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Abstract

This study aimed to investigate the spatial distribution of micropollutants in wastewater related to catchment area, and their
environmental risks and fate. About 24-h flow proportional effluent (n =26) wastewater samples were collected from eight
WWTPs across Denmark. From five of these WWTPs corresponding influent samples (n =20) were collected. Samples were
enriched by multi-layer solid phase and analysed by liquid chromatography—high-resolution mass spectrometry and compre-
hensive two-dimensional gas chromatography with high-resolution mass spectrometry detection. We detected and quantified
79 micropollutants from a list of 291 micropollutants in at least one influent or effluent wastewater sample. From this we
found that 54 micropollutants decreased in concentrations during wastewater treatment, while O-desmethylvenlafaxine,
carbamazepine, amitriptyline, benzothiazole, terbutryn, and citalopram increased in concentrations through the WWTP.
The toxicity of effluent wastewater samples was assessed by EC50 using Raphidocelis subcapitata (R. subcapitata) and
LC50 using the crustacean Daphnia magna (D. Magna), for which six micropollutants were detected above the predicted
no-effect concentration. Our study demonstrates that catchment area influences the micropollutant composition of wastewater.
Out of 19 pharmaceuticals, the measured concentration in influent wastewater was predicted within a factor of 10 from sale
numbers and human excretion, which demonstrates the strong influence of catchment area on micropollutant composition.

Keywords Wastewater epidemiology - Micropollutants - Chemicals of emerging concern - Removal efficiency - Wastewater
treatment - Pharmaceuticals - GC X GC-QToF - LC-QToFMS

Introduction

Various studies have shown the presence of micropollutants
and their transformation products in the environment (Wiest
et al. 2021; Rogowska et al. 2020; Gosset et al. 2021; Gago-
Ferrero et al. 2020). Insufficient removal of micropollutants
in wastewater treatment plants (WWTPs) leads to the dis-
charge of micropollutants into the environment (Rogowska
et al. 2020).

Only a few well-known micropollutants are routinely
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measured in effluent wastewater and the aqueous environ-
ment (Gago-Ferrero et al. 2018). Presently, there are no EU
regulations in place that require the regular monitoring of
pharmaceuticals, industrial chemicals, pesticides and other
such micropollutants (Council Directive of 91/5/EC Con-
cerning Urban Waste Water Treatment 1991). The develop-
ment and improvement of high-resolution mass spectrome-
ters (HRMS) such as time-of-flight (TOF) and Orbitrap mass
analysers allow for the development of comprehensive target
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methods where the sensitivity is not affected by an increas-
ing number of target micropollutants (Gago-Ferrero et al.
2020). However, only a few studies have involved the target
screening of > 100 target micropollutants in wastewater and
in general, these studies tend to focus on few samples (Gago-
Ferrero et al. 2020; Wiest et al. 2021).

A comprehensive target analysis of micropollutants can
be achieved by combining liquid chromatography (LC) and
gas chromatography (GC), suitable for more polar and non-
polar micropollutants, respectively. The combination of
methods allows for identifying and quantifying micropol-
lutants from various sources such as industrial chemicals,
pharmaceuticals, and pesticides (Moschet et al. 2017).

Understanding the fate of micropollutants in WWTPs
is necessary to identify and quantify outflows of micropol-
lutants to the environment. Some micropollutants can be
effectively removed in WWTPs, whereas others show lit-
tle or no removal (Gago-Ferrero et al. 2020; Wiest et al.
2021). Gosset et al. (2021) have shown that a wide range
of micropollutants from pharmaceuticals to pesticides, pos-
sess environmental risks due to their concentration above
the predicted no-effect concentration (PNEC) in effluent
wastewater streams (Gosset et al. 2021). To the authors’
knowledge only a few studies have investigated the removal
efficiency of > 50 micropollutants across >5 operational
WWTPs (Wiest et al. 2021). Similarly, the prioritisation of
micropollutants is often based on PNEC. However, these
PNEC values can vary depending on the approach used to
estimate them (Gosset et al. 2021; Tranekaer et al. 2021), this
can make the comparison between studies difficult and result
in different prioritisations of micropollutants depending on
the referenced PNEC.

Understanding the catchment area for a given WWTP is
an essential step towards selecting the right micropollut-
ants for monitoring the release to the environment. One of
the most investigated groups of micropollutants in waste-
water is pharmaceuticals (Wiest et al. 2021; Rogowska
et al. 2020; Gosset et al. 2021; Gago-Ferrero et al. 2020),
predominantly discharged from households (Tranekjer
et al. 2021). Hospitals prescribed only 3.8-4% of all phar-
maceuticals in Denmark in 2015-2019 (Tranekjer et al.
2021). However, it has been shown that for specific phar-
maceuticals the contribution from specific sources such
as nursing homes and hospitals cannot be neglected (Her-
rmann et al. 2015). This implies that such sources might
affect the inflow to WWTP differently (Herrmann et al.
2015). Similarly, pesticides and biocides might be associ-
ated with specific types of farming, green house activities
and uses in households; and a wide selection of biocides
and pesticides have been detected in wastewater (Kock-
Schulmeyer et al. 2013). Industries might be consum-
ing specific micropollutants and each industry can have
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specific micropollutant compositions (Liu et al. 2022).
These micropollutants associated with various industries
may influence WWTPs’ chemical composition. However,
studies investigating wastewater tend to focus on specific
groups of chemicals, such as pesticides (Kock-Schulmeyer
et al. 2013), specific pharmaceuticals (Clara et al. 2004;
Escola Casas et al. 2021), household chemicals (Trenholm
et al. 2008) or industrial compounds (Liu et al. 2022).

Several studies on wastewater-based epidemiology have
shown that wastewater possesses an opportunity to investi-
gate and spot trends in the general public consumption of
illicit drugs and pharmaceuticals (P. M. Choi et al. 2019;
2018a, b; Escola Casas et al. 2021). Concentrations of
pharmaceuticals in influent wastewater combined with
details on wastewater flow and the number of people con-
nected to a WWTP may make it possible to estimate the
amount of a pharmaceutical used in the catchment area
(Escola Casas et al. 2021). One option is to use pharma-
ceutical prescriptions to do the estimation, but public
records are often limited to prescription data (Oosterhuis
et al. 2013; Rice et al. 2020; Escola Casas et al. 2021)
or to limited regional data (He et al. 2020). In Denmark,
sale numbers of prescriptions for pharmaceuticals from
private and public hospitals and pharmaceuticals sold over
the counter are publicly available (Sundhedsdatastyrelsen
2021). This allows for a verification of the use of wastewa-
ter-based models to back-calculate the consumed amount
of pharmaceuticals in a WWTP catchment area.

In this study, we investigated the combination of LC-
and GC x GC-HRMS for the target screening analysis of
291 micropollutants in wastewater. Our study aimed to
develop and apply the method, to improve our understand-
ing of the fate of micropollutants during wastewater treat-
ment, investigate the influence of the catchment area on
the distribution of micropollutants and to assess the risks
of released micropollutants.

To investigate the fate of micropollutants in WWTPs,
20 influent and 14 effluent wastewater samples were col-
lected on different days from five different WWTPs across
Denmark. For an investigation of the influence of the
catchment area on the distribution of micropollutants, a
total of 26 effluent wastewater samples from eight different
Danish WWTPs with different sizes and catchment areas.
The WWTPs range in size from WWTP Otterup, which is
scaled for 12,500 population equivalents (PE), to WWTP
Lynetten, which is scaled for 750,000 PE. The mass inflow
of pharmaceuticals in influent wastewater was compared
with the theoretical concentration based on sale numbers
and expected excretion of unchanged pharmaceuticals.
Risk quotients (RQ) were calculated based on calculated
PNEC values and measured concentrations to allow for a
risk assessment of micropollutants.
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Experimental
Wastewater treatment plant

Forty-six wastewater samples were collected from eight
WWTPs with activated sludge treatment (see Table S1
and Fig. S1). The samples were collected between June
22 and July 21, 2020 (see Table S2). WWTP LY, WWTP
AV, WWTP DA, WWTP NE, WWTP NV and WWTP EM
are located in Denmark’s largest and third largest cities.
Compared, to this WWTP OT and WWTP SO are placed
around smaller villages in Otterup with 5229 citizens in
2020 and Sgndersg with 3273 citizens in 2020 (Danm-
marks Statistik 2021), respectively. For a more detailed
description of the WWTPs, see section S1.1.

Chemicals and reagents

Standard solutions were prepared in MiliQ water, metha-
nol or acetonitrile and stored at— 18 °C (see SI_B, “Stand-
ards” for details).

Formic acid (LC-MS grade, > 99% Purity, Fisher
Chemical), MiliQ water (Ultrapure, > 18.2 MQ cm™'),
and acetonitrile (Chemsolute, purity >99.95%), LC-MS
ultra Chromosolv methanol (Honeywell Riedel-de Haen,
Seelze, Germany, purity > 99.9%) were used.

