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Abstract This study presents a complementary approach for
the evaluation of water quality in a river basin by employing
active and passive sampling. Thirty-eight hydrophilic organic
compounds (HpOCs) (organohalogen herbicides, organo-
phosphorous pesticides, carbamate, triazine, urea, pharmaceu-
ticals, phenols, and industrial chemicals) were studied in grab
water samples and in passive samplers POCIS collected along
Strymonas River, Northern Greece, at three sampling cam-
paigns during the year 2013. Almost all the target compounds
were detected at the periods of high rainfall intensity and/or
low flow rate. The most frequently detected compounds were
aminocarb, carbaryl, chlorfenviphos, chloropropham, 2,4-D,
diflubenzuron, diuron, isoproturon, metolachlor, and salicylic
acid. Bisphenol A and nonylphenol were also occasionally
detected. The use of POCIS allowed the detection of more
micropollutants than active sampling. Low discrepancy be-
tween the concentrations obtained from both samplings was
observed, at least for compounds with >50 % detection fre-
quency; thus, POCIS could be a valuable tool for the selection
and monitoring of the most relevant HpOCs in the river basin.
Results showed relatively low risk from the presence of
HpOCs; however, the potential risk associated with

micropollutants such as carbaryl, dinoseb, diuron, fenthion,
isoproturon, metolachlor, nonylphenol, and salicylic acid
should not be neglected.
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Introduction

The European Water Framework Directive 2000/60/EC
(WFD) sets up environmental objectives to achieve Bgood
water status^ for all European waters by 2015 and establishes
a clear framework to enable these objectives to be achieved
(European Commission 2000). WFD introduces a list of 33
priority substances, which have to be monitored by member
states. This list is accompanied with defined environmental
quality standards (EQS) for these compounds in Directive
2008/105/EC (European Commission 2008). Recently, the
Directive 2013/39/EC, amending the previous directives, in-
troduces additional priority substances and their respective
EQS values (European Commission 2013). Moreover, there
is also concern for other hazardous compounds that could be
released in the aquatic environment (European Commission
1976; European Commission 2006a). For this reason, specific
pollutants in a river basin have to be identified regarding pos-
sible pollution sources and activities taking place in the area.

The concentrations of organic compounds such as pharma-
ceuticals and pesticides in surface waters are usually low
(<1 μg/L), and there is a need of sensitive methods with very
low detection limits. The concentration and variability of
pharmaceutical compounds in the aquatic environment de-
pend on their use pattern, the amounts discharged, and their
persistence. On the other hand, pesticide loads are strongly
connected to the application time and surface runoff. Due to
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the variability of micropollutants in the aquatic environment,
there is a need for frequent sampling. Among other available
monitoring methods, passive sampling presents a promising
environmental monitoring tool recommended in the European
Commission Guidance on surface water monitoring and in the
Directive 2013/39 (European Commission Guidance No. 19
2009; European Commission 2013). Passive sampling offers a
sensitive and time integrative measurement of free dissolved
(i.e., bioavailable) concentrations of micropollutants in water,
usually over a period of few weeks. This overcomes the prob-
lem of measurements below the detection limit often observed
with conventional grab sampling techniques. Furthermore,
different sources of variance and uncertainty can be much
better controlled, which in turn results in reduction of the
required number of analyzed samples to obtain results with
comparable statistical power (Poulier et al. 2014). Passive
samplers represent a well-defined sampling medium with a
known uptake capacity which is the major advantage over
alternative media such as sediments or biota used for trend
monitoring. Moreover, passive samplers could be used to fur-
ther evaluate the toxicity or estrogenicity of waters by
employing various bioassays (Creusot et al. 2013; Jalova
et al. 2013).

Polar organic chemical integrative samplers (POCIS) have
been used for hydrophilic organic compounds, from polar to
moderate polar micropollutants with logKow ≤4 such as pes-
ticides, pharmaceuticals, ingredients from personal care and
consumer products, natural and synthetic hormones, and in-
dustrial compounds (Arditsoglou and Voutsa 2008;
Assoumani et al. 2013; Berho et al. 2013; Dalton et al.
2014; Ibrahim et al. 2012; Jalova et al. 2013; Lissalde et al.
2011; Lohmann et al. 2012). Two types of absorbents are used
in POCIS. POCIS-Pest preferentially concentrates waterborne
HpOCs such as polar pesticides and natural and synthetic
hormones whereas POCIS-Pharm concentrates polar pharma-
ceuticals, endocrine-disrupting compounds (EDCs), ingredi-
ents from personal care and consumer products (PPCPs), and
other wastewater-related contaminants (Arditsoglou and
Voutsa 2008; Coes et al. 2014; Creusot et al. 2013; Jarosova
et al. 2012; Munaron et al. 2012; Thomatou et al. 2011).

