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Abstract

Background Non-target screening of surface water samples collected over an extended period can reveal interest-
ing temporal patterns in exposome-related pollutants. Additionally, geographical data on pollution sources close

to the sampling sites, chemical classification data and the consideration of flow paths can provide valuable infor-
mation on the origins and potential threat of tentatively identified chemical compounds. In this study, 271 surface
water samples from 20 sampling sites across Luxembourg were analysed using high-resolution mass spectrometry,
complementing routine target monitoring efforts in 2019-2022. Data analysis was performed using the open source
R-package patRoon, which offers a customizable non-target workflow. By employing open source workflows featur-
ing scoring terms, like spectral match and applying identification levels, tentative identifications can be prioritized,
e.g. based on spectral similarity. Furthermore, by utilizing supplementary database information such as PubChemLite
annotation categories and classification software such as classyFire, an overall assessment of the potential threats
posed by the tentatively identified chemicals was conducted, enabling the prioritization of chemicals for future con-
firmation through targeted approaches.

Results The study tentatively identified 378 compounds associated with the exposome including benzenoids,
organoheterocyclic compounds, and organic phosphoric acids and derivatives (11 classyFire superclasses, 50 sub-
classes). The classification analysis not only revealed temporal variations in agrochemicals, with the majority of identifi-
cations occurring in May to July, but also highlighted the prevalence of pharmaceuticals such as venlafaxine in surface
waters. Furthermore, potential sources of pollutants, like metallurgic industry or household products were explored
by considering common uses and geographical information, as commercial uses of almost 100% of the identified
chemicals are known. 41 chemicals were suggested for potential inclusion to governmental monitoring lists for fur-
ther investigation.

Conclusions The findings of this study complement existing knowledge on the pollution status of surface water

in Luxembourg and highlight the usefulness of non-target screening for identifying temporal and spatial trends

in pollutant levels. This approach, performed in a complementary manner to routine monitoring, can help to tenta-
tively identify chemicals of concern for potential inclusion in target monitoring methods following additional confir-
mation and quantification efforts.
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Background

The variety and number of chemicals of concern in the
environment continue to rise. The synthesis and regis-
tration of new chemicals happens regularly [1] and their
presence in the environment and potential impact are
often only recognized at a late stage. Furthermore, trans-
formation products (TPs) of well-known chemical com-
pounds frequently go unrecognized and are often not
subject to routine monitoring. While they often exhibit
properties similar to their parent, they can be even more
harmful or persistent. This is for example true for the
pesticide dichlorodiphenyltrichloroethane (DDT) and
its TPs dichlorodiphenyldichloroethylene (DDE) and
dichlorodiphenyldichloroethane (DDD) with all three
compounds having carcinogenic properties and DDE
being even more potent than its parent [2, 3]. In general,
the origins of pollutants vary, as they can be side prod-
ucts of industrial, agricultural or medical applications or
chemicals resulting from households ending up in the
environment. Determining the source of each pollutant
is therefore a highly challenging task but can be achieved
in several ways, including looking at specific samples and
sources or through evaluation of long-term temporal or
geographical patterns.

Environmental monitoring covers just a small frac-
tion of concerning chemicals, such that many even well-
known chemicals (‘known unknowns’ [4, 5]) remain
undiscovered in routine analysis. Therefore, it is impor-
tant to take a step back from trusting solely targeted
approaches and to apply and improve existing non-target
(NT) methods. State-of-the-art chemical analysis meth-
ods combined with optimized cheminformatics work-
flows can provide a more comprehensive picture of the
chemicals contained in a variety of environmental sam-
ples. The chemical load and the potential effect on human
health or wildlife are of major interest when it comes
to, e.g. chemical exposure assessment and exposomics
research. Non-target analysis (NTA) allows for the moni-
toring of chemical exposure by identification of poten-
tially toxic and persistent chemicals, even retrospectively.
Looking at the full range of chemicals in sample measure-
ments done for several years, time trends can be discov-
ered (e.g. seasonal changes [6, 7]) and information could
be found on the source and pattern of the pollution. Suit-
able sample types to perform such an analysis can range
from soil, water and air to biological specimens, reviewed
in more detail previously [8]. Looking at the availability
of samples and the sampling or analysis requirements,

monitoring the state of water bodies presents a conveni-
ent way to measure environmental pollution. Especially
looking at different flow paths contributing to a spread
of pollutants, the input of wastewaters and meteorologi-
cal phenomena such as flooding events, water becomes a
very interesting and versatile sample type.

The small country Luxembourg, with an industrial
past, is covered by 102 natural (or nearly unmodified)
surface water bodies, displayed in Fig. 1 with different
river catchments and flow directions. Pollution sources
are numerous, in addition to industry, agricultural activi-
ties, traffic and household waste contribute to the coun-
try’s chemical load [9]. Chemicals such as pesticides,
flame retardants like polybrominated diphenyl ethers
(PBDEs) or pharmaceuticals are contaminating water
bodies [10-12], resulting in poor quality evaluations
[13]. In 2022, the report on water quality showed that
no river in the country is in a good condition (accord-
ing to European “one-out-all-out” criteria [13, 14]) with
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concentration values exceeded for chemicals like perfluo-
rooctanesulfonic acid (PFOS), metazachlor or anthracene
[12]. Moreover, only half of the groundwater bodies were
in good status in 2022 [9]. In these evaluations, the eco-
logical condition of surface water bodies was evaluated
based on biological, physical, chemical and hydromor-
phological parameters [9, 13]. The chemical status was
based on the analysis of priority hazardous substances
and substance classes of greatest (EU)-concern, specified
in the Water Framework Directive Annex VIII of Direc-
tive 2000/60/EC (Annex X) [14]. The directive was trans-
posed into Luxembourgish law by the amended Water
Directive of 2008 (Directive 2008/105/EC), known as the
Environmental Quality Standards or Priority Substances
Directive, setting environmental quality standards for
surface water pollutants [15]. In 2013 an additional Euro-
pean watchlist mechanism was established, setting a list
of substances to be monitored by all EU members [16,
17], which is updated regularly (newest version 2022
[18]). In 2022, the EU commission adopted a proposal to
revise the list of priority substances, including 25 addi-
tional substances, e.g. per- and poly-fluorinated com-
pounds (PFAS), bisphenol A, silver and several pesticides
and pharmaceuticals [16, 19]. Besides looking at priority
substances, a list of catchment-specific pollutants was
considered, looking at the main catchments Mosel, lower
Stre, upper Stre, Wiltz, Our, Alzette and Chiers (see
Fig. 1) [12]. Cross-border rivers, such as the Alzette (aris-
ing from France), were particularly polluted [9], already
containing a high chemical load when crossing the bor-
der (see Fig. 1, blue arrows indicating the flow direction).