Sampling and sample preparation

Influent wastewater samples were collected after the bar
screen and before or after the grit and grease chamber.
Effluent wastewater samples were collected just before the
wastewater was discarded into the environment. A total
of 20 influent samples from five WWTPs and 26 effluent
samples from eight WWTPs were collected for this study
(a detailed list of samples is given in Table S2).

About 24-h flow-proportional samples were collected
as increments of 100 mL and stored at 4 °C in 10-L glass
containers during sampling. Samples were then immedi-
ately transported to the laboratory (between 3 and 5 L),
pH adjusted to pH 6.5 with formic acid and filtered first
through a glass microfiber filter with a diameter of 1.6 um
and subsequently filtered through a filter with a diameter
of 0.7 um. The samples were enriched 500 times (relative
enrichment factor of 500, REF 500) using a multilayer-
solid phase extraction (ml-SPE) method published by
Tisler et al. (2021). A short description of the ml-SPE
method is given in S1.4. Internal standards were added to
the ml-SPE extracts and standard solutions prior to analy-
sis (see section S1.4.1 for more details).

Instrumental analysis, quantification and quality
assurance

A list of 291 target micropollutants were analysed by LC-
HRMS using an Acquity Ultra-Performance Liquid Chro-
matograph (UPLC) equipped with a Synapt G2S quadru-
pole time of flight mass spectrometry (QTOFMS) (Waters,
Taastrup, Denmark). The GC x GC-HRMS analysis was
performed using an Agilent 7890B GC system equipped
with an Agilent 7200 Accurate Mass QTOFMS (Agilent
Technology, Palo Alto, CA, USA). The first column was a
60-m, 0.25-mm id, 0.25-um non-polar ZB-5 column (Phe-
nomenex, Torrance, CA, USA), and the secondary column
was 1.5-m, 0.18-mm i.d., 0.18-pm mid-polar ZB-50 col-
umn (Phenomenex, Torrance, CA, USA). The modulator
was a Zoex ZX2 cryogen-free modulator (Zoex Corpora-
tion, Houston, TX, USA). For a detailed description of
the LC-QTOF and GC x GC-QTOF method, see sections
S1.2.1 and S1.2.2, respectively.

For both LC-QTOF and GC x GC-QTOF, concentra-
tions were quantified using internal standard calibration.
A detailed description on quality assurance is described
in section S1.5.

Risk quotient calculation

For estimation of the environmental risk of the quanti-
fied micropollutants, RQ has been calculated according
to Eq. (1). RQ has only been calculated for compounds
with at least one detection above the LOQ in effluent
wastewater.

MEC

RQ = pNEC M
where MEC is the measured wastewater concentration;
and PNEC (predicted no effect concentration) is the ECs
value from the acute test using the freshwater species
Daphnia magna (D. magna) (OECD 2004) or growth
inhibition test using Raphidocelis subcapitata (R. subcap-
itata) (OECD 2011) divided by an assessment factor of
1000, calculated according to the EU Commission Direc-
tive EUR 20418 EN/2 (De Bruijn et al., 2003). Experi-
mental ECs, values for R. subcapitata and D. magna were
collected from the ECOTOX Knowledgebase (Environ-
mental Protection Agency 2022) (SI_B, “DMagna_Tox”
and “Rsubcapitata_Tox”). All EC5, values that complied
with the OECD guidelines (i.e. age of organisms at the
start of the experiment and duration of the experiment)
were used in this study.

A Monte Carlo simulation was made to include all toxi-
cological tests in the study, combining the different MEC
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and PNEC values. The assumption was made that all test
results had the same likelihood of being correct. Data was
transferred to Excel (Microsoft, Redmond, USA) where
the Monte Carlo Simulation was made using the built-
in random function (0 to 1). One hundred guesses were
made, where 100 PNEC values for each micropollutant
were simulated (within low and max PNEC); these were
then combined with the MEC, and the data was transferred
to R (R Core Team 2018), and a boxplot was constructed.

Hierarchical clustering and boxplot

The data was transferred to R (R Core Team 2018, version
4.0.3); each micropollutant was range-scaled, where the
highest concentration was set at one, and the lowest value
was set at zero. Boxplot with hierarchical clustering was
constructed using the library pheatmap (version 1.0.12). The
clustering was done using the build-in clustering method:
complete-linkage clustering.

Pearson correlation coefficients were calculated in R (R
Core Team 2018), using the build-in correlation method:
Cor (Statistical Package, included in R Version 4.0.3).

Fate of micropollutants in WWTP

The effluent wastewater concentration was compared to the
influent concentrations according to Eq. (2).

Concyy — Conc gy

Effluentcomparedtoinfluent = (1 — )+ 100%

(@)
where, Concyy is the concentration of the micropollutant in
the influent sample, and Conc, is the concentration of the
micropollutant in the effluent sample. The effluent compared
to influent was calculated for days with a 24-h composite
sample on the same day for both influent and effluent waste-
waters from the same WWTP, and where micropollutant
concentrations were above the LOQ in both the influent and
effluent sample. For cases where a micropollutant was meas-
ured in the influent samples but not in the effluent sample,
the effluent compared to influent was set to 0%.

Concyy,

Consumed pharmaceuticals

For the investigated pharmaceuticals, Anatomical Therapeu-
tic Chemical codes were obtained from the World Health
Organization (WHO Collaborating Centre for Drug 2021).
The total sale amount of defined daily dose (DDD) for
1000 people per day was obtained for each pharmaceuti-
cal on a yearly and regional scale using data from the Dan-
ish Medicines Agency (Sundhedsdatastyrelsen 2021). This
data included both pharmaceuticals sold on prescriptions
and over the counter. The DDD was then calculated into a
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concentration using information about the amount of active
ingredient obtained from the World Health Organization
(WHO Collaborating Centre for Drug 2021). Pharmaceu-
ticals were only included in this study if it was possible to
obtain all the information mentioned above (Table S5).

A recently suggested workflow used the excretion of
each pharmaceutical in urine and faeces (Escola Casas
et al. 2021). A combined excretion (%) of pharmaceuticals
was obtained from the work of Escola Casas et al. (2021)
or, in a few cases, from other literature sources. A value was
obtained for the lowest expected excretion and the highest
expected excretion (Table S5). Theoretical concentrations
were then calculated using Eq. (S2), taking into account the
lowest and highest expected excretion values presented in
Table S5. Measured concentrations were determined using
the wastewater flow and the population connected to the
WWTP, as outlined in Eq. S3.

Results and discussion

Concentrations and detection frequencies
of micropollutants in wastewater

Quantification limits were determined for all 291 investi-
gated micropollutants and are presented in SI_B, “Detected_
Compounds” and “Non-detected_Compounds.”. For the
micropollutants detected in at least one sample, linearity
was investigated (SI_B, “Detected_Compounds”). Matrix
effects for these samples have previously been investigated
and published (Tisler et al. 2021). For 67 micropollutants,
the average matrix effects were determined to be — 19%
(standard deviation: 18%) in effluent wastewater at REF 50
and — 16% (standard deviation: 24%) in influent wastewater
at REF 10 (Tisler et al. 2021). Recoveries were assessed for
a representative subset of micropollutants, consisting of 27
compounds, as detailed in Table S6. The recoveries ranged
from 14 to 189% in effluent wastewater, with the first quar-
tile at 71% and the third quartile at 93% (see Table S6).
Seventy-nine micropollutants out of the 291 micropollut-
ants monitored in this study were identified and quantified
in influent or effluent wastewater from at least one WWTP
(SI_B, “Results”). Sixty-one and 67 micropollutants were
quantified for influent and effluent wastewater, respectively
(Figs. 1 and 2). Twenty-one pharmaceuticals were quanti-
fied in at least one influent or effluent sample; 12 pharma-
ceuticals were quantified in all influent wastewaters, and 16
pharmaceuticals were quantified in all effluent wastewa-
ters. Furthermore, eight antibiotics, four food additives and
eight industrial chemicals were quantified in both influent
and effluent wastewater; while eight industrial chemicals
were quantified only in effluent wastewater and nine only in
influent wastewaters. Eighteen pesticides were quantified in



Environmental Science and Pollution Research (2023) 30:121107-121123

12111

Fig. 1 Concentrations (ng L™
of all micropollutants quanti-
fied in this study (detected in at
least one sample). The results
are shown for each micropol-
lutant for effluent wastewater
(blue) and influent wastewater
(red). The micropollutants are
separated into groups based on
primary use: pharmaceuticals,
antibiotics, pesticides, food
additives and compounds that
do not fit into other categories
(Misc.)

