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The occurrence and distribution of 111 organic micropollutants (OMPs) were evaluated in water and
€laren, Sweden, using a liquid chromatography-tandem mass specsediment samples from Lake Ma
trometry method. The partitioning of contaminants between lake compartments was estimated using
solid water distribution coefﬁcients (Kd) and organic carbon-water partitioning coefﬁcients (KOC). In total,
30 and 24 OMPs were detected in lake water and sediment, respectively. Concentrations ranged from low
ng/L to 89 ng/L (lamotrigine) in lake water and from low ng/g dry weight (dw) to 28 ng/g dw (citalopram)
in sediment. Carbamazepine, lamotrigine, caffeine, and tolyltriazole were the dominant compounds in
€laren samples (both water and sediment). Seventeen OMPs were detected in both water and
Lake Ma
sediment samples, including carbamazepine, DEET, tolyltriazole, bicalutamide, caffeine, lamotrigine, and
cetirizine. Log Kd values varied between 0.84 for lamotrigine and 4.4 for citalopram, while log KOC values
varied between 2.1 for lamotrigine and 5.9 for citalopram. These results indicate that sorption to sediment plays a minor role in removal of all OMPs analyzed in the aqueous phase except for citalopram and
cetirizine, which showed high sorption potential. The environmental risks of OMPs were assessed based
on the RQ values. The worst-case scenario for environmental risk assessment was conducted using the
maximum measured environment concentration. For most of the target OMPs, including tolyltriazole,
bicalutamide, fexofenadine, oxazepam, cetirizine, and diclofenac, the RQ values were below 0.01, indicating low or no risk to lake ecosystems.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

* Corresponding author.
E-mail address: oksana.golovko@slu.se (O. Golovko).

Organic micropollutants (OMPs) such as pharmaceuticals, personal care products, pesticides, stimulants, and artiﬁcial sweeteners have been identiﬁed as emerging contaminants due to the
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possible threats to ecological environments (Liu and Wong, 2013;
Petrie et al., 2015). Municipal, industrial, and on-site wastewater
treatment facilities are considered major sources of OMPs in
€ rengård et al., 2019; Gago-Ferrero et al.,
aquatic environments (So
2017). Conventional wastewater treatment facilities have low
removal efﬁciencies for OMPs, which are present globally in
groundwater and surface water, including drinking water reservoirs (Petrie et al., 2015; Yang et al., 2017; Patel et al., 2019). Typical
concentrations of OMPs in surface water range from ng/L to mg/L
(Petrie et al., 2015). Some OMPs, such as pharmaceuticals, have
been observed to be pseudo-persistent due to continuous release
into aquatic systems via efﬂuent discharges (Brooks et al., 2006).
After release to aquatic environments, they can distribute in the
different environmental compartments and enter aquatic
ecosystems.
Sediment has been shown to be a major sink for OMPs with high
octanol/water partition coefﬁcient (Kow), and thus high hydrophobicity (Gong et al., 2012). Hydrophobic chemicals bind easily to
sediments and to suspended particulate material deposited in the
water column (Zoppini et al., 2014). Re-suspended sediment can
constitute an additional source of OMPs and can ultimately
enhance OMP bioavailability in aquatic environments (Zoppini
et al., 2014). Due to the process of accumulation and desorption
of toxic pollutants in the sediment-water system, sediment supplies the bioavailable fraction of toxic compounds for not only
benthic organisms but also for aquatic organisms (Petrie et al.,
2015). Some studies have investigated the presence of OMPs in
Swedish waters (Falås et al., 2012), but a systematic large-scale
study of OMPs in water and sediment in aquatic environments
doesn’t exist. Thus, there is a knowledge gap on OMPs in water and
sediment, impeding risk assessments and further regulatory action.
This study assessed the occurrence and distribution of 111 OMPs
€laren,
in water and sediment along a pollution gradient in Lake Ma
Sweden. Speciﬁc objectives were to i) investigate the occurrence
and spatial distribution of these OMPs in water and sediment, ii)
evaluate their sediment-water distribution, and iii) assess the
environmental risk to the ecosystem. The overall aim was to
improve future monitoring of OMPs and their potential risk
assessment.
2. Material and methods
2.1. Selected target compounds and chemicals
The 111 OMPs evaluated in the study consisted of pharmaceuticals, industrial chemicals, personal care products, pesticides,
parabens, vitamins, artiﬁcial sweeteners, stimulants, contrast medium, opioids, and isoﬂavones. Target compounds were selected
based on information in the literature on their occurrence and
ubiquity in aquatic environments (Petrie et al., 2015; Yang et al.,
2017), and on their human use and consumption (Petrie et al.,
2015; Patel et al., 2019). All analytical standards used for analysis
were of high purity grade (>95%) and purchased from SigmaAldrich (Sweden). Isotopically labeled standards (IS) (n ¼ 26)
were obtained from Wellington Laboratories (Canada), Teknolab AB
(Kungsbacka, Sweden), Sigma-Aldrich (Sweden), and Toronto
Research Chemicals (Toronto, Canada). Detailed information about
internal standards (ISs) and native standards can be found elsewhere (Rostvall et al., 2018).
Ultrapure water was generated by a Milli-Q Advantage Ultrapure Water puriﬁcation system and ﬁltered through a 0.22 mm
Millipak Express membrane and LC-Pak polishing unit (Merk Millipore, Billercia, MA). Methanol, acetonitrile, ammonium acetate,
formic acid, ammonia, and ethyl acetate of high analytical grade
were acquired from Sigma-Aldrich (Sweden).