This analysis can be expanded looking not only at the
specified compounds for routine governmental monitor-
ing, but also performing a full NT workflow to obtain an
overview of additional chemicals that may be present, but
are not a part of routine monitoring efforts yet. Perform-
ing this additional screening in parallel to the routine
target analysis can help to identify risks posed by new
or undiscovered contaminants in Luxembourg already
at an early stage. This can be then used to guide legisla-
tive decisions, e.g. to expand the list of chemicals used for
target screening in routine governmental laboratories (in
Luxembourg the LAdministration de la Gestion de I'Eau
(AGE)) or to improve wastewater treatment filtering sys-
tems. One step further, NTA can help support determin-
ing the (geographical) origin of contamination through
differences between samples (e.g. influent/effluent of
wastewater treatment plants (WWTPs) [20, 21]). Even
the description of processes or transformation pathways
may be possible, when looking at these measurements
[22].

Currently, there is not one unified workflow to per-
form NTA of surface water samples. Several tools are
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available nowadays to screen for unknowns, but there
is no one-fits-all solution. High-resolution mass spec-
trometry (HRMS) was the method of choice to perform
the analysis of the 271 Luxembourgish surface water
samples collected at 20 sampling sites in Luxembourg
between April 2019 and April 2022. In addition to the
routine target monitoring conducted by AGE, a NT
data analysis was performed allowing for retrospective
analysis, screening, for e.g. previously not discovered
chemicals. In this article, the open source R-package
called patRoon [23, 24] was used, to perform the NTA.
A detailed description of the package and its function-
alities can be found in Helmus et al. 2021 and 2022
[23, 24]. The package combines functionalities of many
tools like XCMS [25-27] or MetFrag [28] in one ‘ready
to use’ package to harmonize and simplify the work-
flow of data processing of HRMS data in environmen-
tal sciences. The utilization of this open source tool
offers a potential solution for facilitating collaboration
among researchers, considering the existence of vari-
ous instrument types and the consequent use of differ-
ent and often incompatible software. It works with the
open mzML format, for which a conversion exists for
each vendor.

The workflow used in this study presents only one pos-
sible combination of steps (see Methods) to perform
a NTA and can be expanded using, e.g. a suspect list to
screen for specific substances. A novelty of patRoon 2.0
(compared to patRoon 1.0) was the possibility to per-
form a ‘Sets’” workflow processing positive and negative
analyses at once, which was applied here [23]. The pack-
age workflow included peak picking, selecting relevant
features, blank correction, removing the irrelevant ones
and peak alignment. For the feature finding (via XCMS
[25-27]) an optimization of the input parameters was
performed. As shown by Libiseller et al. in 2015 [29],
Alboniga [30] or Tostengard and Smith [31], optimizing
for the parameters ppm and peakwith can significantly
improve the results when using XCMS and the integrated
centWave algorithm. CentWave is a feature detection
algorithm integrated in the XCMS package applying con-
tinuous wavelet transformation (addition of Gauss-fitting
is possible) to detect features even when they are partially
overlapping [26]. After feature finding componentiza-
tion could be performed identifying features belonging
to one compound (adducts, isotopes, in-source frag-
ments) as well as the generation of potential chemical
formulas based on accurate mass and isotope patterns.
For interpretation and possible identification of features,
substance and spectral databases such as PubChem [32]
and MetFrag [28] are required. In this study, a subset of
PubChem called PubChemlLite [33, 34] was used, focus-
sing especially on exposomics-related compounds.
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The resulting features were categorized by identifica-
tion level [35] using the individualMoNAScore (spectral
similarity of the candidate structure in the MassBank of
North America (MoNA) [36]). Moreover, the compounds
were classified using the tool classyFire [37] whose pri-
mary function is to classify chemical compounds based
on their structural features and properties and assign
them to specific chemical classes and subclasses. Classy-
Fire is widely used and can provide valuable information
about the chemical composition, functional groups, and
potential biological activities of a compound. In addi-
tion, PubChem annotation content [34] was used to esti-
mate the environmental effect and to determine possible
sources of the chemicals like agriculture, households or
industry. PubChemlLite for exposomics makes use of
selected categories available in the PubChem Table of
Contents Classification Browser [38]. These categories
can help categorizing the tentative identifications. Cat-
egories used in this study included agrochemical use
(agroChemlInfo), drug and medication information (drug-
Mediclnfo), associated disorders and diseases (disorderD-
isease) and use and manufacturing (knownUse) [34].

A comparison to prior studies of the Environmental
Cheminformatics (ECI) group at the University of Lux-
embourg—focussing at pesticides and pharmaceuticals in
surface water [10, 11]—was conducted, looking at shared
identifications to check for plausibility. These stud-
ies proved already the presence of high pesticide (even

Page 4 of 20

banned compounds and transformation products) and
pharmaceutical load in surface waters and complemented
target monitoring efforts of AGE [10, 11] but did not look
beyond these classes. For the river Chiers, located in an
industrial region in the south-west of Luxembourg, an
additional comparison was performed looking at com-
pound findings from a 2022 sampling campaign, see
Fig. 2. The sampling was performed from May to June
2022 at the inlet of a WWTP in Petange, located prior to
the sampling point of this study. The study results were
then evaluated based on the geographical information on
industry, households and hospitals located in the region.
Finally, the AGE target list was compared to the study
findings, looking as well at catchment-specific pollutants,
and discussing possible candidates to include in routine
monitoring.

The primary aim of this article is to employ NTA as
a complementary approach to routine target monitor-
ing, with the objective of offering tentative insights into
chemicals of concern that are currently not under sur-
veillance to form recommendations for future target
monitoring efforts. To achieve this, an open source and
adaptable NT workflow is proposed as an alternative to
conventional vendor software. By adopting this approach,
it becomes feasible to accommodate a wide range of
instruments, thereby facilitating collaboration among
researchers and authorities/regulators. This applies spe-
cifically to the Luxembourgish case as AGE uses a Sciex
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Fig. 2 Two sampling sites at the river Chiers. Modified from: geoportail.lu
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and the University of Luxembourg a Thermo Fisher
Orbitrap device. The combination of various tools dis-
cussed herein represents a singular, potential method for
processing HRMS data via NTA. Furthermore, this study
aims to compare NT-HRMS measurements obtained
from samples of Luxembourgish surface water in order
to identify temporal and/or spatial patterns and to clas-
sify chemicals found using a variety of tools. Based on the
results, the article aims to explore potential sources of
pollutants, as well as estimate potential impacts on both
the environment and human health.