This study aims at the integrate assessment of 38 organic
micropollutants (priority and other pollutants of emerging
concern) in the basin of Strymonas River, Northern Greece,
by employing active and passive sampling. Various groups of
pollutants such as carbamate pesticides, organohalogen herbi-
cides, organophosphorous pesticides, triazine pesticides, urea
pesticides, pharmaceuticals, phenols, and industrial chemicals
have been determined. Water samples have been collected
along the river during three sampling campaigns in 2013 and
analyzed by employing GC-MS/MS. At the same period, pas-
sive sampling was also conducted by employing POCIS. In
this article, the dominant micropollutants in the river basin as
well as their temporal and spatial variation are presented.

Results from passive sampling (detection frequency of
micropollutants and concentrations) are discussed, regarding
the possible application of POCIS as complementary tool in
water monitoring. Moreover, the possible ecotoxicological
risk from the presence of organic micropollutants is estimated
according to the risk quotient approach.

Materials and methods

Study area

The examined area is the basin of Strymonas River.
Strymonas is a transboundary river in the Balkan Peninsula
(runs through Bulgaria, Serbia, FYROM, and Greece). De-
tailed information for the study area have been previously
presented (Terzopoulou and Voutsa, Quality assessment of
surface water at the basin of Strymonas river, Northern
Greece, Fresen Environ Bull, accepted). Briefly, the river
drains approximately 17,152 km2 and outflows to the
Strymonic Gulf. Significant wetlands (Kerkini Lake, river es-
tuaries) in the river basin offer a variety of habitats for birds
and animals. Due to the ecological importance, these systems
are included in the EU BNatura 2000^ network and are
protected through various conventions and regulations.

The mean discharge of Strymonas River at the entrance of
Greek territory is 83 m3/s. The rainfall in the area ranged from
50 mm in summer up to 85 mm in winter period (data for the
period 2006–2010) and temperature between 4.12 °C in Jan-
uary to 26.7 °C in July. Agricultural, urban, and industrial
activities are the main pressures in the river basin. Wheat
and irrigated crops (cotton, maize, lucerne, sugar beet, tomato,
tobacco, olive, grape, and rice) are cultivated in the area. In-
dustrial activity includes mainly food processing plants of the
primary sector (milk, meat, sugar, and olive). Finally, treated
as well as raw sewage effluents are discharged in the river.

Sampling

Water samples

Water samples were collected in amber glass bottles, previ-
ously washed with hexane, acetone, and ultrapure water and
heated at 250 °C for at least 6 h. Water samples were collected
at seven sites along Strymonas River (Fig. 1). Three sampling
campaigns (June/July, August/September, and October/No-
vember) were conducted in the year 2013 in order to cover
variation of hydrological conditions (high-low flow rate) as
well as possible impacts from seasonally dependent inputs
(i.e., agricultural runoff). The samples were kept in a portable
refrigerator (4 °C) during the transportation to the laboratory.

Sampling details and water physicochemical parameters
are shown in Table 1. The concentrations of suspended
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particulate matter (SPM) determined after filtration through
0.45 μm, whereas dissolved organic carbon (DOC) was mea-
sured in filtered samples with the combustion catalytic
oxidation/NDIR method using a TOC-Vcsh analyzer
(SHIMADZU). The physicochemical characteristics of water
have been previously discussed in details (Terzopoulou and
Voutsa, Quality assessment of surface water at the basin of

Strymonas river, Northern Greece, Fresen Environ Bull,
accepted).

Passive sampling

Two types of passive samplers, POCIS-Pest and POCIS-
Pharm (Exposmeter, Sweden), were used in this study. The
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passive sampler POCIS-Pest consists of 200 mg triphasic sor-
bent mixture 80:20 (w/w) Isolute ΕΝV+: Ambersorb 1500
dispersed on S-X3 Βio Beads which is enclosed between
two PES membranes (0.1-μm pore size) and held together
with compression between two stainless steel washers
(5.1 cm ID, 8.9 cm OD). The passive samplers POCIS-
Pharm consists of 200 mg Oasis HLB (pοly[divylbenzene]-
cο-Ν-vinylpyrrolidone) which is enclosed between two PES
membranes (0.1-μm pore size) and held together with com-
pression between two stainless steel washers (5.1 cm ID,
8.9 cm OD).

Before their use, they were stored in gas tight metal con-
tainers at −20 °C. POCIS were exposed at four sites along
Strymonas River during three sampling campaigns (June/July
as first campaign, August/September as second campaign, and
October/November as third campaign). The exposure time
was 18 days. Sampling details are shown in Table 1. At the
end of exposure period, each sampler was rinsed with ultra-
pure water, wrapped in aluminum foil, and kept in a portable
refrigerator (4 °C) during the transportation to the laboratory.
POCIS were stored at −25 °C until analysis. The first and the
last day of the exposure of POCIS grab water samples were
also collected and analyzed.

Studied micropollutants

Samples were analyzed for 38 HpOCs, including carbamate
pesticides, organohalogen herbicides, organophosphorous
pesticides, triazine pesticides, urea pesticides, pharmaceuti-
cals, phenols, and industrial chemicals. The compounds are
listed in Table S1. Eleven compounds (alachlor, atrazine,
bisphenol A, chlorfenviphos, chlorpyrifos, diuron,
isoproturon, mecoprop, nonylphenol, simazine, and terbutryn)
are priority substances according to the EU (2008 and 2013).
The choice of target compounds was based on their possible
occurrence in the river basin in relation to the current agricul-
tural, urban, and industrial activities in the area.

