S

S L u Sveriges lantbruksuniversitet
Swedish University of Agricultural Sciences
NATIONAL

Department of Aquatic Sciences and NATUR ENVIRONMENTAL

Assessment }j"ﬁf}(‘ﬁ MONITORING
COMMISSIONED BY
SWEDISH ENVIRONMENTAL THE SWEDISH EPA

PROTECTION AGENCY

Monitoring for organic micropollutants in the WFD Watch
List 2021-2022
Overvakning for bevakningslistan 2021-2022

Daniel Malnes, Elin Eriksson, Lutz Ahrens, Oksana Golovko

Department of Aquatic Sciences and Assessment, Swedish University of Agricultural Sciences (SLU),
Uppsala, Sweden

Rapport till Naturvardsverket

Overenskommelse NV-00325-21

Uppsala, 2022-09-30




NATIONELL ARENDENNUMMER
MILJOOVERVAKNING AVTALSNUMMER
PA UPPDRAG AV PROGRAMOMRADE
NATURVARDSVERKET DELPROGRAM

NV-00325-21
219-21-005
Miljéggiftsamordning
Screening

Monitoring for organic micropollutants in the WFD Watch List 2021-2022

Overvakning for bevakningslistan 2021-2022

Rapportforfattare
Daniel Malnes, SLU

Elin Eriksson, SLU
Lutz Ahrens, SLU

Utgivare
Institutionen for vatten och miljo (IVM)

Sveriges lantbruksuniversitet (SLU)

Postadress

Oksana Golovko, SLU Box 7050, 750 07 Uppsala

Telefon

018-671000
Rapporttitel och undertitel Bestillare
Overvakning fér bevakningslistan 2021-2022 Naturvardsverket

106 48 Stockholm

Finansiering
Nationell MO

Nyckelord for plats
Monitoring, wastewater effluent, recipient

Nyckelord fér amne

Organic micropollutants

Tidpunkt for insamling av underlagsdata
2021-03-01 —2022-09-31

Sammanfattning

Projektets huvudsakliga mal var att studera foérekomsten av utvalda amnen fran vattenforvaltningens
bevakningslista (amoxicillin, ciprofloxacin, sulfametoxazol, trimetoprim, venlafaxin, desvenlafaxin, azitromycin,
klaritromycin, flukonazol, klotrimazol, imazalil, ipkonazol, metkonazol, mikonazol, prokloraz, tebukonazol och
tetrakonazol) i sju svenska avrinningsomraden paverkade av avloppsreningsverk. Andra organiska
miljéfororeningar var ocksa inkluderade, sa som lakemedel, personvardsprodukter, industrikemikalier och PFAS,
pa grund av deras potentiellt allvarliga effekter vid Iaga doser i miljon.

De studerade svenska avrinningsomradena visade pa en variation av organiska miljofororeningar pa grund av
hydrologi och antropogen paverkan (jordbruk, urban, och industriell). Totalt 70 organiska miljéféroreningar
detekterades i minst ett prov, med medelkoncentrationer som varierade fran ng/L till mg/L i prover fran
avloppsvatten och fran ng/L till pg/L i ytvattenprover. De dominerande substanserna var tramadol, lidokain,
metoprolol och koffein pa alla provplatser. Koncentrationer uppstroms i recipienten var i medel en tiondel av
koncentrationerna nedstroms i recipienten respektive utgaende avloppsvatten. Det visades att hoga koncentrationer

av organiska miljofororeningar fran avloppsreningsverken introducerades in i den akvatiska miljon.




Ett antal &mnen fran vattenforvaltningens bevakningslistadetekterades, bland annat sulfametoxazol, erytromycin,
och azitromycin, flukonazol och venlafaxin samt dess metabolit desvenlafaxin. Fler studier behdvs for den
sésongs- och platsméssiga variationen av organiska miljéféroreningar i den akvatiska miljon.