Methods

Sample preparation and analysis

Two hundred and one water samples were collected
every 4 weeks by AGE at the sampling sites indicated in
Fig. 3 and in Additional file 2: Table S1. The 3-year sam-
pling analysed in this article took place between April
2019 and April 2022 with each year having varying sam-
pling points on a rotational basis, spread throughout
Luxembourg, selected by AGE. The same four sampling
points were analysed every year, the remaining river loca-
tions vary in a 3-year cycle to cover different geographic
regions (or catchments) in the country (see Fig. 1). The
four constant rivers—displayed as black squares in
Fig. 3—were Chiers, located in the south-west (Chiers
catchment), Syr in the east (Mosel catchment), and in the
centre Stre (upper Siire catchment) plus the Alzette near
Ettelbruck, hereafter ‘Alzette_E’ (Alzette catchment).
Some measurements were unavailable due to differing
reasons, e.g meteorological circumstances (excluded
months: November 2019—March 2020). For March 2021
and 2022 there was an additional sampling performed
at the end of the month, indicated as ‘Mar_end’ Due to
method and instrument instabilities, several months of
2021 were remeasured in 2022, resulting in increased fea-
ture and identification numbers for the remeasured anal-
yses ‘Mar_end-21, Apr-21, May-21’

The 271 surface water samples were extracted (solid
phase extraction, SPE) as described in Krier et al. [10]
using the Atlantic® HLB SPE Disks (Horizon, Salem,
NH, USA) with a 47 mm diameter and the SPE-DEX
47900 system (Horizon). The filtered extracts were
spiked with a 100 ppb mix of 10 internal standards:
Melamine-13C3-15N3, Carbendazim-D4, Sucralose-D6,
5-Methyl, Benzotriazol-D6, Neotame-D3, Metolachlor-
D6, 5-Fluorouracil-15N2C13, Torsemide-D7, Triclosan-
D3, Carbamazepine-D10 purchased from Santa Cruz
Biotechnology, Heidelberg. Then they were analysed via
Reversed Phase LC-HRMS using the Waters Acquity
UPLC BEH C18 column and the Thermo Q Exactive HF
Orbitrap Mass Spectrometer. Further analytical details
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including QA/QC procedures are given in Krier et al.
2022 [10].

Data analysis

Several R-packages were used to perform the HRMS
data processing and the following data analysis steps.
The version of R and all installed dependencies of the
open source package patRoon and other used packages
are listed in the LCSB GitLab repository of the Environ-
mental Cheminformatics Group (ECI). Moreover, the R
script used for optimization and the full NT script can be
found in a subfolder of the repository, while the raw data
are available on GNPS (https://doi.org/10.25345/C55X2
5P62).

This study presents an NTA workflow of 271 LC-
HRMS surface water measurements (in positive and neg-
ative mode), making use of a modifiable data processing
workflow established by using the R package patRoon.
The data files were converted to mzML via ProteoWiz-
ard’s MSConvert (version 3.0.21075) [39, 40] using a peak
picking (centroiding) filter. Therefore, the pre-treatment
step implemented in patRoon was not applied here,
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starting directly with the finding and grouping of features
(functions findFeatures, groupFeatures) in ‘Sets’ mode.
The package XCMS [25-27] was used to perform feature
finding and later grouping. To receive best results for the
feature dataset a feature optimization step was performed
(as explained above) with the patRoon-integrated Iso-
topologue Parameter Optimization (IPO) [29] algorithm
[function optimizeFeatureFinding resulting in an itera-
tive process using Design of Experiments (DoE)]. The
feature grouping using XCMS was followed by a basic
rule-based filtering operation (filter) applying a blank,
intensity and replicate group filter. To annotate those fea-
tures, tables of averaged mass spectra (MS and MSMS)
for each feature—so called MS peak lists—were created
(generateMSpeaklists) using functionalities of the mzR
package [39—43]. Those lists were filtered thereafter (fil-
ter) limiting the results to the top 25 MSMS peaks. Com-
pounds were then generated using MetFrag [28] and the
PubChemlLite for exposomics library [33, 34] (generate-
Compounds). For each feature group possible candidate
compound structures were identified and then ranked,
e.g. based on the matching fragmentation (MSMS) data.
Several scoring parameters can be set in this step, includ-
ing the individualMoNAScore, which was used in the
next step to determine the level of identification. For the
simplicity of analysis, three levels were chosen: a good
MSMS library match, i.e. level 2 scored at least 0.9, a fair
match, i.e. level 3a lay between 0.7 and 0.9 and level 3b
was defined to be between 0.4 and 0.7 (adapted scheme
from the NTA study by Talavera Anddjar et al. [44]). For
each feature, the tentatively identified candidate with
the highest score was selected for the final scoring and
reporting. The following data analysis involved a classi-
fication of chemicals using the web interface classyFire
[37] and four classification categories of the PubChem-
Lite database (agroCheminfo, drugMediclnfo, disorderD-
isease, knownlse), which are available in the database file
and online for each chemical record. The inter- and intra-
year occurrence of compounds and compound classes
was then analysed. The results were evaluated looking at
the 3 years of measurements, presented in the Results,
followed by a critical discussion and evaluation of the
used tools, in the Discussion.

Results

This section includes the summarized results from the
NT workflow of the 271 Luxembourgish surface water
samples analysed that are of solely qualitative nature.
The workflow started with the optimization of the ppm
and peakwidth parameters to perform feature finding,
as described above. An example of different DoEs visu-
alized by perspective plots can be found in Additional
file 1: Figure S1 for the samples of April 2020 (in negative
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mode). In addition, a visualization of the best parameters
determined for positive and negative mode for the same
month is shown in Additional file 1: Figure S2. The full
list of optimized feature finding parameters for ppm and
peakwidth can be found in Additional file 2: Table S2.

After optimizing the feature finding parameters, the
actual NT analysis of the measured samples was per-
formed. Figure 4 shows the applied patRoon work-
flow with data collected for the ten April 2020 samples.
In total 75,263 positive and 43,697 negative features
were found in the first step of the workflow, totalling
to 118,960 features. After feature grouping and filter-
ing, using the inbuilt patRoon functionality [23, 24] (see
above), the number was reduced to 24,005 features in
7,581 feature groups. After the generation and filtering
of MS peak lists, 15,140 positive compounds and 12,546
negative compounds could be assigned to the feature
groups (see Fig. 4). Applying the identification scheme
explained in the Data Analysis section [44], 76 positive
and 73 negative compounds could be identified at levels
2, 3a and 3b, of which 93 were unique compounds and 56
were overlapping (i.e. they were tentatively identified in
both positive and negative mode).