Chemicals and reagents

For the needs of this study a number of standards as mixtures
or single compounds have been purchased. Chlorinated pesti-
cides (4-chloro-o-tolyoxyacetic acid, mecoprop, dalapon,
dichlorprop, dinoseb, dicamba, 2,4-D, silvex), triazine pesti-
cides (atraton, terbuthylazine, propazine, atrazine, simazine,
prometryne, ametryne, simetryn, terbutryne), organophospho-
rous pesticides (fenthion, chlorfenviphos, chlorpyrifos), car-
bamate and urea pesticides (swep, aminocarb, carbaryl,
methiocarb, chloropropham, carbofuran, diuron), alachlor,
metolachlor, isoproturon, and diflubenzuron were of analyti-
cal grade and purchased from Chem Lab (Zedelgem, Bel-
gium). 1H-benzotriazole, salicylic acid, nitrophenol, and 4-
tert-octylphenol were obtained from Fluka (Buchs,T
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Switzerland). Caffeine and nonylphenol were purchased from
Sigma (Sigma-Aldrich, Steinhem, Germany) and bisphenol A
from Ceriliant (Round Rock, TX, USA). A mixture of
tetrachloro-m-xylene and decachlorobiphenyl as surrogate
standard and a mixture of isotopically labeled PAHs
(acenapthene-d10, phenanthrene-d10, chrysene-d12, perylene-
d10) as internal standards were obtained from Chem Lab
(Zedelgem, Belgium).

Methanol (HPLC grade), dichloromethane (pesticide
grade), ethylacetate (HPLC grade), and hexane (95 % HPLC
grade) were purchased from Chem Lab (Zedelgem, Belgium).
Toluene (GR for analysis) was purchased fromMerck (Darm-
stadt, Germany). Ultrapure water was produced with a Pure
Lab system (Sation 9000, Spain). Oasis HLB (200 mg, 6 mL)
were obtained from Waters (Milford, MA, USA). Passive
samplers, POCIS-Pest and POCIS-Pharm, were obtained from
Exposmeter SA (Tavelsjo, Sweden).

Individual stock solutions (1 mg/mL) were prepared in
methanol and stored at −20 °C. Multi-compound methanolic
stock standard solution was prepared and stored at −20 °C in
the dark. Working solutions were prepared by appropriate di-
lution of the stock standard solutions with methanol and were
stored at 4 °C in the dark for a maximum period of 6 months.

Instrumentation

Target compounds were determined by GC-MS/MS using a
Trace GC gas chromatograph equipped with a mass selective
detector Polaris Q (ThermoFinnigan, Waltham, MA, USA), a
Tri Plus Autosampler, and a Dell computer system with
Xcalibur data acquisition software (ThermoElectron, San
Jose, CA, USA) according to a multi-residue method de-
scribed in details in a previous article (Terzopoulou et al.
2015). The TR-5MS analytical column (30 m, 0.25 mm ID,
0.25μm df, ThermoElectron) was used. The oven temperature
program was as follows: the initial temperature was set at
60 °C, held for 2 min and then increased at a rate 3 °C/min
to 175 °C, held for 4 min. Then, temperature was increased at
a rate 3 °C/min to 240 °C and held for 10 min. Finally, tem-
perature was increased to 320 °C at a rate 7 °C/min and held
for 24 min. The total run time was 100 min. The temperature
of ion source and transfer line was set at 200 and 275 °C,
respectively. Helium, carrier gas, was maintained at a flow
rate of 1.0 mL/min. EI in positive ionization mode was
employed. The excitation energy was set at 0.45 V.

Analytical procedure

Water sample preparation

The target compounds were recovered from water samples by
employing SPE through OASIS HLB cartridges according to
a previously proposed protocol (Terzopoulou et al. 2015).

Briefly, cartridges were conditioned by 5 mL mixture
dichloromethane/ethylacetate (50:50, v/v), 5 mL hexane/
dichloromethane (50:50, v/v), 1 mL methanol, and 1 mL of
ultrapure water. The filtered water sample (1 L), without any
pH adjustment, spiked with decachlorobiphenyl and
tetrachloro-m-xylene, was percolated through cartridges at a
flow rate of 6 mL/min. Afterward, cartridges were rinsed with
2 mL ultrapure water to remove matrix interferences and dried
under vacuum for 30 min to ensure that no residual water
would be eluted with the final extract. The analytes were elut-
ed with 5 mL of hexane/dichloromethane (50:50, v/v) and
3 mL of dichloromethane/ethylacetate (50:50, v/v) at a rate
of 1 mL/min followed by 2 mL of pushing air. The final
extract was evaporated to dryness under a gentle stream of
nitrogen at 35 °C, redissolved in methanol, spiked with the
mixture of acenapthene-d10, phenanthrene-d10, chrysene-d12,
and perylene-d10 and transferred to an injection vial.