For solid phase extraction (SPE), empty polypropylene (PP)
tubes and the sorbent materials Sepra ZT (Strata-X), Sepra ΖΤ-WCX
(Strata-X-CW), and ΖΤ-WAX (Strata-X-AW) were purchased from
Phenomenex (Torrance, USA). The sorbent material Isolute ENVþ
and frits (20 mm, 6 mL) were obtained from Biotage (Ystrad
Mynach, UK). The water samples were ﬁltered using glass microﬁber ﬁlters (grade GF/F, Whatman, thickness 0.42 mm, pore size 0.7
mm), and the sediment sample extracts were ﬁltered using regenerated cellulose syringe ﬁlters (15 mm diameter and 0.2 mm pore
size) (Millipore, Cork, Ireland).
2.2. Study site and sample collection
Sampling of lake water (n ¼ 7) and sediment (n ¼ 3) was conducted in November 2017 in three basins (Ekoln, Skarven, and
€rva
€ln), which are all connected and part of Lake M€
Go
alaren (Fig. S1
in Supporting Information (SI)). Detailed information about water
sampling can be found elsewhere (Rehrl et al., 2020). Water samples were collected at three different depths (0.5 m, 15 m, 30 m)
€rva
€ln, while only surface water samples (0.5 m)
from Ekoln and Go
were collected from Skarven.
Water samples were taken as grab samples in 1L pre-rinsed PP
bottles. The water samples were collected according to the international standard (ISO 5667-4) by using Ruttner water sampler. The
samples were stored dark in a cooling room until further processing
without any pretreatment steps (Fedorova et al., 2014). Sediment
samples were collected from the top 2 cm at multiple sites at Ekoln,
€rv€
Skarven, and Go
aln (detailed information about sediment sampling can be found in Sahlin et al. (2018)). The sediment samples
were collected into pre-rinsed 0.25-L brown glass jars. The jars
were sealed with Teﬂon-lined lids and transported on ice to the
laboratory, where they were frozen (18  C) until processing.
2.3. Sample preparation
The water samples (500 mL) including blanks (n ¼ 9) were
extracted by SPE following the procedure described by GagoFerrero et al. (2015) using four different SPE materials (200 mg
Strata-X, 150 mg Isolute ENVþ, 100 mg Strata-X-AW and 100 mg
Strata-X-CV) simultaneously in one in-house mixed bed cartridge.
The sediment samples were air-dried in a fume hood and then
extracted as duplicates using ultrasonication, as described previously (Golovko et al., 2016). In brief, 2 g (dry weight (dw)) of
sediment sample was spiked with an IS mixture (20 ng absolute per
sample aliquot) and extracted by a two-step ultrasonic bath
extraction procedure with 4 mL acetonitrile and water mixture (1/1,
v/v with 0.1% formic acid), followed by a 4 mL acetonitrile, 2propanol, and water mixture (3/3/4, v/v/v with 0.1% formic acid).
The extraction duration for each step was 15 min. Finally, the two
supernatants were combined, mixed and ﬁltered using a regenerated cellulose syringe ﬁlter (0.45 mm pores). For the analysis, 1 mL
of extract was used.
2.4. Instrument analysis
The water and sediment extracts were analyzed using a DIONEX
UltiMate 3000 ultra-high pressure liquid chromatography (UPLC)
system (Thermo Scientiﬁc, Waltham, MA, USA) coupled to a triple
quadrupole mass spectrometer (MS/MS) (TSQ QUANTIVA, Thermo
SCIENTIFIC, Waltham, MA, USA). An Acquity UPLC BEH-C18 column
(100 mm  2.1 i.d., 1.7 mm particle size; Waters Corporation,
Manchester, UK) was used as an analytical column. Heated electrospray ionization (H-ESI) was used to ionize the target compounds. The mobile phase consisted of Milli-Q with 5 mM
ammonium acetate and acetonitrile. Xcalibur software (Thermo
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Fisher Scientific, San Jose, CA, USA) was used for data acquisition.
The data obtained were evaluated using TraceFinder™ 3.3. software (Thermo Fisher).
2.5. Quality assurance/quality control
Quality controls (QC) included analysis of blanks, limit of
quantiﬁcation (LOQ), matrix effect, and recovery. The calibration
curves for substances in water (0.01e250 ng/L) and sediment
(0.01e100 ng/L) generally had R-values >0.99 (data not reported).
The method blanks were Milli-Q water (n ¼ 1) and tap water
(n ¼ 1). The blanks were prepared and extracted in the same way as
the samples and no target analytes were detected in method
blanks. Matrix-matched standards were used to assess the matrix
effect and were prepared from sample extract spiked with ISs and
native OMPs at concentration levels equivalent to 50 ng/L and
100 ng/L, respectively, for water samples and 10 ng/g dw and 20 ng/
g dw, respectively, for sediment samples.
For all studied OMPs LOQs were in the range of 0.07e4.0 ng/L for
water samples and of 0.042e1.5 ng/g dw for sediment samples,
respectively. The recoveries were in the satisfactory range from 62%
to 135% for water samples and from 81% to 104% for sediment
samples, respectively. Detailed information about QA/QC for water
and sediment samples can be found elsewhere (Rehrl et al., 2020;
Golovko et al., 2016).
The sediment/water partition coefﬁcient (Kd) and organic
carbon-water partitioning coefﬁcient (KOC) were used to evaluate
the adsorption capacity of each chemical compound in water and
sediment. Kd was calculated as:

Kd ¼ cs =cw
where cs (mg/kg) and cw (mg/L) are the OMP concentration in
sediment and water, respectively.
KOC was then calculated as:

KOC ¼ Kd =foc
where fOC is the fraction of organic carbon (OC) in sediment,
€rva
€ln is 0.041 g/g, Elkoln is 0.0546 g/g and Skarven is
0e2 cm (Go
0.0288 g/g) (Sahlin et al., 2018).
The environmental risks were assessed based on the risk quotient (RQ) (European Commission. Tech, 2003), calculated as:

RQ ¼ MEC=PNEC
where MEC is the measured environmental concentration and
PNEC is the predicted no-effect concentration in water. RQ values
are classiﬁed as no risk for RQ < 0.01, low risk for RQ ¼ 0.01e0.1,
medium risk for RQ ¼ 0.1e1, and high risk for RQ > 1.
3. Results and discussion
3.1. Occurrence of OMPs in lake water
In total, 30 out of 111 OMPs were detected in at least one water
sample from Lake M€
alaren (Fig. 2,Table S1) in November. The
dominant compounds were carbamazepine, lamotrigine, caffeine,
and tolyltriazole, with average concentrations of 12, 50, 9.4, and
28 ng/L, respectively (Fig. 1). It should be noted that 11 of the 31
OMPs detected in water samples were not detected in sediment
(sulisobenzone, diazepam, mirtazapine, pyrimethamine, propylparaben, DMDEE, diclofenac, furosemide, irbesartan, losartan,
and clozapine) (Table SI 1).
The concentrations of most OMPs were highest at Ekoln and
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€rva
€ln. The former can be explained by incoming
lowest at Go
receiving water from river Fyris carrying high concentrations of
OMPs that originate mainly from a large-scale wastewater treat€ rengård et al., 2019; Daneshvar et al.,
ment plant in Uppsala (So
2010). The highest concentrations in lake water were found for
lamotrigine (89 ng/L), tolyltriazole (42 ng/L), carbamazepine
(21 ng/L), and caffeine (12 ng/L) in Ekoln samples. These are com€rengård et al.,
pounds typically detected in wastewater efﬂuent (So
2019; Gago-Ferrero et al., 2017; Daneshvar et al., 2010). Notably,
fexofenadine was detected only in Ekoln. Carbamazepine, caffeine,
and fexofenadine were also among the most frequently detected
compounds in several previous studies of OMP occurrence in surface waters (Patel et al., 2019; Bai et al., 2018; Elliott and
VanderMeulen, 2017). Dibutyl phosphate was found only in
€ rva
€ln, and may originate from industrial waste streams (Richard
Go
and Lewis, 2007). The concentrations of atenolol and metoprolol
detected in water samples in this study were similar to levels reported previously for Swedish lakes (Daneshvar et al., 2010). The
detected concentration of carbamazepine (23 ng/L) was similar to
that reported for Lake Taihu, China (Hu et al., 2017). On the other
hand, the concentrations of atenolol (1.4 ng/L), caffeine (5.9e12 ng/
L), citalopram (0.16e1.1 ng/L), lidocaine (1.9e14 ng/L), DEET