Summary

The main aim of the project was to investigate the occurrence of selected EU Water Framework
Watch List substances (amoxicillin, ciprofloxacin sulfamethoxazole, trimethoprim, venlafaxine,
O-desmethylvenlafaxine, azithromycin, clarithromycin, fluconazole, clotrimazole, imazalil,
ipconazole, metconazole, miconazole, procloraz, tebuconazole and tetraconazole) in seven
Swedish river catchments impacted by WWTPs. Other OMPs were also included, such as
pharmaceuticals, personal care products, industrial chemicals, PFASs, due to potential of their
adverse effects at low doses to the environment.

The studied Swedish river catchments showed distribution of OMPs due to hydrology and
anthropogenic pressures and impacts (agricultural, urban, and industrial). A total of 70 OMPs were
detected in at least one sample, in mean concentrations ranging from ng/L to mg/L in wastewater
samples and from ng/L to pg/L in surface water samples. Dominant compounds were tramadol,
lidocaine, metoprolol and caffeine in all sampling sites. Upstream recipient samples showed on
average ten times lower OMP concentrations compared to recipient samples downstream of the
respective WWTP effluents. It was shown that the high concentrations of OMPs in WWTPs are
introduced into aquatic environments. Therefore, the effect of treatment performance and process

stability in WWTPs should be evaluated in reducing the concentrations of OMPs.

A number of Watch list compounds were detected including sulfamethoxazole, erythromycin and
azithromycin, fluconazole and venlafaxine and its metabolite desvenlafaxine. More studies are

needed in the seasonal and spatial distribution of OMPs in the aquatic environment.



Sammanfattning

Projektets huvudsakliga mal var att studera forekomsten av utvalda &mnen fran
vattenforvaltningens bevakningslista (amoxicillin, ciprofloxacin, sulfametoxazol, trimetoprim,
venlafaxin, desvenlafaxin, azitromycin, Kklaritromycin, flukonazol, klotrimazol, imazalil,
ipkonazol, metkonazol, mikonazol, prokloraz, tebukonazol och tetrakonazol) i sju svenska
avrinningsomraden paverkade av avloppsreningsverk. Andra organiska miljéféroreningar var
ocksa inkluderade, sa som lakemedel, personvardsprodukter, industrikemikalier och PFAS, pa

grund av deras potentiellt allvarliga effekter vid laga doser i miljon.

De studerade svenska avrinningsomradena visade pa en variation av organiska miljéféroreningar
pa grund av hydrologi och antropogen paverkan (jordbruk, urban, och industriell). Totalt 70
organiska miljofororeningar detekterades i minst ett prov, med medelkoncentrationer som
varierade fran ng/L till mg/L i prover fran avloppsvatten och fran ng/L till pg/L i ytvattenprover.
De dominerande substanserna var tramadol, lidokain, metoprolol och koffein pa alla provplatser.
Koncentrationer uppstroms i recipienten var i medel en tiondel av koncentrationerna nedstréms i
recipienten respektive utgaende avloppsvatten. Det visades att hdga koncentrationer av organiska
miljofororeningar fran avloppsreningsverken introducerades in i den akvatiska miljon.
Utvardering av behandlingsteknikernas prestanda och processtabilitet i avloppsreningsverken bor

darfor utvérderas for att minska koncentrationerna av organiska miljoféroreningar.

Ett antal amnen fran dvervakningslistan detekterades, bland annat sulfametoxazol, erytromycin,
och azitromycin, flukonazol och venlafaxin samt dess metabolit desvenlafaxin. Fler studier behtvs
for den sasongs- och platsméssiga variationen av organiska miljofororeningar i den akvatiska

miljon.



