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A B S T R A C T   

Several classes of anthropogenic chemicals such as pesticides and pharmaceuticals are frequently used in human- 
related life activities and are discharged into the aquatic environment. These compounds can exert an unknown 
effect on aquatic life and humans if the water is used for human consumption. Thus, unravelling their occurrence 
in the aquatic system is crucial for the well-being of life and monitoring purposes. To this end, we used nanoflow- 
liquid and ion-exchange chromatography hyphenated with orbitrap high-resolution tandem mass spectrometry 
to detect several thousands of features (chemical entities) in surface water. Later, the features were narrowed 
down to a few focused lists using a stepwise filtering strategy, for which the structural elucidation was made. 
Accordingly, the chemical structure was confirmed for 83 compounds from different application areas, mainly 
being pharmaceuticals, pesticides, and other multiple application industrial compounds and xenobiotic degra-
dation products. The compounds with the highest concentration were lamotrigine (27.6 μg/L), valsartan (14.4 
μg/L), and ibuprofen (12.7 μg/L). Some compounds such as prosulfocarb, fluopyram, and tris(3-chloropropyl) 
phosphate were found to be the most abundant and widespread contaminants. Of the 32 sampling sites, 
nearly half of the sites (47%) contained more than 30 different compounds. Two sampling sites were far more 
contaminated than other sites based on the estimated concentration and the number of identified contaminants 
they contained. Our triplicate analysis revealed a low relative standard deviation between replicates, advocating 
for the added value in analysing more sampling sites instead of sample repetition. Overall, our study elucidated 
the occurrence of organic contaminants from a variety of sources in the aquatic environment. Furthermore, our 
findings highlighted the role of suspected non-target screening in exposing a snapshot of the chemical compo-
sition of surface water and the localized possible contamination sources.   

1. Introduction 

As a consequence of their frequent use, compounds from several 
classes such as pharmaceuticals, pesticides, and industrial or household 
chemicals are emitted into the aquatic environment via agricultural land 
use, contaminated landfills, incidental spills, and atmospheric deposi-
tion (Reifferscheid & Buchinger, 2017; Sjerps et al., 2016). Moreover, 
due to the ineffectiveness of conventional wastewater treatment systems 
in removing these groups of compounds (known as contaminants), they 

can be directly or indirectly discharged into the aquatic environment 
(Matamoros et al., 2012; Zhu et al., 2021). In the past decades, their 
occurrence was reported in various environmental matrices (e.g. 
groundwater, surface water, and rain waters) ranging from ng/L to μg/L 
(Hansen et al., 2021; Meffe & de Bustamante, 2014; Voutchkova et al., 
2021; Zhu et al., 2021), which is just a consequence of drastic and 
growing anthropogenic activities (Singh et al., 2022). Although some of 
these and other daily used chemicals are acutely toxic, their high use 
profile and environmental release (pseudo-persistence) might 
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contribute to unidentified toxic effects. The short- or long-term exposure 
to individual contaminants (e.g. macrolides, sulfonamides, and endo-
sulfan) even at low or environmentally relevant concentrations may 
negatively affect the ecosystem and human health (Denoël et al., 2012; 
Hu et al., 2015; Zhu et al., 2021). In some cases, the effect might be 
stronger when the contaminants occur in a mixture (cocktail effect). For 
instance, the complex aquatic mesocosm containing over 20 animal taxa 
exposed to a mixture of insecticides demonstrated significantly severe 
consequences compared to those exposed to the individual insecticide 
(Hua & Relyea, 2014). Thus, the occurrence of myriads of organic 
contaminants in the aquatic system becomes a central environmental 
challenge. However, only a fraction of these has been identified among 
the cocktails of chemicals from various sources being introduced into the 
aquatic environment (Escher et al., 2020). 

Despite the advancement in analytical techniques, the detection and 
identification of such chemicals in the aquatic system is still a huge 
challenge for researchers (González-Gaya, Lopez-Herguedas, Bilbao, 
et al., 2021a, b). Non-target and wide-scope suspect screening, a rapidly 
expanding field of research, may offer solutions (Sobus et al., 2018). The 
identification of contaminants through high-resolution mass spectrom-
etry (HRMS) is enhanced by the integrated use of various computational 
data processing platforms, which facilitates the detection of hundreds to 
thousands of contaminants in the environmental matrices (Peter et al., 
2019; Sobus et al., 2018). However, the HRMS data needs a substantial 
curation and individual effort to translate accurate masses to chemical 
formulas and subsequently confirm the chemical structure (Peter et al., 
2019). Although clues for structural elucidation of unknown compounds 
can be obtained from the HRMS spectral data, it still demands exhaus-
tive data analysis and mining to interpret spectra without any prior in-
formation and to put pieces of information together for the correct 
structural assignment (Caballero-Casero et al., 2021). Besides, the cost 
and sometimes the scarcity of reference standards hamper structural 
identification and quantification. In this regard, the recently introduced 
semi-quantification tool, an easy to use, simple, and cost-effective 
method, is helpful for the estimation of concentration (without refer-
ence standards) for those compounds whose chemical structure can be 
assigned. It estimates concentrations based on predicted ESI ionization 
efficiencies. The model takes into account both compound descriptors as 
well as eluent composition at the detection time of the corresponding 
compound (Liigand et al., 2020; Pieke et al., 2017). A similar tool with 
the name quantitative nontarget analysis (qNTA) was also used by (Groff 
et al., 2022). For the estimation of concentration, the 
semi-quantification tool implements three approaches; structural simi-
larity, closely eluting compounds, and ionization efficiency (Malm et al., 
2021). The estimation based on the structural similarity relies on the 
assumption that the response of the unknown and structurally similar 
compounds will be alike. The closely eluting compound approach uses 
the response factor of the compound with a known concentration (e.g., 
an internal standard) eluting closest to the unknown compound in the 
chromatogram. The last approach accounts for the predicted ionization 
efficiency of the unknown compound based on the analysis conditions 
(ionization mode, eluent composition, gradient program) and com-
pound information (SMILES, retention time, and signal) as well as at 
least five compounds with known concentration to calibrate the pre-
diction made by the semi-quantification tool (Kruve, 2020; Liigand 
et al., 2020; Malm et al., 2021; Pieke et al., 2017). 

This study is aimed at unravelling the occurrence and distribution of 
contaminants in surface waters mainly impacted by agricultural and 
urban settings. A non-target and wide-scope suspect screening approach 
that allows the coverage of a wide range of known and unknown com-
pounds and can deal with as many chemicals as possible was imple-
mented. The compound identification involved a nanoLC-HRMS, a 
highly sensitive and robust technique for addressing a wider range and 
low-abundant compounds in environmental matrices as demonstrated in 
several recent studies (Gravert et al., 2021; Haahr et al., 2022; Poulsen 
et al., 2021; Rasmussen et al., 2022; Schulze, 2021). The concentration 

of identified compounds was estimated by employing the 
semi-quantification tool. The result of this work provides an overview of 
the chemical composition and pollution legacies of surface water, which 
might cause a potential effect on the aquatic ecosystem and illustrates 
the potential of the methods in future environmental monitoring 
programs. 

2. Material and methods 

2.1. Chemicals and reagents 

Water, methanol, formic acid, and acetonitrile were all UHPLC-MS 
grade and purchased from Fisher Chemicals (Denmark). All extraction 
reagents and chemicals, unless stated differently, were of analytical 
grade. Reference standards and labelled internal standards were pur-
chased from various suppliers (Sigma, Neochema, Toronto Research 
Chemicals, HPC Standards GmbH, and Cerilliant Co.) with purity higher 
than 98%. 