(0.81e3.2 ng/L), and metoprolol (1.1e9.5 ng/L) (ng/L) detected in
this study were much lower than those reported for lakes in Rocky
Mountain National Park, USA (Battaglin et al., 2018).
Water samples were collected at three different depths (0.5 m,
€ rva
€ln basins, while only surface
15 m, 30 m) in the Ekoln and Go
water samples (0.5 m) were collected from Skarven (Skarven basin
is well mixed all year round as the ﬂow is high). No systematic
differences were found between water samples from different
depths (Fig. SI 2). This can be explained by the fact that the samples
were collected in November, when the water in the Ekoln and
€ rva
€ln basins is generally well mixed Rehrl et al., 2020. A recent
Go
study (Daneshvar et al., 2010) reported similar results for carbamazepine, metoprolol, and atenolol, and a similar distribution of
these compounds at different depths. Clozapine was detected only
in Ekoln (depth 15 m), and at a very low concentration (0.045 ng/L),
which was close to LOQ.
3.2. Occurrence of OMPs in sediment
In total, 24 out of 111 OMPs were detected in at least one sediment sample from Lake M€
alaren in November (Fig. 2 andTable SI 1).
Metoprolol, citalopram, and cetirizine were the dominant compounds in sediment (Fig. 2). Most OMPs (metoprolol, tramadol,
citalopram, TBEP, cetirizine, propranolol, bisoprolol, venlafaxine,
desvenlafaxine, sertraline, and amitriptyline) were present in
higher concentrations in Ekoln sediment than in sediment from the
other locations, as also found for the water samples. Atenolol,
methylparaben, and dibutyl phosphate were found only at Skarven.
€rv€
The tolyltriazole concentration was highest at Go
aln (3 ng/g dw)
and similar at Ekoln and Skarven (1.7 and 1.9 ng/g, respectively).
Venlafaxine and sertraline were only found at Ekoln (7.8 ng/g dw
and 2.8 ng/g dw, respectively), but the venlafaxine metabolite
desvenlafaxine was found at all sampling locations, with the
highest concentration at Ekoln (3.7 ng/g dw). This indicates that
desvenlafaxine has stronger persistency than its parent compound.
The higher concentration of OMPs in Ekoln sediment may be
because this basin is close to a large urban center, and domestic
sewage could be the main source of OMPs in the aquatic system
€rengård et al., 2019; Paíga and Delerue-Matos, 2017; Kramer
(So
et al., 2018). Among the pharmaceuticals detected in sediment
samples, metoprolol, citalopram, cetirizine, and venlafaxine
showed the highest concentrations (13, 28, 9.7, and 7.8 ng/g dw,
respectively). Taking into account the log Kow values of citalopram
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€ rv€aln in Lake Ma
€laren.
Fig. 1. Concentrations (ng/L) of organic micropollutants (OMPs) in surface water (0.5 m) from the basins Ekoln, Skarven, and Go

