins-Delgado, D., Diaz-Cruz, M.S., Monllor-Alcaraz, L
8., Guillem-Argiles, N., Martinez, E., Miren, L. de A, Uorea, M., Farté, M., Peiia, J.
M., Mandaric, L, Pérez, S., Majone, B., Bdlin, A., Kalogianni, E., Skoulikidis, N.T.,
Milatié, R, Barcelo, D., 2021. Priority and emerging organic microcontaminants in
three Mediterranean river basins: occurrence, spatial distribution, and identification



N. Duriic-Mladenovié et al.

of river basin specific pollutants. Sci. Total Environ. 754, 142344, https://doi.org/
10.1016/]j.scitotenv.2020.142344.

Kolkman, A., Vughs, D., §jerps, R., Kooij, P.J.F., van der Kooi, M., Baken, K., Louisse, J.,
de Voogt, P., 2021. Assessment of highly poar chemicals in Dutch and flemish
drinking water and its sources: presence and potential risks. ACS ES&T Water 1,
928-937. https://doi.org,10.1021 /acsestwater. 0c00237,

Kondor, A.C., Jakab, G, Vancsik, A., Filep, T., Szeberényi, J.,, Szabd, L., Madsz, G.,
Ferincz, A., Dobosy, P, Szalai, Z,, 2020. Occurtence of pharmaceuticals in the
danube and drinking water wells: efficiency of riverbank filtration. Environ. Pollut.
265. hitps://doi.org,/10.1016/j.envpol. 2020.114893,

Koroga, A., Mali, M., 2015. Pharmaceuticals and Pesticides in Urban Groundwater: a Case
Study — Maribor, Slovenia Conference: 12th International Conference on Modeling,
Monitoring and Management of Water Pollution, 26.-28.5. 2014 AlgarveAt: Algarve,
Portugal Volume: Water Resources Management VIII. WIT Press, Southampton,
pp. 413-422 cop. 2015.

Korosa, A., Auersperger, P., Mali, M., 2016. Determination of micro-organic
contaminants in groundwater (Maribor, Slovenia). Sci. Total Environ. 571,
1419-1431. https://doi.org/10.1016/].scitotenv. 2016.06.103.

Kovadevié, 8., Radifié¢, M., Lau$evié¢, M., Dimkié¢, M., 2017. Occurrence and behavior of
sel ected pharmaceuticals during riverbank filtration in the Republic of Serbia.
Environ. Sci. Pollut. Res. 24, 2075-2088. https://doi.org/10.1007,/511356-016-
79594,

Kvegtak, R., Terzié, S, Ahel, M., 1994. Input and distribution of al kel phenol
poyethoxylates in a stratified estuary Mar. Chem 46 (1-2), 89-100.

Lai, A., Singh, R.R., Kovalova, L, Jaeggi, 0., Kondi¢, T., Schymanski, E.L., 2021.
Retrospective non-target analysis to support regulatory water monitoring: from
masses of interest to recommendations via in silico workflows. Environ. Sci. Eur. 33,
1-21.

Lalovi¢, B, Purkié, T., Vuktevi¢, M., Jankovi¢-Castvan, L, Kalijadis, A., Laugevié, Z.,
Laugevi¢, M., 2017. Solid-phase extraction of multi-class pharmaceuticals from
environmental water samples onto modified multi-walled carbon nanotubes
foll owed by LC-MS,/MS. Environ. Sci. Pollut. Res. 24, 20784-20793. https://doi.org/
10.1007/511356-017-9748-0.

Li, S, Wen, J., He, B., Wang, J.,, Hu, X, Liu, J,, 2020. Occurrence of caffeine in the
freshwater environment: implications for ecopharmacovigilance. Environ. Pollut.
263, 114371.

Ligka, I, Wagner, F., Sengl, M., Deutsch, K., 2021. Shared analysis of the Danube River
joint danube survey 4. https://www.danubesurvey.org/jds4/jds4-files/nodes/do
cuments/jds4 scientific report 20mb.pdf

Llamas-Dios, M.1, Vadillo, L, Jiménez-Gavilan, P., Candela, L., Corada-Fernandez, C.,
2021. Assessment of a wide array of contaminants of emerging concern in a
Mediterranean water basin (Guadal horce river, Spain): motivations for an
improvement of water management and pollutants surveillance. Sci. Total Environ.
788, 147822. https://doi.org,/10.1016/j.scitotenv.2021.147822.