1. Introduction

At present, urban wastewaters are considered the most important source of organic micropollutants
(OMPs) in the aquatic environment, such as pharmaceuticals, personal care products, stimulants,
per- and polyfluoroalkyl substances (PFASs), and hormones. Little is known about possible human
and ecological adverse effects derived from the presence of these compounds in the aquatic
environment (LOpez-Pacheco et al., 2019; Nilsen et al., 2019). Many of these OMPs are
recalcitrant to treatment and/or used in volumes large enough to causes challenges to wastewater
treatment plants. During wastewater process some OMPs are degraded or transformed by chemical
or biological treatment, while others are removed from the water phase by adsorption onto solid
phase (Golovko et al., 2021; Luo et al., 2014). However, a large part of OMPs are not removed
during wastewater treatment and are released into the aqueous environment (Li, 2014; Luo et al.,
2014). There is a concern on the long-term exposure of aquatic organisms to OMPs. More
knowledge is needed on their removal efficiency in WWTPs and impact on recipient water, and
their spatial distribution.

The Water Framework Directive aims to screen Member States for environmental pollutants, to
discover potentially hazardous chemicals to human health or the environment. Currently, the EU
Watch List under the EU Water Framework Directive includes 17 different substances
(Commission implementing decision (EU) 2015/495). These are potential priority substances,
including pesticides, pharmaceuticals and personal care products that needs to be monitored to
determine if they pose an EU wide risk to or via the aquatic environment (Science for Environment
Policy, 2016) (Sousa et al., 2018).

In 2018, SLU conducted a large-scale monitoring study (funded by Swedish EPA), where samples
from Swedish wastewater treatment plants (WWTP) influent (n=28), effluent (n=28), sludge
(n=24), upstream (n=24), and downstream (n=24) waters in the recipient were analyzed for a total
of 225 organic micropollutants including pharmaceuticals, personal care products, industrial
chemicals, PFASs, hormones and pesticides (Golovko et al., 2021). It was shown that more than
120 contaminants were detected in at least one sample, in average concentrations ranging from
ng/L to mg/L in water samples and from ng/g dry weight (dw) to pg/g dw in sludge samples. Based
on the results from this study, the sampling locations were selected for the present project.

The main aim of the project was to investigate the occurrence of selected EU Watch List substances

(amoxicillin, ciprofloxacin sulfamethoxazole, trimethoprim, venlafaxine, O-



desmethylvenlafaxine, azithromycin, clarithromycin, fluconazole, clotrimazole, imazalil,
ipconazole, metconazole, miconazole, procloraz, tebuconazole and tetraconazole) in seven
Swedish river catchments impacted by WWTPs. Other OMPs were also included, such as
pharmaceuticals, personal care products, industrial chemicals, PFASs, due to potential of their

adverse effects at low doses to the environment.

Table 1 The selected EU Watch List substances for analysis in seven Swedish river catchments impacted by WWTPs. LOD - limit of detection.

Compound Class Highest
accepted LOD
(ng/L) *
Amoxicillin Antibiotic 78
Ciprofloxacin Antibiotic 89
Sulfametoxazol Antibiotic 100
Trimetoprim Antibiotic 100
Venlafaxin Antidepressant 6
O-desmetylvenlafaxin Metabolite of 6
Antidepressant
Clotrimazole Antifungal 20
Fluconazol Antifungal 250
Miconazol Antifungal 200
Imazalil Fungicide 800
Ipkonazol Fungicide 44
Metconazol Fungicide 29
Penconazol Fungicide 1700
Procloraz Fungicide 161
Tebuconazol Fungicide 240
Tetraconazol Fungicide 1900

*COM decision on the EU Watch List (2020/1161/EU)