€rva
€ln in Lake M€alaren.
Fig. 2. Concentrations (ng/g dw) of organic micropollutants (OMPs) in upper surface (0e2 cm) sediment samples from the basins Ekoln, Skarven, and Go

and venlafaxine (3.74 and 3.28 ng/g dw, respectively; Table 1) in the
water/sediment distribution these OMPs can be expected to
partition to sediment. Citalopram and venlafaxine are among the
most frequently detected compounds in aquatic environments
worldwide (Patel et al., 2019).
Using Kd and KOC values, the fate of OMPs in the aquatic environment can be predicted. In total, 17 out of 111 OMPs were
detected in both water and sediment samples, including carbamazepine, DEET, tolyltriazole, bicalutamide, caffeine, lamotrigine,
and cetirizine (Table SI 1). Log Kd values varied between 0.84 for
lamotrigine and 4.4 for citalopram, while log KOC values varied
between 2.1 for lamotrigine and 5.9 for citalopram (Table 1). The
OMPs with the highest log Kd values, and thus the strongest sorption to sediment, were citalopram (4.4) and cetirizine (4.1). These
results indicate that sorption to sediment is a way to remove these
OMPs from the water column. The Kd values obtained in this study
are similar to those reported in the scientiﬁc literature for carbamazepine, metoprolol, fexofenadine, citalopram, tramadol, and
venlafaxine (Koba et al., 2018).
Many factors inﬂuence the fate and transport of OMPs in aquatic

environments (Pal et al., 2010; Yamamoto et al., 2009). For example,
it has been suggested that chemicals with low log Kd or Koc values
(<2) are highly mobile in the solid phase and can be expected to
occur primarily in the water phase and, those with high log Kd or
Koc values are strongly adsorbed onto sediment or organic matter.
Differences in the occurrence of some OMPs between sampling
sites could be due to varying sources (e.g., wastewater efﬂuent) or
differences in their persistence in water. For example, carbamazepine has a moderate sorption afﬁnity to sediment (log
Kd ¼ 1.0e1.7), but due to high persistence in aquatic environments
€fﬂer et al., 2005), it is commonly detected in water and sediment
(Lo
(Patel et al., 2019; Koba et al., 2018), as also found in this study.
Despite the low log Kd (<2) of oxazepam and lidocaine, they were
found in sediment at all three sampling locations, Table SI 1.
Lamotrigine showed low sorption afﬁnity to sediment (log Kd < 2)
and was detected in sediment at low concentrations (0.62e1.1 ng/g
dw). The concentrations of OMPs in sediment may provide information about the history of pollution in lakes and the risk to the
benthic ecosystem (Petrie et al., 2015), and thus monitoring of the
water phase is not sufﬁcient to estimate the environmental impact
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Table 1
Water/sediment sorption coefﬁcient (log Kd), octanol-water partitioning coefﬁcient (Kow), and organic carbon-water partition coefﬁcient (KOC) of the 17 OMPs detected in both
water and sediment samples from Lake M€
alaren.
Compound