Most of the rivers are interconnected in Luxembourg
and therefore the same compounds appear in several
measurements. There are catchment-specific pollut-
ants—monitored by AGE—appearing mainly in the
regions indicated in Fig. 1 [12]. Figure 5A shows over-
lapping features (using a Venn diagram) for the four riv-
ers monitored regularly. The most feature groups were
detected for the river Syr, which overlapped most with
the surface water from Chiers and Alzette_E (975). How-
ever, all four rivers are located in different catchments
with different, region-specific influences and therefore
the overlap is not 100%. In Fig. 5B, a Chord plot for all
feature groups in all rivers in April 2020 is presented. All
rivers showed several overlapping feature groups with
clear overlaps of some rivers belonging to one catch-
ment, e.g. Gander and Mosel. However, this is not always
the case, looking, e.g. at the two rivers in the Lower Stre
catchment or the large overlap between Alzette_E and
Chiers.

The analysis steps presented in Fig. 4 were accord-
ingly performed for all 34 months and the result-
ing tables can be found in the GitLab repository.
In Additional file 2: Tables S3 and S4 the number of
2, 3a and 3b identifications for positive and negative
mode, their sum and the number of tentatively identi-
fied unique compounds per level can be found. There
was a majority in level 2 identifications compared to
the level 3 numbers, e.g. for the April 20 samples there
were 58 level 2s, 22 3as and 17 3bs. The total num-
ber of positive, negative and unique identifications
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Raw files pre-treatment
.mzML

Example April 2020: 10 samples

Feature finding
findFeatures ()

fListPos 75263 elements | fListNeg 43697 elements

fList 118960
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60138 features in 9651 fGroups

7581 teature groups
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2144832 elements for
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Fig.4 patRoon workflow (workflow step terms described in [23, 24]) with exemplary values and feature groups plot for the April 2020 analyses,

resulting in level 2, 3a or 3b identifications

(without discriminating between levels) is demon-
strated in Fig. 6 based on Additional file 2: Table S4.
The numbers of positive and negative (unique) identi-
fications are presented in yellow and green and a black
bar shows the total number of unique compounds.
The count of identifications in positive mode is gener-
ally higher than the negative count and their overlap
is shown in blue. Overall, a total of 2479 compounds
were annotated. After deduplication, 378 unique
chemicals remained with level 2, 3a and/or 3b. The
chemicals identified per month and in total can be
found in Additional file 2: Table S5 (further details
are available in the ‘Output_summary_patRoon’ folder
uploaded on GitLab), including tentative identifica-
tions of pharmaceuticals like valsartan or metformin,
agrochemicals like 4,6-dinitro-o-cresol (DNOC) or
their TPs like Flufenacet ESA and industrial chemicals

like benzotriazoles, methylbenzenesulfonamide or bis-
phenol S.

Classification
To get a better overview of and group/interpret the tenta-
tive identifications, classification steps were performed.

ClassyFire

First, an ‘interannual’ (April results of all years) and an
‘intraannual’ (2021 results of all months) comparison
was performed, looking at the number of identified com-
pounds per classyFire class and parent class (superclass).
The month April was the only one measured in all years
and 2021 was the only year where samples were avail-
able for each month. In general, for the interannual and
intraannual comparison, 11 main parent classes (super-
classes) could be identified: organic oxygen compounds,
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organohalogen compounds, nucleosides, nucleotides, polyketides, organic acids and derivatives and organo-
and analogues, organic nitrogen compounds, organo- heterocyclic compounds. 50 unique subclasses of those
sulfur compounds, lipids and lipid-like molecules, alka-  very general superclasses could be assigned (46 in 2021),
loids and derivatives, benzenoids, phenylpropanoids and  giving a more detailed picture. The underlying data (total
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numbers and percentage of compounds found per class
and superclass in the inter- and intra-annual comparison)

are included in Additional file 2: Table S6. An overview in 2021.