2. Material and methods
2.1 Target OMPs and other chemicals

All analytical standards used for analysis were of high purity grade (>95%). Native standards
(n=100) were acquired from Sigma-Aldrich (Sweden). Isotopically labeled standards (IS) (n=30)
for the target compounds were obtained from Wellington Laboratories (Canada), Teknolab AB
(Kungsbacka, Sweden), Sigma-Aldrich, and Toronto Research Chemicals (Toronto, Canada).
Detailed information about internal standards (IS) and native standards can be found elsewhere
(Rostvall et al., 2018). The target OMPs were selected for analysis, based on occurrence and
distribution in the aquatic environment, and production and consumption patterns (Golovko et al.,
2021; Malnes et al., 2022), Table S1 in the Appendix. Ultrapure water was generated by a Milli-
Q (MQ) Advantage Ultrapure Water purification system and filtered through a 0.22 um Millipak
Express membrane and an LC-Pak polishing unit (Merk Millipore, Billercia, MA). Methanol,
acetonitrile, formic acid and ammonia of high analytical grade were acquired from Sigma-Aldrich
(Sweden).

2.2 Sampling

In this study, seven river catchments were monitored and WWTP effluent, recipient surface water
before and after WWTP effluent were collected as grab samples. The WWTPs were selected based
on previous screening campaign which were performed by SLU from 2018 till 2020 (Malnes et
al., 2022; Rehrl et al., 2020). The sites were selected based on different scenarios including
population density, waste source, WWTPs with potentially large impacts on the receiving water
body, and flow conditions. Grab samples were collected in polypropylene bottles. Grab sampling
was performed for four sampling events for rivers and the wastewater effluent (April 2021, July
2021, November 2021 and April 2022) (in total n = 84 samples). Surface water samples (0.1 m
below the water surface) were collected (as grab samples) in the recipient of WWTPs (both
downstream and upstream of the WWTP effluent entry point).

After collection the samples were stored frozen (-20°C) in darkness until extraction.



Table 2. Sampling sites for the EU Watch List compounds monitoring.

Sampling sites Reason for samplin Person Distance, sampling
pling piing equivalent point to WWTP [km]
Fyrisan Flottsund Recipient of WWTPs 180 000 6.6
Srsundasn Agr'lc'ultural run-offs, many unconnected wastewater -effluents, 52 000 03
recipient of many minor WWTPs
Enkodpingsan Possibly recipient of WWTP 18 000 0.5
Lovstadn (Knivsta) Recipient of WWTP and close to raw water intake for drinking WTP. 12 000 7.6
Osan, bron vid Asketorp | Recipient of WWTP containing hospital’s wastewater. 2.7
Kolbéicksan Recipient of two WWTPs 21500 3.4
Stromsholm
Sagan Small WWTP >2 000 0.07

2.3 Sample preparation, instrumental analysis of OMPs and quality control

Water samples (500 mL) from rivers and wastewater effluents (200 mL) were extracted by solid-

phase extraction (SPE) using Oasis HLB-cartridges (6 mL, 200 mg, 30 pum) following the

procedure described by Sérengard et al. (2019). Samples were analysed using a DIONEX UltiMate

3000 ultraperformance liquid chromatograph (UPLC) system (Thermo Scientific, Waltham, MA,

USA) coupled to a triple quadrupole mass spectrometer (MS/MS) (TSQ Quantiva, Thermo Fischer
Scientific, Waltham, MA, USA). The data were evaluated with Tracefinder 4.1 (Thermo Fischer

Scientific, MA, USA). Detailed information regarding instrument configuration and analysis is
described elsewhere (Golovko et al., 2021; Rehrl et al., 2020).




3. Results and discussion

3.1 Occurrence of OMPs in wastewater effluent and in recipient waters (upstream and

downstream)

The selected compounds were analyzed in all water samples and individual concentrations of the
studied compounds are provided in Table S2 in the Appendix. Although the EU Watch List
substances have to be monitored in surface water only, it is important to establish a link between
their presence in wastewater and their occurrence in surface water. It will help to pinpoint the
sources of contamination and the entry pathways of the EU Watch List compounds into the
environment, but information on the presence of these CECs in wastewater will also give insights

on WWTPs’ treatment performances. The compounds were divided into three groups:

1) EU Watch List compounds which include pharmaceuticals (amoxicillin, ciprofloxacin
sulfamethoxazole, trimethoprim, venlafaxine, = O-desmethylvenlafaxine, azithromycin,
clarithromycin) and pesticides (fluconazole, clotrimazole, imazalil, ipconazole, metconazole,
miconazole, procloraz, tebuconazole and tetraconazole) (detailed information can be found in
Table S2 and S3 in the Appendix),

2) PFASs (Table S2 in the Appendix),

3) Other OMPs including pharmaceuticals, personal care products, stimulants etc. (Table S2 in the
Appendix).

