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• The fate of organic wastewater contami-
nants was tracked along a river transect.

• Five persistent, mobile and bioavailable
contaminants were identified.

• Twopersistent andmobile contaminants
were additionally found in fish.

• All five contaminants were found in a
lake used as a drinking water reservoir.

• The majority of contaminants originated
from sewage treatment plant effluent.
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Little is known about the impact of emissions of micropollutants from small and large-scale sewage treatment
plants (STPs) on drinking water source areas. We investigated a populated catchment that drains into Lake
Mälaren, which is the drinking water source for around 2 million people including the inhabitants of Stockholm,
Sweden. To assess the persistence, mobility, bioavailability and bioaccumulation of 32 structurally diverse emerg-
ing organic contaminants, sediment, integrated passive and grab water samples were collected along the catch-
ment of the River Fyris, Sweden. The samples were complemented with STP effluent and fish samples from one
sampling event. Contaminants identified as persistent, mobile, and bioavailable were 4,6,6,7,8,8-hexamethyl-
1,3,4,7-tetrahydrocyclopenta[g]isochromene (galaxolide), 2,4,7,9-tetramethyl-5-decyn-4,7-diol, tris(2-chloro-
ethyl) phosphate, tris(1,3-dichloro-2-propyl) phosphate, and tris(1-chloro-2-propyl) phosphate. Galaxolide and
2,4,7,9-tetramethyl-5-decyn-4,7-diol were additionally found to be bioaccumulative, whereas n-
butylbenzenesulfonamidewas found to be only persistent andmobile. The totalmedianmassflux of the persistent
andmobile target analytes from Lake Ekoln into the drinking water source area of Lake Mälarenwas estimated to
be 27 kg per year. Additionally, 10 contaminants were tentatively identified by non-target screening using NIST li-
brary searches andmanual review. Two of those were confirmed by reference standards and further two contam-
inants, propylene glycol and rose acetate,were discharged fromSTPs and travelled far from the source. Attenuation
of mass fluxes was highest in the summer and autumn seasons, suggesting the importance of biological degrada-
tion and photodegradation for the persistence of the studied compounds.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
Mass fluxes
Fate
Sediment-water distribution
Bioaccumulation
Non-target screening
GC × GC-HRMS
. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2017.09.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.scitotenv.2017.09.006
mailto:kristin.blum@umu.se
http://dx.doi.org/10.1016/j.scitotenv.2017.09.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


1533K.M. Blum et al. / Science of the Total Environment 612 (2018) 1532–1542
1. Introduction

The global occurrence of anthropogenic contaminants in freshwater
sources poses a threat to ecosystems and human health that needs to be
addressed (Schwarzenbach et al., 2006). A variety of these contami-
nants have been detected in sewage treatment plants (STPs), affecting
surface waters that also serve as drinking water sources (Luo et al.,
2014; Mompelat et al., 2009). Drinking water sources are especially
vulnerable to contamination as conventional drinking water purifi-
cation techniques are not optimized for the removal of organic
micropollutants (Mompelat et al., 2009; Stackelberg et al., 2007;
Ternes et al., 2002). Not only is human health at risk, but also ecosys-
tems, that can be affected by contaminants through bioaccumulation
(Gago-Ferrero et al., 2012), antibiotic resistance (Baquero et al.,
2008; Rizzo et al., 2013), and various ecotoxicological effects
(Brausch and Rand, 2011). Consequently, it is important to investi-
gate the fate of contaminants discharged from STPs into the receiv-
ing aquatic environment (Blum et al., 2017a; Gros et al., 2017; Luo
et al., 2014; Mompelat et al., 2009; Pal et al., 2010).

Contaminants in surface waters can be diluted, transported, volatil-
ized and adsorbed onto suspended solids and sediments (Luo et al.,
2014) and transformed through processes such as biodegradation, pho-
tolysis, and hydrolysis (Mompelat et al., 2009). Physicochemical proper-
ties such as the octanol-water partition coefficient (KOW), solid-water
distribution coefficient (Kd), and acid dissociation constant (pKa) influ-
ence the sorption behavior (Ternes et al., 2004) and thus bioavailability
and environmental mobility of the compounds. Passive sampling such
as the polar organic chemical integrative sampler (POCIS) can be used
to investigate the bioavailability of contaminants. Similar to uptake in
organisms, compounds have to pass through a semipermeable mem-
brane in order to be adsorbed in the POCIS; thus, compounds with
high bioavailability (Alvarez et al., 2004) and mobility tend to accumu-
late. In contrast to grab samples, these samplers reflect time-integrated
levels and are less sensitive to short-term variations (Alvarez et al.,
2004). Kalberlah et al. (2014) suggested assessing the mobility poten-
tial of persistent or semi-persistent non-ionic compounds by using
the organic carbon normalized adsorption coefficient (log KOC b 4.5
for mobile compounds) together with water solubility (SW N

0.15 mg L−1), while Reemtsma et al. (2016) suggested the use of
pH-adjusted octanol-water partition coefficients (DOW) for ionizable
compounds. Organic contaminants with low removal in water treat-
ment often have log DOW b 1, with very mobile organic contaminants
having log DOW b −1 (Reemtsma et al., 2016). Ultimately, other fac-
tors may also affect the fate of organic contaminants, such as hydrol-
ogy (e.g. water flow, precipitation) and physicochemical conditions
(e.g. temperature, irradiation, biomass levels). These factors can in-
fluence spatiotemporal variations that have been observed in
streams and rivers around the world (Josefsson et al., 2016, 2011;
Li et al., 2016; Liu et al., 2015; Ma et al., 2017; Qi et al., 2014). Al-
though the fate of emerging contaminants has been investigated in
the past, there are few comprehensive assessments where persis-
tence, mobility and bioaccumulation of a variety of contaminants
are discussed in one context.

The objective of this study was to assess the fate (persistence, mobil-
ity and bioaccumulation) of 32 emerging organic contaminants in a fresh
water catchment impacted by small and large-scale STPs. The wastewa-
ter contaminants covered a range of chemical classes and a large varia-
tion in chemical properties (Blum et al., 2017) and these were
analyzed in water, sediment, passive samplers, and fish collected along
the path of the River Fyris, a major contributor to Sweden's main drink-
ing water source area, Lake Mälaren. Dilution-independent mass fluxes
of target and non-target contaminants were calculated to investigate
persistence and seasonal variations, and the mobility was evaluated
using the proposed mobility criteria (Kalberlah et al., 2014; Reemtsma
et al., 2016). Bioavailability was assessed using contamination levels in
POCIS and fish samples.
2. Experimental

2.1. Selection of target analytes

We selected contaminants that commonly occur in small and large-
scale STP effluents (Blum et al., 2017). Altogether, they covered a broad
spectrum of hydrophobicity with log KOW values between 1.6 and 12
and SW values between 1.3 10−10 and 7.0 g L−1 (Table 1). Target com-
pounds included biocides (n= 2), fragrances (n= 4), linear alkyl ben-
zenes (n = 2), organophosphates (n = 9), a plasticizer, a rubber
additive, a polymer impurity, a food additive, surfactants (n=2), poly-
cyclic aromatic hydrocarbons (n = 7), and UV stabilizers (n = 2).