2.2. Description of water sampling locations 

In this study, river systems across Denmark – i.e., regional locations 
of Ringsted, Faxe, and Jutland were addressed (Fig. 1). In Ringsted, the 
stream runs along the city (c. 23,000 inhabitants) from north to south 
and receives treated wastewater. There is also another stream running 
from east to west, which is a recipient of agricultural sources (sampling 
points M030, M031, M033), however with some wastewater effluent 
(just after M036). In Faxe, the stream starts in treated wastewater 
effluent nearby the Kongsted Airfield running eastwards and then south 
towards the sea. The creek is also a recipient of treated wastewater 
effluent from the two small towns — Faxe (4,200 inhabitants) and Faxe 
Ladeplads (2,900 inhabitants). There is also a small creek, recipient of 
agricultural sources before it merges (site M034) with the stream in a 
channel and runs into the sea. In Jutland, twelve different river systems 
influenced by agricultural and urban settings were considered. 

A total of 38 water samples (of which three sites were in analytical 
triplicate) – 11 samples each from Faxe and Ringsted, and 16 samples 
from Jutland – were collected from 32 sites in 2021 (see Table S1 in 
supporting information (SI) for sample list). All equipment including 
samplers and bottles was precleaned and oven dried. Prior to sample 
collection, 500 mL borosilicate glass bottles were pre-rinsed six times 
with stream water from the corresponding sampling sites. From each 
site, 500 mL of water was grabbed from the center of the water stream 
and immediately packed in a cooler box (⁓ 4 ◦C) and transported to the 
Environmental Metabolomics lab (AU Risø, Denmark) for further anal-
ysis. Field blank samples (demineralized water) were brought to the 
field for tracing possible contamination. 

2.3. Sample preparation 

On arrival in the laboratory, all water samples and blanks were 
spiked with 50 ng of each of the 17 labelled internal standards (Table S2 
in SI) and subjected to analyte extraction using solid-phase extraction 
(SPE) (200 mg HLB cartridge, Waters). Briefly, the SPE cartridges were 
preconditioned with successive addition of 5 mL methanol and 2 × 5 mL 
water. Subsequently, 500 mL water samples were loaded and adsorbed 
to each SPE cartridge over approximately 2 h using a vacuum manifold 
and polytetrafluoroethylene tubing adapters. Following 30 min of vac-
uum drying, those analytes retained by HLB were eluted with 2 × 5 mL 
methanol. Then, each sample container was flushed using 10 mL 
methanol where 2 × 5 mL of this was further added to each cartridge, 
resulting in a total of 20 mL collected eluate. Eluates were evaporated to 
dryness under a gentle stream of nitrogen at ⁓30 ◦C and quantitatively 
reconstituted to 1 mL water containing 5% methanol. Throughout the 
analysis, the field blank samples (procedural blanks) were passed 
through the same workflow as the water samples. Pooled quality control 
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samples (QCs) were prepared for each of the three main locations (viz. 
Jutland, Ringsted, and Faxe) by aliquoting 300 μL from each sample 
extract, and then from these three sub-pools an overall QC sample was 
prepared from the three QCs as well. 

2.4. Instrumental acquisition 

Data was acquired using both nanoflow liquid chromatography 
(nLC) (Dionex Ultimate 3000 NCS-3500RS Nano Proflow system, 
Thermo Scientific) and anion-exchange chromatography (AEC) (Dionex 
dual-pump ICS-6000, Thermo Scientific) hyphenated to a high- 
resolution accurate-mass Orbitrap mass spectrometer (Q Exactive HF, 
Thermo Scientific) with acquisition parameters described in (Frøkjær & 
Hansen, 2021), with the only major difference being a 10 min increase in 
the LC method (same gradient, but longer plateau and equilibration 
time) while bypassing the online-SPE setup (in line with a traditional 
direct injection setup), and an increase in LC-MS scan range to m/z 
120–1500 to avoid large background contributions from the sample 
matrix. 

In short, nanoflow liquid chromatographic separation was performed 
using a nanoflow UHPLC column (EASYSpray PepMap RSLC, C18, 2 μm, 
100 Å, 50 μm × 150 mm, Thermo Scientific) using a gradient elution 
with a flow rate of 300 nL/min. The gradient started at 10% mobile 
phase B (98% acetonitrile, 2% water, and 0.1% formic acid) and 90% 
mobile phase A (2% acetonitrile, 98% water, and 0.1% formic acid) 
which was kept for 2 min. Mobile phase B was increased to 95% over 15 
min and kept for another 10 min. Thereafter, mobile phase B was 
returned to the start condition over 0.5 min and re-equilibrated for 12.5 
min before the next sample was injected. The sample injection volume 
was 1 μL using full-loop injection mode. Compound ionization was 
performed with a nano-electrospray ionization source (nESI). The 
applied spray voltage was 1.60 and − 2.00 kV during positive and 
negative polarity, respectively, with a capillary temperature of 250 ◦C. 
Full scan acquisition (120–1500 m/z) was recorded in profile mode 

using a resolution of 240 K (referenced to m/z 200), an AGC target of 106 

and a maximum injection time of 100 ms. For structural determination 
and confirmation, top10 data-dependent MS2 (ddMS2) fragmentation 
was recorded at a resolution of 15 K and stepped collision energies of 20 
and 70 NCE. All data for the positive and negative polarity were ac-
quired in a separate run. 

Anion-exchange separation was performed on a Dionex dual-pump 
ICS-6000 chromatographic system (Thermo Scientific) equipped with 
a Dionex IonPac AS19-4 μm (2 × 250 mm) column. The eluent potas-
sium hydroxide (KOH) was supplied using a Dionex KOH EGC 500 
cartridge in combination with ultrapure water (18.2 MΩcm) at a pump 
flow rate of 0.45 mL/min. A gradient elution was applied which started 
at 10 mM KOH for the initial 5 min, thereafter from 5 to 11 min 10–60 
mM KOH which was held for 2 min followed by a decrease back to 10 
mM at 13.1 min, then this condition was held for 6.9 min for re- 
equilibration. To remove carbonate, hydroxide, and other background 
ions, a Dionex CR-ATC 600 and an ADRS 600 (2 mm) (operated at 4.2 V 
using an external water supply) were utilized. The sample injection 
volume was 12 μL using the limited-solvent injection mode and a 25 μL 
sample loop. Negative ionization was done by a HESI-II electrospray 
ionization source. Electrospray voltage of − 2.50 kV was applied and the 
capillary temperature was set at 380 ◦C. Sheath and sweep gas flow rates 
were 32 and 0 arbitrary units, respectively. While Aux gas flow was set 
at 10 and at a temperature of 350 ◦C. Full scan acquisition was obtained 
at 240 K resolution (at m/z 200), an AGC target of one million ions and a 
scan range of m/z 50 to 750 was used. A fragmentation using data 
dependent acquisition (ddMS2) was achieved for top 5 at a 15 K reso-
lution with stepped collision energies of 20 and 70 NCE. 

All samples were acquired in full scan mode. The pooled quality 
control samples were used to obtain MS2 data by multi-step iterative 
ddMS2-acquisition (Koelmel et al., 2018). The Orbitrap mass spec-
trometer was maintained on a weekly basis by calibration in both pos-
itive and negative ionization mode using Pierce ESI Calibration 
Solutions (Thermo Scientific) and daily by measuring an instrumental 

Fig. 1. Map showing water sampling sites in Denmark (triplicate samples were collected from three different sites – M048, M049, and M050).  
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quality control sample consisting of fetal bovine serum extract fortified 
with several pharmaceuticals and pesticides. 