PFBA and ipkonazol were not analyzed due to analytical challenges. PFOS was excluded from the
analysis due to analytical artifacts. Tetraconazole, metconazole, prochloraz, clotrimazole,
miconazole, penconazole, ciprofloxacin, amoxiline, paroxetine, tamoxifen, omeprazole,
acetaminophen, norsertraline, pyrimethamine, daidzein and carazolol were below LOQ (limits of

quantification) in all analyzed samples, Table S2 in the Appendix.

The upstream locations have shown the lowest concentrations (89-3100 ng/L, median 600 ng/L)
for all studied compounds all over the sampling campaign. The occurrence of OMPs upstream of
the WWTP can be explained by the fact that the contamination in the rivers originated from other

upstream sources (Malnes et al., 2022; Sorengard et al., 2019).
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In general, the highest concentrations of OMPs were observed in the effluent (30-160 pg/L, median
80 pg/L) following by downstream locations (290 ng/L-17 pg/L, median 5 pg/L). For most
substances a seasonal variation could be seen with higher concentrations in November compared
to the other sampling months. Pharmaceuticals as a group had statistically significant higher
concentrations in November 2021 versus both April 2021 and July 2021 (upstream: Q=12.09, p-
value=0.0071; downstream: Q=10.03, p-value=0.018; wastewater effluent: Q=15.06, p-
value=0.0012). Furthermore, the pharmaceutical groups antihistamines (downstream: Q=19.97, p-
value=0.00017; wastewater effluent: Q=17.40, p-value=0.00058), diuretics (downstream: Q=8.66,
p-value=0.034; wastewater effluent: Q=18.26, p-value=0.00039) and anesthetics (upstream:
Q=17.01, p-value=0.00070; downstream: Q=10.41, p-value=0.015; wastewater effluent: Q=13.11,
p-value=0.0044) exhibited seasonal variations. Antihistamines had different peak concentrations
for different matrices. The statistically significant difference of antihistamines in wastewater
effluents could be found between April 2021 and November 2021. For the downstream samples,
the concentrations of antihistamines were higher in July 2021 compared to both November 2021
and April 2022. The statistically significant differences for diuretics were consistent in the matrices
downstream and wastewater samples, between the sampling occasions November 2021 and April
2021. Whereas diuretics were at elevated concentrations between November 2021 and April 2021
for two matrices, additional statistically relevant variations could be detected in wastewater
effluents. Primarily November 2021 and April 2022 exhibited high concentrations, as compared
to the other sampling occasions. In November 2021 the concentrations of anesthetics were
significantly higher in all examined matrices, compared to April 2021. Pesticides as a group
exhibited statistically higher concentrations in July 2021 compared to all other sampled occasions.
The pesticides’ high concentrations could be noticed in all examined matrices (upstream: Q=13.76,
p-value=0.0033, downstream: Q=17.40, p-value=0.00058, and effluent wastewater: Q=10.54, p-
value=0.0014).

The elevated concentrations of antihistamines in wastewater and downstream WWTPs is expected,
due to increased use during spring and early summer (Golovko et al., 2014) Pesticides follow
earlier observed trends, typically reach their highest concentrations in surface waters in late
summer in Sweden (July and September) (Bostrom et al., 2016). For diuretics, variations for both
wastewater effluents and recipient were consistent with a previous study (Zou et al., 2015). It was
speculated that for the recipient, the changes in persistency (e.g., through reduced biodegradation
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and photodegradation) between seasons was the explanation of the observed variations, rather than
increased consumption (Brice et al., 2022; Zou et al., 2015). The elevated concentrations of
anesthetics in surface waters could possibly be explained by reduced indirect photodegradation
(Rua-Gbémez and Puttmann, 2013).