Passive samplers preparation

POCIS samplers were cleaned from debris and mud with ul-
trapure water. Empty polypropylene SPE tubes (1 mL) with
polyethylene (PE) frits were packed with 200 mg of triphasic
sorbent admixture from POCIS-Pest and with 200 mg of OA-
SIS HLB bulk sorbent from POCIS-Pharm, respectively. Af-
terward, cartridges were rinsed with 20 mL ultrapure water to
remove matrix interferences and dried under vacuum for
30 min to ensure that no residual water would be eluted with
the final extract. Cartridges were spiked with decachlorobi-
phenyl and tetrachloro-m-xylene. The analytes from POCIS-
Pest were eluted with 5 mL of methanol/toluene/dichloro-
methane (1:1:8, v/v/v) at a rate of 1 mL/min followed by
2 mL of pushing air. The analytes from POCIS-Pharm were
eluted with 5 mL of hexane/dichloromethane (50:50, v/v) and
3 mL of dichloromethane/ethylacetate (50:50, v/v) at a rate of
1 mL/min followed by 2 mL of pushing air. The final extract
was evaporated to dryness under a gentle stream of nitrogen at
35 °C, redissolved in 0.5 mL methanol, spiked with the mix-
ture of acenapthene-d10, phenanthrene-d10, chrysene-d12, and
perylene-d10 and transferred to an injection vial.

Quality assurance–quality control

Procedural and field POCIS-Pest and POCIS-Pharm blank
samples were extracted and analyzed, according to treatment
procedure previously described, in each experimental set to
check for any possible background concentration and/or cross
contamination during sampling, handling, and experimental
procedure. The examined compounds in these samples were
not found at detectable levels. Moreover, a solvent blank was
injected at regular intervals to check for a potential contami-
nation of analytical system. No carry over contamination was
observed. Positive detection of target compounds in samples
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was confirmed by comparing retention time, selected moni-
toring ions and their relative intensities between calibration
solutions and samples. GC-MS/MS measurements were esti-
mated on calibration curves for each compound by standard
solutions. The performance characteristics of analytical meth-
od have been reported in a previous article (Terzopoulou et al.
2015) and summarized in Table S2. For this purpose, a vali-
dation protocol was employed based on the Decision
2002/657/EC validation guidelines and ISO 5725-3 on accu-
racy, trueness, and precision. Linearity, accuracy, precision,
and uncertainty of the method were evaluated. Because of
the diversity of the target compounds with very different
chemical and physical properties, internal and surrogate stan-
dards showed retention times at the beginning, middle, and
end of the chromatogram. For the evaluation of the recovery,
two experiments were performed, according to the Decision
2002/657/EC (European Commission 2002). Most com-
pounds exhibited recoveries ranged from 60 to 110 %. The
coefficient of variation (CV) ranged from 0.84 to 23.8 %.
LOD and LOQ ranged from 6.4 to 40.1 ng/L and from 21.5
to 134 ng/L, respectively. The expanded uncertainties (U %)
ranged from 5.98 to 36.98 %.

Results and discussion

Active sampling

The concentrations (min, max, median, mean, standard devia-
tion) and frequency of detection of target analytes during the
three sampling campaigns are shown in Table 2. Twenty-three
compounds were found at detectable concentrations in water
samples. The higher detection frequencies as well as the higher
median concentrations were observed for aminocarb (54.6 %,
0.234 μg/L), caffeine (63.6 %, 0.094 μg/L), carbaryl (90.9 %,
0.337 μg/L), chlorfenviphos (100 %, 0.878 μg/L),
chloropropham (63.6 %, 0.230 μg/L), diflubenzuron (72.7 %,
0.114 μg/L), diuron (100%, 0.420 μg/L), isoproturon (90.9 %,
0.856 μg/L), metolachlor (100 %, 2.303 μg/L), nonylphenol
(100 %, 0.049 μg/L), and salicylic acid (100 %, 3.14 μg/L).

During the period June–July, the lowest concentrations of
micropollutants were found. At the second sampling cam-
paign (August–September), the highest detection frequencies
for most of the micropollutants as well as the highest concen-
trations were observed (Table 2). This could be attributed to
the possible surface runoff of pesticides applied in agricultural
fields as well as to the lower water flow rate. Furthermore,
during the third sampling campaign (October–November),
maximum concentrations were observed for pesticides
(aminocarb, dicamba, and metolachlor) and for salicylic acid.
This could be attributed to the higher leaching of pesticides
due to abundant rain waters in this period as well as to the
lower degradation rates in autumn compared to warm period.

Atrazine was also detected in the water, although its use has
been banned in Europe since 2004. The presence of atrazine in
surface waters in Europe has also been reported by other in-
vestigators (Jablonowski et al. 2011; Loos et al. 2009; Nödler
et al. 2013; Nödler et al. 2014). Moreover, this compound has
constantly detected in the coastal area of Northern Greece
(Nödler et al. 2013, 2014). Significant amounts of this com-
pound have been applied in agricultural areas in Greece before
its prohibition. Due to its persistency, leaching from old in-
ventories in the soil and/or in the sediments is possible. More-
over, illegal use of this compound cannot be excluded. The
sampling sites S1, S4, S5, and S7 (Fig. 1) were the most
polluted to target compounds particularly during the second
and third sampling campaigns. Maximum concentrations of
chlorfenviphos, diuron, and isoproturon above the MAC EU
limits were determined (2008/105/EC; 2013/39/EC).