2.2. Sampling

Sampling was carried out along the River Fyris, a river affected by
small to large-scale STPs in the Uppsala municipality (2200 km2, ~
210,000 inhabitants), Sweden. The River Fyris is one of the major con-
tributors of pollutants to Lake Ekoln, a sub-basin of Lake Mälaren that
supplies drinking water to around 2 million inhabitants in and around
Stockholm, Sweden. Fig. 1 shows a map with the sampling sites (A to
C) downstream of central Uppsala. Site A is directly downstream of a
large-scale municipal STP (Kungsängsverket), representing 158,900
Population Equivalents (PE) (Uppsala Vatten & Avfall AB, 2014 to
2016). A six-day compositewater samplewas collected from the effluent
of this STP (November 2015). Upstream of the large-scalemunicipal STP,
there are several medium STPs and on-site sewage treatment facilities
treating wastewater for around 27,000 people (Uppsala municipality
and Uppsala Vatten & Avfall AB (personal communication)). Site B is lo-
cated before the River Fyris flows into Lake Ekoln and Site C is located in
Lake Ekoln. Site S is located in the River Sävja, the largest tributary of the
River Fyris entering that river between Site A and Site B. Site S is impact-
ed by several small and medium-scale STPs, treating wastewater for
around 10,000 people (Uppsalamunicipality andUppsala Vatten&Avfall
AB (personal communication)). In addition, perch (Perca fluviatilis) (n=
10)were caughtwith gill nets close to Site A and Site B in June 2014. Fish
musclewas dissected from the dorsalmuscle using solvent-washed scal-
pels; the fillets were pooled and stored in a freezer until pre-treatment.
Fillets were selected to capture moderately lipophilic contaminants and
as a standard tissue for biomonitoring environmental contaminants.

Grab and POCIS sampling was carried out over all four seasons (Table
2), in December 2014, March 2015, June 2015 and September 2015, and
at four different sites along the River Fyris and its catchment area (sites A,
B, C and S). Before deployment, the POCIS were prepared by placing
200 mg HLB bulk sorbent between two polyethersulfone (PES) mem-
branes (EST, St. Joseph, MO, USA), compressed with two stainless steel
rings (EST, St. Joseph, MO, USA). The disk was secured on a stainless
steel sample holder and placed in a stainless steel basket. The basket
was sealed in a plastic bag and stored at 10 °C until sampling. After a
two-week deployment at ~1 m under the water's surface, the passive
samples were transported in cooling boxes to the lab. Grab water sam-
ples (0.5 L) were collected twice in glass bottles, when deploying and
when collecting the POCIS. These two samples were then pooled in a
1 L glass bottle to obtain amore representative sample. Additionally, sed-
iment core samples were taken using a manual sediment core sampler
with acrylic tubes in September 2015, with the top 4 cm layers being
sliced off, put into amber glass jars, and stored at −20 °C until analysis.
Field blanks for POCIS (200 mg blank sorbent) and grab samples (1 L
Milli-Q water) were taken during sampling.

2.3. Sample preparation

2.3.1. Water samples
Thepreparation of the samples representing the total concentrations

of dissolved and particulate phases is described in detail in the Supple-
mentary Material, covering the 1 L grab surface water samples and the



Table 1
Category, abbreviation, water solubility (SW), octanol-water partitioning coefficient (log KOW) of the 32 target analytes.

Category Analyte CAS Abbreviation SW
a (mg L−1) logKOW

a

Biocides Hexachlorobenzene 118-74-1 HCB 0.0062 5.9
Triclosan 3380-34-5 TCS 29 4.7

Food additive α-Tocopheryl acetate 58-95-7 αTPA 1.3 10−7 12
Fragrances Galaxolide 1222-05-5 HHCB 1.8 6.3

Musk ketone 81-14-1 MKK 1.9 4.3
Musk xylene 81-15-2 MKX 0.47 4.5
Tonalide 1506-02-1 AHTN 1.3 6.3

Linear alkyl benzenes 3-Phenyldodecane 2400-00-2 3-C12-LAB 0.0030 7.9
6-Phenyldodecane 2719-62-2 6-C12-LAB 0.0032 7.9

Organophosphates Tributyl phosphate 126-73-8 TBP 280 3.8
Triphenyl phosphate 115-86-6 TPP 1.9 4.7
Tricresyl phosphate 1330-78-5 TCP 0.36 6.3
2-Ethylhexyldiphenyl phosphate 109925-03-3 EHDPP 0.12 6.3
Tris(1,3-dichloro-2-propyl) phosphate 13674-87-8 TDCPP 28 3.6
Tris(1-chloro-2-propyl) phosphate 13674-84-5 TCIPP 1200 2.9
Tris(2-chloroethyl) phosphate 115-96-8 TCEP 7000 1.6
Tris(2-butoxyethyl) phosphate 78-51-3 TBEP 1100 3.0
Tris(2-ethylhexyl) phosphate 78-42-2 TEHP 0.60 9.5

Plasticizer n-Butylbenzenesulfonamide 3622-84-2 nBBSA 400 2.3
Polycyclic aromatic hydrocarbons Anthracene 120-12-7 ANTC 0.043 4.5

Fluoranthene 206-44-0 FLA 0.26 4.9
Pyrene 129-00-0 PYR 0.14 4.9
Benz(a)anthracene 56-55-3 BANT 0.0094 5.5
Chrysene 218-01-9 CHR 0.0020 5.5
Benzo(b + k)fluoranthene 205-99-2

207-08-9
BFLA 0.0015 6.1

Benzo(a)pyrene 50-32-8 BPYR 0.0016 6.1
Polymer impurity/additive Bisphenol A 80-05-7 BPA 42 3.6
Rubber additive 2-(Methylthio)benzothiazole 615-22-5 MTBT 130 3.2
Surfactants 2,4,7,9-Tetramethyl-5-decyn-4,7-diol 126-86-3 TMDD 26 3.6

4-Octylphenol 1806-26-4 4OP 3.1 5.5
UV stabilizers Benzophenone 119-61-9 BP1 140 3.1