Llorca, M., Vega-Herrera, A, Schirinzi, G, Savva, K., Abad, E, Farré, M., 2021. Screening
of suspected micro(nano)plastics in the ebro delta (mediterranean Sea). J. Hazard
Mater. 404. https://doi.org/10.1016/j.jhazmat. 2020.124022.

Loos, R., Locoro, G., Comero, S., Contini, S., Schwesig, D., Wetres, F,, Bal saa, P., Gans, O.,
Weiss, S, Blaha, L., Bolchi, M., Gawlik, B.M., 2010. Pan-European survey on the
occurrence of sel ected polar organic persistent pollutants in ground water. Water
Res. 44, 4115-4126. https://doi.org/10.1016/j. watres.2010.05.032.

Lépez-Serna, R, Jurado, A., Vazquez-Sufié, E, Carrera, J.,, Petrovié, M., Batceld, D,
2013. Occurrence of 95 pharmaceutical s and transformation products in urban
groundwaters underlying the metropolis of Barcelona, Spain. Environ. Pollut. 174,
305-315. https://doi.org/10.1016/j.envpol .2012.11.022.

Luka¢ Reberski, J., Terzié, J., Maurice, L.D.,, Lapworth, D.J.,, 2022. Emerging organic
contaminants in karst groundwater: a global level assessment. J. Hydrol. 604.
https://doi.org/10.1016/j.jhydrol.2021.127242.

Malev, O, Babi¢, S., Cota, A.8., Stipanitev, D, Repec, 8., Drni¢, M., Lovrié, M.,
Bojani¢, K., Radi¢ Brkanac, S., Coz-Rakovac, R., Klobuéar, G., 2022. Combining
short-term bioassays using fish and crustacean model organisms with ToxCast in
vitro data and broad-spectrum chemical analysis for environmental risk assessment
of the river water (Sava, Croatia). Environmental pollution 292, 118440,

Margot, J,, Rossi, L, Barrz, D.A, Hdliger, C., 2015. A review of the fate of
mictopollutants in wastewater treatment plants. WIREs Water 2 (5), 457-487.
Meffe, R., de Bustamante, 1., 2014. Emerging organic contaminants in sucface water and
groundwater: a first overview of the situation in Italy. Sci. Total Environ. 481,

280-295. https://doi.org,/10.1016/].scitoteny. 2014.02.053.

Meierjohann, A., Brozinski, J.M., Kronberg, L., 2016. Seasonal variation of
pharmacentical concentrations in a river/lake system in Eastern Finland. Environ.
Sci. Process. Impacts 18, 342-349. https://doi.org/10.1039/c5em00505a.

Mili¢, M., Milanovi¢, M., Radonié, J.,, Turk Sekuli¢, M., Mandié, A., Oréi¢, D., Misan, A.,
Milovanovié, 1., Gruji¢ Leti¢, M., Vojinovi¢ Miloradov, M., 2018. The occurrence of
sel ected xenobiotics in the Danube river via LC-MS,/MS. Environ. Sci. Pollut. Res. 25,
11074-11083. https://doi.org,/10.1007/511356-018-1401-z.

Morasch, B., 2013. Occurrence and dynamics of micropollutants in a karst aquifer.
Environ. Pollut. 173, 133-137. https://doi.org/10.1016/j.envpol.2012.10.014.
Muit, D.C.G,, Getzinger, G.J., McBride, M., Ferguson, P.L, 2022. How many chemicalsin
commetce have been analyzed in environmental media? A 50 year bibliometric

analysis. Environ. Sci. Technol. 57, 9119-9129.

Munro, K, Martins, C.P.B., Loewenthal, M., Combet, S., Cowan, D.A., Pereira, L,
Barron, L.P., 2019. Evaluation of combined sewer overflow impacts on short-term
pharmacentical and illicit drug occurrence in a heavily urbanised tidal river
catchment (London, UK). Sci. Total Environ. 657, 1099-1111. https://doi.org/
10.1016/j.scitotenv.2018.12.108.

10

Enviroranental Pollutiont 363 (2024) 125128

Mutzner, L., Zhang, K, Luthy, R.G., Arp, H.P.H,, Spahr, §., 2023. Urban stormwater
capture for water supply: look out for persistent, mobil e and toxic substances.
Environ. Sci.: Water Res. Technol. 9, 3094-3102.

Mannou, C.I, Kosma, C.I, Albanis, T.A., 2015. Occurrence of pharmaceutical s in surface
waters: analytical method devel opment and environmental risk assessment. Int. J.
Environ. Anal. Chem. 95, 1242-1262. https://doi.org/10.1080/
03067319.2015.1085520.

