
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

EU-wide survey of polar organic persistent pollutants in European river waters

Robert Loos*, Bernd Manfred Gawlik, Giovanni Locoro, Erika Rimaviciute,
Serafino Contini, Giovanni Bidoglio
European Commission, Joint Research Centre, Institute for Environment and Sustainability, Via Enrico Fermi, 21020 Ispra, Italy

More than 100 river water samples from 27 European Countries were analysed for 35 selected polar organic contaminants.

a r t i c l e i n f o

Article history:
Received 9 June 2008
Received in revised form 18 August 2008
Accepted 1 September 2008

Keywords:
River waters
EU-wide monitoring
SPE-LC-MS2

a b s t r a c t

This study provides the first EU-wide reconnaissance of the occurrence of polar organic persistent
pollutants in European river waters. More than 100 individual water samples from over 100 European
rivers from 27 European Countries were analysed for 35 selected compounds, comprising pharmaceu-
ticals, pesticides, PFOS, PFOA, benzotriazoles, hormones, and endocrine disrupters. Around 40 labora-
tories participated in this sampling exercise. The most frequently and at the highest concentration levels
detected compounds were benzotriazole, caffeine, carbamazepine, tolyltriazole, and nonylphenoxy acetic
acid (NPE1C). Only about 10% of the river water samples analysed could be classified as ‘‘very clean’’ in
terms of chemical pollution. The rivers responsible for the major aqueous emissions of PFOS and PFOA
from the European Continent could be identified. For the target compounds chosen, we are proposing
‘‘indicative warning levels’’ in surface waters, which are (for most compounds) close to the 90th
percentile of all water samples analysed.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing contamination of freshwater systems with
industrial chemical compounds, which are released deliberately
into the environment, is one of the key environmental problems we
are facing today. More than one-third of the Earth’s accessible
renewable freshwater is used for agricultural, industrial, and
domestic purposes, and most of these activities lead to water
contamination with numerous synthetic compounds. Chemical
pollution of natural waters has already become a major public
concern in almost all parts of the world, since it has largely
unknown long-term effects on aquatic life and on human health
(Schwarzenbach et al., 2006; Kolpin et al., 2002; Richardson, 2007).

In the European Union, there are more than 100,000 registered
chemicals, of which 30,000–70,000 are in daily use (EINECS,
European Inventory of Existing Chemical Substances) (Schwar-
zenbach et al., 2006; URL1). New European legislation (REACH) will
increase our understanding of the use of chemicals in Europe;
companies will be required to provide data on the amounts used,
and to perform environmental risk assessments (URL2).

Research has shown that many ‘‘emerging’’, previously
unknown compounds enter the environment, disperse, and persist
to a greater extent than first anticipated. These chemicals have been

found ubiquitously in natural waters, not only in industrialized
areas but also in more remote environments. Some chemicals are
not degraded at all (e.g., heavy metals) or only very slowly (e.g.,
persistent organic pollutants such as DDT, lindane, EDTA,
perfluorinated acids (PFAs), or even some pharmaceuticals such as
carbamazepine or sulfamethoxazole) (Schwarzenbach et al., 2006;
Reemtsma et al., 2006; Yamashita et al., 2008). Polar persistent
water-soluble chemicals infiltrate into ground and drinking waters.

Those compounds that are less persistent and not prone to long-
range transport may still be of concern if they are continuously
emitted or form problematic (bio)trans-formation products.
Examples of this category include pharmaceuticals and other
personal care products, and degradation products of surfactants
such as nonylphenol (Knepper et al., 2003).

Although most of these compounds are present at low
concentrations, many of them raise considerable toxicological and
ecotoxicological concerns, particularly when present as compo-
nents of complex mixtures. It is very difficult to assess the effect on
the aquatic environment of the thousands of synthetic and natural
trace contaminants that may be present in water at low to very low
concentrations (pg/L to ng/L) (Schwarzenbach et al., 2006).

To tackle these problems, the European Water Framework
Directive (WFD) (European Commission, 2000, 2001) sets up
environmental objectives to achieve ‘‘good water status’’ for all
European waters by 2015, and establishes a clear framework
to enable these objectives to be achieved. An overview of the
European dimension of the problem would be beneficial for both,
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the scientific community, in order to develop new research
initiatives on most pressing issues, and the policy making
community, as exemplified by the recent developments in the
implementation of the Water Framework Directive with the need
to identify river basin specific pollutants. In addition, it introduces
a list of priority substances, which are to be monitored by the
Member States. This list is accompanied with defined Environ-
mental Quality Standards (EQS) for these compounds (The
proposal for the ‘‘EQS Directive’’ (European Commission, 2006)
was adopted by the European Parliament in second reading in July
2008 (URL3)). To establish EQS for new substances however
a comprehensive investigation about their occurrence and
concentration levels is necessary.