There is a clear spatial distribution for occurrence of different OMPs in studied locations. It has to
be mentioned that Nordic rivers are different in terms of the hydrological regime (e.g., hydrological
events like droughts and floods), climate conditions (e.g. ambient temperature, solar irradiation),
socio-economics (e.g. land-use changes, tourism, water abstractions, urban and industrial releases,
etc.), all of which leads to differences in the relative importance of the environmental pressures,
in the classes and levels of the OMPs found and their environmental fate, etc.
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3.1.1 Occurrence of EU Watch List compounds in wastewater effluent and in recipient

waters (upstream and downstream)

EU Watch List compounds which include pharmaceuticals (amoxicillin, ciprofloxacin
sulfamethoxazole, trimethoprim, venlafaxine, = O-desmethylvenlafaxine, azithromycin,
clarithromycin) and pesticides (fluconazole, clotrimazole, imazalil, ipconazole, metconazole,
miconazole, procloraz, tebuconazole and tetraconazole) were studied in wastewater effluent and
in recipient waters. The highest contamination was detected in WWTP effluents emitted to Osan
(it is a recipient of hospital’s wastewater), followed by WWTP effluents emitted to Knivstaan and
Fyrisan. In Osan the total concentration in WWTP effluents was up to 10 pg/l with the highest
contributions from antibiotics (sulfamethoxazole, erythromycin and azithromycin), fluconazole
and venlafaxine and its metabolite desvenlafaxine, see Figure 1. In particular, venlafaxine,
desvenlafaxine and fluconazole contributed significantly to the total concentration at all sampling

sites.

Tebuconazole and imazalil were found only in wastewater effluent samples with maximum
concentrations 41 ng/L and 4.5 ng/L respectively. The most frequently detected compounds in
surface water samples were sulfamethoxazole, venlafaxine, desvenlafaxine and fluconazole. These
compounds are often detected in municipal waste water and surface waters globally (Grobin et al.,
2022; Wilkinson et al., 2022).

Venlafaxine and desvenlafaxine were detected in 74% and 68% of all analyzed samples, in the
range of <LOQ up to 710 ng/L and 680 ng/L, respectively. Their concentrations in the downstream
river samples were remarkably higher than in the upstream sampling locations, suggesting that
their presence is related to wastewaters and their incomplete removal in WWTPs (Figuiére et al.,
2022; Golovko et al., 2021; Malnes et al., 2022).

The occurrence of pesticides (clotrimazole, imazalil, ipconazole, metconazole, miconazole,
procloraz, tebuconazole and tetraconazole) was not previously monitored in the selected locations
(except fluconazole). In the present study imazalil and fluconazole were detected in the studied
locations, Figure 1. Clotrimazole, ipconazole, metconazole, miconazole, procloraz, and

tetraconazole were not detected.
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The results show that the occurrence of EU Watch List compounds varies with season. Most of
the compounds showed higher concentrations in November compared to the other sampling
periods. It can be explained due to increased human consumption of OMPs during winter and less
efficient removal of the compounds in this period due to lower temperature (Golovko et al., 2014;
Rehrl et al., 2020).
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Sampling locations

Figure 1. Combined concentrations of EU Watch List compounds in studied locations.
Sampling locations: U- recipient upstream, W - wastewater effluent, D - recipient
downstream. Sampling time: A — April 2021, J — July 2021, N — November 2021, A 22— April
2022.

Obtained LOQs for the Watch List substances in the present study were below the highest
acceptable LODs specified by Commission decision on the EU Watch List (2020/1161/EU), Table

1 and Table S3. LODs specified in the decision equal the predicted no effect concentrations
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(PNECSs) are given in the background report for the third watch list from JRC (European et al.,
2020).