Octocrylene 6197-30-4 OC 0.0038 6.9

a Obtained from the U.S. Environmental Protection Agency's EPISuite (www.epa.gov, 2008).
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0.2 L six-day composite STP effluent sample (Blum et al., 2017). Briefly,
an automated solid phase extraction (SPE) method using OASIS HLB
cartridges (200mg, 6mL,Waters,Milford, MA, USA) and dichlorometh-
ane and acetonitrile as eluents, was used for the dissolved water phase
and an ultrasonic extractionmethod based on acetonitrile and dichloro-
methane was used for the particulate phase to cover a broad polarity
spectrum of analytes. Isotopically-labelled internal standards were
added before extraction and are listed in Supplementary Table S1. The
combined extracts of the SPE eluate and filter extracts were filtered
through 10 g sodium sulfate. Finally, the solvent was exchanged to
Fig. 1.Map with the sampling sites (A, B, C, S) in the catchment of the River Fyris and the
receiving lake, Lake Ekoln. Stars indicate the sampling sites and the triangle indicates the
large-scale municpal sewage treatment plant Kungsängsverket (STP).
toluene, reduced to 500 μL, and 10 μL of 17 ng 13C6-labelled PCB-97
and 26 ng PCB-188 recovery standard was added for internal standard
recovery calculations.
2.3.2. Sediment samples
The sediment was lyophilized for 96 h, sieved through a 2 mm sieve,

and homogenizedwith amortar. A 10 g aliquot of the homogenized sed-
iment was transferred to glass centrifuge tubes and 25 mL acetonitrile
and the internal standard mixture were added (Supplementary Table
S1). After vigorously shaking, the samples were centrifuged for 5 min
at 4130 rpm and the supernatant decanted and filtered through glass
wool. The extraction procedure was repeated with 10mL dichlorometh-
ane/acetonitrile (80:20, v/v) and then with 10mL dichloromethane. The
solvent of the combined extracts was exchanged to toluene, reduced to
around 1 mL and filtered through a Pasteur pipette filled with glass
wool and sodium sulfate. The pipette was rinsed with 1 mL toluene
and the combined extractswere fractionated by gel permeation chroma-
tography (GPC). The GPC column with 15 mm internal diameter and
400mm lengthwas packed in-housewith SX3 beads (Bio-Rad Laborato-
ries, Hercules, CA, USA) for the stationary phase and cyclohexane/ethyl
acetate (75:25, v/v) for themobile phase. The GPC fractionationwas car-
ried out at 2 mL min−1 and the fractions from 17.7 to 54 min combined.
The solvent was then exchanged to toluene and reduced to 500 μL, and
17 ng 13C6-labelled PCB-97 and 26 ng PCB-188 recovery standard in 10
μL toluene were added for internal standard recovery calculations. The
organic matter (OM) content was determined gravimetrically by the
loss on ignition (LOI) method. The sediment was first dried for 12 h at
110 °C and then combusted at 550 °C for 4 h. OM was translated to or-
ganic carbon (OC) by using a factor 0.58 (van Leeuwen and Vermeire,
2007). Since adsorption and partitioning into sediment depends on the
OC content (van Leeuwen and Vermeire, 2007), the sediment concentra-
tions were normalized to OC.



Table 2
Sampling sites, types and sampling occasion.a

Site Coordinates June 2014 December 2014 March 2015 June 2015 September 2015

A 59°49′55.12″N 17°39′38.18″E Perchb Water, POCIS Water, POCIS Water, POCIS Water, POCIS, sediment
B 59°48′33.76″N 17°40′7.80″E Water, POCIS Water, POCIS Water, POCIS Water, POCIS, sediment
C 59°45′26.45″N 17°38′15.86″E – Water, POCIS Water, POCIS Water, POCIS Water, POCIS, sediment
S 59°49′53.63″N 17°41′25.34″E – Water, POCIS Water, POCIS Water, POCIS Water, POCIS, sediment

a Exact sampling dates are presented in Supplementary Table S4.
b Perch was sampled between Site A and Site B.
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2.3.3. Passive samples
After POCIS sampling the 200 mg HLB bulk sorbent was transferred

into an empty (methanol rinsed) polypropylene solid phase extraction
(SPE) cartridge (6 mL) containing two polyethylene (PE) frits (Supelco,
St Paul, MN, USA). Samples were dried for 10min, using a vacuum to re-
move traces of water, and stored at−20 °C until POCIS samples from all
four sampling occasions were collected and prepared. The weight of the
empty and packed SPE cartridge was recorded to control the weight of
the sorbentmaterial. Prior to elution, the sorbent was spikedwith amix-
ture of internal standard (Supplemental Table S1). The extracts were
eluted with 8 mL dichloromethane/acetonitrile (80:20, v:v), followed
by 10 mL dichloromethane and filtered through Pasteur pipettes filled
with 700 mg sodium sulfate. The solvent was exchanged to toluene
and 10 μL of 17 ng 13C6-labelled PCB-97 and 26 ng PCB-188 recovery
standard was added for internal standard recovery calculations.

2.3.4. Fish samples
The fish (~30 g) were thawed, ~400 g sodium sulfate was added,

blended and packed onto columns (Wiberg et al., 1998). Pure sodium
sulfate (130 g)was used as the blank. Internal standardwas added (Sup-
plementary Table S1) to each column followed by 300 mL acetone/n-
hexane (71:29, v:v) and 300 mL n-hexane/diethyl ether (90:10, v:v).
The two solvent mixtures were pooled and the solvent volume was re-
duced to ca. 5 mL. Ethanol (100 mL) was added and the sample was
evaporated to dryness. The dry extract was weighed to determine the
lipid content, reconstituted in 2 mL cyclohexane/ethyl acetate (75:25,
v:v) and filtered through a pre-rinsed 0.45 μm syringe filter (IsoDisc
PTFE B-4, 13 mm). Lipids were removed by GPC fractionation using a
guard column (Phenogel 10 μm, 100Å, 50× 21.2mm) and aGPC column
(Phenogel, 5 μm, 100 Å, 300 × 21.2 mm). The fractionation was carried
out with cyclohexane/ethyl acetate (75:25, v:v) for the mobile phase,
at a flow rate of 4 mL min−1. The fractions from 19.3 to 39 min were
combined, and solvent exchanged to 500 μL toluene; then 10 μL of
17 ng 13C6-labelled PCB-97 and 26 ng PCB-188 recovery standard were
added.

2.4. Analysis

2.4.1. Comprehensive gas chromatography high-resolution time-of-flight
mass spectrometry

All sampleswere analyzedwith a Pegasus 4DHRTmass spectrometer
(Leco Corp., St. Joseph, MI, USA), equipped with a 7890 gas chromato-
graph (Agilent, Palo Alto, CA, USA) and a Gerstel (Mulheim an der
Ruhr, Germany) cooled injection system with automatic liner-exchange
injector head (GC ×GC-HRMS). Helium at 1.0mLmin−1 was used as the
carrier gas. The primary columnwas an Rtx-5MS (30m, 0.25mm ID, 0.25
μm film thickness) from Restek (Bellefonte, PA, USA) and a secondary
column, 0.6 m of a Restek Rxi − 17Sil MS column (2.0 m, 0.25 mm ID,
0.25 μm film thickness), was placed inside the secondary oven. The sec-
ondary column was connected to uncoated non-polar VSPD tubing
(1.0 m, 0.25 mm) from SGE Analytical Science (Australia) located in
the transfer line. Details about the cooled pulsed splitless injection, tem-
perature program of the GC oven and modulation periods can be found
in the Supplementary Material. Electron ionization was carried out at
70 eV, and mass spectra were recorded at 116 Hz from 38 to 600 m/z
after a 600 s acquisition delay. The ChromaTOF-HRT software (V.1.90,
Leco Corp., St. Joseph, MI, USA) was used for data processing. The raw
data files were mass calibrated to perfluorotributylamine mass ions,
and characteristic target analyte ions were searched within a given re-
tention time window and with a 0.005 Da mass tolerance (Table S2).