Some information is available about the extent of environmental
occurrence, transport, and ultimate fate of many synthetic organic
chemicals after their use, particularly, personal care products, phar-
maceuticals, and industrial chemicals (Boulanger et al., 2004; Cala-
mari et al., 2003; Céspedes et al., 2006; Claver et al., 2006; Gros et al.,
2006; Kolpin et al., 2002; Konstantinou et al., 2006; Loos et al., 2007,
2008a; McLachlan et al., 2007; Moldovan, 2006; Peschka et al., 2006;

Petrović et al., 2005; Planas et al., 2006; Quintana et al., 2001;
Quintana and Reemtsma, 2007; Richardson, 2007; Reemtsma et al.,
2006; Roberts and Thomas, 2006; Stachel et al., 2003; Tamtam et al.,
2008; Tixier et al., 2003; Weiss et al., 2006; Wiegel et al., 2004;
Vethaak et al., 2005; Yamashita et al., 2004,2008). Thus, in a recent
European study on persistent polar pollutants (P3) in wastewater
treatment plants (WWTPs) and surface waters (Reemtsma et al.,
2006), 36 polar compounds were analysed in the effluents of eight
municipal WWTPs from four countries. The Joint Research Centre’s
Institute for Environment and Sustainability (JRC-IES) has therefore
organized an EU-wide perspective on the occurrence of some
selected polar organic pollutants in European rivers to obtain an EU-
wide overview on this issue. A map of all sampling sites and the river
basins covered is shown in Fig. 1.

2. Materials and methods

2.1. Water sampling

Water sampling was performed by the participating laboratories from the EU
Member States (research, public, as well as state-run laboratories). The JRC gave

Fig. 1. EU map with all sampling sites and river basins covered.
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advice to all laboratories to perform the sampling preferably in the middle of the
stream (from a bridge), or, when this was not possible, from the shore. Moreover,
samples should have been collected below the water surface (approx. 30 cm).
Methanol pre-cleaned PE or PP plastic bottles (0.5 or 1 L) were provided to all
laboratories and sampling teams. The participants were asked to fill these bottles,
leaving a small air head-space, and storing them in a fridge at w4 �C before dispatch
by fast courier to Ispra (Italy). The samples were shipped cooled with freezing
elements in styropor boxes, arrived generally after 2–3 days, and were extracted at
maximum 2 weeks after sampling.

2.2. Selection of sampling points

Since the sampling points in this study have been chosen upon proposal by the
individual participating laboratories, many different water body types make part of
this exercise, big and small, contaminated and pristine rivers and streams (Fig. 1).
Therefore, the results of this study cannot be seen as a statement of the water quality in
the Member States, however, the sample set can be considered to be somewhat
representative of all streams and rivers in Europe. It should be noted that big rivers and
small streams are difficult to compare in terms of organic pollution. Small contami-
nated streams might not have a big relevance for the overall ‘‘environmental burden’’
for an ecosystem. For this reason, the participating labs were asked to provide also the
individual mass flows of the rivers and streams in cubic meters per second (m3/s),
which ranged from w2000 m3/s for the Rivers Danube and Rhine, w1500 m3/s for the
Rhone River, to very small streams with flows below 1 m3/s. In total, 122 sampling
stations from European streams and rivers were screened in this study.

2.3. Solid-phase extraction (SPE)

The water samples were extracted at the JRC by solid-phase extraction (SPE)
with Oasis HLB (200 mg) cartridges using an AutoTrace� SPE workstation; the

extraction volume was 400 mL, and the water was not filtered. Before extraction, the
samples were spiked with the internal standard, which contained the labeled
substances PFOA 13C4, PFOS 13C4, carbamazepine d10, simazine 13C3, atrazine 13C3,
ibuprofen 13C3, and 4n-nonylphenol d8. The spiking level in the water samples was
10 ng/L for PFOA 13C4 and PFOS 13C4, and 100 ng/L for the other labeled compounds.
Elution was performed with 6 mL methanol.