Benzene and substituted derivatives

Naph-
thalenes

Not
Classified

Phenol ethers

Organic phosphoric
acids and denivatives

|
Carboxylic acids and  Organooxygen
denivatives compounds

Organonitrogen
compounds

1 Hydroxy acids and derivatives 6 Thiochromenes

2 Cinnamaldehydes 7 Pyrazolopyrimidines
3 Isoquinolines and derivatives 8 Isocoumarans

4 Heteroaromatic compounds 9 Piperidines

5 Imidazothiazoles 10 Thiadiazines
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of those compound classes can be seen in Fig. 7 using the
summarized identification numbers of all analysed months
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Fig. 7 Treemap of classyFire classes and subclasses using the summarized identifications of 2021
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The treemap in Fig. 7 shows that nine superclasses
with several subclasses could be identified for the
intraannual comparison of measurements in 2021.
Most of the chemicals were categorized as benzenoids
(43%) followed by organoheterocyclic compounds
(26%) and organic acids and derivatives (8%). Compar-
ing the intraannual results of 2021 with the interan-
nual comparison of the month April between 2019 and
2022, additional chemical classes were observed. One
purine nucleoside, one sulfoxide and one compound
belonging to the pteridines and derivatives class were
tentatively detected in 2019. Purine nucleosides are
generally not considered to be harmful to the environ-
ment or human health, as they are essential compo-
nents of normal cellular functioning. Some sulfoxides
have been shown to have toxic effects (e.g. dimethyl
sulfoxide, DMSO), particularly when they are not
properly disposed of or when they enter the water sup-
ply [45]. However, looking at the measurement results
of April 2019, the compound was sulforaphane (in
positive mode) at the sampling points Alzette_E, Syr,
Mess, Mamer, Attert and Alzette_M (Alzette sampling
point Mersch-Berschbach), which is a naturally occur-
ring compound that is safe for human consumption
and is used in cancer treatment. The same applies for
pteridines and derivatives, some chemicals of this class
have been shown to have toxic effects (e.g. atrazine),
but the identified compound was in this case ribofla-
vin, also known as vitamin B2. Overall, these examples
show (and it is important to remember) that the tox-
icity of a chemical is complex and context-dependent,
and should be evaluated on a case-by-case basis. Gen-
erally, the toxicity assessment in terms of environmen-
tal and health hazards is difficult, as the toxicity of a
chemical can depend on a variety of factors, including
its chemical structure and specific chemical proper-
ties, concentration, mode and duration of exposure,
and the susceptibility of the organism or sensitivity
of the ecosystem exposed. As the concentration is not
measured in this study, little can be said about the tox-
icity of the annotated chemicals and the chemical class
as such gives only limited to no information about the
environmental or health impact. Additionally, different
chemical classes can have different toxicities for differ-
ent organisms, and different endpoints (such as acute
toxicity, chronic toxicity, carcinogenicity, mutagenic-
ity, and reproductive toxicity) may also be relevant. It
has to be considered that some compounds may have
multiple classifications, and their potential impact on
the environment and human health may vary depend-
ing on the specific application. The use of classyFire is
examined further in the Discussion.
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PubChemlLite categories
To identify possible sources and estimate the environ-
mental impact of the exposome related chemicals, a
classification of the compounds in the inter- and intra-
annual comparison was performed, using the annota-
tion content available in PubChem for each chemical (via
the PubChemlLite categories described in [34]). The cat-
egories agroChemlinfo and drugMediclnfo were chosen to
evaluate trends of agrochemical and pharmaceutical use
in 1 year and over 3 years. Moreover, information about
possible disorders and diseases related to a compound
and known commercial uses were analysed using the
disorderDisease and knownllse categories. The resulting
total and percentage trends are visualized using four line
charts in Fig. 8 and the raw numbers are summarized in
Additional file 2: Table S7. It has to be considered that the
categories identified are not exhaustive, and there may be
some overlap between them (multiple uses per chemical).
Looking at the intraannual comparison of all months in
2021 an overall increase of total numbers in all categories
could be monitored, but the overall percentage (relative
to total numbers) stayed roughly the same. A majority
of the chemicals had associated disorders and diseases
content in PubChem (between 67 and 79%), while 53%
(July) to 72% (March) of the chemicals were assigned to
the class of pharmaceuticals and the percentage of agro-
chemicals was between 7% (March) and 32% (May). This
corresponds to the usual ‘spraying rhythm’ of farmers
who increase pesticide and herbicide spraying in May
to lay a foundation for the harvest. Almost all identified
chemicals (93-100%) had a documented use, with mul-
tiple matches per compound when looking at the indi-
vidual case in PubChem. The interannual values showed
a sharp decrease of total identifications in drugs, disor-
ders and diseases and known use, either due to effects of
the COVID pandemic or due to measurement variations
(less likely as the agrochemical curve stayed more or less
constant). The percentage values (% of total identifica-
tions) showed a constant trend between the years with
nearly all annotated compounds having a known use,
75-79% being associated to disorders and diseases, ~70%
being drugs and 12-22% agrochemicals according to the
PubChemlLite classification.

Comparison to other studies

Besides using classification workflows, data from other
water studies can be used to determine possible sources
of exposome related chemicals. Former studies look-
ing at Luxembourgish surface waters provided evidence
that there are more pharmaceuticals and agrochemicals
entering the environment than those included in the tar-
get monitoring by AGE that could potentially cause harm
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Fig. 8 Classification of tentatively identified compounds in the inter- and intra-annual comparison, according to PubChem

[10, 11]. Regarding agrochemical compounds in Lux-
embourgish rivers, a suspect and related transformation
product screening study was conducted by Krier et al.
[10] with the same instrumental methods and a subset
of the data used here. The study identified 162 pesticides
and 96 TPs in the water samples (several chemicals not
allowed in Luxembourg). 31 chemicals were confirmed
at level 1 [10]. Comparing these results to this study an
overlap of 36 agrochemicals was seen, listed in Addi-
tional file 2: Table S9. Since that study focused exclu-
sively on pesticides, which are often present in lower
concentrations than, e.g. pharmaceuticals and industrial
chemicals, it is likely that several compounds identified
by Krier et al. may have other top-ranked candidates in

the current study as they have been prioritized using dif-
ferent scoring terms (shown to improve ranking results
[34]) that were not available to Krier et al. at the time.
Singh et al. [11] performed a suspect screening, identify-
ing 94 pharmaceuticals, adding quantification steps later.
The AGE monitoring however, included just five pharma-
ceuticals (list of AGE from 2019 and 2020 in Additional
file 2: Table S8): carbamazepine, diclofenac, ibuprofen,
ketoprofen, and lidocaine. All five chemicals were iden-
tified in the work of Singh et al. as well as in this study.
Of the 232 pharmaceuticals tentatively identified in this
study, 58 were also confirmed in the results of Singh
et al. [11], including the 5 covered in the AGE monitor-
ing. The compared lists and overlapping identifications
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are summarized in Additional file 2: Table S10. Singh
et al. also registered the trend of decreasing pharmaceu-
tical load looking at the years 2019 and 2020, explaining
it with the reduction of medical treatments due to the
COVID pandemic and lower precipitation [11].

A combination of geographical information, infor-
mation on flow paths and additional measurement data
from the inlet of a WWTP was used to analyse possible
sources of the chemicals found in the river Chiers. The
river is located in the south-west area of Luxembourg, at
the border to France, with exposure to a set of different
sources of pollution (see Fig. 9). Its source is in Obercorn,
it passes the WWTP in Petange (green) and 6 km later
the sampling point of this study (blue), located at the bor-
der to France.

The measurements at the WWTP took place between
May and June 2022, resulting in 409 tentatively identi-
fied chemicals. Comparing those findings to this study
(all results from Chiers in 2019, 2020, 2021 and 2022),
an overlap of 178 chemicals could be identified. Fig-
ure 10 shows the number of overlapping chemicals per
month compared to the total identifications (AGE sam-
pling point). Those chemicals were probably coming
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from the WW TP with sources before this sampling point
and result from incomplete filtering or there was chemi-
cal input between the WWTP and the AGE sampling
point. Other chemicals were effectively filtered by the
WWTP system or could not be identified at the later
sampling point. For the overlapping chemicals, the four
PubChemdLite categories analysed above were examined
as well, resulting in 36 agrochemicals, 130 pharmaceu-
ticals, 143 compounds associated with disorders and
disease and 170 known uses. Consequently, the same
trend with dominating identifications of pharmaceuti-
cals (73%) could be observed here, even after the filter-
ing of the WWTP. Persistent synthetic chemicals, like
the PFAS perfluorooctanoic acid (PFOA) or perfluorobu-
tanesulfonic acid (PFBS) were found before the WWTP
and downstream of the Chiers. However, without having
quantitative data on their concentration, little can be said
about their environmental effects.