Carbamazepine
DEET
Tolyltriazole
Bicalutamide
Caffeine
Lamotrigine
Metoprolol
Fexofenadine
Tramadol
Citalopram
Oxazepam
Lidocaine
TBEP
Cetirizine
Propranolol
Bisoprolol
Venlafaxine

Category

Pharmaceutical
Pesticide
Industrial chemical
Pharmaceutical
Stimulant
Pharmaceutical
Pharmaceutical
Pharmaceutical
Pharmaceutical
Pharmaceutical
Pharmaceutical
Pharmaceutical
Flame retardant
Pharmaceutical
Pharmaceutical
Pharmaceutical
Pharmaceutical

Type

Antiepileptic
Insect repellent
Corrosion inhibitor
Antineoplastic agent
Antiepileptic
Beta blocker
Antihistamine
Analgesics (painkiller)
Antidepressant
Sedative
Anesthetic
Antihistamine
Beta blocker
Antihypertensive
Antidepressant

Kowa

log Kd
€rv€
Go
aln

Ekoln

Skarven

1.7
2.3
2.4
1.8
2.1
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
4.1
N.C.
N.C.
N.C.

1.0
1.6
1.6
1.4
2.2
0.84
3.1
2.2
2.2
4.4
1.7
1.3
2.3
3.1
3.4
3.1
3.2

1.2
1.9
1.7
1.6
2.5
1.3
3.7
2.6
3.2
4.4
1.7
2.0
3.1
3.3
N.C.
N.C.
N.C.

2.45
2.18
1.71
2.3
0.07
0.99
1.88
2.81 a
2.51
3.74
3.34
2.44
3.75b
0.61
2.6
1.84
3.28

log KOC
€rv€
Go
aln

Ekoln

Skarven

3.1
3.6
3.8
3.1
3.4
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
5.5
N.C.
N.C.
N.C.

2.3
2.9
2.9
2.6
3.4
2.1
4.4
3.4
3.4
5.6
3.0
2.5
3.6
4.4
4.6
4.3
4.4

2.7
3.5
3.3
3.1
4.0
2.8
5.3
4.1
4.7
5.9
3.2
3.6
4.6
4.9
N.C.
N.C.
N.C.

N.C. not calculated - compound was not detected in the water or sediment sample.
a
Chemical Risk Information Platform (CHRIP). Biodegradation and Bioconcentration. Tokyo, Japan: Natl Inst Tech Eval. Available from, as of Nov 7, 2014: http://www.safe.
nite.go.jp/english/db.html.
b
(Dürig et al., 2019).