2.4.2. Gas chromatography high-resolution mass spectrometry
The surface water, effluent and POCIS samples were re-analyzed by

gas chromatography high resolution mass spectrometry (GC-HRMS) to
obtain higher sensitivity to tributyl phosphate (TBP), tris(2-chloroethyl)
phosphate (TCEP), n-butylbenzenesulfonamide (nBBSA), 4,6,6,7,8,8-
hexamethyl-1,3,4,7-tetrahydrocyclopenta[g]isochromene (galaxolide),
tris(1,3-dichloro-2-propyl) phosphate (TDCPP), and octocrylene. The
GC-HRMS consisted of a Hewlett–Packard 5890 gas chromatograph
(Agilent Technologies, Palo Alto, CA) coupled to an Autospec Ultima
mass spectrometer (Waters Corporation, Milford, MA), using a fused sil-
ica capillary column ZB-5MS plus (60m, 0.25mm ID, 0.25 μm film thick-
ness) from Phenomenex (Torrance, CA, USA). Helium was used as the
carrier gas at 1 mL min−1. Details about the pulsed splitless injection
and oven temperature can be found in the Supplementary Material.
The MS was tuned to a resolution of N10,000 using perfluorokerosene
(PFK). The MS was operated in selected ion recording (SIR) mode using
electron ionization at 70 eV and was stepped to eight scan functions
throughout a GC run (Table S3). Data acquisition and processing were
carried out usingMassLynx V4.1 software (Waters Corporation, Milford,
MA).

2.5. Non-target screening

The data files of the triplicate GC ×GC-HRMS runs of STP effluent and
June and September surface water grab samples from sites A and Bwere
screened using a spectral-similarity based workflow for compounds
present in the NIST-MS library (covering EI MS spectra for ~240,000
chemicals). The data processing included finding of peaks with a sig-
nal-to-noise ratio (S/N) N 10, retention index calculation, area calcula-
tion, and NIST-MS library search with a minimum spectral similarity
criterion of 65%. The resulting features were exported and the accurate
mass spectra were converted to nominal mass spectra. Afterwards,
they were aligned based on these spectra (N65% similarity) and their re-
tention time and indices, using the Java application GUINEU (Castillo et
al., 2011). Aligned features were excluded if they (i) had b70% similarity
inmore than half of samples, (ii) appeared in blanks, (iii) likelywere bio-
genic compounds or (iv) were target analytes. To confirm the identifica-
tion of the remaining features, their high-resolution EI spectra were
manually investigated for the expectedmolecular ion and abundant frag-
ment ion masses (from NIST MS interpreter) using the ChromaTOF-HRT
software (V.1.90, Leco Corp., St. Joseph,MI, USA). Finally, the samples (ef-
fluent and June and September samples from Site A, B and C) were
reprocessed with a target data processing method to enhance the data
quality for the tentatively identified compounds. The target analyte
ions were searched for within an approximate 30 s retention time win-
dow andwith a 0.005 Damass tolerance. Analyte areaswere normalized
to internal standards (b1100 s 2,4,7,9-tetramethyl-5-decyn-4,7-diol-
D10, 1000 to 1600 s tris(1-chloro-2-propyl) phosphate-D18, N 1600 s
triphenyl phosphate-D15). If reference standards were available,



Fig. 2. Concentrations of detected compounds in grab water samples at the four sampling
sites sampled during four months (December 2014, March 2015, June 2015 and
September 2015; ntotal = 16). Bars indicate median concentrations, boxes show the 25
and 75 percentiles, and whiskers the minimum and maximum detected concentration of
each compound. Values above the x-axis are detection frequencies (%) of the compounds.
Compound abbreviations are given in Table 1.
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tentatively identified compoundswere confirmed bymatching retention
time and two mass ions.

2.6. Mass fluxes

Estimated water flows close to each sampling point (Table S4) were
obtained from the HYPE model (Swedish Meteorological and
Hydrological Institute (SMHI), 2017a).Mass fluxes (gweek−1)were cal-
culated for each contaminant bymultiplying the detectedwater concen-
tration for target analytes and ratios for non-target contaminants with
the water flow at the respective sampling site. Estimation for the flow
at Site C, the total water inflow (Table S5) into Lake Ekoln (Fig. S1) and
its estimated water turnover time are described in the Supplementary
Material. Mass flux uncertainties were derived by error propagation
from the analytical uncertainty (95% confidence interval) and the flow
uncertainty of the HYPE model (Swedish Meteorological and
Hydrological Institute (SMHI), 2017a) that ranged from 22 to 27% at
the model points close to the sampling sites.

2.7. Physico-chemical properties

Distribution coefficients (DOW= KOW * (1+10pH-pKa) were calculat-
edwith pKa values from “ACE and JChem acidity and basicity calculator”
(2017) and log KOW values were calculated with the EPI Suite™ toolbox
(www.epa.gov, 2008).

2.8. Quality assurance and control

Good linearity was obtained for the detected analytes in the different
batches (Tables S6 and S7) with regression coefficients mostly ≥0.99.
Method limits of quantification (MLQs) were calculated as twice the
maximum concentration found in the blanks. MLQs, instrumental limit
of quantifications (LOQs) and limit of detections (LODs) differed in be-
tween runs; details for each analyte and batch (grab samples, POCIS, sed-
iment and fish) are listed in Supplementary Tables S8 and S9.

Generally, recoveries of the internal standards were N50% in abiotic
samples except for nonylbenzene-D24 and hexachlorobenzene-13C6, for
which recoveries were lower in somewater and POCIS samples (Tables
S10, S11, S13, S14), and occasionally also tris(2-chloroethyl) phosphate-
D12 and 2,4,7,9-tetramethyl-5-decyn-4,7-diol-D10 in sediment (Table
S12). Perylene-D12 was not recovered in sediment samples due to the
late elution of 5-ring polycyclic aromatic hydrocarbons (PAHs) on GPC
and the early cut-off set during the current fractionations; therefore,
perylene and benzo(a)pyrene could not be analyzed in sediment. In
fish samples, tributyl phosphate-D27, tonalide-D3, bisphenol A-D16, ben-
zophenone-D10, triphenyl phosphate-D15, hexachlorobenzene-13C6,
musk xylene-D15, 4-nonyl phosphate-13C6, triclosan-D3, chrysene -D12

and tris(1,3-dichloro-2-propyl) phosphate -D15 were recovered N49%.
2,4,7,9-tetramethyl-5-decyn-4,7-diol -D10 was recovered at 35%,
which was considered acceptable as it was only used for quantification
of 2,4,7,9-tetramethyl-5-decyn-4,7-diol. The other contaminants could
not be quantified because of interferences from residual lipids. Detailed
recovery information can be found in the Supplementary Material.