2.4. Liquid chromatography tandem mass spectrometry (LC-MS2)

Analyses were performed by reversed-phase liquid chromatography (RP-LC)
followed by electrospray ionization (ESI) mass spectrometry (MS) detection using
atmospheric-pressure ionization (API) with a triple-quadrupole MS-MS system
(Agilent 1100 Series LC coupled to a quattro micro MS from Waters-Micromass).
Quantitative LC-MS2 analyses were performed in three separate LC-MS2 runs
(method 1–3) in the multiple reaction monitoring (MRM) mode. Method 1
comprised the compounds in the negative ionization mode, method 2 those in the
positive ionization mode, and method 3 alkylphenolic compounds which were
analysed with a different HPLC mobile phase (see supporting information).

2.5. Identification, quantification and QA/QC

The compounds were identified by retention time match and their specific LC-
MS2 MRM transitions. Good performance of the developed analytical methods was
demonstrated by successful participation in several interlaboratory exercises on
non-steroidal anti-inflammatory drugs (NSAIDs) (Farré et al., 2008), PFAs (Van
Leeuwen et al., submitted) and nonyl- and octylphenol (Loos et al., 2008b). Quan-
tification of the individual compounds was performed with similar internal stan-
dards (IS). For instance, the first compounds (pesticides, pharmaceuticals) in Table 1
were all quantified with the internal standard ibuprofen 13C3. All perfluorinated

Table 1
Summary of analytical results of polar pollutants in EU Rivers

Chemical CAS No. RL [ng/L] Freq [%] Max [ng/L] Average [ng/L] Med [ng/L] Per90 [ng/L] Limit [ng/L]

Negative mode (method 1)
4-Nitrophenol 100-02-7 1 97 3471 99 16 95 100
2,4-Dinitrophenol 51-28-5 1 86 174 18 10 40 100
Bentazone 25057-89-0 1 69 250 14 4 31 100
2,4-D (Dichlorophenoxyacetic acid) 94-75-7 1 52 1221 22 3 35 100
Ketoprofen 22071-15-4 3 14 239 10 0 17 100
Naproxen 22204-53-1 1 69 2027 38 4 47 100
Bezafibrate 41859-67-0 1 55 1235 32 4 56 100
Mecoprop 7085-19-0 1 43 194 15 0 54 100
Ibuprofen 15687-27-1 1 62 31,323 395 6 220 200
Diclofenac 15307-86-5 1 83 247 17 5 43 100
Gemfibrozil 25812-30-0 1 35 970 29 0 17 100
Perfluorinated acids
PFHxA; perfluorohexanoate 68259-11-0 1 39 109 4 0 12 30
PFHpA; perfluoroheptanoate 375-85-9 1 64 27 1 1 3 30
PFOA; perfluorooctanoate 335-67-1 1 97 174 12 3 26 30
PFNA; perfluorononanoate 375-95-1 1 70 57 2 1 3 30
PFOS; perfluorooctansulfonate EDF-508 1 94 1371 39 6 73 30
PFDA; perfluorodecanoate 335-76-2 1 40 7 1 0 1 30
PFUnA; perfluoroundecanoate 2058-94-8 1 26 3 0 0 1 30

Positive mode (method 2)
Caffeine 58-08-2 1 95 39,813 963 72 542 1000
1H-Benzotriazole 95-14-7 1 94 7997 493 226 1225 1000
1-Methyl-1H-benzotriazole (tolyltr.) 13351-73-0 1 81 19,396 617 140 1209 1000
Atrazine-desethyl 6190-65-4 1 48 80 7 0 21 100
Sulfamethoxazole 723-46-6 1 75 4072 76 15 104 100
Terbutylazine-desethyl 30125-63-4 1 69 76 10 4 24 100
Simazine 122-34-9 1 26 169 10 0 34 1000
Carbamazepine 298-46-4 1 95 11,561 248 75 308 100
Atrazine 1912-24-9 1 68 46 3 1 6 600
Isoproturon 34123-59-6 1 70 1959 52 4 86 300
Diuron 330-54-1 1 70 864 41 10 115 200
Terbutylazine 5915-41-3 1 65 124 9 2 29 100

Phenolic compounds (method 3)
Bisphenol A 80-05-7 5 34 323 25 0 64 100
Nonylphenoxyacetic acid NPE1C 3115-49-9 2 97 7491 553 233 987 1000
Nonylphenol 84852-15-3 50 29 4489 134 0 268 300
tert-Octylphenol 140-66-9 10 9 557 13 0 0 100
Steroid estrogens
Estrone 53-16-7 2 16 81 4 0 10 10
17b-Estradiol 50-28-2 5 0 n.a. n.a. n.a. n.a. n.a.
17a-Ethinylestradiol 57-63-6 5 0 n.a. n.a. n.a. n.a. n.a.