Paszkiewicz, M., Godlewska, K, Lis, H., Caban, M., Biatk-Bieliriska, A., Stepnowski, P.,
2022, Advances in suspect sereening and non-target analysis of polar emerging
contaminants in the environmental monitoring. TrAC Trends Anal. Chem. (Reference
Ed.) 154, 116671.

Petrovic, M., Gonzaleg, 8., Barcel 6, D., 2003, Analysis and removal of emerging
contaminants in wastewater and drinking water. TtAC Trends Anal. Chemn.
(Reference Ed.) 22 (10), 685-696.

Petrovié, M., Skrbié, B., Zivanéey, J., Ferrando-Climent, L, Barcelo, D., 2014.
Determination of 81 pharmaceutical drugs by high performance liquid
chromatography coupled to mass spectrometry with hybrid triple quadrupole-linear
ion trap in different types of water in Serbia. Sci. Total Environ. 468-469, 415-428.
https://doi.org/10.1016/j.scitoteny. 2013.08.079.

Picardo, M., Mifez, O., Farré, M., 2020a. Suspect and target screening of natural toxins
in the ter river catchment area in ME Spain and prioritisation by their toxicity. Toxins
12. https://doi.org/10.3390/toxins12120752.

Picardo, M., Sanchis, J., Nifiez, O., Farré, M., 2020b. Suspect screening of natural toxins
in surface and drinking water by high performance liquid chromatography and high-
resol ution mass spectrometry. Chemosphere 261. https://doi.org/10.1016/j.
chemosphere.2020.127888.

Radovi¢, T, Grujic, 8., Dujakovic, M., Radisi¢, M., Vasiljevi¢, T., Petkovi¢, A., Boreli-
Zdravkovi¢, D., Dimkié¢, M., Laugevi¢, M., 2012. Pharmaceutical residues in the
Danube River Basin in Serbia - a two-year survey. Water Sci. Technd. 66 (3),
659-665. https://doi:10.2166,/wst.2012.225.

Radovi¢, T, Grujic, 8., Petkovi¢, A., Dimki¢, M., LauSevi¢, M., 2015. Determination of
pharmaceuticals and pesticides in river sediments and corresponding surface and
ground water in the Danube River and tributaries in Serbia. Environ. Monit. Assess.
187. https://doi.org/10.1007/510661-014-4092-z.

Rapp-Wright, H., Regan, F., White, B., Barton, L.P., 2023. A year-long study of the
oceurtence and risk of over 140 contaminants of emerging concern in wastewater
influent, effluent and receiving waters in the Republic of Ireland. Sci. Total Environ.
860, 160379. https://doi.org/10.1016/j.scitoteny. 2022.160379.

Renau-Prunonosa, A., Garefa-Menendez, O., Ibanez, M., Vazquez-Sune, E, Boix, G,
Ballesteros, B.B., Gareia, M.H., Morell, I, Hernandez, F., 2020. Identification of
aquifer recharge sources as the origin of emerging contaminants in intensive
agricultural areas. La Plana de Castellon, Spain. Water 12 (3), 731. https://doi.org/
10.3390/w12030731.

Rozman, D., Hrkal, Z,, Vana, M., Vymazal, J,, Boukalova, Z,, 2017. Occurrence of
pharmaceuticals in wastewater and their interaction with shallow aquifers: a case
study of Horni Befkovice, Czech Republic. Water (Switzerland) 9. https://doi.org/
10.3390,/w9030218.

Sauvé, S., Destosiers, M., 2014. A review of what is an emerging contaminant. Chem.
Cent. J. 8, 1-7. https://doi.org/10.1016/j.marpolbul.2013.01.035.

Schymanski, E.L., Jeon, J., Gulde, R, Fenner, K, Ruff, M, Singer, H.P., Hollender, J.,
2014. Identifying small molecules via high resolution mass spectrometry:
communicating confidence. Environ. Sci. Technol. 48, 2097-2098.

Schymanski, E.L, Singet, H.P., Slobodnik, J., Ipolyi, 1.M., Oswald, P., Krauss, M., et al.,
2015. Mon-target screening with high-resolution mass spectrometry: critical review
using a collaborative trial on water analysis. Anal. Bioanal. Chem. 407, 6237-6255.