3. Results & discussion

3.1. Occurrence

3.1.1. Target analytes in water samples
In total, 17 of the 32 target analytes were detected in surface water

with most analytes occurring in the nanogram per liter range (Fig. 2).
The concentrations ranged from 0.76 ng L−1 for anthracene to
1200 ng L−1 for galaxolide with median concentrations between
1.5 ng L−1 for anthracene to 320 ng L−1 for benzophenone. 2,4,7,9-
Tetramethyl-5-decyn-4,7-diol (TMDD) and TDCPP were detected in
100% of the samples and peaked at 240 ng L−1 and 61 ng L−1,
respectively. Detection frequencies were N75% for galaxolide, TCIPP,
TCEP and nBBSA, 25–75% for triclosan, octocrylene, tonalide, fluoran-
thene, tris(2-butoxyethyl) phosphate (TBEP), 2-
(methylthio)benzothiazole (MTBT) and TBP and 6–24% for benzophe-
none, triphenyl phosphate (TPP) and pyrene. A comparison of com-
pounds detected in the effluent from Kungsängsverket (November
2015) (Supplementary Table S17) and in surface water at Site A showed
that galaxolide, benzophenone, TMDD, MTBT, TBEP, TBP, TPP, TCEP and
TDCPP were found in both sample types. However, some compounds
were found in river water but not in the STP effluent i.e. triclosan,
octocrylene, tonalide, pyrene, fluoranthene, anthracene (bLOQ or
bLOD) and nBBSA (bMLQ), primarily because of the higher LOQs for
the effluent water (more complex matrix) or because they were not
present in this particular effluent, since they were not sampled in the
same period. The following substances were not detected (bLOQ or
bLOD) in surface water and STP effluent: 6-Phenyldodecane, 3-
phenyldodecane, 4-octylphenol, musk xylene,musk ketone, hexachloro-
benzene, tricresyl phosphate and 2-ethylhexyldiphenyl phosphate
(EHDPP), likely because of their non-occurrence in the influent and effi-
cient STP removal through sorption to sewage sludge (log KOW ranged
from 4.3 to 7.9).
3.1.2. Tentatively identified contaminants in water samples
The alignment of features found in effluent water from

Kungsängsverket and river water at sites A and B in June and Septem-
ber, resulted in 2205 aligned features of which 991 were tentatively
identified. After blank subtraction, 584 tentatively identified features
remained, of which 93were detected in N33% of samples.Manual inves-
tigation of spectra and accurate masses of abundant ions as well as ex-
clusion of biogenic compounds resulted in 17 compounds of potential
interest. Out of these compounds, five were likely homologous alkyl
cyclobutyl phthalates that could not be further specified due to the
lack of specific fragmentation patterns and retention indices in litera-
ture. The remaining 12 compounds were semi-quantified using a
targeted data processing method. Two compounds were excluded
after reprocessing because they were also detected in the blank. Three
pharmaceuticals (propofol, tolycaine and carbamazepine), dipropylene
glycol, a fragrance (rose acetate), an insecticide (DEET), and two poten-
tial plastics impurities (1-butyl-2-pyrrolidinone, 7,9-di-tert-butyl-1-
oxaspiro(4,5) deca-6,9-diene-2,8-dione)were among the 10 tentatively
identified anthropogenic contaminants (Table 3). Among these DEET
and carbamazepine were confirmed with reference standards (Table
S25), the rest remained non-validated. The two confirmed analytes
have also beendetected in the same samples by targeted LC-MS analysis
(Gago-Ferrero et al., 2017) and propofol has been found in US streams
(Bradley et al., 2017). These findings enhance our confidence in the



Table 3
Tentatively identified compounds from GC × GC-HRMS based non-target screening and mass flux at Site B relative to Site A as average percentage of June and September (relative mass
flux) and qualitative detection in effluent water from the Kungsängsverket sewage treatment plant.

Analyte CAS m/z Retention
index

Use/Source Relative
mass
flux (%)

Effluent

4-Acetyl-morpholine 1696-20-4 129.078
114.055

1199 Previously detected in industrial effluent (Botalova and Schwarzbauer, 2011)
and river water (Schwarzbauer and Ricking, 2010)

110 bLOQ

Dipropylene glycol 106-62-7 103.075
59.049

1243 Propylene glycol ethers are used as solvent for cosmetics, in de-icing agents
and plasticizers and were found in wastewaters (Nitschke et al., 1996)

45 Yes

1-Butyl-2-pyrrolidinone 3470-98-2 141.115
98.060

1295 Possible impurity or degradation product of polyvinylpyrrolidon (PVP)
polymer

13 bLOD

Propofol 2078-54-8 178.135
163.112

1364 Anesthetic pharmaceutical that has been reported in hospital wastewater
(Mullot et al., 2010)

47 Yes

2,2,2-Trichloro-1-phenylethanol
(Rose acetate)

2000-43-3 125.015
107.049

1512 Fragrance (Shen et al., 2014) 49 Yes

N,N-Diethyl-3-methyl-benzamide
(DEET)

2211-33-8 190.123
119.049

1588 Insecticide that is frequently found in streams (Sandstrom et al., 2005) 100 bLOQ

Tolycaine 3686-58-6 86.096 1914 Anesthetic pharmaceutical 65 Yes
7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-
6,9 -diene-2,8-dione

82304-66-3 261.149
205.086
217.159

1931 Degradation product of antioxidants Irganox 1010 and Pentaerythritol that
are used in e.g. plastics
(Löschner et al., 2011; Skjevrak et al., 2005)

130 bLOQ

Diphenyl sulfone 127-63-9 125.006
218.040

1939 Solvent for polyether ether ketones (PEEK) 76 bLOQ

Carbamazepine 298-46-4 236.094
193.089

2379 Antiepileptic pharmaceutical that is frequently found in wastewaters and
water bodies (Zhang et al., 2008)

55 Yes
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non-target workflow. To our knowledge, tolycaine and rose acetate
have not previously been found in surface water.