A previous study in the catchment area of the Strymonas
River completed 15 years ago (October 1998–September
1999) reported 44 micropollutants with organohalogen herbi-
cides, organophosphorous pesticides, and triazines at highest
detection frequencies (Lekkas et al. 2004). Moreover, similar
compounds have been frequently detected in other surface
waters in Greece (Kalogridi et al. 2014; Stamatis et al. 2013;
Vryzas et al. 2011). Phenols and pharmaceutical compounds,
which were detected in the basin of the river Strymonas, have
also been detected in various surface waters in Greece
(Arditsoglou and Voutsa 2008; Kosma et al. 2014; Thomaidi
et al. 2015; Vryzas et al. 2009).

Furthermore, similar compounds have also been frequently
detected in surface waters in Europe. Phenylurea, diuron, and
isoproturon were among the most frequently detectable organ-
ic compounds in rivers of 27 European countries (Loos et al.
2009). Diuron also was recorded with high frequency of de-
tection in the rivers Llobregat and Guadalquivir, in Spain
(Kock-Schulmeyer et al. 2012; Robles-Molina et al. 2014).
Alachlor, atrazine, bisphenol A, chlorpyrifos, metolachlor,
nonylphenol , octylphenol , propaz ine , s imazine ,
terbuthylazine, and terbutryn were detected in the catchment
area of Ebro river in Spain (Gorga et al. 2014; Hilderbrandt
et al. 2008; Navarro et al. 2010). Chlropyrifos and endosulfan
sulfate were the most frequently detectable pesticides in the
basin of the River Alqueva in Portugal (Palma et al. 2010).
Brown and Beinum (2009) reported isoproturon and
metolachlor runoff from soil after application, especially dur-
ing spring and summer under conditions of rainfall and irriga-
tion. Alachlor, atrazine, chloropropham, chlorpyrifos, 2,4-D,
dicamba, dichlorprop, diuron, isoproturon, mecoprop,
metolachlor, nonylphenol, octylphenol, and simazine were
detected at similar concentrations in basins of rivers Orge
and Seine and the Rhone-Alpes region in France (Barrek
et al. 2009; Botta et al. 2012; Gasperi et al. 2009; Lissalde
et al. 2011). Finally, caffeine and salicylic acid are often de-
tected in surface water impacted by effluents, thus are
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considered as indicators of wastewaters (Robles-Molina et al.
2014; Tran et al. 2014).

Passive sampling

POCIS were exposed along Strymonas river at four sites (S1,
S4, S5, and S7) during the three sampling campaigns. The
levels of hydrophilic organic compounds in POCIS and their
frequency of detection are shown in Table 3. Thirty-five or-
ganic compounds were detected in the river basin. In compar-
ison to active sampling, additional 12 compounds have been
detected by passive sampling (35 vs 23, respectively).
Aminocarb, carbaryl, and chloropropham were the dominant
carbamates; diflubenzuron and diuron were the dominant urea
pesticides. Metolachlor and 2,4-D were the most frequently
detected organochlorine pesticides and chlorfenviphos from
organophosphates. Salicylic acid, 1H-benzotriazole, and
bisphenol Awere the main pharmaceutical and industrial com-
pounds. The presence of methiocarb (66.7%) and dichlorprop
(33.3 %), although they have been banned, could be attributed
to possible leaching from soil and sediments or illegal use of
these compounds. Jalova et al. (2013) identified 13 target hy-
drophilic pesticides at similar concentrations (0.279–
2.836 μg/POCIS) in surface waters of the Czech Republic.
Dalton et al. (2014) identified atrazine to similar concentra-
tions (2.393 μg/POCIS) in surface waters of Canada.

There is a lot of discussion on the possible use of passive
sampling as an alternative sampling tool for monitoring of wa-
ter quality. Besides the qualitative information for spatial and
temporal variation, the estimation of water concentrations is a
challenge (Miége et al. 2015; Poulier et al. 2014). The time-
weighted average concentrations (TWA, μg/L) can be calculat-
ed from the levels in POCIS during the linear phase of uptake,
by accumulated mass of target compound in the sampler
(Ms, μg), sampling rate (Rs, L/day) and deployment time (t):

CTWA ¼ M s

.
Rs* tð Þ

The sampling rates are usually obtained by calibration in
laboratory under static or dynamic conditions. Additionally,
field calibration is also encouraged because environmental
factors such as temperature, hydrodynamics (flow rate, turbu-
lence), exposure time, water type, and biofouling may affect
Rs values (Jalova et al. 2013; Lissalde et al. 2014). Moreover,
the use of performance reference compounds (PRCs) for cal-
ibration of POCIS has been discussed (Lissalde et al. 2014).
All the calibration methods have their limitations, and several
shortfalls have to be overcome. However, the uncertainty re-
lated to Rs values, and therefore TWA calculation, is
counterbalanced by the reduced uncertainty related to the sam-
pling. Consequently, POCIS could be applied in monitoring
networks in order to study detection frequencies and occurrence
of micropollutants in the aquatic environment (Ibrahim et al.T
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2012; Liu et al. 2013; Morin et al. 2012; Moschet et al. 2015;
Munaron et al. 2012; Miége et al. 2015; Poulier et al. 2014).