Amitriptyline
Atorvastatin
Azithromycin
Carbamazepine
Cetirizine
Citalopram
Clozapine
Diatrizoic acid
Diclofenac
Furosemide
Gabapentin
Ibuprofen
Irbesartan
Lidocaine
Losartan
Metoprolol
Mirtazapine
Naproxen
O-desmethylvenlafaxine
Paracetamol
Propranolol
Valsartan
Venlafaxine
Cirpofioxacin
Clarithromycin
Clindamycin
Erythromycin
Sulfadiazine
Sulfamethizol
Sulfamethoxazole
Sulfapyridine
Trimethoprim
Benzoic acid
Caffeine
Saccharin
Sucralose
9-Methylacridine
Pentachlorophenol
1,2,3-Benzotriazole
1,3-Diphenylguanidine
1,7-Dimethylxanthine
2-Phenoxyethanol
3-Methylphenol
Aniline

Butylated hydroxytoluene
Fluoranthene
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Atrazine
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Epoxiconazole
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Fig.2 The quantification fre-
quency of the target micropol-
lutants. This study included 20
influent wastewater samples
from five WWTPs (red) and
26 effluent wastewater samples
from eight WWTPs (blue). The
micropollutants are separated
into groups based on primary
use: pharmaceuticals, antibiot-
ics, pesticides, food additives
and compounds that do not fit
into other categories (Misc.)
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Azithromycin
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Citalopram
Clozapine
Diatrizoic acid
Diclofenac
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effluent wastewaters, while six pesticides were only found in
influent wastewaters. Finally, eight micropollutants of mixed
origin were found in effluent wastewater, and 13 micropol-
lutants of diverse origin were found in influent wastewater.

The detection frequencies in this study are biased due
to the different numbers of influent (n=20) and effluent
(n=26) wastewater samples analysed. Influent samples were
collected from five WWTPs, while effluent samples were
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collected from eight WWTPs. Additionally, effluent sam-
ples were analysed at a higher enrichment factor (REF 50)
compared to influent samples (REF 10) to minimise matrix
effects.

Paracetamol, caffeine, 2-phenoxyethanol and oleic
acid were measured in the highest concentrations across
all wastewater samples, all four micropollutants with
influent concentrations above 100 ug L™!. For these high
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concentration micropollutants, the difference in concen-
trations between WWTPs was highest for caffeine, with a
factor of 2.3 between the highest and lowest concentrations
in influent wastewater across WWTPs. The relatively low
variation between WWTPs indicates that these chemicals
do not have specific point sources. For all of these four
micropollutants, high influent wastewater concentrations
of above 25 ug L™! has previously been reported (Gémez
et al. 2007; Kjglholt and Schmidt, 2021; Trenholm et al.
2008; Haussard et al. 2002).

Paracetamol is a painkiller previously reported in high
concentrations in influent wastewater. 2-Phenoxyethanol
has multiple uses in industry and as an additive to cosmet-
ics (Trenholm et al. 2008). Oleic acid has many origins.
The body naturally produces it, and it is found in many
types of food, and it is known to be disposed to waste-
water from commercial kitchens (Haussard et al. 2002).
Oleic acid was quantified in concentration range of 180
to 290 ug L~! with a detection frequency of 35% in influ-
ent wastewater (LOQ for oleic acid: 172 pg L™"). Neither
paracetamol nor oleic acid was detected > LOQ in effluent
wastewater. Caffeine was found > LOQ in 65% of the efflu-
ent samples in concentrations ranging from 0.09 to 4.3 ug
L~! and 2-phenoxyethanol was found >LOQ in 12% of
the effluent samples in concentrations ranging from 0.7
to 1.4 ug L%,

For effluent wastewater, the highest concentration was
observed for the artificial sweetener sucralose with a con-
centration range of 21.3 to 63.1 ug L™!. Previous studies
have shown a removal efficiency of 8.6% for sucralose in
wastewater (Kadokami et al. 2021). Subsequently, other
studies have found high effluent concentrations of sucra-
lose in the range 2 to 55 ug L™' (Subedi and Kannan 2014;
Gago-Ferrero et al. 2020; Kadokami et al. 2021). Of the
11 micropollutants with at least one influent measurement
above 10 pug L~!, only sucralose was measured> 5 ug L' in
effluent wastewater (Fig. 3). Thus, the WWTPs show high
efficiency in removing the high-concentration micropollut-
ants with influent concentration > 10 ug L.

All pesticides found above LOQ were found in quanti-
ties< 1 pug L™!. Of the 18 pesticides quantified in effluent
wastewater, terbutryn, propiconazole and tebuconazole were
the most frequently detected pesticides with a detection fre-
quency of > 85%. Terbutryn, propiconazole and tebucona-
zole were measured in concentrations between 9 and 156 ng
L~! for each micropollutant in effluent wastewater. All three
have been previously detected multiple times in wastewater
in concentrations in the range 0.4 to 115 ng L~! (Hansen
et al. 2021; Gago-Ferrero et al. 2020; Wiest et al. 2021;
Bollmann et al. 2014). Of the 18 pesticides, 14 were detected
in less than 20% of the effluent wastewater samples. Azox-
ystrobin, metconazole and paclobutrazole were only quan-
tified at WWTP OT, which suggests a local source. Of the

investigated WWTPs, WWTP OT and WWTP SO were the
only WWTPs located outside large cities. For both WWTP
OT and WWTP SO, only effluent wastewater was included.

Fate of micropollutants in WWTPs

The effluent and influent concentrations were compared
according to Eq. (2) (Fig. 3). Fifty-four micropollutants
had median concentrations in effluents compared to influ-
ent < 100%, meaning that they were removed to some degree
through the treatment (Fig. 3). Of these, 14 micropollutants
were removed to a degree so that they could only be detected
in influent and not effluent wastewater. O-desmethylvenlafax-
ine, carbamazepine, amitriptyline, benzothiazole, terbutryn
and citalopram were found at higher median concentrations
in effluent compared to influent wastewater. The reason for
this increase in concentration through the WWTP may be
manifold: For O-desmethylvenlafaxine, it can be explained
by transformation of venlafaxine to O-desmethylvenlafaxine
during microbiological treatment (Gasser et al. 2012). Car-
bamazepine has been shown to enter WWTPs in conjugated
forms. The conjugated forms are then de-conjugated during
biological treatment (Archer et al. 2017). Thus, resulting in
an increase in the concentration of carbamazepine in the efflu-
ent wastewater, an increase in effluent compared to influent
concentrations can also be due to the micropollutants entering
as accumulated aggregates that are separated during the bio-
logical treatment (Archer et al. 2017). Amitriptyline has been
shown to be persistent in WWTPs (Lajeunesse et al. 2008).
Lajeunesse et al. (2008) found amitriptyline concentrations
in influent of 17.6 to 20.8 ng L™ compared to 15.6 to 21 ng
L~ in effluent wastewater. The main removal pathway of ami-
triptyline has been suggested to be sorption to particles (Choi
et al. 2018a, b). The concentration of amitriptyline in effluent
wastewater was higher at WWTP DA compared to the other
seven WWTPs (further details in 3.4). The median value of
effluent concentration compared to influent for amitriptyline
was 166%, whereas for the five WWTP AV measurements,
the percentage was 255 to 3077%. Amitriptyline is mainly
excreted in glucuronide forms. Only 2% of the initial dose is
excreted as amitriptyline (ASHP 2020). It can be speculated
that these glucuronide forms are transformed back to amitrip-
tyline by microorganisms resulting in higher concentrations
in effluent wastewater at WWTP AV, as has been shown for
venlafaxine and carbamazepine (Archer et al. 2017).

An increase in the concentration from influent to effluent
wastewater was also observed for terbutryn. Previous stud-
ies have shown a similar trend with a low mean removal of
terbutryn in the range — 6 to 24% (Wiest et al. 2021; Campo
et al. 2013). For the anti-depressive pharmaceutical cit-
alopram, removal efficiencies of 2.3% has previously been
shown (Ivanova et al. 2017). However, other studies have
shown some reduction in the range 35 to 100% with a mean

@ Springer



121114

Environmental Science and Pollution Research (2023) 30:121107-121123

Fig.3 Effluent compared to
influent wastewater concentra-
tions. Median influent con-
centration ranges: 10-100 ng
L~! (red), 100-1000 ng L'
(light blue), 1000-10,000 ng
L~! (golden) and > 10,000 ng
L~! (dark blue). Values < 100%
indicates removal through the
WWTP, whereas values > 100%
indicates formation during
WWTP
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removal efficiency of 79% (Silva et al. 2014). For benzothia-
zole, other studies have shown removal efficiencies above
64% (Asimakopoulos et al. 2013).

Six micropollutants showed remaining median concen-
tration between 80 and 99%; 15 micropollutants showed
remaining concentrations between 30- and 80%, and 32
micropollutants show median remaining concentrations
of <30%.

A comparison of concentrations was made for samples
where an influent and effluent sample was collected on the
same day. Sampling was done as 24-h composite sampling.
The hydraulic retention time of wastewater in the WWTP was
not considered. The total wastewater hydraulic retention time
in the WWTPs fluctuated from 27 to 71 h (Table S2). There-
fore, there will be differences in the water bodies measured
as influent and effluent wastewater, which can explain some
variances. It has previously been suggested to use sampling
on consecutive days for comparison of effluent and influent
wastewater (Ort et al. 2010). Ejhed et al. (2018) showed the
difficulties in selecting a sampling strategy for comparison of
effluent and influent wastewater. They spiked lithium to influ-
ent wastewater and followed it through three WWTPs. The
maximum lithium concentration was measured in effluent
wastewater after 3, 2 and 3 days, for WWTPs with a calcu-
lated hydraulic retention of 3.6, 4.0 and 4.2 days, respectively
(Ejhed et al. 2018). Ejhed et al. (2018) also showed that it
took 16 days from the spike of the influent wastewater before
the concentration of lithium was back to background levels,
with the highest concentrations within the first 8 days. Over-
all, the mixing of the wastewater in the WWTP makes it dif-
ficult to sample the same influent and effluent water package,
and this was a limitation to this study.