Selak, A, Reberski, J.L., Klobuéar, G, Gréié, [, 2022. Ecotoxicological aspects rel ated to
the occurrence of emerging contaminants in the Dinaric karst aquifer of Jadro and
Zrnovnica springs. Science of the total environment 825, 153827, https://doi:10.10
16/j.scitotenv.2022.153827.

Senta, [, Kostanjevecki, P., Krizman-Matasic, 1., Terzic, S., Ahel, M., 2019. Occurrence
and behavior of macrolide antibiotics in municipal wastewater treatment: possible
importance of metabalites, synthesis byproducts, and transformation products.
Environmental Science & Technol ogy 53 (13), 7463-7472. https://dol.org/
10.1021/acs.est.9b01420.

Senta, L., Krizman-Matasic, I, Terzic, S., Ahel, M., 2017. Comprehensive determination
of macrolide antibiotics, their synthesis intermediates and transformation products
in wastewater effluents and ambient waters by liquid chromatography-tandem mass
spectrometry. J. Chromatogr. A 1509, 60-68. https://doi.org/10.1016/.
chroma.2017.06.005.

Senta, L, Terzic, S., Ahel, M., 2021. Analysis and occurrence of macrolide residues in
stream sediments and underl ying alluvial aquifer downstream from a
pharmaceutical plant. Environmental pollution 273, 116433. https://doi.org/
10.1016/j.envpol .2021.116433.

Shanmugam, G., Sampath, 8., Selvaraj, KK., Larsson, D.G.J,, Ramaswamy, B.R., 2014.
Non-steroidal anti-inflammatory drugs in Indian rivers. Environ. Sci. Pdlut. Res. 21,
921-931. https://doi.org/10.1007,/511356-013-1957-6.

Silori, R., Shrivastava, V., Singh, A., Sharma, P., Aouad, M., Mahlknecht, J,, Kumar, M.,
2022. Global groundwater vulnerability for Pharmaceutical and Personal care
products (PPCPs): the scenario of second decade of 21st century. J. Environ. Manage.
320, 115703. https://doi.org/10.1016/j.jenvman.2022.115703.

Skrbié, B.D., Kadokami, K., Anti¢, 1, 2018. Survey on the micro-pollutants presence in
surface water system of northern Serbia and environmental and health risk
assessment. Environ. Res. 166, 130-140. https://doi.org/10.1016/].
envres.2018.05.034.

Staples, C., van der Hoeven, N., Qark, K., Mihaich, E., Woez, J., Hentges, S., 2018.
Distributions of concentrations of bisphenol A in North American and European



N. Duriic-Mladenovié et al.

surface waters and sediments determined from 19 years of monitoring data.
Chemosphere 201, 448-458. https://doi.org/10.1016/j.chemosphere.2018.02.175.

Stasinakis, A.S., Mermigka, 8., Samaras, V.G., Farmaki, E., Thomaidis, M.8., 2012.
Occurrence of endocrine disrupters and selected pharmaceuticals in Aisonas River
(Greece) and environmental risk assessment using hazard indexes. Environ. Sci.
Pollut. Res. 19, 1574-1583. https://doi.org/10.1007,/511356-011-0661-7.

Stipani¢ev, D., Dragun, Z., Repec, 8., Rebok, K, Jordanova, M., 2017. Broad spectrum
sereening of 463 organic contaminants in rivers in Macedonia. Ecotoxicol. Environ.
Saf. 135, 48-59. https://doi.org/10.1016/j.ecoenv.2016.09.004.

Stuart, M., Lapworth, D, Crane, E., Hart, A., 2012. Review of risk from potential
emerging contaminants in UK groundwater. Sci. Total Environ. 416, 1-21. https://
doi.org/10.1016/j.scitotenv.2011.11.072.

Sui, Q, Cao, X, Lu, S., Zhao, W,, Qiu, Z.,, Yu, G., 2015. Occurrence, sources and fate of
pharmacenutical s and personal care products in the groundwater: a review. Fmerg.
Contam. 1, 14-24. https://doi.org/10.1016/j.emcon.2015.07.001.

Teijon, G., Candela, L., Tamoh, K, Molina-Diaz, A., Fernandez-Alba, A.R., 2010.
Occurrence of ermerging contaminants, priority substances (2008,/105,/CE) and
heavy metals in treated wastewater and groundwater at Depurbaix facility
(Batcelona, Spain). Sci. Total Environ. 408, 3584-3595. https://doi.org/10.1016,.
scitotenv.2010.04.041.

Terzié, 8., Ahel, M., 2006. Organic contaminants in Croatian municipal wastewaters.
Arh. Hig. Rada. Toksikol. 57, 297-307.