Besides the overlapping chemicals, it is interesting
to analyse chemicals identified only at the border to
France and not at the WWTP inlet (in total 165 chemi-
cals). Looking for example at the results from April 2022
(1 month before the Petange WWTP sampling), drugs
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Fig. 10 Number of chemicals overlapping with the Petange WWTP inlet per month compared with the total identifications at the AGE sampling

point

like pregabalin (antiepileptic), tramadol (analgesic) and
its TP n-desmethyltramadol (with high aquatic toxicity)
were found besides other compounds like 1H-benzotri-
azole (anticorrosive). Again, most of the unique tentative
identifications at the border to France were pharmaceu-
ticals (56%) and related to disorders and diseases (65%).
The detection of the antiepileptic pregabalin could indi-
cate the medication being used in this area (see popu-
lation distribution in Fig. 9). Industrial chemicals, like
benzotriazoles, only identified after the WWTP, could
result from activity in the equipment and accessories,
electronics, engineering or metal industry located in the
area between WW TP and border. Other PFAS identified
solely at the later sampling point were perfluoronona-
noic acid (PFNA) and perfluoroheptanoic acid (PFHpA),
known for their use as surfactants, in fire fighting foams,
for the manufacturing of plastics and in the semicon-
ductor industry. These substances are now being phased
out in many applications due to their persistence in the
environment and potential adverse health effects. The list
of 409 chemicals compared to the Chiers results of this

study can be found in Additional file 2: Tables S11 and
S12.

Lastly, a comparison to the chemicals covered by the
governmental target monitoring (AGE) was performed,
using the screening lists from 2019 and 2020 and the
published results from the water quality report in 2022
[12] (Additional file 2: Table S8). A total of 40 identified
chemicals were overlapping with the target monitoring of
AGE, including eight (of 16) catchment-specific pollut-
ants: carbamazepine, metolachlor, terbuthylazine, chlo-
rotoluron, tebuconazole, flufenacet, metolachlor ESA and
metazachlor OXA. Among the eight not detected chemi-
cals were, e.g. metolachlor OXA and metazachlor ESA,
both being TPs of metolachlor and metazachlor, just as
metolachlor ESA and metazachlor OXA. 338 chemicals
not covered by target monitoring remained and were
ranked based on their frequency of occurrence (num-
ber of months out of 34) in the Luxembourgish rivers
between 2019 and 2022. The top 54 chemicals identified,
occurring in at least 13 months, were listed with their
common use, the PubChem Chemical Identifier (CID),
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Table 1 List of chemicals with high occurrence in the 34 months analysed, not currently monitored by AGE and of interest to add to

future monitoring lists

Synonym Use Parent name PubChem CID No of
occurrences

Irbesartan Pharmaceutical - 3749 32
1H-Benzotriazole Industry - 7220 32
4- or 5-methyl-1H-benzotriazole Industry - 8705 or 122499 31
(co-elution)

Amisulpride Pharmaceutical - 2159 31
Telmisartan Pharmaceutical - 65999 26
Celiprolol Pharmaceutical - 2663 25
Fluconazole Pharmaceutical - 3365 25
Trimethoprim Pharmaceutical - 5578 24
4-Acetamidoantipyrine Pharmaceutical Metamizole 65743 23
Codeine Pharmaceutical - 5284371 22
Desvenlafaxine Pharmaceutical Venlafaxine 125017 22
Tramadol Pharmaceutical - 33741 22
4-NP Industrial - 980 22
Valsartan Pharmaceutical - 60846 21
Fexofenadine Pharmaceutical - 3348 21
Salicylic acid Industrial, pharmaceutical - 338 20
Flecainide Pharmaceutical - 3356 20
Tiapride Pharmaceutical - 5467 20
TCEP Flame retardant - 8295 19
TCPP Flame retardant - 26176 19
Flufenamic acid Pharmaceutical - 3371 19
Aspirin Pharmaceutical - 2244 19
Sitagliptin Pharmaceutical - 4369359 19
Triethyl phosphate Industrial - 6535 18
Adipic acid Industrial - 196 18
Losartan Pharmaceutical - 3961 17
4-Formylaminoantipyrine Pharmaceutical Aminopyrine 72666 17
Sulfamethoxazole Pharmaceutical - 5329 16
Carbamazepine-10,11-epoxide Pharmaceutical Carbamazepine 2555 15
Bicalutamide Pharmaceutical - 2375 14
Dibutyl phthalate Industrial - 3026 14
PFOA Industrial - 9554 14
2-Hydroxycarbamazepine Pharmaceutical Carbamazepine 129274 14
Sulisobenzone Consumer products - 19988 13
Sulpiride Pharmaceutical - 5355 13
3-Hydroxypyridine Industrial - 7971 13
1-Methylbenzotriazole (possible co-elution) Industrial 1H-Benzotriazole 25902 13
D617 Pharmaceutical Verapamil 93168 13
Ensulizole Consumer products - 33919 13
Tributylamine Industrial - 7622 13
Hydrochlorothiazide Pharmaceutical - 3639 13

The full list of 54 compounds (including, e.g. food/natural products) is available in Additional file 2: Table S13