In our study, we did not investigate the specific mecha-
nisms responsible for the differences in concentrations
between influent and effluent wastewater, such as adsorp-
tion to particles and microbiological degradation. How-
ever, our findings indicate that these observed differences
in concentrations between influent and effluent wastewater
are predominantly determined by the nature of the micropol-
lutants themselves rather than the specific WWTP. Thus, the
relative variations in concentrations between influent and
effluent wastewater appear to be more micropollutant spe-
cific rather than dependent on the WWTPs. However, for
the 14 micropollutants that were only measured in influent
wastewater, this takes place at all WWTPs. Similarly, for
the 24 micropollutants with the highest effluent compared
to influent wastewater concentrations, no WWTP is shown
to outperform others. For example, for amitriptyline, one
measurement out of six from WWTP LY and one out of
two measurements from WWTP NE show effluent com-
pared to influent concentrations below <40%; all the other
measurements show effluent compared to influent concentra-
tions above 80%. Similar, trends can be found for the other

micropollutants (see Fig. S5 for more details). The average
effluent compared to influent concentrations of all micro-
pollutants were 39%, 52%, 62%, 58%, and 46% for WWTP
LY, WWTP, AV, WWTP DA, WWTP EM, and WWTP NE,
respectively.

Environmental risk assessment of micropollutants
in effluent wastewater

To evaluate the environmental risk of the quantified micro-
pollutants, RQ was calculated according to Eq. (1) and
can be seen in Fig. 4. Eight micropollutants were found to
have at least one RQ above 1. Propranolol, ciprofloxacin
and pirimicarb were found to have RQs > 1 for D. magna,
whereas erythromycin, sulfamethoxazole, metribuzin, ter-
butryn and terbuthylazine were found to have RQs > 1 for
R. subcapitata.

Propranolol, a pharmaceutical used to treat high blood
pressure (Medicin.dk 2019), was quantified in all efflu-
ent samples. On the other hand, pirimicarb, an insecticide
was only quantified in the wastewater of the Funen-based
WWTPs. Most products containing pirimicarb have been
banned from use in Denmark since December 2020 (SEGES
2021). The antibiotic ciprofloxacin was quantified in one
effluent wastewater sample (AV0629, from WWTP AV).

Sulfamethoxazole and erythromycin are antibiotics that
were found to have RQ values for R. subcapitata in the range
of 0.08 to 1.1 and 0.03 to 16, respectively. Sulfamethoxa-
zole was detected in all effluent wastewater samples, whereas
erythromycin was detected in seven samples spread across
the tested WWTPs. RQOs above one was previously detected
in both surface and wastewater for sulfamethoxazole and
erythromycin (Zhang et al. 2021). Metribuzin was only
detected in the two effluent wastewater samples from WWTP
OT, but in these wastewater samples, it achieved RQ values
from 19 to 40. Metribuzin is a herbicide used to produce
tomatoes and potatoes (SEGES 2021) but has been restricted
in Denmark since 2011 (SEGES 2021). Terbuthylazine,
another herbicide, was detected in three effluent wastewa-
ter samples, of which two samples were from WWTP OT.
The RQ of terbuthylazine was in the range of 0.01 to 2.7.
Lastly, terbutryn was quantified in all effluent wastewater
samples and had RQ values for R. subcapitata between 2.4
and 81. Terbutryn has the primary usage as a herbicide to
control grasses and weeds, it is also used as an algicide in
textiles production and building materials as a biocide (Vol-
lertsen et al 2017). RQ factors above 1 for terbutryn in efflu-
ent wastewater have been previously described for French
wastewater (Gosset et al. 2021).

In previous studies, even though the environmental con-
centrations found for venlafaxine were in a range compara-
ble to the ones found in this study (i.e. in the range of 0.01
to 0.77 pg L™, compared to the Venlafaxine concentration
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Fig.4 RQ is calculated for each
quantified micropollutant based
on Eq. (1). RQ is calculated for
D. Magna (blue) and R. subcap-
itata (red) based on LC50 and
EC50 values, respectively. The
micropollutants are separated
into groups based on primary
use: pharmaceuticals, antibiot-
ics, pesticides, food additives
and compounds that do not fit
into other categories (Misc.)
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range of 0.32 to 0.97 ug L~! reported in this study, (Tranekaer
et al 2021), the PNEC value used to calculate the RQ varied
by multiple orders of magnitude. In this study, the lowest
PNEC value for venlafaxine is 116 pug L™! (based on the
ECs, value found for D. magna). However, Traneker and
colleagues used a PNEC of 0.1 pg L™! (Tranekeer et al 2021)
and Gosset and colleagues a PNEC value of 0.000313 g
L' (Gosset et al. 2021). For Gosset et al. (2021), this lower
PNEC value was due to the toxicity of venlafaxine toward
freshwater snails (Fong and Hoy 2012). This means that,
even though similar venlafaxine concentrations are meas-
ured, the final risk assessment provides very different results,
depending on which species the toxicity is considered.
Calculating RQ is a widely used quotient used to sum-
marise the risk level of a specific chemical. However, it
has multiple limitations. RQs are based on environmental
concentrations and experimental toxicity values, which
are both associated with uncertainties that can lead to
an over- or underestimation of the risk level. Moreover,
ecotoxicological data is not available for every chemical
quantified in the wastewater samples, limiting the RQ’s
calculation. This was the case for 36 of the quantified
micropollutants in this study. Either this is due to a lack
of experiments or inactivity of the compound (e.g. EC50
above water solubility). The combination of multiple
experimental ECs, values can therefore derive a range
of RQ instead of a single value allowing us to prioritise
the micropollutants of concern. Nevertheless, micropo-
llutants with RQ <1 cannot necessarily be considered
environmentally safe. Physical-chemical properties that

affect environmental fate, such as mobility, environmen-
tal persistence and bioaccumulation are also important
to consider during environmental risk assessment. The
model also does not take the dilution of wastewater in the
environment into consideration. There will most often be
a significant dilution of the wastewater when it is released
into the environment (Gosset et al. 2021). Lastly, this
model only considers the toxicity of D. Magna and R.
subcapitata, and other possible non-target organisms are
not considered.

Investigation of differences in micropollutant
composition between WWTPs

The range scaled distribution of the most abundant micro-
pollutants (n > 18) in effluent wastewater is shown in Fig. 5
(for influent wastewater, see Fig. S6). Covariance between
sample concentrations was observed for furosemide,
diclofenac, metoprolol and losartan (see Fig. 5). Furosem-
ide, losartan and metoprolol are used to treat high blood
pressure, whereas diclofenac is used to treat osteoarthritis
and rheumatoid arthritis (Wishart et al. 2018). Metoprolol
was found with an average concentration in effluent waste-
water across all WWTPs of 1.12 ug L™!. The average con-
centration of metoprolol in both WWTP AV and WWTP
OT was 1.57 ng L~ In effluent wastewater, losartan was
found at an average concentration of 1.27 ug L™}, 1.92 ug

Uand 2.32 ug L™! across all WWTPS, at WWTP AV
and WWTP OT, respectively. Furosemide was found at
an average concentration of 0.65 ug/L across all WWTPs,

Fig.5 Heat map including hier-
archical clustering of effluent
wastewaters for all micropollut-
ants (with more than 18 quanti-
fications). For each micropollut-
ant the concentration has been
range scaled (lowest value=0
and highest value=1)
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0.77 ugL~" at WWTP AV, 1.09 ug L' at WWTP OT, and
0.75 ug L™! at WWTP SO and Diclofenac was found at an
average concentration of: 0.40 pg L' across all WWTPs,
0.50 ug L=' at WWTP AV, 0.74 ug L~! at WWTP OT and
0.55 ug L=" at WWTP SO. These findings are highlighted
in Fig. 5 for WWTP OT and WWTP AV. So overall, these
micropollutants have in common that they are found at
higher than average concentrations at WWTP AV, WWTP
OT and WWTP SO.

These findings could be explained by the higher average
age of the Northern Funen municipality compared to the
other areas (Danmmarks Statistik 2021). WWTP SO and
WWTP OT are both situated in Northern Funen municipal-
ity, where the average age in 2020 was 44.6 years. WWTP
EM, WWTP NV and WWTP NE were placed in Odense
municipality with an average age of 39.7 years and WWTP
LY, WWTP DA and WWTP AV were placed around the
Copenhagen area with an average age of 36.1 years (Danm-
marks Statistik 2021). WWTP AV covers a larger part of
municipalities not located in Copenhagen, and opposite
to WWTP LY and WWTP DA. Where the average age in
Copenhagen is 36.1 years, the average age in the towns
discharging wastewater to WWTP AV (Albertslund, Bal-
lerup, Brgndby, Glostrup, Hgje-Taastrup, Ishgj and Val-
lensbak) is between 39.4 and 42.2 years (Danmmarks
Statistik 2021).