Among the quantified substances, only measured concentrations of fluconazole, sulfamethoxazole,
trimethoprim and venlafaxine and its metabolite desvenlafaxine exceeded the PNECSs presented in
this study. For fluconazole, sulfamethoxazole and trimethoprim measured concentrations in
effluent water but not in recipient water exceeded the PNECs. For these substances no risks to the
recipients were thus seen, but the data indicate that there might be a potential risk under situations
with a low dilution in the recipient. For venlafaxine and its metabolite measured concentrations in
effluent water were far (approx. a factor of 100) above the PNEC. In the receiving waters
concentrations were up to 10 times above the PNEC. In our previous study (Figuiére et al., 2021),
where the impacts of WWTPs on the aquatic environment was estimated based on possible toxic
effects, venlafaxine was in the list of compounds are suspected to pose a high risk to the
environment. It is recommendable to keep monitoring the concentrations of these compounds in

surface waters to ensure that their concentrations are not increasing.
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3.1.2 Occurrence of PFASs in wastewater effluent and in recipient waters (upstream and

downstream)

PFASs are well known pollutants due to their global occurrence and distribution and they pose a
threat to humans, flora and fauna, including aquatic environment in general (Buck et al., 2011;
Kurwadkar et al., 2022; Schulz et al., 2020; Winchell et al., 2021). The concentration of PFASSs in
water samples (WWTP effluent and recipients) was generally in the range 0.7-170 ng/L,
concentrations probably correlating with the level of industrial pressure of the site and the dilution
capacity of the recipient, Figure 2. The most contaminated sites in all sampling campaigns were
Sagan (WWTP effluent and downstream samples) followed by Kolbacksan where the highest
concentration in effluent and downstream samples were measured, with a Y PFAS concentration
up to 200 ng/L, PFHxXA, PFHxS, PFHpA and PFBS, being the most abundant pollutants in
wastewater and surface water samples, Figure 2. The highest concentration of PFBS was detected
in WWTP effluent emitted to Sagan. PFBS is toxic, persistent, and mobile in surface and
subsurface environments (USEPA, 2018). Kolbacksan has had some historical problems with
environmental pollutants (www.malaren.org), its catchment area has been used for many years for

metal extraction, metal industry, hydropower and transport.

Most of PFASs showed a similar trend as the EU Watch List compounds with higher
concentrations in wastewater effluent following downstream samples. There is no clear seasonal
trend but a spatial trend can be observed for PFAS compounds. The release of PFAS into the
environment occurs through two major sources. Point sources are discrete and stationary, such as
fluorochemical processing plant, industrial/manufacturing facilities, firefighting training sites,
WWTPs, and landfills (Buck et al., 2011; Kurwadkar et al., 2022). Nonpoint sources are diffuse
sources of unknown origin/location and often involve the release from multiple sources, and
include atmospheric transport of volatile PFAS, biological and chemical breakdown of precursor

compounds into stable PFASSs, surface runoff, precipitation, and consumer product breakdown.

In Sweden, former and current firefighting training areas are considered to be the major (point)
source for PFAS contamination of groundwater and surface waters (Ahrens et al., 2015). Other
hotspots could also be chemical factories or places where a lot of organic solvents are used (Buck
etal., 2011).
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The global distribution of PFAS in aquatic environments significantly depending on geographic
location, primarily due to their inherent chemical properties, as well as their production method
(Buck et al., 2011; Kurwadkar et al., 2022). Furthermore, structural variation between PFAS
affects their transport in the environment. The PFAS composition profile can be used as a tool for
tracing the sources of PFAS (Franke et al., 2019; Franke et al., 2021; Gobelius et al., 2018;
Gobelius et al., 2017; McCleaf et al., 2017; Ng et al., 2022). Their chain length and functional
moieties of PFAS determine their environmental occurrence and distribution with hydrophilic
short-chain PFAS (C < 7) typically found in surface waters, whereas the hydrophobic long-chain
PFAS (C > 7) tend to bioaccumulate in fish tissues and sediments (Gobelius et al., 2018; Gobelius
etal., 2017; Ng et al., 2022).
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Figure 2. Combined concentrations of PFASs in studied locations.