In this study, the Rs values reported by other investigators
in similar water types and conditions for approximately the
same exposure period (Table 4) were used for the estimation
of TWAwater concentrations. The higher median TWAwater
concentrations were observed for metolachlor (0.932 μg/L),
isoproturon (0.443 μg/L), chlorfenviphos (0.303 μg/L), 2,4-D

(0.151 μg/L), diuron (0.101 μg/L), carbaryl (0.066 μg/L), at-
razine (0.064 μg/L), caffeine (0.053 μg/L), nonylphenol
(0.016 μg/L), terbutryn (0.012 μg/L), chlorpyrifos
(0.009 μg/L), and bisphenol A (0.007 μg/L). Arditsoglou
and Voutsa (2008) identified the group of alkylphenols (nd–
3.76 μg/L) and bisphenol A (nd–0.9 μg/L) by applying
POCIS to surface waters in Northern Greece. Also, Coes
et al. (2014) identified 4-tert-octylphenol by applying
POCIS-Pharm in the basin of the river Santa Cruz, AZ, USA.

The concentrations (mean±SD) resulting from active and
passive sampling in Strymonas River are illustrated in Fig. 2.
Only the compounds exhibited detectable concentrations
(higher than LOD) at least for 50 % of samples (alachlor,
atrazine, carbaryl, chlorfenviphos, 2,4-D, dinoseb, diuron,
isoproturon, metolachlor, simazine, bisphenol A, caffeine,
nonylphenol) are presented. The discrepancy between the
two measurements was relatively low. The ratios of concen-
trations obtained from active to passive sampling were 1–3 for
most compounds whereas lower ratios (<0.2–0.4) were ob-
served for atrazine and 2,4-D. This discrepancy may be due
to the characteristics inherent in two sampling approaches.
Grab samples could represent peak contamination at the time
of collection; in contrast, TWA is averaged over the period of
the deployment of POCIS. Moreover, uptake rates from liter-
ature usually varied (< twofold) under field environmental
conditions (Harman et al. 2012; Morin et al. 2012; Poulier
et al. 2014). Nevertheless, it seems that these differences are
within the acceptable uncertainties as reported by Poulier et al.
(2014; Poulier et al. 2014). These findings suggest that the
application of POCIS could be a valuable tool at least for
investigative and operational monitoring of water quality.
However, an extended survey is needed to obtain Rs values
under different field conditions in order to be used in moni-
toring networks (Moschet et al. 2015). The difference between
concentrations obtained from active and passive sampling
(logCact− logCpas) in relation to Kow values are shown in
Fig. 3. As shown, this difference is increased toward higher
Kow, suggesting that the really dissolved fraction in passive
sampling decreased slightly with increasing the hydrophobic-
ity of the compounds.

Environmental risk assessment

The ecotoxicological risk for the aquatic organisms in an eco-
system can be estimated by risk assessment approach (Barrek
et al. 2009; Gotz et al. 2010; European Commission Guidance
No 27 2011; McKinlay et al. 2008; Scott et al. 2014) based on
EU Technical Guidance Document (2003) and REACH
(European Commission Regulation 2006b).

In this study, the environmental risk assessment was per-
formed according to the risk quotients following the method
described in previous studies (Cho et al. 2014; Kosma et al.
2014; Palma et al. 2014; Stamatis et al. 2013; Thomatou et al.

Table 3 Levels of micropollutants in POCIS (μg/sample) (n=12)