3.1.3. Sediment samples
The highest sediment levelswere found at sites A and B (Fig. 3). Com-

pounds detected in 50% of the samples andwith the highest levels at Site
A included, for instance, fluoranthene (9800 ng g−1 OC−1), pyrene
(6000 ng g−1 OC−1) andMTBT (210ng g−1 OC−1), and at Site B benzo(b
+ k)fluoranthene (9700 ng g−1 OC−1), benz(a)anthracene
(7400 ng g−1 OC−1), chrysene (6900 ng g−1 OC−1), galaxolide
(3100 ng g−1 OC−1), anthracene (100 ng g−1 OC−1), 6-phenyldodecane
(1400 ng g−1 OC−1), tris(2-ethylhexyl) phosphate (730 ng g−1 OC−1)
and tonalide (640 ng g−1 OC−1). The frequently higher levels of contam-
inants in sediment at Site B compared to Site A can be explained by the
difference in organic matter content, being lower at Site A (2.6% OM)
than Site B (7.8% OM) (Table S20). Mobile contaminants are transported
downstream from the area of Site A, and sedimentation occurred at Site
B, which is characterized by higher OM content and, consequently, a
higher affinity for these contaminants. Furthermore, the River Sävja trib-
utary (Site S) may have an impact on the elevated levels found at Site B
for certain compounds due to, for example, a major highway (E4) pass-
ing through the drainage area of Site S; thus, road run-off may be a con-
tributing factor. It would be expected that Site S has increased
contamination from PAHs coming from exhaust gases, tire abrasions,
motor oil leakage, road surface abrasion, and brake linings (Göbel et al.,
2007;Markiewicz et al., 2017), TCIPP, TCEP and TDCPP from car interiors
Fig. 3. Contaminant levels on organic carbon (OC) basis (ng g−1) in river sediments for
detected compounds (NMLOQ in 50% of samples). Compound abbreviations are given in
Table 1.
(Marklund et al., 2005) and MTBT resulting from tire abrasion (Kloepfer
et al., 2005). However, only the PAHs benzo(b + k)fluoranthene,
benz(a)anthracene, chrysene and pyrene had noticeably high levels at
Site S (640 to 860 ng g−1 OC−1) compared to sites B and C (3800 to
9700 ng g−1 OC−1).

3.2. Environmental fate

3.2.1. Persistence
Mass fluxes (g week−1) and seasonal variation were compared for

nine compounds (galaxolide, fluoranthene, nBBSA, TMDD, TBEP, TCIPP,
TCEP, TDCPP and MTBT), which were selected based on their detection
frequencies (N50%). The fluxes were used to study the attenuation
along the gradient from Site A (immediately after the large STP), Site B
and Site C (Fig. 4). Since the River Sävja is a tributary to the River Fyris
and enters between sites A and B, the mass flux of the River Sävja (Site
S)was subtracted from themassflux at sites B and C. Despite subtraction
of the tributary contribution, the December samples often showed
higher mass fluxes at Site B than at Site A (except for fluoranthene and
TCEP), indicating contributions from other sources.

The largest variation in mass fluxes could be seen in theMarch sam-
ples (Fig. 4), which might be caused by an increased run-off due to the
spring flood (Swedish Meteorological and Hydrological Institute
(SMHI), 2015a, 2015b). For example, in March, TBEP, TMDD, nBBSA,
TCEP and TDCPP had higher mass fluxes at Site C than at sites A and B,
and TCIPP had ~30 to 60 times higher mass fluxes in March in compar-
ison to December, June and September 2015. This could possibly be ex-
plained by the release from melting snow on which airborne
contaminants have accumulated (Marklund et al., 2005). Similarly, the
highmass flows of fluoranthene inMarch could have been caused by in-
creased road run-off (Markiewicz et al., 2017) due to melting snow as
seen previously for persistent organic pollutants (POPs) during spring
flood events (Josefsson et al., 2016). As a result of these hydrological
event-driven fluctuations, we opted for excluding the March samples
from the composition and water-sediment distribution analysis.

Attenuation of mass fluxes was generally higher in the summer
months (i.e. June and September) compared to the winter month of De-
cember (Fig. 4). The persistence of a contaminant depends on its molec-
ular structure, on environmental conditions such as temperature,
nutrient availability, irradiation, and on the compound's bioavailability
(van Leeuwen and Vermeire, 2007). The greater attenuation of mass
fluxes at distance from the source (i.e. STP upstreamof Site A) in summer



Fig. 4. Temporal variations of mass fluxes downstream of Uppsala STP (Kungsängsverket) for nine compounds (detection frequencies N50% (n=12)). Error bars indicate the uncertainty
derived by error propagation from the analytical uncertainty (95% confidence interval) and flow uncertainty of the HYPE model (Swedish Meteorological and Hydrological Institute
(SMHI), 2017a). Mass fluxes of compounds that did not appear above the reporting limit (LOD, LOQ or MQL; Tables S6 to S7) were calculated using half the reporting limit (so the
fluxes lack error bars). Note: A tributary flows into the River Fyris between sites A and B; the mass flux in this river corresponds to the mass flux at Site S, which was subtracted from
sites B and C. Compound abbreviations are given in Table 1.
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samples indicates the importance of processes that are enhanced in sum-
mer, such as volatilization, photolysis and microbial degradation. There
was likely little microbial activity in December (the temperature varied
between 2.9 and 5.6 °C, Table S23) compared to June and September
(15.3 and 17.1 °C, Table S23), since microbial processes become very
slow around 4 °C (van Leeuwen and Vermeire, 2007). Nutrient availabil-
ity (DOC, TOC, total nitrogen, total phosphor, Na+, K+, Ca2+, Mg2+, Cl−,
Mn2+, F−) did not follow any seasonal trend for December, June and
September (Fig. S2 and Table S23), which supports temperature as
being the main factor for increased microbial activity and attenuation
of the contaminants in summer.

During the two week sampling period in December 2014, June 2015
and September 2015, irradiation intensities in Uppsala were, on average,
7 Wm−2 h−1, 219Wm−2 h−1, and 96Wm−2 h−1 with maximums of
95 W m−2 h−1, 811 W m−2 h−1, and 524 W m−2 h−1, respectively
(Swedish Meteorological and Hydrological Institute (SMHI), 2017b).
Hence, irradiation intensity and duration in the northern hemisphere
are significantly higher in summer than in winter, which has a profound
impact on photodegradation rates. However, no correlation between the
presence of chromophores (direct photolysis) and attenuation could be
observed in the current study, but compounds could also be degraded
by indirect photolysis mediated through excitation of dissolved organic
substances in the natural waters (Arnoldsson et al., 2012).

Loss processes in summer and persistence were further investigated
by calculating the absolute (Fig. 5A) and relative (Fig. 5B) average mass
fluxes during June and September for the top 10 detected target
analytes in these samples. In this study, a persistent compound was de-
fined as detected far from the source (at Site C) and with b50% attenu-
ation from Site A to B. TBEP showed a high attenuation, because it is
relatively prone to biodegradation (Saeger et al., 1979). The least
attenuations between Site A and Site B were observed for TCIPP,
MTBT, TBP, fluoranthene (mass flux decrease b 30%) and for galaxolide,
TMDD, nBBSA, TCEP and TDCPP (mass flux decrease b 50%). Attenuation
from sites A to C was always N80% for all these compounds (Fig. 5B). In
part, this may be attributed to the turnover time of Lake Ekoln, which
was approximately 5 weeks, 10 weeks, and 3 weeks in June, September
and December, respectively (Supplementary Table S16), thus allowing
slightly more time during summer for biodegradation and other atten-
uation mechanisms such as sedimentation to take place.