Nothern Funen municipality is split into multiple Parish
districts. For Sgndersg Parish district 30% of the population
is above 60 years. For the Otterup Parish district, 34% of the
population is above 60 years (Danmmarks Statistik 2021).
The water inflow for WWTP OT was 2714 m> day~! and
1453 m? day™!, for samples OT0714 and OT0721, respec-
tively. For WWTP SO, the water inflow was 2714 m> day~!
and 2126 m® day~!, for SO0714 and SO0721, respectively
(see Table S3). With fewer people in the catchment area,
9163 persons for WWTP SO compared to 10,112 persons
for WWTP OT, this could suggest that WWTP SO receives
a more significant portion of wastewater from sources such
as industry and landfills. This could explain the observed
differences between WWTP OT and WWTP SO that are
located in comparable areas.

Irbesartan is also used for the treatment of high blood
pressure. However, it is usually used in the initial treatment
of high blood pressure (ASHP 2020). Irbesartan was meas-
ured at higher concentrations at WWTP AV than the other
WWTPs. However, it was not detected at WWTP OT as the
other blood pressure pharmaceuticals. One explanation for
this could be differences in prescription. WWTP AV is in
the capital region and WWTP OT is in the region of south-
ern Denmark. Based on the sale numbers of the different
regions (Table S6); furosemide, losartan and metoprolol
are all prescribed 1.6, 1.4 and 1.2 times more often in the
region of southern Denmark compared to the capital region.

@ Springer

However, irbesartan is prescribed 0.6 times in the region of
southern Denmark compared to the capital region, which
could explain the observation.

Anmitriptyline and citalopram, which are both pharmaceu-
ticals used to treat depression, were found to have a Pearson
correlation coefficient of 0.87 in effluent wastewater (SI_B,
“Pearson Correlation”). For WWTP DA, average measured
concentrations of amitriptyline and citalopram in effluent
wastewater were 0.39 ug L™! (range: 0.31 to 0.45 ug L™
and 0.51 ug L™! (range: 0.23 to 0.77 ug L"), respectively
(highlighted in Fig. 5). The average concentration of ami-
triptyline was 0.09 ug L™! across all WWTPs and the range
excluding WWTP DA was between 0.01 and 0.09 ug L.
For citalopram the average concentration across all WWTPs
was 0.16 ug L™!; excluding WWTP DA the concentration
was between 0.05 and 0.17 pg L™!. The same clear trend was
not observed for influent wastewater (Fig. S6). For amitrip-
tyline, there were observed differences at WWTP DA in the
concentrations in the effluent compared to influent waste-
water compared to the other WWTPs as explained in “Fate
of micropollutants in WWTPs.” It has not been possible to
find an explanation for these observations of citalopram and
amitriptyline.

Venlafaxine correlated with mirtazapine, sulfapyridine,
propranolol and carbamazepine with a Pearson correla-
tion coefficient of 0.90, 0.83, 0.85 and 0.82, respectively.
Mirtazapine and venlafaxine are both anti-depressive
pharmaceuticals; sulfapyridine is an antibiotic; proprano-
lol is a beta blocker used to treat various illnesses; and
carbamazepine has different use but is used to treat bipolar
disorder (ASHP 2020). Venlafaxine correlates with O-des-
methylvenlafaxine with a Pearson correlation coefficient of
0.95, which was expected since O-desmethylvenlafaxine is
most likely a transformation product of venlafaxine (Gas-
ser et al. 2012). These micropollutants were quantified
at the highest concentrations at WWTP NE and WWTP
OT (highlighted in Fig. 5). Venlafaxine, mirtazapine, pro-
pranolol and carbamazepine, for which sale numbers are
available, have in common that they are prescribed 1.6
times more often in the region of southern Denmark com-
pared to the capital region (Sundhedsdatastyrelsen 2021.).
Both WWTP NE and WWTP OT are placed in the region
of southern Denmark.

1,3-Diphenylguanidine is a vulcanisation agent that has
been found to be leaching from tires (Zahn et al. 2019).
1,3-Dipehnylguanidine was detected in all WWTPs
(Fig. 2). Before sampling, there were some rain events in
Copenhagen (DMI 2022) with 2.8 mm on June 18, 12.1 mm
on June 19 and 26.1 mm on June 20. Rain was measured
again on June 28 with 4.1 mm, June 30 with 8.4 mm
and July 1 with 2.3 mm. The samples taken on June 22,
June 29 and July 1 from the Copenhagen-based WWTPs
showed the highest concentration of 1,3-diphenylguanidine
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in effluent wastewater. The same trend is observed in the
influent wastewater, with highest concentrations of the
three Copenhagen-based WWTPs measured on 0629, and
0701, which could indicate that 1,3-diphenylguanidine is
washed off from roads during rain events and ends up in
wastewater, where it previously has been reported (Johan-
nessen and Metcalfe 2022).

The most abundant pesticides (propiconazole, terbutryn
and tebuconazole) have in common that they have also
been used as biocides (Bester, Vollertsen, and Bollmann
2014). Propiconazole and tebuconazole are used in wood
preservatives and terbutryn is used in painting. These
micropollutants have been shown to leach from houses’
exterior surfaces during rain events (Bester, Vollertsen,
and Bollmann 2014).

A Pearson correlation of 0.84 was calculated between
propiconazole and 1,3-diphenylguanide. Similar, 1,3-diphe-
nylguanide and terbutryn were found to have a Pearson cor-
relation of 0.72. This corresponds well with the hypothesis
of these micropollutants being washed off during rain events.

The correlation between tebuconazole was 0.08 and 0.07
for propiconazole and terbutryn, respectively. No micropol-
lutants correlated with tebuconazole (Pearson correlation
coefficient < 0.4). Tebuconazole is one of the fungicides
used in the highest amounts with around 81,000 kg con-
sumed in 2017, compared to 10,900 kg of propiconazole
consumed in 2017 (SEGES 2021). Others found tebucona-
zole in a comparable amount in wastewater under dry and
wet conditions (Bollmann et al. 2014). This suggests that
the release of tebuconazole is not correlated to rain events.

Terbutryn was above the LOQ for all influent samples
between 11 and 59 ng L™!, except for the influent sample
taken on June 29 from WWTP DA, where a concentration
of 509 ng L~! was measured (Fig. $6). The remaining four
influent samples from WWTP DA show concentrations of
terbutryn in the range of 14 to 59 ng L™, The spike in con-
centration on June 29 is also shown to influence the efflu-
ent concentrations. For WWTP DA, the highest effluent

concentrations were measured on June 29 and July 1, as
106 and 156 ng L™!, respectively, compared to a concentra-
tion of 36 and 41 ng L™!, on July 22 and July 24, respec-
tively. With a calculated hydraulic retention time of 46 h
(Table S2), this corresponds with the spike’s influence on
the effluent wastewater on July 1. This further highlights
the issues of comparison of water packages of influent and
effluent wastewater. The increased effluent concentrations
measured in effluent wastewater on June 29 and July 1 sug-
gest that the spike in influent concentration on June 29 is
distributed out on different days in the effluent wastewater.
This supports the findings from the lithium spike experi-
ments made by Ejhed et al. (2018), which were discussed in
“Fate of micropollutants in WWTPs.”

Furthermore, the concentration spike of terbutryn on
June 29 shows how events can significantly change the risk
assessment of the wastewater. Terbutryn was found to have
the lowest PNEC of 2 ng L™! for R. subcapitata. Routine
measurements can easily miss such spikes of almost a factor
10 in concentration.

Influent wastewater massflow estimated based
on sale numbers and excretion

Sale numbers of pharmaceuticals were combined with
excretion to calculate an estimated concentration in influent
wastewater. The measured influent wastewater concentration
was divided with this estimated wastewater concentration
and is presented in Fig. 6. The median influent concentration
divided by theoretical concentration is within an order of 10
for 18 out of 19 investigated pharmaceuticals.

Among the compared theoretical and measured amounts,
only gabapentin exhibited a deviation of more than an order
of magnitude, with median concentrations at 0.04 times the
expected concentration. The gabapentin recovery of the ml-
SPE extraction method was found to be 14% (Table S6).

Irbesartan has a median influent concentration of 0.1
times the expected concentration based on sale numbers.
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Approximately 80% of irbesartan is excreted in feces
(Wishart et al. 2018). Irbesartan has a log kow of 5.31
(KOWWIN v1.67 estimate), therefore it can be speculated
that irbesartan is adsorbed in the wastewater sludge.

Some of the variations observed could potentially be
explained by seasonal variation. The sale data is an average
of yearly data, that would hide seasonal fluctuation, whereas
the wastewater samples were collected during the summer of
2020. This could be the case for clarithromycin and azithro-
mycin, and trimethoprim are all used as antibiotics and had a
median of 0.39, 0.47 and 0.57 times the expected concentra-
tion, respectively. It is known that more antibiotic medicine
is prescribed during winter compared to summer (Suda et al.
2014). Oppositely, cetirizine was found with a median of 4.2
times higher concentrations than expected. Cetirizine is an
antihistamine for which it could be expected that there are
seasonal fluctuations in use, with higher consumption in the
spring/summer period (Medicin.dk 2019).