Compound Median Mean SD FRa

Alachlor <LOD 0.207 0.328 41.7

Ametryne <LOD 0.021 0.014 16.7

Aminocarb 0.898 2.039 3.122 66.7

Atraton <LOD 0.025 0.017 25.0

Atrazine 0.362 1.247 2.536 58.3

1H-Benzotriazole 0.063 0.107 0.099 66.7

Bisphenol A 0.022 0.015 0.008 58.3

Caffeine <LOD 0.050 0.049 41.7

Carbaryl 0.403 0.927 1.083 66.7

Carbofuran <LOD 0.034 0.052 33.3

Chlorfenviphos 2.107 2.096 1.944 66.7

Choropropham 1.064 2.286 2.664 83.3

4-chloro-tolyoxyacetic acid <LOD <LOD – –

Chlorpyrifos 0.030 0.021 0.012 58.3

2,4-D 0.348 0.673 0.751 83.3

Dalapon <LOD 0.031 0.033 33.3

Dicamba <LOD 0.689 1.552 25.0

Dichlorprop <LOD 0.012 0.014 33.3

Diflubenzuron 0.291 1.445 3.082 75.0

Dinoseb <LOD 0.059 0.089 25.0

Diuron 0.500 0.726 0.697 75.0

Fenthion 0.026 0.034 0.049 58.3

Isoproturon 1.848 3.287 3.019 91.7

Mecoprop <LOD 0.027 0.028 33.3

Methiocarb 0.054 0.169 0.224 66.7

Metolachlor 4.239 3.941 2.659 100.0

Nitrophenol <LOD 0.024 0.051 25.0

Nonylphenol <LOD 0.011 0.012 25.0

4-tert-Octylphenol <LOD <LOD – –

Prometryne <LOD 0.029 0.028 41.7

Propazine <LOD 0.015 0.021 16.7

Salicylic acid 2.662 2.928 3.268 66.7

Silvex <LOD <LOD – –

Simazine <LOD 0.028 0.040 33.3

Simetryn 0.017 0.063 0.078 50.0

Swep <LOD 1.471 3.344 25.0

Terbuthylazine <LOD <LOD 0.003 8.3

Terbutryn 0.043 0.030 0.015 58.3

a Percentage (%) of samples with concentrations ≥ LOD.
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2013). The risk quotient (RQ) comprises a useful tool in order
to characterize potential ecological risk of many
micropollutants in aquatic ecosystems (ECOFRAM 1999;
Von der Ohe et al. 2011). Based on EC Technical Guidance
Document on Risk Assessment, RQ was calculated as the
ratio of measured environmental concentration (MEC) and
predicted no-effect concentration (PNEC) using median con-
centrations or maximum concentrations for worst case

scenario. PNEC was estimated using the lowest values of
acute EC50 or LC50 or the chronic NOEC for the target com-
pound, divided by a default assessment factor (AF), including
algae, bacteria, invertebrates, and fish (European Chemical
Agency 2008). For risk analysis, a commonly used risk rank-
ing criterion was applied. When RQ≥1 an ecological Bhigh
risk^ is suspected, when 0.1≤RQ≤1 Bmedium risk^ and for
RQ≤0.1 Blow risk^ is suggested.

Table 4 Sampling rates (Rs) of studied micropollutants in POCIS (literature data)

Compound Water type Exposure time (days) Rs (L/day) Reference

Alachlor River water 14 0.21 Lissalde et al. 2011

Ametryne –

Aminocarb –

Atraton –

Atrazine River water 14 0.23 Lissalde et al. 2011

1H-Benzotriazole –

Bisphenol A Natural water 28 0.12 Arditsoglou and Voutsa 2008

Caffeine River water 14 0.10 Lissalde et al. 2011

Carbaryl River water 14 0.24 Lissalde et al. 2011

Carbofuran River water 14 0.28 Lissalde et al. 2011

Chlorfenviphos River water 14 0.28 Lissalde et al. 2011

Chloropropham –

4-chloro-tolyoxyacetic acid Stream 5 0.07 Alvarez et al. 2007

Chlorpyrifos River water 14 0.13 Lissalde et al. 2011

2,4-D Stream 5 0.09 Alvarez et al. 2007

Dalapon –

Dicamba –

Dichlorprop Stream 5 0.12 Alvarez et al. 2007

Diflubenzuron –

Dinoseb Stream 5 0.11 Alvarez et al. 2007

Diuron River water 14 0.20 Lissalde et al. 2011

Fenthion –

Isoproturon River water 14 0.17 Lissalde et al. 2011

Mecoprop –

Methiocarb –

Metolachlor River water 14 0.18 Lissalde et al. 2011

Nitrophenol –

Nonylphenol Natural water 28 0.12 Arditsoglou and Voutsa 2008

4-tert-Octylphenol Natural water 28 0.10 Arditsoglou and Voutsa 2008

Prometryne –

Propazine –

Salicylic acid –

Silvex –

Simazine River water 14 0.20 Lissalde et al. 2011

Simetryn –

Swep –

Terbuthylazine River water 14 0.24 Lissalde et al. 2011

Terbutryn River water 14 0.14 Lissalde et al. 2011
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According to Von der Ohe et al. (2011), the relative ranking
of the resulting hazard ratio (RQ=MEC/lowest PNEC) was
assigned 0 points for compounds with RQs from 0 to 1, 0.1
points for 1<RQ<10, 0.2 points for 10<RQ<100, 0.5 points
for 100<RQ<1000, and 1.0 point for exceedances >1000.

The ecological risk due to the presence of organic
micropollutants in Strymonas River is shown in Table 5. RQ
values were calculated for each sampling campaign, and on

yearly basis from results of both passive and active sampling.
The higher risk was observed during second sampling cam-
paign (1.30 points). High risk were found for diuron and
salicylic acid as their yearly RQs were higher than 1. High risks
were also suspected for fenthion and isoproturon during the
second sampling campaign. Medium risk were suspected for
carbaryl and metolachlor on a yearly basis. Due to the fact that
during active sampling most of the compounds were found at
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concentrations < LODs, the TWAwater concentrations calcu-
lated from passive sampling with POCIS were employed. The
higher risk was observed during second sampling campaign.
High risk was found for dinoseb as its RQ was higher than 1.0
during the second sampling campaign. Medium risk were also
suspected for carbaryl, diuron, and metolachlor on a yearly
basis. Medium risk was also considered for isoproturon during
the second sampling campaign. Our results are in agreement
with those reported from Papadakis et al. (2015), Palma et al.
(2014), Thomatou et al. (2013), and Vryzas et al. (2009) for
surface waters.