of OMPs on the lake ecosystem.
3.3. Environmental risk assessment
The environmental risks of OMPs were assessed based on the
risk quotient (RQ). According to the Technical Guidance Document
of the European Commission (European Commission. Tech, 2003),
PNEC is calculated by dividing the median lethal dose (LC50) or
half-maximal effective concentration (EC50) by an appropriate
assessment factor. The worst-case scenario for environmental risk
assessment was conducted using the maximum MEC (Table 2). The
RQ for most of the target OMPs (21 out of 29) was below 0.01,
probably reﬂecting low or no environmental risk to the lake. Tolyltriazole, bicalutamide, fexofenadine, oxazepam, cetirizine, and
diclofenac were identiﬁed as low risk, irbesartan showed medium
risk (RQ ¼ 0.19), and lamotrigine showed high risk (RQ ¼ 3.18)
(Table 2).
A low risk (RQ ¼ 0.01) was found for the corrosion inhibitor
tolyltriazole, which has been detected previously in river and lake
€ rengård et al., 2019) and in drinking water at concentrawater (So
tions up to 70 ng/L (Janna et al., 2011). In addition, tolyltriazole has
been shown to bioaccumulate in mollusks in the Bohai Sea, China
(Jia et al., 2019). We suggest to include tolyltriazole in monitoring in
order to protect aquatic organisms, and to reduce its input to the
environment by improving wastewater treatment. Oxazepam
(RQ ¼ 0.01) has previously been shown to affect wild ﬁsh behaviors,
raising potential concerns for aquatic ecosystems (Brodin et al.,
2013). The other compound with low risk potential (RQ ¼ 0.01)
found in this study was the anti-cancer drug bicalutamide. Bicalutamide has been detected in wastewater treatment facilities, with
€ rengård et al., 2019). To
low removal efﬁciency during treatment (So
the best of our knowledge, this is the ﬁrst study to show occurrence
of bicalutamide in lake water. With increasing incidence of cancers,
anti-cancer compounds such as bicalutamide are increasingly being
used (Brezovsek et al., 2014; Franquet-Griell et al., 2017), so further
research is needed to determine the potential ecotoxic and genotoxic effects of bicalutamide on non-target organisms (Toolaram
et al., 2014).
Two antihistamine drugs, cetirizine and fexofenadine, which are
used for the treatment of allergic reactions, showed low RQ values

for algae (0.02 and 0.07, respectively). These compounds have been
detected previously in municipal wastewater efﬂuent and surface
€ rengård et al., 2019; Kosonen and Kronberg, 2009). It has
water (So
been shown that aquatic insects may change behavior after being
exposed to low concentrations of fexofenadine found in aquatic
systems receiving wastewater efﬂuent (Johnson et al., 2007).
Diclofenac, which is found worldwide in surface water,
groundwater, and drinking water (Yang et al., 2017), showed RQ
values of 0.01 and 0.03 for ﬁsh and algae, respectively. Although
diclofenac is removed by natural processes (biodegradation, photodegradation), residues remain in the environment (Lonappan
et al., 2016). Previous studies have found that diclofenac may
cause renal lesions and gill alterations in rainbow trout (Triebskorn
et al., 2004), or elevate vitellogenin-like proteins in the gonads of
female Mediterranean mussels (Mytilus galloprovincialis) after one
week of exposure at environmentally relevant concentrations
(Gonzalez-Rey and Bebianno, 2014).
Antiepileptic drugs such as carbamazepine and lamotrigine are
reported to be poorly removed in wastewater treatment plants
€rengård et al., 2019; Yang et al., 2017), and carbamazepine has
(So
been found to be toxic to bacteria and algae (Heye et al., 2019).
Carbamazepine showed RQ values below 0.01 in this study, but may
still have adverse ecological effects in aquatic environments (Heye
et al., 2019). Lamotrigine showed the highest RQ values in this
study for Daphnia (RQ ¼ 3.18) and for ﬁsh (RQ ¼ 0.02), conﬁrming
€rengård et al., 2019). The neuroactive
results in a recent study (So
properties of lamotrigine make it a potential aquatic life hazard,
similarly to other psychoactive pharmaceuticals which demonstrated to have an effect on predator-prey relationships among
aquatic organisms (Foster et al., 2010). The high environmental risk
determined for lamotrigine necessitates its inclusion in routine
monitoring programs and improvement of wastewater treatment
and management in the region.
4. Conclusions
Analysis of the occurrence and distribution of OMPs in water
€laren in November 2017 revealed that
and sediment from Lake Ma
carbamazepine, lamotrigine, caffeine, and tolyltriazole were the
dominant compounds in both water and sediment. The results
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Table 2
€laren (in bold if a value is equal or above 0.01). Median
Risk quotient (RQ) values based on the maximum detected organic micropollutant (OMP) concentrations in Lake Ma
lethal dose (LC50) or half-maximal effective concentration (EC50) (in mg/L) was used to calculate predicted no-effect concentration (PNEC) (by dividing LC50 or EC50 by an
assessment factor of 1000) for ﬁsh, Daphnia (Daphnia magna), and algaea.
Compound