Number of samples, 122; RL (¼LOD), reporting limit; freq, frequency of detection [%]; max, maximum concentration; med, median concentration; Per90, percentile 90%; Limit,
proposed concentration limit value for surface waters; n.a., not applicable; priority compounds of the WFD are in bold, and the proposed EQS values are given.
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carboxylates (C6–C11) were quantified with PFOA 13C4, and PFOS with PFOS 13C4.
Sulfamethoxazole, carbamazepine, caffeine, and the benzotriazoles were quantified
with the IS carbamazepine d10. The pesticides and metabolites in method 2 were
quantified with atrazine 13C3 and simazine 13C3. All compounds in the alkylphenolics
group (including the estradiol hormones) were quantified with the IS 4-n-non-
ylphenol d8. The relative response factors of the compounds in relation to the IS
were calculated in all cases. Thus, the reported concentrations are corrected with the
recoveries of the compounds. A comparative check of internal quantification was
always performed with external quantification. The limits of detection (LODs) for the
SPE-LC-MS2 procedure were calculated from the mean concentration of the blank of
real water samples plus three times the standard deviation; 400 mL water was
extracted and concentrated to 500 mL (enrichment factor 800). The measurement
uncertainty is estimated to be around 25–50% (see supporting information).

2.6. Stability of the studied chemicals

The stability of the target compounds was investigated before the sampling
campaign with a spiking experiment at 100 ng/L over a time period of 3 weeks using
a real river water sample (River Olona, N-Italy). The spiked river water sample was
stored in the laboratory outside the fridge at w15 �C (in the dark). This experiment
showed that the polar pharmaceuticals (ibuprofen, diclofenac, ketoprofen, bezafi-
brate, naproxen) are slowly degraded in water (by a factor of around 20% after
3 weeks). The limited stability of bisphenol A is well known; nonylphenol has a half-
live of w1 month in water. All other compounds were relatively stable over this time
period, and from that we concluded that the risk of instability of the chemicals
during sample transportation at 4 �C was negligible.

2.7. Statistical analyses

Frequency of positive detection (freq) in [%], average, median (med), and
percentile 90% (Per90), were quantified with excel software (Microsoft).

3. Results and discussion

3.1. SPE-LC-MS2 analysis of the target compounds

The target compounds (Table 1) were selected because previous
research (see references in Section 1) identified them as prevalent
in the environment. Another selection criterion was their relative
easy extraction behavior by SPE (at neutral pH) and the straight-
forward LC-MS2 analysis for those compounds. Fig. 2 shows an
exemplary LC-MS2 chromatogram of one of the most impacted
river water extracts in the negative ionization mode, and Fig. 3 in
the positive ionization mode.

3.2. Chemical compounds identified

Table 1 summarizes the analytical results for the polar organic
compounds, which were measured in the rivers and streams across
Europe. The high overall frequency of detection for the chemicals
(above the LOD) is shown by the percentile frequency (freq) of
detection for the compounds. The average frequency of detection
for all compounds was 61%. The most frequently detected
compounds were 1-nitrophenol (freq 97%), NPE1C (97%), PFOA
(97%), caffeine (95%), carbamazepine (95%), PFOS (94%), benzo-
triazole (94%), 2,4-dinitrophenol (86%), diclofenac (83%), and tol-
yltriazole (81%), which were detected in nearly all water samples
(Fig. 4). The compounds which were detected at the lowest overall
frequency were PFUnA (26%), simazine (26%), estrone (16%), keto-
profen (freq 14%), and tert-OP (9%). Note that also 17b-estradiol and
17a-ethinylestradiol were analysed in all samples, but were never
detected above the detection limit of w5 ng/L (for those
compounds).

Table 1 shows also the maximum (max) and medium (med)
concentration levels for the compounds studied. The highest
median concentrations were measured for NPE1C (233 ng/L), ben-
zotriazole (226 ng/L), tolyltriazole (140 ng/L), carbamazepine
(75 ng/L), and caffeine (72 ng/L) (Fig. 5). In addition, high average
concentrations were found as well for ibuprofen (395 ng/L), non-
ylphenol (134 ng/L), sulfamethoxazole (76 ng/L), isoproturon
(52 ng/L), diuron (41 ng/L), PFOS (39 ng/L), naproxen (38 ng/L),

bezafibrate (32 ng/L), and gemfibrozil (29 ng/L), showing the rele-
vance of these substances.

The single compounds with the highest maximum concentra-
tions were caffeine (40 mg/L), ibuprofen (31 mg/L), tolyltriazole
(20 mg/L), carbamazepine (12 mg/L), and benzotriazole (8 mg/L).