The application of RQ method in the present study showed
that although concentrations of most micropollutants complied
with the European EQS, the potential risk associated with com-
pounds such as carbaryl, dinoseb, diuron, fenthion, isoproturon,
metolachlor, and salicylic acid should not be neglected. Fur-
thermore, sampling site S1 presents high risk for diuron
(RQ>1 at this site, Fig. 4); therefore, a regular monitoring of
the transboundary sampling station is suggested.

Conclusions

A complementary approach by active and passive sampling
employing POCIS was used to assess hydrophilic organic
micropollutants in the basin of Strymonas River, Northern

Greece. Pesticides, pharmaceutical and industrial compounds
were determined along the river in three sampling campaigns
in 2013. Almost all the target compounds were detected by
passive sampling. Temporal and spatial variation was ob-
served, with higher concentrations at the periods of high rain-
fall intensity and/or low flow rate at sites that are mainly
affected by agricultural and urban activities. The most fre-
quently detected compounds were chlorfenviphos, diuron,
and isoproturon at concentrations that occasionally exceed
the maximum acceptable criteria. Moreover, compounds such

Table 5 Environmental risk due to micropollutants detected in Strymonas River

Compound PNEC (μg/L) Type of PNEC Reference RQa RQb

Active sampling Passive sampling

1st 2nd 3rd Year 1st 2nd 3rd Year

Alachlor 2 Chronic Vryzas et al. 2011 – 0.02 – – 0.01 0.05 – –

Atrazine 10 Chronic Vryzas et al. 2011 – – – – 0.00 0.03 – 0.00

Bisphenol A 1.6 – RPA 2003 – 0.01 – – – 0.00 0.00 0.00

Caffeine 200 Chronic Vryzas et al. 2009 – – 0.00 – – 0.00 0.00 –

Carbaryl 0.6 Chronic Vryzas et al. 2011 – 0.56 0.31 0.28 0.02 0.62 0.22 0.11

2,4-D 2720 Chronic Palma et al. 2014 – 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Dinoseb 0.028 Acute Cho et al. 2014 – – – – – 1.39 – –

Diuron 0.20 Chronic Von der Ohe et al. 2011 1.48 2.10 1.07 1.64 0.07 0.83 0.90 0.50

Fenthion 0.0057 Acute Stamatis et al. 2013 – 4.60 – – – – – –

Isoproturon 5.20 Chronic Palma et al. 2014 0.07 1.14 0.16 0.08 0.07 0.32 0.05 0.07

Metolachlor 7.07 Chronic Vryzas et al. 2011 0.01 0.29 0.33 0.16 0.03 0.17 0.17 0.13

Nonylphenol 0.30 Chronic Von der Ohe et al. 2011 – 0.06 0.16 0.06 – – 0.01 –

Salicylic acid 0.00129 Acute Ginebreda et al. 2010 – 1091.2 2436.9 1059.7 – – – –

Simazine 60 Chronic Palma et al. 2014 – – – – – 0.00 – –

∑Pointsc 0.1 1.3 1.1 1.1 0 0.1 0 0

a RQ were calculated from median values obtained from active sampling during the three sampling campaigns
b RQ were calculated from TWA concentrations obtained from passive sampling by POCIS
c∑Points: relative ranking accordingly to Von der Ohe et al. (2011)

Fig. 4 Environmental risk (RQ) in Strymonas River due to
micropollutants detected by POCIS at sampling sites S1, S4, S5, and S7
(1, alachlor; 2, atrazine; 3, bisphenol A; 4, caffeine; 5, 2,4-D; 6, dinoseb;
7, diuron; 8, isoproturon; 9, metolachlor; 10, nonylphenol; 11, simazine)
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as atrazine, dichlorprop, and methiocarb that are banned in
Europe were also detected. Carbamate and urea compounds
(aminocarb, carbaryl, chloropropham, diflubenzuron, diuron,
isoproturon), organophosphorous pesticides (chlorfenviphos,
fenthion), certain organohalogen herbicides ( 2,4-D, dinoseb,
metolachlor), and salicylic acid must be under regular moni-
toring since these compounds were frequently detected.
POCIS deployed in Strymonas River exhibited higher fre-
quency of detection for hydrophilic micropollutants. Low dis-
crepancy between concentrations obtained from active and
passive sampling was observed. Therefore, POCIS could be
a valuable tool for the selection and monitoring of the most
relevant micropollutants in the river basin at least for investi-
gative and operational monitoring of water quality in order to
complete data obtained with current grab sampling. However,
an extended survey is needed for further evaluation of passive
samplers with calibration under a variety of field conditions.
Environmental risk was also estimated based on both active
and passive sampling. Results showed relatively low risk in
the river basin; however, the potential risk associated with
micropollutants such as carbaryl, dinoseb, diuron, fenthion,
isoproturon, metolachlor, nonylphenol, and salicylic acid
should not be neglected.
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