Terzit, 8., Senta, [, Ahel, M., Gros, M., Petrovié, M., Barcelo, D, Miiller, J., Knepper, T.,
Marti, 1., Ventura, F., Jovanti¢, P., Jabuéar, D, 2008. Occurrence and fate of
emerging wastewater contaminants in Western Bal kan Region. Sci. Total Environ.
399, 66-77. https://doi.org/10.1016/j.scitotenv.2008.03.003.

Tran, N.H., Reinhard, M., Yew-Hong Gin, K, 2018. Occurrence and fate of emerging
contaminants in municipal wastewater treatment plants from different geographical
regions-a review. Water Res. 133, 182-207. https://doi.org/10.1016/].
watres.2017.12.029.

Troger, R, Ren, H., Yin, D., Postigo, C., Nguyen, P.D., Baduel, C., Golovko, O., Been, F.,
Joerss, H., Boleda, M.R., Polesello, ., Roncoroni, M., Tanivasuy, S., Menger, F.,
Ahrens, L., Lai, F.Y., Wiberg, K, 2021. What's in the water? — Target and suspect

11

Enviroranental Pollutiont 363 (2024) 125128

screening of contaminants of emerging concern in raw water and drinking water
from Europe and Asia. Water Res. 198. https://doi.org/10.1016/j.
watres.2021.117099.

Valbonesi, P., Profita, M., Vasumini, 1., Fabbri, E., 2021. Contaminants of emerging
concern in drinking water: quality assessment by combining chemical and biological
analysis. Sci. Total Environ. 758. https://doi.org,/10.1016/].scitoteny.2020.143624,

Vézquez-Tapia, I., Salazar-Martinez, T., Acosta-Castro, M., Meléndez-Castolo, KA.,
Mahlknecht, J., Cervantes-Avilés, P., Capparelli, M.V., Mora, A., 2022. Occurrence of
emerging organic contaminants and endocrine disruptors in different water
compartments in Mexico — a review. Chemosphere 308, 136285, https://doi.org/
10.1016/j.chemosphere.2022.136285.

Vieno, M., Sillanpaa, M., 2014. Fate of diclofenac in municipal wastewater treatment
plant - a review. Environ. Int. 69, 28-39. https://doi.org/10.1016/].
envint.2014.03.021.

Vulliet, E, Cren-Olivé, C,, 2011. Screening of pharmaceuticals and hormones at the
regional scale, in surface and groundwaters intended to human consumption.
Environ. Pollut. 159, 2929-2934. https://doi.org,/10.1016/j.envpol.2011.04.033.

Wolf, L., Zwiener, C.,, Zemann, M., 2012. Tracking artificial sweeteners and
pharmaceuticals introduced into urban groundwater by leaking sewer networks. Sci.
Total Environ. 430, 8-19. https://doi.org,/10.1016/].scitoteny.2012.04.059.

Wu, Y., Jin, R, Chen, Q, Du, X, Yang, J., Liu, M, 2022. Organic contaminants of
emerging concern in global estuaries: environmental occurrence, fate, and
bioavailability. CRIT REV ENV SCI TEC 53 (3), 1-26. https://doi.org/10.1080/
10643389.2022.2077062.

Yadav, D., Rangabhashiyam, S., Verma, P., Singh, P., Devi, P., Kumar, P., Hussain, C.M,,
Gaurav, G.K, Kumar, K.5., 2021. Environmental and heal th impacts of contaminants
of emerging concerns: recent treatment challenges and approaches. Chemosphere
272, 129492, https://doi.org/10.1016,j.chemosphere.2020.129492.

Zhou, $., Di Pado, C, Wu, X, Shao, Y, Seiler, T.B., Hdlert, H., 2019. Optimization of
screening-level risk assessment and priority selection of emerging poll utants — the
case of pharmaceuticals in European surface waters. Environ. Int. 128, 1-10. https://
doi.org/10.1016/j.envint. 2019.04.034.



	Rew Env Poll proba_Page_01
	Rew Env Poll proba_Page_02
	Rew Env Poll proba_Page_03
	Rew Env Poll proba_Page_05
	Rew Env Poll proba_Page_04
	Rew Env Poll proba_Page_06
	Rew Env Poll proba_Page_07
	Rew Env Poll proba_Page_08
	Rew Env Poll proba_Page_09
	Rew Env Poll proba_Page_10
	Rew Env Poll proba_Page_11