Disposal of pharmaceuticals to the toilet has previously
been shown for antipsychotic pharmaceuticals such as carba-
mazepine (Ruhoy and Daughton 2008). With a low excretion
of 3%, one dose directly disposed to the toilet will signifi-
cantly influence the influent mass flow.

The model is based on the excretion numbers being so
close as possible to the average excretion values. However,
as previously also discussed by Escola Casas et al. (2021),
the access to excretion data is limited and in some cases
excretion studies are made on a small number of people.
Mirtazapine is found to have a median influent concentration
that is 2.3 times higher than expected. For mirtazapine, a low
excretion of 1-4% unchanged mirtazapine (Delbressine et al.
1998) has been found in literature and used for the calcula-
tions. However, the excretion value used is based on a study
that investigated the excretion of four males and two females.

For paracetamol, the median influent concentration is
5.9 times higher than the expected value, which has been
previously observed in literature (Escola Casas et al. 2021).
However, these studies have been based on prescription
data and therefore expect such observation due to the high
over-the-counter sale. The use of an excretion rate of 2—-5%
unchanged paracetamol may contribute to the overestimation
(Escola Casas et al. 2021).

Degradation through the sewage system can result in
lower values in the wastewater. Jelic et al. (2015) have
shown that the concentration of citalopram and clarithro-
mycin decreases between 25 and 65% through a pressurised
sewer with a retention time of 21 +2 h (Jelic et al. 2015).

Some pharmaceuticals are sold in larger quantities than
needed for most common treatments. It is known that this
is often the case for blood regulation medicine (Oosterhuis
et al. 2013). This could explain the lower values found
for furosemide and losartan, which fits with the results of
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previous studies that also found the wastewater concentra-
tions to be below expected for these micropollutants (Oost-
erhuis et al. 2013).

Although there are limitations to this approach, with
18 out of 19 investigated pharmaceuticals within expected
values, the use of excretion and sale data combined with
PNEC can serve as a useful initial risk assessment. How-
ever, improving the quality of excretion studies is necessary
to enhance the accuracy of pharmaceutical concentration
estimations in wastewater.

Conclusions

This study has shown the strength of comprehensive tar-
get analysis of micropollutants in wastewater from different
WWTPs. We were able to show the presence of 79 different
micropollutants in influent and effluent wastewater.

The main conclusions of this study:

— No significant differences were observed in the differ-
ences of influent and effluent wastewater concentrations
of micropollutants among the investigated WWTPs. The
similarity in WWTP design suggests that the removal
from wastewater of specific micropollutants is primarily
determined by their inherent properties rather than the
specific characteristics of the WWTP.

— This study identified a potential risk associated with the
release of wastewater to D. Magna and R. subcapitata.
However, the calculation of predicted no-effect concen-
tration (PNEC) was found to heavily influence the con-
clusions of the risk assessment. Further work is needed
to establish standardized methodologies for calculating
risk quotient (RQ) and conducting environmental risk
assessments to ensure consistent results across studies.

— The composition of micropollutants in wastewater was
found to be influenced by the catchment area, specifi-
cally the population residing in the area. Areas with an
older population exhibited higher concentrations of age-
specific medicines. Additionally, certain micropollutants
were only detected in specific WWTPs e.g. azoxystrobin,
metribuzin, metconazole and paclobutrazole indicating
specific sources.

— The study highlights the potential of using wastewater
for wastewater-based epidemiology, as the concentra-
tion of pharmaceuticals in influent wastewater could be
predicted based on sale and excretion data. However,
limited data availability on pharmaceutical excretion
poses a limitation to these wastewater-based models.
Improved data on pharmaceutical excretion is necessary
to enhance the accuracy and reliability of such models
in the future.



Environmental Science and Pollution Research (2023) 30:121107-121123

121121

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-023-30331-z.

Author contribution Kristoffer Kilpinen: study design, planning, per-
formed LC-QTOF analysis, data analysis, and writing the initial manu-
script. Jason Devers: Performed GC X GC-QTOF analysis, data analy-
sis, reading and commenting on manuscript. Mafalda Castro: Finding
and evaluating toxicological endpoints, reading and commenting on
manuscript. Selina Tisler: Study design, Sample preparation, read-
ing and commenting on manuscript, supervision. Mathias Jgrgensen:
Sample collection, reading and commenting on manuscript. Peter
Mortensen: Study design, reading and commenting on manuscript,
supervision. Jan Christensen: Study design, reading and commenting
on manuscript, writing, supervision.

Funding Open access funding provided by Royal Library, Copenhagen
University Library The Innovation Fund Denmark funded this research
under the project “VANDALF”. Grant number: 9067-00032A.

Data availability All the raw data are available and can be provided at
reasonable request to the corresponding author.

Declarations
Ethics approval Not applicable.
Consent to participate Not applicable.

Consent for publication Not applicable.

Conflict of interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Archer E, Petrie B, Kasprzyk-Hordern B, Wolfaardt GM (2017) the fate
of pharmaceuticals and personal care products (PPCPs), endocrine
disrupting contaminants (EDCs), metabolites and illicit drugs in a
WWTW and environmental waters. Chemosphere 174(May):437—
446. https://doi.org/10.1016/j.chemosphere.2017.01.101

ASHP (2020) Drugs.Com. 2020. https://www.drugs.com/monograph/
irbesartan.html

Asimakopoulos AG, Ajibola A, Kannan K, Thomaidis NS (2013)
Occurrence and removal efficiencies of benzotriazoles and ben-
zothiazoles in a wastewater treatment plant in Greece. Sci Total
Environ 452-453(May):163-171. https://doi.org/10.1016/j.scito
tenv.2013.02.041

Bester K, Vollertsen J, Bollmann UE (2014) Water driven leaching of
biocides from paints and renders: methods for the improvement of
emission scenarios concerning biocides in buildings

Bollmann UE, Tang C, Eriksson E, Jonsson K, Vollertsen J, Bester
K (2014) Biocides in urban wastewater treatment plant influent
at dry and wet weather: concentrations, mass flows and possi-
ble sources. Water Res 60(September):64—74. https://doi.org/10.
1016/j.watres.2014.04.014

Campo J, Masid A, Blasco C, Pic6 Y (2013) Occurrence and removal
efficiency of pesticides in sewage treatment plants of Four Medi-
terranean River Basins. J Hazard Mater 263(December): 146—-157.
https://doi.org/10.1016/j.jhazmat.2013.09.061

Choi J-W, Zhao Y, Bediako JK, Cho C-W, Yun Y-S (2018a) Estimat-
ing environmental fate of tricyclic antidepressants in wastewater
treatment plant. Sci Total Environ 634(September):52-58. https://
doi.org/10.1016/j.scitotenv.2018.03.278

Choi PM, Tscharke B, Samanipour S, Hall WD, Gartner CE, Mueller
JF, Thomas KV, O’Brien JW (2019) Social, demographic, and
economic correlates of food and chemical consumption meas-
ured by wastewater-based epidemiology. Proc Natl Acad Sci
116(43):21864-21873. https://doi.org/10.1073/pnas.1910242116

Choi PM, Tscharke BJ, Donner E, O’Brien JW, Grant SC, Kaserzon
SL, Mackie R et al (2018b) Wastewater-based epidemiology
biomarkers: past, present and future. TrAC, Trends Anal Chem
105(August):453-469. https://doi.org/10.1016/j.trac.2018.06.004

Clara M, Strenn B, Kreuzinger N (2004) Carbamazepine as a possible
anthropogenic marker in the aquatic environment: investigations
on the behaviour of carbamazepine in wastewater treatment and
during groundwater infiltration. Water Res 38(4):947-954. https://
doi.org/10.1016/j.watres.2003.10.058

Council Directive of 91/5/EC concerning urban waste water treatment.
1991

Danmmarks Statistik (2021) Statistikbanken.Dk. 2021. https://www.
statistikbanken.dk

Delbressine LPC, Moonen MEG, Kaspersen FM, Wagenaars GN,
Jacobs PL, Timmer CJ, Paanakker JE, van Hal HIM, Voortman
G (1998) Pharmacokinetics and biotransformation of mirtazapine
in human volunteers. Clin Drug Investig 15(1):45-55. https://doi.
org/10.2165/00044011-199815010-00006

DMI (2022) DMI Vejrarkiv. 2022. https://www.dmi.dk/vejrarkiv/

Ejhed H, Fang J, Hansen K, Graae L, Rahmberg M, Magnér J, Dor-
geloh E, Plaza G (2018) The effect of hydraulic retention time
in onsite wastewater treatment and removal of pharmaceuticals,
hormones and phenolic utility substances. Sci Total Environ
618(March):250-261. https://doi.org/10.1016/j.scitotenv.2017.
11.011