2.5. Quality control 

Background contamination was continuously monitored using 
extraction solvents and blank samples, as well as including quality 
control samples to the batch extraction. Hence, field and laboratory 
blanks were analysed together with samples for background filtration 
and to control potential laboratory and instrument contamination. All 
samples and blanks were spiked with isotope-labelled internal standards 
(IS) (Table S2 in SI) suitable for both negative and positive ESI polarity 
modes. Henceforth, the added internal standards were detected in all 
samples (Fig. S1 in SI). Between every 5–7 samples in the analysis 
sequence, pooled QCs and blank samples were analysed to evaluate 
column carryover and the general performance of the analytical plat-
forms over time, as well as to serve as a signal normalization tool in the 
proceeding data processing. All surface water samples, procedural 
blanks, and quality control samples were analysed within one analytical 
batch. 

2.6. Data processing 

The data files obtained in full scan mode (samples, blanks, and 
pooled QCs) and ddMS2 mode (pooled QCs) were subject to Compound 
Discoverer 3.3 (Version 3.3.1.111, Thermo Scientific) for initial data 
processing, including peak detection, retention time alignment, peak 
integration, and peak picking (Fig. S2 in SI). Briefly, spectra were 
extracted from raw data followed by retention time alignment with 
adaptive curve settings of 5 ppm and 0.5 min mass and retention time 
tolerance, respectively. Then unknown compounds were detected with 
5 ppm mass and 0.3 min retention time tolerance, intensity threshold of 
106 for nLC-HRMS and 105 for AEC-HRMS, and then grouped with the 
same mass and retention time tolerances. The peak intensity threshold is 
reasonable to avoid low-quality MS/MS fragmentation signal due to 
low-intensity precursor signal. For blank correction, the field/proce-
dural blank samples were used as system blanks. Prior to the blank 
correction, all sample data were aligned with the blanks to link the same 
features across the samples. Then, peaks were excluded if the ratio of 
sample to blank intensity was less than 10 for LC and 5 for IC, peaks were 
detected in less than 50% of QCs and their %RSD were greater than 40%. 

2.7. Compounds identification 

Formula, chemical structure assignment, and compound annotation 
were performed by the Compound Discoverer. For the structural 
assignment, two spectral libraries were used: (1) an in-house database 
(mzVault) with the molecular formula, MS/MS fragmentation spectra, 
and retention time for ⁓ 700 compounds that include pharmaceuticals, 
pesticides, and industrial or household compounds and (2) online 
spectral databases (mzCloud) consisting of several thousands of com-
pounds from different application areas. The molecular formula for 
features matching with exact mass (±2 ppm) was searched against both 
ChemSpider™ (chemical structure database) and mass list library (in- 
house MassList) databases. The formula assignment was performed at 
mass tolerance of 5 ppm while structural assignments with the same 
mass and 0.3 min retention time tolerance. The output of this was a 
feature and/or annotated compounds list, i.e., a table with m/z and 
retention time pairs (features) and peak area of each feature across the 
samples, and other necessary parameters (so-called profiles), were 
exported and used for peak filtering and confidence identification of 
compounds (Fig. S3). 

The annotation mass error and symmetry or width of annotated 
peaks were manually inspected, and peaks were excluded if Δm was 
outside of the range (±2 ppm) and chromatographic width exceeded ⁓ 
1 min or showed asymmetric peak shape (no defined apex). False- 

positive were manually reviewed and excluded. Among multiply anno-
tated compounds, that annotation displayed a higher deviation in 
retention time were excluded. The level 1 (Schymanski et al., 2014) 
confirmation was attained by manually inspecting the MS/HRMS frag-
mentation pattern and retention time similarity/match with a reference 
standard using FreeStyle software (Thermo Fisher Scientific). 

2.8. Quantification 

The concentration of confirmed (level 1) compounds was estimated 
by employing the Semi-Quantification tool. The ionization efficiency 
prediction approach that accounts for structural similarity with standard 
compounds was used. The CSV file containing SMILES, retention time, 
signal (peak area), and internal standard compounds with known con-
centrations were subject to the Semi-Quantification software (app. 
quantem.co). The tool was previously validated for a set of 139 pesti-
cides with average concentration estimation error around 3.19 times, 
median error 1.95 times and 90th percentile error 5.8 times (Liigand 
et al., 2020; Malm et al., 2021). 

2.9. Statistical analysis 

Multivariate principal component analysis was performed employ-
ing GraphPad Prism for data exploration and to visualize the variation 
between samples. GraphPad was also used for generating graphs (e.g., 
heatmap, logP vs retention time). Log-transformation and Pareto scaling 
were performed so that the compounds with high concentration had 
more weight on the outcome of the analysis but did not dominate the 
results and increased the readability. 

3. Result and discussion 

3.1. Identification and confirmation of compounds 

Peak detection of LC-HRMS data disclosed the occurrence of more 
than a million features across all samples, which could represent any 
possible chemical entities in the sampled streams. Of which 
40,000–60,000 features per sample were obtained in LC (both positive 
and negative mode) while 7000–10,000 features per sample in AEC 
negative mode. The lower number of observed features in AEC is likely 
due to a sub-optimal sample preparation strategy. A more optimal 
extraction could be applying anion-extraction SPE cartridges. The 
slightly acidic mobile phase added to the ionization preference of 
compounds favoured the greater number of positive mode features in 
LC, when compared to negative mode. Here, features represent all 
chemical species susceptible to electrospray ionization within a mass-to- 
charge (m/z) window of 120–1500 Da, which might also consist of 
dissolved polar to semipolar substances. Based on the preliminary in-
spection of data, not all detected individual features in water samples 
were suitable for non-target identification. Thus, for picking the most 
relevant masses, systematic data reduction strategies were implemented 
to exclude candidates which can mislead the structural identification 
and to pick masses detected at higher intensity on which the effort 
should focus for subsequent structural assignment. 

Among the detected features, the used libraries – mzVault, and 
mzCloud – were able to annotate about 5800 compounds across all 
samples on all platforms. Of which, about 750 annotations assigned with 
higher MS2 spectral similarity scores (≥80%) in either mzVault or 
mzCloud, were selected as candidate for further inspection. The fitness 
of spectral match was evaluated by considering ≥80% spectral fitness 
with the library recorded spectra. The library spectral match ranges 
from 0 to 100% with a higher value displaying a better spectral match. 
The elemental composition (chemical formula) for the selected candi-
dates were cross-checked in the chemical databases, ChemSpider, and 
NORMAN and inhouse suspect (mass) lists. For a better accurate com-
pound assignment, annotations that appeared outside of the set cutoff 
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range, Δm ± 2 ppm, were excluded. Besides, masses that elute with void 
volume and appear as unresolved peaks were deselected from the 
candidate list by excluding peaks eluting at retention time below 1 min 
(Fig. S3 in SI). 

On the basis of the relationship between the retention factor in 
reversed-phase liquid chromatography and the hydrophobicity of the 
compound (Nurmi et al., 2012), the retention time of the candidate 
compounds was plotted (Fig. 2A) against the predicted logP values and 
then the linear regression at 95% prediction band interval was evalu-
ated. Accordingly, linear regression was obtained giving an R2 = 0.64. 
Since the positive correlation trend must be maintained, all candidate 
compounds outside of the predicted band were excluded from the 
candidate list. However, this might be used as an additional but not sole 
criterion for filtering candidate compounds because the correlation be-
tween the logP and retention time may vary with the chromatographic 
separation condition. Thus, care must be taken when using the predicted 
logP value for filtering candidate compounds (Bade et al., 2015; Gravert 
et al., 2021). The residuals (Fig. 2B) do not contradict the linearity of the 
regression however some compounds displayed higher residuals sug-
gesting the manual review of the annotated candidates. Other RT pre-
diction models for LC data are also available, such as (Aalizadeh et al., 
2021; Boelrijk et al., n.d.; Bonini et al., 2020; Pasin et al., 2021), how-
ever in the present work a simple RT vs logP was used. 