The high persistence (detected at Site C and b50% attenuation from
site A to B) of TCIPP, TDCPP, TCEP, TMDD, nBBSA, galaxolide andfluoran-
thene could be due to their stable molecular structure (Luo et al., 2014).
For example, chlorinated aliphatic compounds with chlorines at six or
less carbon atoms from the terminal carbon (van Leeuwen and
Vermeire, 2007) are less biodegradable in aerobic environments, such
as TCIPP, TDCPP and TCEP (World Health Organization, 1998). Similarly,
the polycyclic aromatic compounds galaxolide and fluoranthene are rel-
atively stable due to their stabilizing conjugated π-systems. nBBSA is
also likely to be relatively stable, since it is both aromatic and contains
an electron-withdrawing sulfonamide group (negative mesomeric and
inductive effect) (Luo et al., 2014). TCIPP, TDCPP, TCEP and galaxolide
were found to be persistent by another study (Andresen et al., 2007),
which additionally attested to the persistence of fluoranthene, TMDD
and nBBSA, all of which attenuated in a similar fashion to TCIPP,
TDCPP, TCEP and galaxolide in our study.

Mass fluxes of non-target contaminants that originated from the STP
effluent (Table 3) generally decreased N35% from Site A to Site B. The
massflux ofmost non-target contaminants thatwere not detected in ef-
fluent had a limited reduction (except 1-butyl-2-pyrrolidione) or in-
creased from Site A to Site B (4-acetyl-morpholine, 7,9-di-tert-butyl-



Fig. 5.Absolute (A) and relative (B) averagemassfluxes of the contaminantswith detection frequencies N68% (n=6)during summer (June 2015 and September 2015) for sites A, B and C.
Note: A tributary flows into the River Fyris between sites A and B; the mass flux in this river corresponds to the mass flux at Site S, which was subtracted from sites B and C. Compound
abbreviations are given in Table 1.

1539K.M. Blum et al. / Science of the Total Environment 612 (2018) 1532–1542
1-oxaspiro(4,5)deca-6,9-diene-2,8-dione). The remaining compounds,
three pharmaceuticals (propofol, tolycaine and carbamazepine), two
personal care product chemicals (dipropylene glycol and rose acetate),
and the insecticide DEET, had relative average mass fluxes (Site A to
Site B) in the range 45–65%. However, only two of the contaminants
that originated from the STP effluent, dipropylene glycol and rose ace-
tate, were found at Site C.

3.2.2. Mobility
Mobility is defined as a compound's potential to be transported from

the site of release and not removed through sorption to particulate mat-
ter (Reemtsma et al., 2016). For uncharged compounds, a high sorption
potential is observed for compounds with log KOW N 4 and a medium
sorption potential for compounds with log KOW between 2.5 and 4
(Rogers, 1996). Some of the detected compounds in the grabwater sam-
ples hadmedium to low sorption potentials (log KOW b 4) (Rogers, 1996)
and had highwater solubility (SW N 0.15mg L−1) (Kalberlah et al., 2014).
According to their physicochemical properties, highly mobile com-
pounds include TBP, TDCPP, TCIPP, TCEP, TBEP, nBBSA, MTBT, TMDD
and benzophenone (Table 1).

To assess the mobility of ionic and dissociating compounds,
Reemtsma et al. (2016) suggested using DOW, which is calculated from
the log KOW and adjusted with the pKa of the individual compound and
the measured pH (Reemtsma et al., 2016). The target analytes (except
triclosan with a pKa of 7.9) were likely dominated by their neutral form
at the pHof the grab samples (pH7 to 8). The only dissociated compound
was triclosan, with a log DOW of 4.6. Since this value is above the sug-
gested limit for very mobile organic contaminants (log DOW b −1)
(Reemtsma et al., 2016), triclosan is not considered particularly mobile.
However, any correlation between log DOW and mobility has to be treat-
ed cautiously since logDOW values do not take into account ionic interac-
tions (Reemtsma et al., 2016).

According to Kalberlah et al. (2014), mobile compounds are defined
as having log KOC b 4.5 and SW N 0.15 mg L−1. Log Kd and log KOC were
calculated for the compounds that were found in both water and sedi-
ment at sites A or B (Tables S18, 19 and S20). The log KOC values ranged
from 3.4 for MTBT to 6.5 for fluoranthene. MTBT, TBEP, galaxolide and
tonalide have log KOC b 4.5 (Table S26), and these contaminants have
SW N 0.15mg L−1 (Table 1), thus they fulfill themobility criteria defined
by Kalberlah et al. (2014) for mobile uncharged compounds. However,
contaminants not detected in both water and sediment (thus lacking
KOC), but still potentially highly mobile, could not be evaluated using
this approach (n = 24, see Tables S18, S19, and S20).

To illustrate the importance of sediment-water distribution and sed-
imentation for contaminant mobility, the composition profiles of com-
pounds in the water and sediment are shown in Fig. 6. The surface
water at sites A and B had very similar compositions, whereas Site C dif-
fered (Fig. 6). It is also apparent that the compositions of water and sed-
iment at the same sites differed a great deal. The less hydrophobic
compounds dominate the water phase (log KOW 1.6 to 3.8, except
galaxolide log KOW 6.6), whilst PAHs with three or four fused rings (log
KOW ca. 5) and other hydrophobic compounds dominate the sediment
phase (log KOW 3.1 to 12). Water at Site C had a low proportion (or
non-detection) of galaxolide, tonalide, octocrylene, TBEP, TBP and
MTBT. The high proportion of benzophenone that was not detected at
sites A and B possibly indicates contamination of the sample. Galaxolide,
tonalide and octocrylene are hydrophobic compounds (log KOW 6.3–6.9)
withmoderatewater solubility (0.0038–1.8mg L−1) andmay be partial-
ly lost by sedimentation.

Compounds detected inwater at a distance from the source i.e. at Site
C (Fig. 6), are generally characterized by log KOC values b4.5, log KOW

values b4 and water solubility values N0.15 mg L−1 (Table 1 and Table
S26), whereas the compounds primarily detected in sediment at Site A
and Site B (Fig. 6, lower panel) have log KOW values N4 and SW values
b0.15 mg L−1. Thus, these composition profiles agree well with the mo-
bility indicators proposed by Kalberlah et al. (2014) and using log KOW

b 4 and SW N 0.15 mg L−1 as criteria for compounds not present in
sediment.

By combining the mobility with the persistence results discussed in
Section 3.2.1, several potentially persistent and mobile organic contami-
nants (PMOCs) were identified. Galaxolide is a PMOC according to
Kalberlah et al. (2014), along with TDCPP, TCIPP, TCEP, nBBSA, and
TMDD using log KOW b 4 and SW N 0.15 mg L−1 as mobility criteria. In
fact, TCEP has already been declared a PMOC (Reemtsma et al., 2016).
Two of the compounds detected using the non-target screening ap-
proach, dipropylene glycol (log KOW = −0.64 and SW =
33,000 mg L−1) and rose acetate (log KOW = 2.8 and SW =
390 mg L−1), also fulfilled the mobility criteria. As these PMOCs as well
as dipropylene glycol and rose acetate, were detected at Site C, a part
of the drinking water source at Lake Mälaren, there is a high risk of
them ending up in drinking water. At Site C, total mass fluxes of these
PMOCs reached 880 g week−1, 1400 g week−1, 160 g week−1, and
100 g week−1 in December, March, June and September, respectively
(Table S21), adding up to a total median mass flux into the drinking
water source Lake Mälaren of 27 kg per year.