the number of occurrences and additional information  according to PubChem data were excluded, e.g. natural
like the CID of the parent compound (in case of TPs).  products, food additives or ubiquitous compounds like
Chemicals without an environmental or health effect caffeine, reducing the list to 41 entries (Table 1).
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26 of 41 chemicals tentatively identified are classi-
fied as pharmaceuticals (20) or their TPs (six), predomi-
nating the analysis results. Two TPs of carbamazepine
(parent included in AGE monitoring) were tentatively
identified: carbamazepine-10,11-epoxide in 15 months
and 2-hydroxycarbamazepine in 14 months, whereas the
parent compound was only found in 11 months of this
study. Desvenlafaxine, a TP of the antidepressant venla-
faxine, was detected in 22 months; the parent compound
was already detected in the study by Singh et al. [11]
and in 12 months of this study, having a known impact
on aquatic environments even at low levels [46]. Out of
the 26 pharmaceuticals, seven parent and five TP chemi-
cals were not covered by Singh et al. [11] as well as three
parents of the five TPs: metamizole, aminopyrine and
verapamil. They might be measured after the study by
Singh et al. was conducted or have been missed due to
variations in the identification approach. The example
of pharmaceuticals proves that it might be worth add-
ing (more) TPs of monitored chemicals to routine target
monitoring, as the parent is sometimes not visible and
their TPs cause risks as well. Furthermore, 16 chemicals
were listed covering uses in industry, consumer products
and as flame retardants. The omnipresent benzotriazole
class was detected in nearly all measurement months (32)
with four different chemicals or TPs identified in this
study. However, due to technique limitations (LC-HRMS)
like insufficient separation, not all isomeric species can
be correctly distinguished with the chromatographic
method used, resulting in multiple possible identifica-
tions. Besides, two organophosphate flame retardants
(OPERs), namely tris(2-chloroethyl) phosphate (TCEP)
and tris(1-chloro-2-propyl) phosphate (TCPP) were
detected in 19 months, both known for environmental
and toxic effects [47-49]. OPFRs serve as a substitution
for brominated flame-retardants (BFRs) such as poly-
brominated diphenyl ethers (PBDEs), which have been
found to cause adverse health effects in many samples
recently [47, 50]. The three industrial chemicals 4-nitro-
phenol or 4-NP (22 months), dibutyl phthalate (DBP)
and PFOA (both 14 months) were frequently detected in
Luxembourgish rivers as well. 4-NP, used in many indus-
trial applications, is known to have severe environmental
and human health effects [51], just as DBDP, a plasticizer
with high aquatic toxicity [52] and PFOA, already listed
for elimination in the Stockholm convention [53]. The
chemicals in question were not previously subjected to
monitoring by governmental institutions in Luxembourg.
Although PFOA, other PFAS or DBP are not on the offi-
cial monitoring list, these are being measured at AGE
using specialized target methods and we recommend
these efforts continue. 12 compounds found in this study
are already included in the 2022 European watchlist [18],
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e.g. fipronil, fluconazole or venlafaxine (see Additional
file 2: Table S14). Further compounds, e.g. the identi-
fied PFAS are included in the 2022 proposal for a direc-
tive, amending the Water Framework Directive [19]. At
this stage, the lists of tentatively annotated compounds
(Table 1 and Additional file 2: Table S13) have been pro-
vided to AGE for further confirmation and quantification
efforts (since targeted analysis is within their remit) to
determine which compounds to include in future moni-
toring lists, due to their known environmental and health
implications.

Discussion

This 3-year investigation was conducted in Luxembourg
to examine chemical pollutants in surface water, encom-
passing various sources and types of contaminants within
a single medium, building on previous work. However, it
is essential to also consider factors such as flow paths and
meteorological phenomena, as they primarily influence
the LC-HRMS peak intensities. This can lead to missing
identifications when a sample is highly diluted or—dur-
ing droughts—to a concentration of analyte, making it
detectable at all. Other factors, such as sewer overflow
due to high precipitation, lead to notably higher analyte
signals. Studies show that the latter effect overweighs the
dilution effects, i.e. rainfall could lead to increased detec-
tion of pollutants [54]. Lower precipitation was one of the
reasons Singh et al. [11] cited for the decrease of pharma-
ceuticals in rivers, which was true for the years 2019 and
2020. This study shows the decreasing trend continuing
for the following 16 months (2021 and 2022), although
the average precipitation was higher in 2021 compared to
prior years [55]. Consequently, it seems more likely now
that the effect of the pandemic, as explained in Singh
et al. [11], might be the reason for a decrease in the num-
bers of identified pharmaceuticals and river pollutants in
general. Analytical causes were not suspected to be the
cause here, as the performance of column, device and
method were monitored and internal standard signals did
not decrease in later analyses.

Data analysis

The open source R package patRoon was used to per-
form the NT data analysis of the 3-year sampling of Lux-
embourgish surface waters with a tailor-made workflow
(Fig. 4) designed for this purpose, as presented in the
Data Analysis section in the Methods chapter. PatRoon
offers the possibility to perform a componentization step,
grouping related features in so called components based
on different similarities, such as chromatographic behav-
iour. This step was intentionally omitted since it increased
the data processing time, and several componentization
algorithms lead to false associations. The current state
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of componentization, particularly with the presence of
numerous false positives, is acknowledged to be far from
optimal. It is worth noting that the limitations of com-
ponentization predominantly stem from the algorithms
available in patRoon, including popular ones like CAM-
ERA [56], RAMClustR [57], and cliqueMS [58]. Although
some tools demonstrate some improvement, most suffer
from significant computational inefficiency and further
developments seem necessary before these are applicable
to environmental/exposomics analyses, which consider a
broader range of elements than metabolomics. Moreover,
patRoon includes the functionality to calculate chemical
formulae for the feature groups, based on accurate mass
and other data. Depending on the elements chosen in
this step (default is C, H, N, O, P), processing time can be
extremely long, and possible candidates can be excluded.
As a consequence, this step was omitted since the likely
presence of e.g. fluorinated compounds in the samples
was already clear. Using the GenForm [59] algorithm can
be a fast way to generate formulae. Nevertheless, when
confronted with a large number of candidates, the algo-
rithm’s efficiency diminishes as the data size increases,
while the use of exact mass to retrieve candidates instead
of formula does not increase the number of candidates
sufficiently to warrant this step. In order to address this,
patRoon utilizes ‘timeouts’ to interrupt the formula gen-
eration process. Overall, the tentative identification of
features and associated compounds was straightforward
(as it was limited to candidates within PubChemLite [33,
34] and MoNA [36]), reducing the number of features,
feature groups and MS peak lists to a minimal extent,
demonstrated in the Results section. However, some fea-
tures might be omitted or not identified based on experi-
mental, algorithm or basic filtering conditions (which is
always a risk). The efforts to look for (new) compounds
of interest will be therefore continued, looking not only
at chemicals included in the PubChemlLite for exposomics
database. However, extending the database always bears
the risk of getting many candidates per mass, making
data analysis even more difficult.