Yet, the database matches contained false positives that need to be 
cleared or filtered out from the annotated candidate compound list for 
the confident structural assignment. For instance, for some features, 
multiple annotations often related to shifting retention times or peak 
artifacts were detected. Henceforth, the manual inspection of duplicates, 
peak symmetry, and shape as well as consistency between retention time 
and structure, altogether, reduced the data set to 245–32.6% of anno-
tated candidates with a high similarity score (≥80%). Of which, 
following the identification confidence system suggested by (Schy-
manski et al., 2014), level 1 identification confidence was achieved for 
83 compounds for which reference standards were available. The quality 
of spectral matches was examined by considering the number of 
matched exact m/z for each fragment as well as the number of unex-
plained m/z (Eysseric et al., 2021). Accordingly, the match between the 
MS2 fragments occurred in both sample and reference standards were 
well-thought-out. The 83 compounds confirmed across all samples are 
presented in Table 1 (see also Table S3 in SI for concentration of indi-
vidual compound per site). 

3.2. Pollution pattern 

All the river sections investigated are affected by the huge contri-
bution of pollution legacies of industrial, urban, and agricultural com-
plexes. Hence, some specific substances have been detected potentially 

reflecting these contributions. For instance, the pharmaceutical carba-
mazepine, a potential biomarker of wastewater (Singh et al., 2021), and 
the pesticide fluopyram were detected in the three locations. The 
confirmed 83 compounds were distributed over the three locations: 61% 
in Jutland, 76% in Ringsted, and 80% in Faxe (Table S3 in SI). Based on 
their classifications, 41% of the compounds were pharmaceuticals, 39% 
were pesticides, and the rest were from various other sources such as 
flame retardants, plasticizers, food additives, and other industrial ap-
plications. The pollution pattern of individual streams varies with the 
contaminant loading sources from the surrounding environment. Faxe 
and Ringsted are mainly dominated by pharmaceuticals – about 48 and 
43%, respectively, of the compounds detected in each location. In Faxe, 
this might be attributed to the fact that two small wastewater treatment 
plant (WWTPs) have their effluent at the very beginning and at the 
middle of the stream. Similarly, streams from Ringsted receive treated 
water from the urban setting as well as from hospitals. This argues that 
wastewater is the main source of pharmaceutical residues in the envi-
ronment (Celle-Jeanton et al., 2014; Deo, 2014). The compounds in 
Jutland were dominated by pesticides and pesticide transformation 
products – 47% of the detected compounds in this location – and thus 
agricultural settings. Altogether, samples were collected from several 
rivers with different chemical loading sources thus several chemical 
footprints from different application areas were observed, showing the 
resemblance of the chemical composition of surface waters to their 
surrounding environment. Nevertheless, across the three locations, 
pharmaceuticals and pesticides are the major contaminants detected, 
which were evidenced by their detection coverage of 41 and 39%, 
respectively, of all the compounds in the three locations. The abundant 
co-occurrence of pharmaceuticals and pesticides in agricultural sites is 
probably due to the influence of WWTPs and agricultural 
run-off/leaching with no clear demarcation of their loading points. 
Nevertheless, they act as a significant source of contaminants for the 
receiving surface water. Therefore, aquatic organisms in the receiving 
surface water e.g., ocean/lake are exposed to a varying mixture of 
contaminants introduced through the streams. 

3.3. Trends in the concentration of compounds 

The concentration of confirmed compounds in the streams, irre-
spective of their detection platform (i.e., AEC-HRMS or LC-HRMS) and 
their ionization polarity, were plotted to explore their trends over the 
courses of streams and location from Faxe, Ringsted, and Jutland 
(Fig. 3). Of special note is that the predicted concentrations are not re-
covery corrected and identified substances may have different sample 
preparation recoveries (e.g., losses from solid-phase extraction). The 
used extraction protocol (HLB material) has been shown to recover 
substances in a wide-chemical space. In combination with our inclusion 

Fig. 2. Graphs displaying the correlation between logP and retention time for annotated compounds with a high similarity score (≥80%); (A) Predicted logP versus 
retention time with a linear regression (solid line) showing a positive correlation at 95% prediction band interval (dotted lines) and (B) a plot displaying residuals to 
the regression line. 
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Table 1 
List of confirmed compounds and their concentration (min and max in ng/L) across all the analysed surface water samples. Transformation products and substance 
detection frequencies are indicated as TP and DF, respectively.  

Compound class Name Formula CAS No m/z Retention time 
(min) 

Concentration, 
ng/L 

% DF across all 
sampling sites 

Min Max 

Pharmaceutical TP 10,11-Dihydro-10,11- 
dihydroxycarbamazepine 

C15H14N2O3 58,955-93- 
4 

271.1077 12.6 85.2 1238 38 

Herbicide TP 2-Hydroxyatrazine C8H15N5O 2163-68-0 198.1351 10.2 1.3 3.4 22 
Corrosion Inhibitor 5-Methylbenzotriazole C7H7N3 29,878-31- 

7 
134.0714 12.3 8 3614 59 

Corrosion Inhibitor 4-Methylbenzotriazole C7H7N3 136-85-6 134.0714 11.1 5 43.6 16 
Rubber tire 

antiozonant TP 
6-PPD-quinone C18H22N2O2  299.1754 20.2 0.2 0.7 25 

Fungicide 8-Hydroxyquinoline C9H7NO 148-24-3 146.0601 8.3 48.9 231.4 16 
Herbicide TP Alachlor ESA C14H21NO5S 142,363- 

53-9 
314.1069* 9.0 2.8 405.4 41 

Insecticide Allyxycarb C16H22N2O2 6392-46-7 273.161* 18.5 0.7 147 72 
Pharmaceutical Atenolol C14H22N2O3 29,122-68- 

7 
267.1703 7.8 1.7 96 53 

Herbicide Atrazine C8H14ClN5 1912-24-9 216.1012 16.2 0.5 2.7 44 
Herbicide TP Atrazine-desethyl C6H10ClN5 6190-65-4 188.0699 12.3 2.9 51.8 19 
Fungicide Azoxystrobin C22H17N3O5 131,860- 

33-8 
404.1241 18.3 0.4 1 13 

Herbicide Bentazone C10H12N2O3S 25,057-89- 
0 

239.0498* 15.6 20.1 131.9 13 

Pharmaceutical Bicalutamide C18H14F4N2O4S 90,357-06- 
5 

429.0539* 17.6 17.3 1098 31 

Fungicide Boscalid C18H12Cl2N2O 188,425- 
85-6 

343.0399 18.6 0.7 5.8 59 

Pharmaceutical/drug Caffeine C8H10N4O2 58-08-2 195.0879 8.8 12.1 671.2 91 
Pharmaceutical Candesartan C24H20N6O3 139,481- 

59-7 
441.1671 16.3 7.5 47.7 28 

Pharmaceutical Carbamazepine C15H12N2O 298-46-4 237.1024 15.2 2.5 177 50 
Pharmaceutical Cetirizine C21H25ClN2O3 83,881-51- 