Environmental Protection Agency (2022) ECOTOXicology knowledge-
base, U.S. Environmental Protection Agency. 2022. http:/www.
epa.gov/ecotox/

Escola Casas M, Schroter NS, Zammit I, Castaio-Trias M, Rodriguez-
Mozaz S, Gago-Ferrero P, L1. Corominas. (2021) Showcasing the
potential of wastewater-based epidemiology to track pharmaceu-
ticals consumption in cities: comparison against prescription data
collected at fine spatial resolution. Environ Int 150(May):106404.
https://doi.org/10.1016/j.envint.2021.106404

De Bruijn J, Hansen B, Johansson S, Luotamo M, Munn S, Musset
C, Olsen S, Olsson H, Paya-Perez A, Pedersen F, Rasmussen K,
Sokull-Kluttgen B (2002) Technical guidance document on risk
assessment. Part 1. Part 2. EUR 20418 EN. JRC23785

Fong PP, Hoy CM (2012) Antidepressants (venlafaxine and citalo-
pram) cause foot detachment from the substrate in freshwater
snails at environmentally relevant concentrations. Mar Freshw
Behav Physiol 45(2):145-153. https://doi.org/10.1080/10236244.
2012.690579

Gago-Ferrero P, Bletsou AA, Damalas DE, Aalizadeh R, Alygizakis
NA, Singer HP, Hollender J, Thomaidis NS (2020) Wide-Scope
Target Screening of >2000 Emerging contaminants in wastewa-
ter samples with UPLC-Q-ToF-HRMS/MS and smart evalua-
tion of its performance through the validation of 195 selected

@ Springer


https://doi.org/10.1007/s11356-023-30331-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.chemosphere.2017.01.101
https://www.drugs.com/monograph/irbesartan.html
https://www.drugs.com/monograph/irbesartan.html
https://doi.org/10.1016/j.scitotenv.2013.02.041
https://doi.org/10.1016/j.scitotenv.2013.02.041
https://doi.org/10.1016/j.watres.2014.04.014
https://doi.org/10.1016/j.watres.2014.04.014
https://doi.org/10.1016/j.jhazmat.2013.09.061
https://doi.org/10.1016/j.scitotenv.2018.03.278
https://doi.org/10.1016/j.scitotenv.2018.03.278
https://doi.org/10.1073/pnas.1910242116
https://doi.org/10.1016/j.trac.2018.06.004
https://doi.org/10.1016/j.watres.2003.10.058
https://doi.org/10.1016/j.watres.2003.10.058
https://www.statistikbanken.dk
https://www.statistikbanken.dk
https://doi.org/10.2165/00044011-199815010-00006
https://doi.org/10.2165/00044011-199815010-00006
https://www.dmi.dk/vejrarkiv/
https://doi.org/10.1016/j.scitotenv.2017.11.011
https://doi.org/10.1016/j.scitotenv.2017.11.011
http://www.epa.gov/ecotox/
http://www.epa.gov/ecotox/
https://doi.org/10.1016/j.envint.2021.106404
https://doi.org/10.1080/10236244.2012.690579
https://doi.org/10.1080/10236244.2012.690579

121122

Environmental Science and Pollution Research (2023) 30:121107-121123

representative analytes. J Hazard Mater 387(April):121712.
https://doi.org/10.1016/j.jhazmat.2019.121712

Gago-Ferrero P, Krettek A, Fischer S, Wiberg K, Ahrens L (2018)
Suspect screening and regulatory databases: a powerful combina-
tion to identify emerging micropollutants. Environ Sci Technol
52(12):6881-6894. https://doi.org/10.1021/acs.est.7b06598

Gasser G, Pankratov I, Elhanany S, Werner P, Gun J, Gelman F, Lev O
(2012) Field and laboratory studies of the fate and enantiomeric
enrichment of venlafaxine and O-desmethylvenlafaxine under
aerobic and anaerobic conditions. Chemosphere 88(1):98-105.
https://doi.org/10.1016/j.chemosphere.2012.02.074

Goémez MJ, Martinez Bueno MJ, Lacorte S, Fernandez-Alba AR,
Agiiera A (2007) Pilot survey monitoring pharmaceuticals and
related compounds in a sewage treatment plant located on the
Mediterranean Coast. Chemosphere 66(6):993—1002. https://doi.
org/10.1016/j.chemosphere.2006.07.051

Gosset A, Wiest L, Fildier A, Libert C, Giroud B, Hammada M, Hervé
M et al (2021) Ecotoxicological risk assessment of contaminants
of emerging concern identified by ‘suspect screening’ from urban
wastewater treatment plant effluents at a territorial scale. Sci Total
Environ 778(July):146275. https://doi.org/10.1016/j.scitotenv.
2021.146275

Hansen M, Frgkjer E, Aggerbeck MR, Gravert TKO, Martin JD,
Young RB, Vorkamp K, Bossi R (2021) HITLIST : holistic non-
targeted approach to determine pesticide and biocide residues in
the aquatic environment. Environmental Protection Agency

Haussard M, Gaballah I, de Donato P, Barres O, Mourey A (2002)
Use of treated bark for the removal of lipids from water. J Air
Waste Manag Assoc 52(1):76-83. https://doi.org/10.1080/10473
289.2002.10470756

He K, Borthwick AG, Lin Y, Li Y, Jie Fu, Wong Y, Liu W (2020) Sale-
based estimation of pharmaceutical concentrations and associated
environmental risk in the Japanese wastewater system. Environ Int
139(June):105690. https://doi.org/10.1016/j.envint.2020.105690

Herrmann M, Olsson O, Fiehn R, Herrel M, Kiimmerer K (2015) The
significance of different health institutions and their respective
contributions of active pharmaceutical ingredients to wastewater.
Environ Int 85(December):61-76. https://doi.org/10.1016/j.envint.
2015.07.020

Ivanova L, Faberova M, Mackulak T, Grabic R, Bodik I (2017) Estima-
tion of amount of selected pharmaceuticals sorbed onto digested
sludge from wastewater treatment plant Bratislava-Petrzalka.
Environ Res 155(May):31-35. https://doi.org/10.1016/j.envres.
2017.02.001

Jelic A, Rodriguez-Mozaz S, Barcel6 D, Gutierrez O (2015) Impact of
in-sewer transformation on 43 pharmaceuticals in a pressurized
sewer under anaerobic conditions. Water Res 68(January):98—108.
https://doi.org/10.1016/j.watres.2014.09.033

Johannessen C, Metcalfe CD (2022) The occurrence of tire wear com-
pounds and their transformation products in municipal wastewa-
ter and drinking water treatment plants. Environ Monit Assess
194(10):731. https://doi.org/10.1007/s10661-022-10450-9

Kadokami K, Takashi MIYAWAKI, Katsumi IWABUCHI, Sokichi
TAKAGI, Fumie ADACHI, Haruka IIDA, Kimiyo WATANABE
et al (2021) Inflow and outflow loads of 484 daily-use chemicals in
wastewater treatment plants across Japan. Environ Monit Contam
Res 1:20200002. https://doi.org/10.5985/emcr.20200002

Kock-Schulmeyer M, Villagrasa M, Lopez M, de Alda R, Céspedes-
Sanchez FV, Barcel6 D (2013) Occurrence and behavior of pes-
ticides in wastewater treatment plants and their environmental
impact. Sci Total Environ 458-460(August):466-476. https://doi.
org/10.1016/j.scitotenv.2013.04.010

Lajeunesse A, Gagnon C, Sauvé S (2008) Determination of basic
antidepressants and their N-desmethyl metabolites in raw
sewage and wastewater using solid-phase extraction and

@ Springer

liquid chromatography—tandem mass spectrometry. Anal Chem
80(14):5325-5333. https://doi.org/10.1021/ac800162q

Liu M, Lv J, Qin C, Zhang H, Linlin Wu, Guo W, Guo C, Jian Xu
(2022) Chemical fingerprinting of organic micropollutants in dif-
ferent industrial treated wastewater effluents and their effluent-
receiving river. Sci Total Environ 838(September):156399. https://
doi.org/10.1016/j.scitotenv.2022.156399

Medicin.dk (2019) Medicin.Dk. 2019. https://pro.medicin.dk/Medic
in/Praeparater/335

Kjglholt J, Schmidt FL (2021) Nggletal for miljgfarlige forurenende
stoffer i spildevand fra renseanlag, Danish Environmental Protec-
tion Agency ISBN: 978-87-7038-287-8

Moschet C, Lew BM, Hasenbein S, Anumol T, Young TM (2017) LC-
and GC-QTOF-MS as complementary tools for a comprehensive
micropollutant analysis in aquatic systems. Environ Sci Technol
51(3):1553-1561. https://doi.org/10.1021/acs.est.6b05352

OECD (2004) Test No. 202: Daphnia sp. acute immobilisation test.
OECD. https://doi.org/10.1787/9789264069947-en

OECD (2011) Test No. 201: Alga, growth inhibition test. OECD Pub-
lishing. https://doi.org/10.1787/9789264069923-en