Sampling locations: U- recipient upstream, W - wastewater effluent, D - recipient
downstream. Sampling time: A — April 2021, J — July 2021, N — November 2021, A 22— April
2022.
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3.1.3 Occurrence of other OMPs in wastewater effluent and in recipient waters (upstream

and downstream)

The concentrations of each detected compound were much lower in the water samples collected
upstream of the WWTP effluents than those collected downstream the treated wastewater
discharges. The highest contamination was detected in wastewater effluent from Enkopingsan and
Orsundadn, with a YOMP concentration up to 80 pg/L, opiates, antihypertensive drugs and
stimulants, being the most abundant pollutants. In particular, tramadol, lidocaine, metoprolol and
caffeine were the most abundant compounds in all sampling sites, Figure 3 and Table S2 in the
Appendix. These compounds are often detected in WWTP influent and surface waters in many
countries (Golovko et al., 2021; Tran et al., 2019; Wilkinson et al., 2022). The occurrence of
studied pharmaceuticals was previously monitored in the selected locations by Malnes (Malnes et
al., 2022).

Nicotine and caffeine were detected in 100% of the samples. Their concentrations in the
downstream river samples were remarkably higher than in the upstream sampling locations,
suggesting that their presence is related to wastewaters and their incomplete removal in WWTPs
(Golovko et al., 2021). It is well known fact that caffeine found in the environment is due to
anthropogenic activities (Lopez-Pacheco et al., 2019).

The spatiotemporal heterogeneity indicates the importance of other sources of contamination in
rivers, and further local processes. The insufficient dilution of treated wastewater and the shorter
travel time for biodegradation and photodegradation might have been the primary factors
contributing to the varying occurrence and concentrations of OMPs. The capacities of wastewater
networks and treatments are often inadequate in urban watersheds (Golovko et al., 2021; Malnes
et al., 2022; Rostvall et al., 2018), the increased discharge of combined sewer overflows caused
by increasing impervious surfaces may cause more pollution of local rivers. Different point sources
of pollution, such as private swimming pools, hospitals etc., can fundamentally change the

spatiotemporal patterns of contaminants (Li, 2014; Luo et al., 2014; Sérengard et al., 2019).
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4. Conclusions.

The studied Swedish river catchments showed distribution of OMPs due to hydrology and
anthropogenic pressures and impacts (agricultural, urban, and industrial). A total of 70 OMPs were
detected in at least one sample, in mean concentrations ranging from ng/L to mg/L in wastewater
samples and from ng/L to pg/L in surface water samples. Concentrations of studied compounds
detected in the investigated water samples fluctuated remarkably. Dominant compounds were
tramadol, lidocaine, metoprolol and caffeine in all sampling sites. Upstream recipient samples
showed on average ten times lower OMP concentrations compared to recipient samples
downstream of the respective WWTP effluents. It was shown that the high concentrations of OMPs
in WWTPs are introduced into aquatic environments. Therefore, the effect of treatment
performance and process stability in WWTPs should be evaluated in reducing the concentrations
of OMPs.

A number of Watch list compounds were detected including sulfamethoxazole, erythromycin and
azithromycin, fluconazole and venlafaxine and its metabolite desvenlafaxine. More studies are

needed in the seasonal and spatial distribution of OMPs in the aquatic environment.

Some of the studied compounds are endocrine disruptors, which cause changes in behavior,
cellular toxicity, genotoxicity, and alter the sex ratios in organisms. Future studies should therefore
focus on long-term investigations of life-long effects of low-dose exposure to pollutants, which is

a more likely situation for aquatic organisms in recipient waters.
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