0 
389.1627 15.3 1.2 36.9 44 

Pharmaceutical Citalopram C20H21FN2O 59,729-33- 
8 

325.171 14.4 2.4 23.6 31 

Plasticizer Citroflex 2 C12H20O7 77-93-0 277.1282 15.1 2.5 279.9 38 
Pharmaceutical Clopidogrel C16H16ClNO2S 113,665- 

84-2 
322.0663 18.3 1.1 162.8 41 

Pharmaceutical Cotinine C10H12N2O 486-56-6 177.1023 7.5 6.1 113.5 66 
Fragrance Coumarin C9H6O2 91-64-5 147.0442 13.6 122.8 122.8 3 
Insect repellent DEET C12H17NO 134-62-3 192.1385 16.2 1 98.1 84 
Flame retardant Dibutyl phosphate C8H19O4P 107-66-4 209.095 4.3 3.4 11.5 25 
Plasticizer Dibutyl phthalate C16H22O4 84-74-2 279.159 21.2 3.8 104.8 72 
Pharmaceutical Diclofenac C14H11Cl2NO2 15,307-86- 

5 
294.0096* 18.6 2.7 1295 53 

Plasticizer Diethyl phthalate C12H14O4 84-66-2 223.0966 17.3 61.7 1782 66 
Herbicide Diflufenican C19H11F5N2O2 83,164-33- 

4 
395.0815 21.0 2.3 107.6 44 

Herbicide TP Dimethachlor ESA C13H19NO5S  300.0912* 12.4 0.5 10 6 
Herbicide Dinoterb C10H12N2O5 88-85-7 239.0674* 19.7 3.7 726.8 41 
Herbicide Dinoseb C10H12N2O5 1420-07-1 239.0675* 20.4 178.1 178.1 3 
Fungicide Epoxiconazole C17H13ClFN3O 133,855- 

98-8 
330.0803 18.4 0.8 7.3 28 

Pharmaceutical Fexofenadine C32H39NO4 83,799-24- 
0 

502.2957 15.1 0.3 169.8 56 

Insecticide TP Fipronil sulfone C12H4Cl2F6N4O2S 120,068- 
36-2 

450.9265* 20.6 3.8 20.5 28 

Pharmaceutical Fluconazole C13H12F2N6O 86,386-73- 
4 

307.1113 11.9 29.5 247 34 

Herbicide Flufenacet C14H13F4N3O2S 142,459- 
58-3 

364.0738 19.2 0.8 6.7 25 

Fungicide Fluopyram C16H11ClF6N2O 658,066- 
35-4 

397.0539 18.9 1.3 315.9 100 

Pharmaceutical Furosemide C12H11ClN2O5S 54-31-9 329.0006* 14.9 12.7 899.1 44 
Pharmaceutical Hydrochlorothiazide C7H8ClN3O4S2 58-93-5 295.9571* 8.7 298.9 298.9 3 
Pharmaceutical Ibuprofen C13H18O2 15,687-27- 

1 
207.1381 18.8 1354 12,704 28 

Herbicide Isoproturon C12H18N2O 34,123-59- 
6 

207.1493 16.3 3.4 14.2 34 

Pharmaceutical Lamotrigine C9H7Cl2N5 84,057-84- 
1 

256.0152 12.2 7.2 27,634 59 

Pharmaceutical Losartan C22H23ClN6O 114,798- 
26-4 

423.1697 16.2 0.3 147.9 63 

Herbicide MCPA C9H9ClO3 94-74-6 199.0168* 15.9 24.1 463.5 47 

(continued on next page) 
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of isotope-labelled internal standards, which also experience losses, we 
anticipate the recoveries of unknow substances will follow similar 
trends, however this should be investigated further. Note that from Faxe, 
samples were collected along the same stream and Ringsted from two 
streams joining at a later point while in Jutland samples were collected 
from distinct rivers perhaps with different contaminant loading sources 
(as discussed in the method section). The concentration trends of the 
compounds along the streams can provide additional valuable infor-
mation about their emission sources and occurrence. If a compound, for 
instance, is loaded to the stream from a single source, then a constant or 
slightly decreasing concentration along the course of the stream is ex-
pected. Such a phenomenon is shown in the heat map (Fig. 3) as some 

compounds showed a decreasing or almost constant trend in concen-
tration while others showed an increasing trend along the courses of the 
stream. For instance, in Faxe, compounds such as lamotrigine, carba-
mazepine, and 5-methyl benzotriazole showed up at higher concentra-
tions at the first sampling site which gradually decreased at later sites 
and then raised at some point which almost showed a slightly decreasing 
trend for the rest of the stream way. Others such as sulfamethazine, 
oxcarbazepine, and diclofenac constantly decrease along the courses of 
the stream, due to infiltration or degradation processes. The increment 
in concentration were observed at the points the WWTPs effluent enter 
the stream way, which functioned as a loading point for the compounds. 
While the decreasing trend could be linked with dilution due to 

Table 1 (continued ) 

Compound class Name Formula CAS No m/z Retention time 
(min) 

Concentration, 
ng/L 

% DF across all 
sampling sites 

Min Max 

Herbicide Mecoprop C10H11ClO3 93-65-2 213.0325* 16.9 19.3 730.9 44 
Pharmaceutical Memantine C12H21N 41,100-52- 

1 
180.1747 13.6 2.2 14.7 13 

Herbicide Metazachlor C14H16ClN3O 67,129-08- 
2 

278.1055 16.8 13.1 13.1 3 

Herbicide TP Metazachlor-ESA C14H17N3O4S 172,960- 
62-2 

322.0866* 12.2 9.3 493.8 9 

Preservative Methylparaben C8H8O3 99-76-3 151.0401* 10.8 72.2 131.5 9 
Pharmaceutical Metoprolol C15H25NO3 51,384-51- 

1 
268.1907 12.1 2.4 1045 47 

Pharmaceutical/drug 
TP 

Norketamine C12H14ClNO 35,211-10- 
0 

224.0838 10.9 2.6 124.1 25 

Pharmaceutical Oxcarbazepine C15H12N2O2 28,721-07- 
5 

253.0972 14.2 15.6 902.5 41 

Fungicide Propiconazole C15H17Cl2N3O2 60,207-90- 
1 

342.0771 19.4 0.8 7.4 47 

Pharmaceutical Propranolol C16H21NO2 525-66-6 260.1645 14 0.4 24.6 47 
Pharmaceutical Propyphenazone C14H18N2O 479-92-5 231.1494 15.7 0.7 13 47 
Herbicide Propyzamide C12H11Cl2NO 23,950-58- 

5 
256.0291 18.5 1.3 8.7 47 

Herbicide Prosulfocarb C14H21NOS 52,888-80- 
9 

252.1417 21.3 0.6 14 100 

Fungicide TP Prothioconazole-desthio C14H15Cl2N3O 120,983- 
64-4 

312.0664 18.2 0.7 16.4 72 

Pharmaceutical Roxithromycin C41H76N2O15 80,214-83- 
1 

837.5332 15.4 0.2 2.4 28 

Pharmaceutical TP Salicylic acid C7H6O3 69-72-7 137.0244* 6.9 1.4 54.8 22 
Herbicide Simazine C7H12ClN5 122-34-9 202.0856 14.7 0.4 2 31 
Pharmaceutical Sotalol C12H20N2O3S 3930-20-9 273.1266 7.8 21.1 149.3 22 
Artificial sweetener Sucralose C12H19Cl3O8 56,038-13- 