MEC ng/L

Fish

Daphnia

Algae

Fish

Carbamazepine
DEET
Tolyltriazole
Bicalutamide
Caffeine
Lamotrigine
Metoprolol
Fexofenadine
Tramadol
Citalopram
Oxazepam
Lidocaine
TBEP
Cetirizine
Propranolol
Atenolol
Methylparaben
Bisoprolol
Venlafaxine
Sulisobenzone
Diazepam
Mirtazapine
Pyrimethamine
Propylparaben
DMDEE
Diclofenac
Furosemide
Irbesartan
Losartan

20
3.2
41
7.0
12
89
9.5
3.5
16
1.1
4.6
14
8.3
7.0
0.46
1.4
0.8
0.59
5.1
5.4
0.05
0.59
0.03
0.09
0.29
3.6
2.6
0.37
4.9

LC50 mg/L

LC50 mg/L

EC50 mg/L

RQ

22
47
91
37
231
4.5
254
129
70
4.5b
0.37
390b
42b
153
3.5
14438b
163
76
16b
3.5
2.8
18
35
63
189000b
0.63
5.3
1.2
5.4b

27
55
36
69
194
96
72
58
28
0.65b
110
215b
26b
398
9.8
6799b
95
40
10b
42
11
100
7.3
62
79187b
43
14
1.2
3.7b

27
20
6.0
0.52
14
0.03
8.0
0.05
8.7
0.36b
0.57
140b
28b
0.41
1.2
2337b
29
3.2
13b
13
0.58
0.41
0.05
8.2
16657b
0.14
0.71
0.002
5.9b

0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00

Daphnia

Algae

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.01
0.01
0.00
3.18
0.00
0.07
0.00
0.00
0.01
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.19
0.00

a

Experimental OMP toxicity data (LC50 or EC50) for ﬁsh, Daphnia, and algae were obtained from Aalizadeh et al. (2017).
(Thesoftwa) Experimental LC50 or EC50 values for ﬁsh, Daphnia, and algae were obtained from ECOSAR. The ECOSAR software is freely available at https://www.epa.gov/
tsca-screening-tools/ecological-structure-activity-relationships-ecosar-predictive-model.
b

indicate that sorption is a minor natural attenuation pathway for
studied OMPs in surface water, except for citalopram cetirizine,
which showed high sorption potential. The environmental risks of
OMPs were assessed based on the RQ values. For most of the target
OMPs, including tolyltriazole, bicalutamide, fexofenadine, oxazepam, cetirizine, and diclofenac, the RQ values were below 0.01,
indicating low or no risk to lake ecosystems. However, the environmental risk was estimated to be medium for irbesartan
(RQ ¼ 0.19) and high for lamotrigine (RQ ¼ 3.18), indicating that
more research is needed about recirculation of OMPs in lake systems and their effects on aquatic ecosystems. The results obtained
in this study provide valuable decision support for programs aiming to reduce OMP emissions to aquatic environments by e.g.,
emission controls and improving wastewater treatment technologies to protect aquatic organisms. However, new OMPs are
continually being introduced on the market and these need to be
investigated in ongoing monitoring work. It is also important to
consider that aquatic organisms are not exposed to individual
compounds, but to a mixture of compounds, and that the toxicity of
mixtures may be higher than that of individual components due to
additive, antagonistic or synergistic actions.
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