Classification

In the classification steps of the tentatively identified
chemicals, the widely employed tool classyFire was used
to classify chemicals and obtain supplementary informa-
tion. However, it is a purely structure-based application,
giving just an overview performing a general grouping of
chemicals in classes. This information is helpful in terms
of establishing a structure in datasets, but does not pro-
vide much insight into chemical properties. Therefore,
when evaluating classyFire compound classifications,
it is important to acknowledge that the results may not
encompass all information regarding the chemicals
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under study. Certain compounds may belong to multiple
classes, which could potentially result in incomplete clas-
sification. Moreover, there are multiple uses per chemi-
cal class and a distinction can only be made looking at
the individual compound. A way to figure out possible
sources of chemicals was the use of PubChem meta-
data for all tentatively identified chemicals and looking
at temporal trends (see Fig. 8). Four categories from the
PubChemlLite database, namely agroChemlinfo, drug-
Mediclnfo, disorderDisease and knownlise were exam-
ined to get an estimate of the count of agrochemicals,
drugs, compounds associated with disorders and diseases
and of those for which commercial use is known. Other
categories like the Towicitylnfo were not considered, as
they are less specific (e.g. it indicates whether informa-
tion is available, but the availability of information alone
does not say whether it is toxic or not). Several pharma-
ceuticals are associated with disorders and disease as the
annotation also includes treatments. Again, the envi-
ronmental effect of the tentatively detected exposome-
related compounds can only be fully accessed looking at
the individual case considering their concentrations. It
is worrying that a majority of compounds found in the
Luxembourgish environment were of pharmaceutical
origin because these compounds are designed to have
biological effects, which means they may have unin-
tended effects on non-target organisms and ecosystems.
Even at low concentrations, pharmaceutical compounds
as venlafaxine [46] can accumulate in organisms and
can have toxic effects, especially over time. They can
also promote antibiotic resistance, alter gene expression,
and disrupt endocrine systems (for more information in
the Luxembourgish context, see Singh et al. [11]). Addi-
tionally, some pharmaceuticals are known to persist in
the environment for long periods of time and can travel
long distances, leading to contamination of remote areas
and cross-border contamination (Germany, France, Bel-
gium). The presence of pharmaceuticals in Luxembour-
gish rivers highlights the potential to enhance wastewater
treatment and disposal systems, thereby safeguarding
public health. Luxembourg’s biological and mechanical
WWTPs are not always designed to remove pharma-
ceuticals from wastewater, and some compounds are not
effectively degraded by current treatment processes [60—
62]. As a result, these compounds can end up in surface
waters (as shown here), groundwater, and even drinking
water sources.

Comparison to other studies

Besides focussing on the temporal variations of chemi-
cals and their classification, it can be highly valuable to
include geographical information, especially to analyse
possible origins of chemicals (and thus possible origins
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of the potential threat). Therefore, the measurement
results of one sampling point (Chiers) over 3 years
were compared to the results of the inlet of a WWTP
located ~ 6 km upstream. As shown in the Results sec-
tion, an overlap of nearly 200 chemicals was identified
and a majority of compounds identified in this study
was found before in the WWTP (see Fig. 10). This is
either a result of incomplete treatment in the WWTP
or chemical input between the WWTP and the later
sampling point. A comparison between inlet and outlet
of the WWTP could clarify this. However, the identi-
fications in both studies are of tentative nature: in this
study, the aim was to use NTA to propose chemicals for
further target verification at AGE (beyond the scope of
this article). The verification efforts in the other study
are still ongoing (likewise beyond the scope of this arti-
cle, as different partners are involved).

Moreover, a comparison to former published studies
on Luxembourgish surface water was performed, look-
ing at pesticides [10] and pharmaceuticals [11]. This
was done to perform a plausibility check of the results
(chemical identifications and temporal trends), as both
compared studies involved a target approach after
screening for suspects. The list of 378 tentatively iden-
tified chemicals was then compared to the monitoring
list used by the water administration in Luxembourg,
showing not only the overlap of findings, but also nom-
inating potential chemicals for future inclusion to this
list (see Table 1). Several of the annotated chemicals,
e.g. venlafaxine are already listed in the 2022 EU watch-
list [18] or the 2022 proposal to revise the priority sub-
stances [19]. This shows that there is already work in
progress to regulate these chemicals in the EU.

Monitoring and regulations are necessary steps
to track contaminant distribution, identify poten-
tial sources and restrict or ban their use to stop their
release to the environment. Adding NTA to track regu-
larly potential water contaminants can help with this,
as this study shows. The NTA workflow established via
patRoon could be used and improved further by AGE,
as it is also compatible with the instrument type used in
their laboratories.

Future steps should involve the target analysis of the
tentatively identified chemicals, with a special focus on
emerging pollutants and persistent chemicals (Table 1).
Giving a list of those substances to governmental institu-
tions like AGE could improve future monitoring efforts.
A quantification of these compounds, using reference
standards could then help to estimate their environmen-
tal threat. Overall, the impact of these compounds on the
environment and human health underscores the impor-
tance of monitoring and regulating their use and disposal
to minimize their potential impact.
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Conclusions

Based on the results presented in the article, the analy-
sis of the 3-year sampling of Luxembourgish surface
waters using the patRoon R package tentatively identified
378 chemicals associated with the exposome. 40 chemi-
cals were already included in routine water analysis per-
formed by AGE. The results were plausibility checked
using former studies by looking at overlapping identifica-
tions and general trends, with many of the tentative iden-
tifications here matching the confirmed identifications in
the previous studies. The identified chemicals were clas-
sified to get a general overview, and the results showed
that benzenoids, organoheterocyclic compounds, and
organic phosphoric acids and derivatives were among
the most identified classes (classyFire). A temporal analy-
sis between the 3 years and in 1 year was shown, look-
ing at the classifications obtained not only by classyFire,
but also by the PubChemlLite categories on agrochemi-
cals, pharmaceuticals, drugs and diseases and known
uses. Most of the chemicals detected had a known use,
were classified as pharmaceuticals and are associated
with disorders and diseases. A decrease in identifica-
tions was observed in 2021 and 2022. Trends in the use
of agrochemicals could be seen in the monthly compari-
son, with May to July showing the highest number of
identifications. The study examined not only temporal,
but also geographical variations of chemicals to analyse
their possible origins and potential threats. Chemical
measurements from one sampling point were compared
to those from an inlet of a WWTP located 6 km away.
Overlapping and differing chemicals were identified, and
the study found that pharmaceuticals dominated again
the identifications. Some persistent synthetic chemicals
were also found on both sampling sites. Further investi-
gations will be done, looking at the concentrations and
sources of these pollutants. A list of 41 chemicals—not
yet included in the AGE monitoring—is presented with
some chemicals already highlighted in former studies,
e.g. venlafaxine and its TP desvenlafaxine. The study sug-
gests adding more TP compounds to the AGE monitor-
ing list, as many parent compounds are not detected, but
rather their (active) TPs. Moreover, industrial chemicals
like 4-NP and flame retardants like OPFRs were detected
in a majority of the analysed months and should be con-
sidered to be added after confirmation by target efforts.
The aim of including NTA lists like these to governmen-
tal monitoring is to eliminate harmful chemicals from the
environment, not only by searching for their sources, but
also by implementing (WWTP) treatment technologies
to reduce their presence in the environment. Biological
treatments and monitoring regulations are also necessary
in Luxembourg to track contaminant distribution, iden-
tify potential sources, and restrict or ban their use. All in
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all, this study of surface waters has shown how NTA can
be used to complement routine (target) monitoring pro-
grammes and help to broaden the focus to new emerging
chemicals. Future efforts will involve extending the tar-
get monitoring and working on implementing this open
source workflow into AGE monitoring routines directly.
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