2 
395.0076 2.9 142 1082 38 

Pharmaceutical Sulfamethizole C9H10N4O2S2 144-82-1 271.0318 9.0 174 1667 22 
Pharmaceutical Sulfamethoxazole C10H11N3O3S 723-46-6 254.0594 11.8 239.4 239.4 3 
Pharmaceutical Sulfapyridine C11H11N3O2S 144-83-2 250.0646 8.9 174 1764 31 
Fungicide Tebuconazole C16H22ClN3O 107,534- 

96-3 
308.1524 18.8 0.3 7.5 84 

Herbicide Tebutame C15H23NO 35,256-85- 
0 

234.1854 19.0 0.1 1.3 34 

Herbicide TP Terbuthylazine-desethyl C7H12ClN5 30,125-63- 
4 

202.0855 15.0 1.6 5.9 25 

Herbicide Terbutryn C10H19N5 S 886-50-0 242.1434 16.4 0.1 5.6 53 
Fragrance Terpinolene C10H16 586-62-9 137.1326 14.6 19.4 392.8 44 
Pharmaceutical Tramadol C16H25NO2 27,203-92- 

5 
264.1958 12.2 1.2 349.7 47 

Flame retardant Triisobutyl phosphate C12H27O4P 126-73-8 265.1575* 18.5 5.8 446.6 78 
Flame retardant Triethyl phosphate C6H15O4P 78-40-0 183.0783 13.2 76.1 1516 100 
Haloacetic acid Trifluoroacetic acid C2HF3O2 76-05-1 112.9856 6.5 2.1 9.9 44 
Flame retardant Tributyl phosphate C12H27O4P 126-73-8 267.172 20.0 2.5 32.7 100 
Flame retardant Tris(2-butoxyethyl) phosphate C18H39O7P 78-51-3 399.2508 20.8 1.5 663.9 28 
Flame retardant Tris(3-Chloropropyl) phosphate C9H18Cl3O4P 26,248-87- 

3 
327.0081 17.9 3.7 383.4 100 

Pharmaceutical Valsartan C24H29N5O3 137,862- 
53-4 

434.2199* 17.6 3.7 14401.7 9 

Pharmaceutical Venlafaxine C17H27NO2 93,413-69- 
5 

278.2116 13.6 2 66 16 

Pharmaceutical Warfarin C19H16O4 81-81-2 309.112 17.6 304.1 304.1 3 

NB: * detected in negative ESI mode, otherwise in positive ESI mode. 
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turbulence and co-occurrence of different environmental processes such 
as sorption to suspended particles and sedimentation and/or biodegra-
dation. Pharmaceuticals, in general, were the most concentrated and 
displayed a more fluctuating trend than pesticides along the courses of 
the stream, in Faxe, as might be expected from their use by consumers 
and emission via the WWTPs. One reason of this trend can be that many 

pharmaceuticals are mainly excreted as phase-II metabolites, e.g., glu-
curonidated metabolites of lamotrigine. The energy-rich glucuronide 
moiety can be cleaved by microorganisms present in the streams, hence 
resulting in a pool of phase-II metabolites being converted into the 
parent pharmaceutical (Wilkinson et al., 2022). Nevertheless, with the 
stable flow condition, we can assume their emission to the receiving 

Fig. 3. Heatmap showing the concentration (Log C, ng/L) values of confirmed compounds per sampling site in (A) Faxe, (B) Ringsted, and (C) Jutland. Non-detects 
are represented by grey boxes. Three sites M048, M049 and M050 (each with triplicate analysis) were represented by average concentration. (Abbreviation: TEP – 
Triethyl phosphate, TBP – Tris(2-butoxyethyl) phosphate, DDC – 10,11-Dihydro-10,11-dihydroxycarbamazepine, DEET – N, N-diethyl-meta-toluamide, TCP – Tris(3- 
Chloropropyl) phosphate, MCPA – 2-methyl-4-chlorophenoxyacetic acid). 
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surface water originates from WWTPs at a constant rate. Some of the 
most notable drops in concentration were observed for sulfamethizole 
and valsartan. 

In Ringsted, two streams originating from different locations sharing 
the same urban but different agricultural setting were studied. Excep-
tionally, one of the samples (M027) contained higher concentrations of 
many of the compounds than other samples, and it contained 49 (77.8%) 
out of 63 compounds in this location. This sampling site is located after 
the WWTP receiving influent from urban settings, butchery, and a minor 
air strip, and located directly underneath a busy road. Thus, the WWTP 
could be a loading source for the compounds shown up at noticeable 
differences in concentration. Besides, during the sampling campaign, we 
noticed differences with respect to other sampling sites in terms of 
appearance (e.g., strong odour, colour). Out of the observed 63 com-
pounds in Ringsted, 19 (16 pharmaceuticals, 2 pesticides, and 1 artificial 
sweetener) were detected only in this sampling site, which may be taken 
as an indication of their loading via WWTP. On the other hand, many of 
the detected pesticides were distributed along the streams which are 
consistent with their emission from non-point sources i.e., agricultural 
run-off or leaching. 

In Jutland, compounds were more haphazardly distributed when 
compared to Faxe and Ringsted. Some compounds such as tributyl 
phosphate, tris(3-chloropropyl) phosphate, and prosulfocarb showed 
almost constant concentration trend across all samples in this location. 
One sampling site (M049) found to contain the highest number of 
compounds – 78% (48) of the 51 confirmed compounds in Jutland. 

3.4. Distribution of individual compounds 

The majority of confirmed compounds were well-known trace 
organic contaminants found in European surface waters (Silva et al., 
2011; Singh et al., 2021; Skaarup et al., 2022). Some examples are 
pharmaceutical residues such as venlafaxine, diclofenac, and carba-
mazepine; pesticides such as diflufenican, fluopyram, and prosulfocarb, 
and other compounds such as citroflex 2, sucralose, and triethyl phos-
phate. Of the 32 sampling sites, 47% contain at least 30 compounds 
showing the pollution level of the streams. For the past decades, the 
occurrence of chemical contaminants in the aquatic environment has 
been reported at concentrations in the ng/L to μg/L range (Deo, 2014; 

Silva et al., 2011; Singh et al., 2021). Likewise, in this study, contami-
nants were measured across samples at a concentration up to 27.6 μg/L. 
The individual concentrations of compounds per sampling sites are 
summarized in Table S3 in SI. Among the confirmed 83 compounds, 
43% had their concentration in the range <100 ng/L and the rest, 57% 
had their concentration >100 ng/L and these compounds were detected 
in at least one water sample, with the highest concentration found in 
Jutland – 27.6 μg/L for lamotrigine. The less concentrated (<100 ng/L) 
compounds include 21 pesticides, 10 pharmaceuticals, and 5 other 
compounds. Although the level of environmental risk of compounds 
may not depend on their concentration – a lower concentration is not 
necessarily associated with a lower risk – they are useful for estimating 
exposure and risk assessment (Lockwood et al., 2016). 

Across all sampling sites, the compounds were found in a mixture 
form as evidenced by detecting at least 11 co-occurring compounds per 
sample, with a maximum of 58 compounds in a sample from Faxe. The 
detection frequency of individual compounds ranged from 3% (detec-
tion only in one sample for hydrochlorothiazide, dinoseb, coumarin, 
sulfamethoxazole, metazachlor, and warfarin) to 100% for two pesti-
cides prosulfocarb and fluopyram, and two flame retardants tris(3- 
chloropropyl) phosphate and triethyl phosphate (Table 1). However, 
in location-specific analysis, several compounds were obtained at 100% 
detection frequency (Table S3 in SI); 27 (39%) compounds in Faxe, 9 
(14%) compounds in Ringsted, and 7 (14%) compounds in Jutland. 