Oosterhuis M, Sacher F, ter Laak TL (2013) Prediction of concentration
levels of metformin and other high consumption pharmaceuticals
in wastewater and regional surface water based on sales data. Sci
Total Environ 442(January):380-388. https://doi.org/10.1016/j.
scitotenv.2012.10.046

Ort C, Lawrence MG, Rieckermann J, Joss A (2010) Sampling for
pharmaceuticals and personal care products (PPCPs) and illicit
drugs in wastewater systems: are your conclusions valid? A criti-
cal review. Environ Sci Technol 44(16):6024-6035. https://doi.
org/10.1021/es100779n

R Core Team (2018) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna.
Available online at https://www.R-project.org/

Rice J, Kannan AM, Castrignano E, Jagadeesan K, Kasprzyk-
Hordern B (2020) Wastewater-based epidemiology combined
with local prescription analysis as a tool for temporalmoni-
toring of drugs trends - a UK perspective. Sci Total Environ
735(September):139433. https://doi.org/10.1016/j.scitotenv.
2020.139433

Rogowska J, Cieszynska-Semenowicz M, Ratajczyk W, Wolska L
(2020) Micropollutants in treated wastewater. Ambio. Springer.
https://doi.org/10.1007/s13280-019-01219-5

Ruhoy IS, Daughton CG (2008) Beyond the medicine cabinet: an
analysis of where and why medications accumulate. Environ Int
34(8):1157-1169. https://doi.org/10.1016/j.envint.2008.05.002

SEGES (2021) Middeldatabasen.Dk. 2021. https://middeldatabasen.dk/

Silva LIG, Pereira AMPT, Meisel LM, Lino CM, Pena A (2014) A one-
year follow-up analysis of antidepressants in Portuguese wastewa-
ters: occurrence and fate, seasonal influence, and risk assessment.
Sci Total Environ 490(August):279-287. https://doi.org/10.1016/j.
scitotenv.2014.04.131

Subedi B, Kannan K (2014) Fate of artificial sweeteners in wastewater
treatment plants in New York State, U.S.A. Environ SciTechnol
48(23):13668-74. https://doi.org/10.1021/es504769c

Suda KJ, Hicks LA, Roberts RM, Hunkler RJ, Taylor TH (2014) Trends
and seasonal variation in outpatient antibiotic prescription rates in
the United States, 2006 to 2010. Antimicrob Agents Chemother
58(5):2763-2766. https://doi.org/10.1128/AAC.02239-13

Sundhedsdatastyrelsen (2021) Medstat.Dk. 2021. https://medstat.dk/

Tisler S, Pattison DI, Christensen JH (2021) Correction of matrix
effects for reliable non-target screening LC-ESI-MS analysis of
wastewater. Anal Chem 93(24):8432-8441. https://doi.org/10.
1021/acs.analchem.1c00357

Traneker C, Andersen MBO, Fyrstenborg R (2021) MEDICIN-
RESTER I SPILDEVAND OG VANDMILIJ@. https://www.danva.


https://doi.org/10.1016/j.jhazmat.2019.121712
https://doi.org/10.1021/acs.est.7b06598
https://doi.org/10.1016/j.chemosphere.2012.02.074
https://doi.org/10.1016/j.chemosphere.2006.07.051
https://doi.org/10.1016/j.chemosphere.2006.07.051
https://doi.org/10.1016/j.scitotenv.2021.146275
https://doi.org/10.1016/j.scitotenv.2021.146275
https://doi.org/10.1080/10473289.2002.10470756
https://doi.org/10.1080/10473289.2002.10470756
https://doi.org/10.1016/j.envint.2020.105690
https://doi.org/10.1016/j.envint.2015.07.020
https://doi.org/10.1016/j.envint.2015.07.020
https://doi.org/10.1016/j.envres.2017.02.001
https://doi.org/10.1016/j.envres.2017.02.001
https://doi.org/10.1016/j.watres.2014.09.033
https://doi.org/10.1007/s10661-022-10450-9
https://doi.org/10.5985/emcr.20200002
https://doi.org/10.1016/j.scitotenv.2013.04.010
https://doi.org/10.1016/j.scitotenv.2013.04.010
https://doi.org/10.1021/ac800162q
https://doi.org/10.1016/j.scitotenv.2022.156399
https://doi.org/10.1016/j.scitotenv.2022.156399
https://pro.medicin.dk/Medicin/Praeparater/335
https://pro.medicin.dk/Medicin/Praeparater/335
https://doi.org/10.1021/acs.est.6b05352
https://doi.org/10.1787/9789264069947-en
https://doi.org/10.1787/9789264069923-en
https://doi.org/10.1016/j.scitotenv.2012.10.046
https://doi.org/10.1016/j.scitotenv.2012.10.046
https://doi.org/10.1021/es100779n
https://doi.org/10.1021/es100779n
https://www.R-project.org/
https://doi.org/10.1016/j.scitotenv.2020.139433
https://doi.org/10.1016/j.scitotenv.2020.139433
https://doi.org/10.1007/s13280-019-01219-5
https://doi.org/10.1016/j.envint.2008.05.002
https://middeldatabasen.dk/
https://doi.org/10.1016/j.scitotenv.2014.04.131
https://doi.org/10.1016/j.scitotenv.2014.04.131
https://doi.org/10.1021/es504769c
https://doi.org/10.1128/AAC.02239-13
https://medstat.dk/
https://doi.org/10.1021/acs.analchem.1c00357
https://doi.org/10.1021/acs.analchem.1c00357
https://www.danva.dk/media/7775/medicinrester-i-spildevand-og-vandmiljoe_2021.pdf

Environmental Science and Pollution Research (2023) 30:121107-121123

121123

dk/media/7775/medicinrester-i-spildevand-og-vandmiljoe_2021.
pdf

Trenholm RA, Vanderford BJ, Drewes JE, Snyder SA (2008) Deter-
mination of household chemicals using gas chromatography and
liquid chromatography with tandem mass spectrometry. J Chro-
matogr A 1190(1-2):253-262. https://doi.org/10.1016/j.chroma.
2008.02.032

Vollertsen J, Bester K, Rudelle EA, Bollmann U, Minelgaite G,
Stephansen DA, Nielsen AH, Pedersen (ML) (2017) Biocider i
Urbane Smasger. Miljgstyrelsen

WHO Collaborating Centre for Drug (2021) Whocc.No. 2021. https://
www.whocc.no

Wiest L, Gosset A, Fildier A, Libert C, Hervé M, Sibeud E, Giroud
B et al (2021) Occurrence and removal of emerging pollutants
in urban sewage treatment plants using LC-QToF-MS suspect
screening and quantification. Sci Total Environ 774(June):145779.
https://doi.org/10.1016/j.scitotenv.2021.145779

Wishart DS, Feunang YD, Guo AC, Lo EJ, Marcu A, Grant JR, Sajed
T et al (2018) DrugBank 5.0: a major update to the DrugBank
Database for 2018. Nucleic Acids Res 46(D1):D1074-82. https://
doi.org/10.1093/nar/gkx 1037

Zahn D, Mucha P, Zilles V, Touffet A, Gallard H, Knepper TP, Fromel
T (2019) Identification of potentially mobile and persistent trans-
formation products of REACH-registered chemicals and their
occurrence in surface waters. Water Res 150(March):86-96.
https://doi.org/10.1016/j.watres.2018.11.042

Zhang Y, He Da, Chang F, Dang C, Jie Fu (2021) Combined effects of
sulfamethoxazole and erythromycin on a freshwater microalga,
Raphidocelis subcapitata: toxicity and oxidative stress. Antibiotics
10(5):576. https://doi.org/10.3390/antibiotics 10050576

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://www.danva.dk/media/7775/medicinrester-i-spildevand-og-vandmiljoe_2021.pdf
https://www.danva.dk/media/7775/medicinrester-i-spildevand-og-vandmiljoe_2021.pdf
https://doi.org/10.1016/j.chroma.2008.02.032
https://doi.org/10.1016/j.chroma.2008.02.032
https://www.whocc.no
https://www.whocc.no
https://doi.org/10.1016/j.scitotenv.2021.145779
https://doi.org/10.1093/nar/gkx1037
https://doi.org/10.1093/nar/gkx1037
https://doi.org/10.1016/j.watres.2018.11.042
https://doi.org/10.3390/antibiotics10050576

	Catchment area, fate, and environmental risks investigation of micropollutants in Danish wastewater
	Abstract
	Introduction
	Experimental
	Wastewater treatment plant
	Chemicals and reagents
	Sampling and sample preparation
	Instrumental analysis, quantification and quality assurance
	Risk quotient calculation
	Hierarchical clustering and boxplot
	Fate of micropollutants in WWTP
	Consumed pharmaceuticals

	Results and discussion
	Concentrations and detection frequencies of micropollutants in wastewater
	Fate of micropollutants in WWTPs
	Environmental risk assessment of micropollutants in effluent wastewater
	Investigation of differences in micropollutant composition between WWTPs
	Influent wastewater massflow estimated based on sale numbers and excretion

	Conclusions
	Anchor 20
	References