Pesticides were in general found in relatively low concentration
ranges, most likely because the survey was conducted in autumn,
which is an atypical application period for these compounds; the
single highest pesticide concentration was detected for isoproturon
with w2 mg/L.

3.3. Most pristine rivers

Among the 122 river water samples analysed, there were 11
samples, which contained only a few chemical substances at very
low concentrations. These water samples came from water bodies in
Austria, Denmark, Estonia, Lithuania, Malta, Norway, Slovenia, and
Sweden. The compounds detected at low concentrations (<50 ng/L)
in these ‘‘clean’’ water samples were benzotriazole, tolyltriazole,
caffeine, and NPE1C, which shows their ubiquitous occurrence in
even remote areas. The most pristine water samples came from
water bodies in Estonia, Lithuania, and Sweden, which might be
explained by the low population density in these sampling areas.

3.4. Perfluorinated acids

In this study special focus was given to the analysis of water-
soluble perfluorinated acids (PFAs), because of their persistent
character in water and the recent interest in the scientific
community for them. Perfluorooctanoate (PFOA) has been identi-
fied before as a major industrial contaminant present in European
rivers (Loos et al., 2008a; McLachlan et al., 2007). The Po River in
northern Italy was identified as a major PFOA source from the
European Continent; around 200 ng/L PFOA was found at a median
river flow of w1500 m3/s (McLachlan et al., 2007).

In this study we could identify other important European PFOA
sources; the chemical was found in the following big rivers: River
Danube in Austria (25 ng/L, flow w1500 m3/s), River Scheldt in
Belgium and The Netherlands (88 and 73 ng/L; w150 m3/s), River
Rhone in France (116 ng/L; w1500 m3/s), and the River Wyre in the
UK (100 ng/L). These rivers are likely to be together with the Po
River the major PFOA sources in Europe. However, it must be noted
that some big important European Rivers (e.g. Loire (France), Tagus
(Spain/Portugal), Shannon (Ireland), and the Volga in East Europe)
(URL4, 5) were not included in this study.

Relatively high PFOS concentrations were found in the Rivers
Scheldt in Belgium (154 ng/L) and The Netherlands (110 ng/L),
Seine in France (97 ng/L; w80 m3/s), Krka in Slovenia (1371 ng/L;
w50 m3/s), Severn in the UK (238 ng/L; w33 m3/s), Rhine in Ger-
many (Wesel; 32 ng/L; 1170 m3/s), and in some smaller streams
(e.g. in Barcelona (Rivers Llobregat and Besós), Spain). A higher
median concentration for all river samples was found for PFOS
(6 ng/L), compared to PFOA (3 ng/L).

3.5. Proposed indicative warning levels for surface waters

The primary objective of this study was not to contribute to the
discussion on possible ecotoxicological effects of organic
compounds in water, but to get an independent and somewhat
representative overview on some pollutants ‘‘which matter’’ in an
European dimension. This end, we estimated indicative warning
levels as thresholds, above which a situation may be defined as ‘‘not
normal’’ and where further investigations should take place. To
arrive at these indicative warning levels, we have calculated for the
target compounds the 90th percentile levels (Per90; Table 1) of all
122 water samples analysed. The 90th percentile is the value below

R. Loos et al. / Environmental Pollution 157 (2009) 561–568564
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Fig. 2. LC-MS2 chromatogram of a river water extract, negative mode.
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Fig. 4. Frequency of detection of the target compounds.
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which 90% of the observations may be found. The proposed indic-
ative warning levels for the chemical compounds in surface waters
(Table 1; last column) are for most compounds (but not all) close to
these 90th percentile values. In the absence of set limit values,
these levels are useful to benchmark other findings against and to
assess whether a given sample might indicate an environmental
problem. For the priority compounds of the WFD the proposed
environmental quality standards (EQS) were used.

4. Conclusions

In this EU-wide monitoring study 35 organic compounds could
be analysed. Focus was given to water-soluble polar substances,
which are well being analysed by LC-MS2. However, there are many
other organic compounds, which are present in surface waters. A
list of other possible relevant emerging pollutants can be found on
the homepage of the NORMAN project on emerging pollutants
(URL6) or in the references. Indeed, for most of the chemicals
analysed no environmental limit values or guidance whatsoever do
exist. The European WFD however introduces environmental
quality standards for 41 (groups of) chemicals. A more systematic,
integrated monitoring-modeling risk assessment approach is
needed to identify those emerging contaminants that are likely to
pose the greatest risk to environmental and human health. Similar
EU-wide investigations on emerging pollutants are currently
ongoing for lipids, groundwater and sewage sludge. Interested
laboratories are invited to contact us for further information.
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