Several, 35 (42%), confirmed compounds were found to be common 
to all water samples from the three locations (Fig. 4) – 13 pesticides, 14 
pharmaceuticals, and 8 other compounds. Most of these compounds are 
previously reported in surface waters (Ebele et al., 2017; González-Gaya, 
Lopez-Herguedas, Bilbao, et al., 2021a, b; Matamoros et al., 2012; Singh 
et al., 2021) and are ubiquitous due to their wide application. As can be 
seen from Fig. 4, the highest concentration for many of the compounds 
were observed in Faxe and Ringsted, when compared to Jutland. 

A wide range of pharmaceuticals such as analgesics (e.g., ibuprofen), 
antihypertensive (e.g., atenolol), antidepressants (e.g., citalopram, co-
tinine, and venlafaxine), anticonvulsants (e.g., carbamazepine, lamo-
trigine), antihistamine (e.g., cetirizine) and antibiotics (e.g., 
roxithromycin and sulfamethizole) were detected across water samples. 
Altogether thirty-six pharmaceuticals were detected at concentrations 
up to 27 μg/L, the highest concentration and number being in Jutland 

Fig. 4. The concentration (mean ± SD) of compounds in common (35 in all) to the three geographical locations. (Abbreviation: DEET – N, N-diethyl-meta-toluamide, 
TCP – Tris(3-Chloropropyl) phosphate, MCPA – 2-methyl-4-chlorophenoxyacetic acid). 
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and Faxe, respectively. The abundant occurrence of pharmaceuticals in 
surface water could be attributed to either the fact that they are readily 
available over the counter or widely used for the treatment of several 
health-related causes such as depression, and pain. Valsartan, ibuprofen, 
and lamotrigine were found to be the most concentrated (>12 μg/L) 
pharmaceuticals, with detection frequencies of 9, 28, and 59% (Table 1). 
Of which, lamotrigine was previously reported to be persistent and, in 
some cases, also bioaccumulative (Ebele et al., 2017; Howard & Muir, 
2013). Seven pharmaceuticals valsartan, sulfapyridine, sulfamethoxa-
zole, sulfamethizole, sotalol, roxithromycin, and citalopram were 
detected only in Faxe while warfarin and hydrochlorothiazide were only 
detected in Ringsted. Carbamazepine, caffeine and salicylic acid previ-
ously described as markers of wastewater discharge to surface water 
were among the detects (Singh et al., 2021). In this study, the stimulant 
caffeine was measured at levels of up to 0.67 μg/L, with a detection 
frequency of 91% across all samples. The occurrence of caffeine is ex-
pected as a consequence of massive coffee consumption in daily life and 
its use as a pharmaceutical thus its emission via urban wastewater (Sui 
et al., 2015). Although the pharmaceuticals are intended to perform 
their biological activity on the respective target organisms, their 
occurrence in the aquatic environment might be a risk to non-target 
organisms upon exposure. For instance, the effect of diclofenac (at 
levels of 5–50 μg/L) on the kidney and gill integrity and on the selected 
immune parameters in fish was previously reported (Ebele et al., 2017). 
We also observed endocrine-disrupting chemicals, such as the 
anti-androgen pharmaceutical for treating prostate cancer bicalutamide 
in concentrations up to 1.1 μg/L, which has been shown to exert femi-
nization of wild fishes at around the concentration of 1 μg/L (Green 
et al., 2015; Panter et al., 2012). 

A variety of pesticides such as fungicides (e.g., azoxystrobin and 
boscalid), herbicides (e.g., atrazine and bentazone), and insect repellent 
(e.g., DEET) were detected across all samples. In a total of 32 pesticides, 
with herbicides being dominant, were found at concentrations ranging 
from 0.14 to 731 ng/L and occurrence frequency from 3 (detection only 
in one sample) to 100%. Pesticides with the highest concentration were 
mecoprop (731 ng/L), dinotreb (727 ng/L), and metazachlor-ESA (494 
ng/L). Dimethachlor-ESA and metazachlor with one of its major 
degradation products in water, metazachlor ESA were only found in 
Jutland while isoproturon, azoxystrobin, and dinoseb in Faxe. Metaza-
chlor is reported to be moderately toxic to some aquatic organisms (e.g., 
fish) (Velisek et al., 2020). A single exposure of several aquatic micro-
phytes to metazachlor at concentration greater than 5 μg/L displayed 
pronounced long-term effects on aquatic biota (Mohr et al., 2007). It is 
also classified as H400 and H410 designating acute and chronic aquatic 
hazards (Karier et al., 2017). Prosulfocarb, fluopyram, tebuconazole, 
and N-diethyl-meta-toluamide (DEET) are among the most frequently 
(>84%) detected pesticides across all samples. The insect repellent 
DEET was detected at concentration ranging from 1 to 98 ng/L. The 
origin of this compound is controversial, however its domestic use is 
considered a primary route to the aquatic environment (Marques dos 
Santos et al., 2019; Tisler & Christensen, 2022). The occurrence of 
another compound (e.g., N-tert-butyl-4-methyl-benzamide) in the 
environment that mimics DEET, which has the same elemental compo-
sition and shows the same fragments and retention time, cannot be 
excluded. Nevertheless, based on the presence of diagnostic/char-
acteristic peak at m/z 72.0444 for DEET, the compound was confirmed 
to be DEET and not the similar compound N-tert-butyl-4-me-
thyl-benzamide. Furthermore, the two substances showed slightly 
different retention times and fragmentation pattern (data not shown). 

Some pesticides, e.g. bentazone, 2-methyl-4-chlorophenoxyacetic 
acid (MCPA), mecoprop, atrazine, and dinoseb, restricted or not 
approved for use in Denmark or the EU (Skaarup et al., 2022) were 
among the detects. This clearly depicts the incessant contamination of 
surface water through the emission of pesticides with long lifetimes – 
some (so-called ‘legacy’) pesticides can persist or remain in the envi-
ronment, e.g. by global distillation, several decades after their use is 

prohibited (Spelding, 2017). The occurrence of other contemporary 
pesticides such as metazachlor ESA and desethylatrazine is attributed to 
farmlands located alongside the course of the studied streams, which 
could apparently introduce through agricultural run-off or leaching. 
Thirteen pesticides were found to be common to the three locations with 
the overall occurrence frequency ranging from 41 to 100% (Fig. 4). 

The multiple-use industrial compounds (e.g., triethyl phosphate, 
triisobutyl phosphate, and triethyl phosphate) applied in the plastics 
industry as a catalyzer, and flame retardant, in polyester resins and 
polyurethane foam were detected at concentrations ranging from 3.8 
ng/L to 1.5 μg/L, the highest concentration accounted for triethyl 
phosphate. The plasticizers citroflex 2, dibutyl phthalate, and diethyl 
phthalate are among the compounds found with the concentration up to 
2.3 μg/L. The fluorinated aliphatic hydrocarbon trifluoroacetic acid 
(TFA), water-miscible and widely used as solvents in industries, was 
found in Jutland and Ringsted at occurrence frequencies of 67% in each 
geographical region, with concentration ranging from 2 to 10 ng/L. It is 
a degradation product of hydrofluorocarbons HFCs refrigerants and 
pesticides and is a phytotoxic compound widely distributed in aquatic 
environments (Hanson et al., 2002). TFA was previously reported in 
surface waters at a concentration range of 345–828 ng/L and in drinking 
water up to 155 ng/L (Zhai et al., 2015). Sucralose, a non-nutritive and 
zero-calorie artificial sweetener, was detected in the concentration 
range of 142 to 1082 ng/L at 100 and 11% occurrence frequency in Faxe 
and Ringsted, respectively, with the highest concentration being in 
Ringsted. It is a widespread contaminant previously reported in surface 
waters from European countries at concentrations up to 1 μg/L and in 
drinking water from the USA at the range of 47–2900 ng/L (AlDeeb 
et al., 2013). This intense sweetener is a stable compound at elevated 
temperature and displays a low bioaccumulation potential – the ma-
jority (about 85%) of consumed sucralose passes through the gastroin-
testinal tract unchanged (AlDeeb et al., 2013) – and also predominantly 
present in the water body due to its low sorption potential to soil and 
organic matter (Tollefsen et al., 2012). 