3.2.3. Bioavailability and bioaccumulation
POCIS passive samplers were used to investigate the bioavailability of

the target compounds. As shown previously for grab samples (Fig. 4),
spatiotemporal trends during the summer months depended on the
river flow and proximity to municipal STPs. Thus, the highest levels
were found at Site A followed by Site B (Fig. 7), and levels decreased
and attenuation increased with distance to the municipal STP in June
and September. Additionally, POCIS covered a smaller range of detect-
able contaminants (n = 13) compared to grab sampling (n = 18).
Hence, it is likely that the non-detected MTBT, TPP, anthracene, pyrene
and triclosan (logKOW ≥ 3.2)were associated to suspended solids. Similar
to the grab samples, the levelswere highest in September,when theflow
and dilutionwas lowest, followed by June. Thus, the sampled amounts of
bioavailable contaminantswere highest in summerwhen reproductivity
and biological productivity are at their highest and organisms are
vulnerable.



Fig. 6. Composition profiles of compounds detected in water (average of December 2014, June 2015, September 2015) and in sediment at sites A, B and C, respectively. Compound
abbreviations are given in Table 1.

Fig. 7. Amounts of contaminant adsorbed to POCIS (OASIS HLB) during two weeks of deployment in December 2014, June and September 2015. Compounds with detection frequency
N 75% (except benzophenone) are shown. a) LOD/2, b) LOQ/2, c) MLOQ/2, d) Site S in March 2015 was uncovered during the sampling period and is not shown. Compound
abbreviations are given in Table 1.
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Table 4
Levels of micropollutants (ng g−1) and bioaccumulation factors (BAFs) for fish (Perca fluviatilis) on lipid weight (lw) and wet weight (ww) basis along with octanol-water partition co-
efficients (log KOW) and log BAF (ww) obtained from EPISuite (Arnot-Gobas upper trophic). ND= not determined due to values bLOQ or MLOQ in surface water.

Analyte Fish uptake EPISuite propertiesa

ng g−1 lw ng g−1 ww Log BAF lw Log BAF ww Log Kow Log BAF ww

Galaxolide 27,000 130 5.2 3.0 6.3 3.3
2,4,7,9-Tetramethyl-5-decyn-4,7-diol 490 2.4 3.9 1.5 3.6 2.0
Bisphenol A 470 2.6 ND ND 3.6 2.2
Tris(2-butoxyethyl) phosphate 230 1.1 3.5 1.2 3.0 1.7
Tributyl phosphate 120 0.58 4.3 2.0 3.8 1.9
Triphenyl phosphate 98 0.55 4.4 2.2 4.7 1.9
2-Ethylhexyldiphenyl phosphate 92 0.52 ND ND 6.3 2.4

a Obtained from the U.S. Environmental Protection Agency’s EPISuite (www.epa.gov, 2008).
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The agreement in spatiotemporal trends between POCIS and grab
samples underlines the good representativity of the grab samples
taken, and indicates that the levels of these particular compounds
do not depend strongly on adsorption to suspended solids. However,
TCIPP was detected in very high levels in grab samples taken in
March, but the uptake by POCIS in March was similar to the other
sampling events. This indicates that the water grab sampling in
March coincided with a short-term release of elevated levels of
TCIPP, an event with a strong surface run-off of TCIPP as discussed
previously in Section 3.2.1 or, alternatively, that this sample was
contaminated.

To quantify the bioaccumulation in a stationary fish species, perch
were sampled close to sites A and B and the target compounds analyzed.
Galaxolide had by far the highest concentration in fish (27,000 ng g−1

lipid weight (lw)) and the highest bioaccumulation factor based on
lipid weight (BAF) determined in this study (log BAF = 5.2), c.f. Table
4. This high BAF probably results from galaxolide's high hydrophobicity
and moderate water solubility (1.8 mg L−1). Additional compounds de-
tected in fish were (in decreasing concentration order): TMDD
(490 ng g−1 lw), bisphenol A (470 ng g−1 lw), TBEP (230 ng g−1 lw),
TBP (120 ng g−1 lw), TPP (98 ngg−1 lw) and EHDPP (92 ng g−1 lw). Pre-
viously reported levels agreewell with our study; galaxolidewas report-
ed at median and maximum levels of around 3400 ng g−1 lw and 3.8
105 ng g−1 lw, respectively (Heberer, 2002) and bisphenol Awas report-
ed at up to 1530 ng g −1 lw (Luigi et al., 2015). Median levels of OPs in
Swedish fresh water perch have been reported for TBEP
(270 ng g−1 lw), TBP (81 ng g−1 lw), TPP (110 ng g−1 lw), and EHDPP
(160 ng g−1 lw) (Sundkvist et al., 2010). Experimental and theoretical
log BAF (www.epa.gov, 2008) based onwetweight did not correlate sig-
nificantly (Pearson, R2=0.82; p N 0.05). However, log BAF based on lipid
weight and log KOW values were found to have a significant positive lin-
ear correlation (Pearson, R2 = 0.96; p = 0.008), showing an increased
accumulation by hydrophobicity.

4. Conclusions

An integrated field-based analysis of persistence, mobility, bioavail-
ability and bioaccumulation enabled a comprehensive fate assessment
of a wide range of organic contaminants that can be linked to STP efflu-
ents. Furthermore, ten contaminants were identified by non-target
screening, NIST library search, and manual review. Two of the com-
pounds thatwere present in STP effluent, dipropylene glycol and rose ac-
etate, were also detected far from the point of release. Attenuation was
highest in summer and autumn, supporting the significance of microbial
degradation and indirect photolysis for the persistence of the studied
compounds. According to different mobility criteria (Kalberlah et al.,
2014; Reemtsma et al., 2016), TCEP, TCIPP, TDCPP and nBBSAwere iden-
tified as persistent and mobile, and galaxolide and TMDD as persistent,
mobile and bioaccumulative. For most compounds, integrative and
grab sample results agreed well and most compounds found in POCIS
samples (bioavailable contaminants) were found to be persistent and
mobile (i.e. galaxolide, TMDD, TCIPP, TCEP, TDCPP) and bioaccumulative
(i.e. galaxolide, TMDD and TBP). However, the assessment for persis-
tence and mobility was limited to samples taken during one month in
each of the four seasons and the experimental determination of log KOC

values was thus limited to a small number of compounds detected in
both sediment and water. Since these compounds were found in Lake
Mälaren, a water body that serves as the drinking water source for a
large part of Sweden's population, not only aquatic ecosystems but also
human health could be at risk.
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