The transformation product of 6PPD (N-(1,3-dimethylbutyl)-N′- 
phenyl-p-phenylenediamine), 6PPD-quinone were observed at the con-
centration range of 0.17–0.70 ng/L with the detection frequency up to 
25%. It is emitted from rubber tire debris though oxidation (e.g., from 
ozone in the air) of 6PPD and transported to aquatic system though 
surface run-off (Hiki et al., 2021). The exposure of coho salmon to lower 
concentration, LC50 < 0.1 μg/L, caused a toxic effect (Tian et al., 2022). 
In another study, juvenile brook trout, rainbow trout, Arctic char and 
white sturgeon were exposed to various concentration of 6PPD-quinone 
and demonstrated mortalities on brook trout (24 h) and rainbow trout 
(72 h) at LC50 of 0.59 and 1.00 μg/L, respectively (Brinkmann et al., 
2022). 

Coumarin, a naturally occurring compound in several vegetation 
(including edible plants) which also has got a wide application as fra-
grances, was detected only in Jutland at concentration of 123 ng/L. It 
was previously reported in surface water from Denmark at maximum 
concentration of 9.5 ng/L (Nanusha et al., 2021). 

The corrosion inhibitors, 4-methylbenzotriazole and 5-methylbenzo-
triazole, were observed at concentration up to 3.6 μg/L. Their presence 
at high concentration could be related with poor removal rates though 
the conventional WWTPs. In the environment, 4-methylbenzotriazole is 
recalcitrant and 5-methylbenzotriazole is poorly biodegradable (Dum-
mer, 2014). The occurrence frequency of 100% for 5-methylbenzotria-
zole in Faxe could be linked to its function as the major component of 
aircraft anti-freeze fluids responsible for toxicity to bacteria (Microtox) 
(Carpinteiro et al., 2012; Dummer, 2014; Pillard et al., 2001). In the 
toxicity study on the aquatic species, 5-Methylbenzotriazole showed 
more toxic effect to Ceriodaphnia dubia (water flea) and P.promelas 
(Fathead minnow) than 4-methylbenzotriazole (Pillard et al., 2001). 

As mentioned elsewhere in this paper, triplicate samples were 
included from three sites. For many of the compounds, a low relative 
standard deviation between replicates was revealed (Fig. 5), advocating 
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for the added value in analysing more sample sites instead of sampling 
repetition when applying a workflow similar to this study. 

3.5. Principal component analysis 

Multivariate principal component analysis was performed to extract 
information on the major parameters that govern the observed data in 
water samples and to get a further understanding of the behaviour of 
confirmed compounds in the studied system. The first and second 
principal components for the overall sampling sites explained about 
51% of the variation (Fig. 6D), however, the individual plot per location 
explained 66, 76 and 45% for Faxe, Ringsted and Jutland, respectively. 
Samples clustered in close proximity to each other have very similar 
chemical profiles, whereas samples far from each other are more dis-
similar. Water samples from Faxe were distinguished in to two main 
clusters (Fig. 6A), while Ringsted samples in mainly one cluster 
(Fig. 6B). The grouping in Faxe is mainly correlated with the two 
WWTPs located along the course of the stream – samples were grouped 
separately following the WWTPs – indicating difference in the chemical 
composition thus loading through the WWTP effluent (Fig. 6A). In 
Ringsted, the samples displayed similar chemical composition even 
though the two streams with distinct origin are considered (Fig. 6B). In 
both Faxe and Ringsted, two outlier samples – one from each site – were 
observed on the PCA plot, which contained higher concentrations for 
many of the compounds. Both samples were grabbed just downstream of 
the WWTP. However, sample M030 at the Ringsted river is also clearly 
differentiated, and is a clear recipient for agricultural sources as we 
observe many pesticides in this sample (Fig. 6B). 

In correlating samples from the three locations (Fig. 6D), two groups 
were distinguished. The first cluster with positive score value for PC1 
and PC2 while second cluster with negative score value for PC1 and PC2. 
Cluster groups influenced by wastewater (e.g., Faxe and Ringsted) 
contain higher number of pharmaceutical and other industrial com-
pounds than dominated by agriculture (e.g., Jutland). This can be 
clearly identifiable in Fig. 6D with three clusters dominated with 
pharmaceuticals (WWTP), agricultural and mixed area. 

3.6. Environmental implications 

It is not possible to identify the existing cocktails of chemicals in 
surface water only using targeted screening techniques, thus suspect 
NTS is a promising approach for addressing such issues as demonstrated 
in this work. Since NTS based approaches allow the coverage of wide 
ranges of chemical entities, it is a strong tool when disclosing the 

chemical composition of surface waters. Although the finding of this 
study does not directly associate the concentration to the toxic risk/ef-
fect to aquatic organisms it may illustrate the relatively high concen-
tration at which a contribution to mixture toxicity. Several research 
studies already reported various toxic end points of identified com-
pounds in this study. For instance, atrazine has reproductive system 
disruptive effects on wild animals and human (Hayes et al., 2002; Mizota 
& Ueda, 2006). Similarly, the toxicity of mecoprop and isoproturon 
towards to the green alga has been reported (DeLorenzo et al., 2001; 
Kirby & Sheahan, 1994). 

4. Conclusion 

Abundant information on the chemical identity of environmental 
contaminants was extracted through the integration of high-resolution 
accurate mass data with various data processing and interpretation 
software platforms. Thus, several classes of compounds such as phar-
maceuticals, pesticides and industrial compounds were detected using 
the NTS approach. Apart from surface water, the NTS screening could 
also be suitable for analysis providing a snapshot of the chemical profile 
of other water bodies such as groundwater and drinking water. 
Although, in some cases, the contaminants are detected at low concen-
trations, exposure to mixtures of compounds that exhibit different ef-
fects might cause a symbiotic effect on biota. Ideally, the identified 
substances should have been quantified using matrix-matched standard 
calibration curves. Albeit, this was not possible in the present study, the 
authors highly recommend that such efforts are included in future 
studies to evaluate and improve the semi-quantitation predictions. 

Altogether, it is hoped that the results of this study will draw the 
attention to NTS as an important platform for investigating the occur-
rence of emerging pollutants in the aquatic environment, estimating the 
levels at which pollutants can be expected, and comparing sites of 
different impact. Thus, the NTS in combination with semi-quantification 
is a suitable approach for water quality monitoring systems. 
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González-Gaya, B., Lopez-Herguedas, N., Bilbao, D., Mijangos, L., Iker, A.M., 
Etxebarria, N., Irazola, M., Prieto, A., Olivares, M., Zuloaga, O., 2021a. Suspect and 
non-target screening: the last frontier in environmental analysis. Anal. Methods 13 
(16), 1876–1904. https://doi.org/10.1039/d1ay00111f. 
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