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Abstract
The EU directive 2013/39/EU has incorporated four biocidal compounds as priority substances: diuron, isoproturon, cybutryne,
and terbutryn. The research was undertaken to determine the concentration of biocides in surface waters in three locations in
southern Poland: the Wisła River in Kraków, the Wisłoka River in Mielec, and the drainage ditch draining water from arable
fields located near Mielec. Environmental samples were taken in two series: winter (February) and spring (May and June). The
analyses were carried out using gas chromatography with mass spectrometry. The seasonality of biocides in surface waters was
observed. In winter samples, the concentrations were below MQL, while in spring, they ranged from a few to several dozen
nanograms per liter. The highest concentrations of all analyzed compounds were recorded in water taken from the Wisła River.
According to directive 2013/39/EU, the maximum allowable concentration was exceeded only in the case of cybutryne in water
from the Wisła, both in May and in June. The assessment of the toxicity with the tested compounds was defined based on the
Environmental Risk Assessment method. Low risk was estimated for diuron and isoproturon, while moderate risk for terbutryn
and cybutryne.

Keywords Biocides . Surface water .Water pollution . Ecological risk assessment (ERA) . Toxicity . Gas chromatography-mass
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Introduction

The rapid development of industry means that the natural
environment is exposed to all kinds of contamination with
toxic organic and inorganic compounds. This problem con-
cerns especially soils and waters, both surface and under-
ground. One of the most serious threats to the environment
is the contamination of surface waters by compounds called
biocides (Ormad et al. 2008; Palma et al. 2014; Ccanccapa
et al. 2016; Styszko and Kupiec 2016). Biocides are both
compounds of natural origin (extracts of herbs), as well as

compounds obtained through chemical synthesis (pesticides,
seed treatment). These compounds affect the elimination and
neutralization of a given group of organisms from the envi-
ronment, i.e., plants, insects, or fungi. Biocides are a very
general term for all substances that enable a fight against
harmful organisms (Biziuk 2001). Biocidal preparations are
commonly used in the industry and households to prevent
spreading organisms, which can be dangerous for human
and animal health, as well as organisms which can destroy
everyday items (both natural and manufactured) (Kresmann
et al. 2018). According to the EU Regulation of concerning
the making available on the market and use of biocidal
products, biocidal products include not only a wide variety
of preparations, e.g., hand, surface, and water disinfectants,
but also building materials and wood preservatives, rodents,
and insect repellents or anti-fouling products (The European
Parlament and the Council of the European Union 2012).
Biocides are used primarily for the following purposes: to
prevent the growth of algae and fungi on building elements
such as façades or roofs, or as anti-fouling products applicable
to the protective coatings on objects used in the aquatic envi-
ronment, and in agriculture to prevent spreading organisms
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with harmful crops (Quednow and Püttmann 2007;
Schoknecht et al. 2009; Styszko and Kupiec 2018). These
harmful substances enter the water environment during pre-
cipitation as a result of their leaching from building materials
as well as by being carried with water flowing from the agri-
cultural areas (Bester et al. 2014; Malaj et al. 2014).

Taking into account the diversity of chemical structure,
application, toxicity, and persistence in the environment,
many classifications of biocides may be indicated. One of
the best known classifications of biocides is that which pre-
sents four main groups of applications: disinfectants and gen-
eral biocidal products, preservatives, biocidal products for
pest control, and other biocidal products (Ordinance of the
Minister of Health 2003). The most numerous subgroups of
states include biocides used for conservation purposes.

It was proved that chemical pollutants can cause acute tox-
icity to aquatic organisms, and accumulation of toxic sub-
stances in the ecosystem, which can lead to the loss of habitat
and biodiversity, as well as a threat to human health (Mohr
et al. 2008; Bollmann et al. 2014a; Styszko et al. 2014). In
response to environmental problems, many environmental re-
strictions and directives regulating pollution-related problems
have appeared (Bollmann et al. 2014b). The current directive
in the field of water policy is the directive of the European
Parliament and of the Council, 2013/39/EU of August 12,
2013, which replaced Directives 2000/60/EC and 2008/105/
EC for priority substances in the field of water policy, intro-
ducing fifteen new priority substances in reference to various
applications: substances contained in plant protection prod-
ucts, industrial chemicals, by-products of combustion, and
substances contained in biocidal products. In the last group,
four biocides are included the following: isoproturon, diuron,
terbutryn, and cybutryne (The European Parlament and the
Council of the European Union 2013). Isoproturon is a selec-
tive herbicide which belongs to the phenylurea class. This
substance fights mono- and dicotyledonous plants. It is a com-
ponent of preparations used mainly in the protection of cereals
(Del Pilar et al. 2001; Bobu et al. 2005). Diuron is a substitut-
ed herbicide based on derivatives of urea. Due to its proper-
ties, diuron is also present in preparations which are used to
prevent spreading algae as well as in coatings as an anti-
fouling additive (Armenta et al. 2005). Cybutryne, also called
Irgarol, is a strong s-triazine herbicide. It is widely used as a
support biocide in anti-fouling paints used, among others, for
the maintenance of ship hulls, or in construction to protect the
exterior of buildings (Fernandez and Gardinali 2016; Wang
et al. 2016; Zhang et al. 2019). Terbutryn is a selective herbi-
cide used to protect cereals, legumes, and fruit trees. Like
cybutryne, it also acts as an agent against underwater and
floating vegetation (Velisek et al. 2010; Wang et al. 2016).
Terbutryn might also be emitted to surface waters from waste-
water treatment plants (Quednow and Püttmann 2007;
Bollmann et al. 2014a). Occurrence and fate of chemicals,

including biocides, in the environment are determined by
physical-chemical properties of the compound, environmental
conditions, and anthropogenic factors. Among the physical
and chemical properties, partition constants, solubilities, or
kinetic constants determine biotic and non-biotic mediated
reactions. Mobility of chemicals, their availability to partici-
pate in leaching, and degradation processes are determined by
sorption processes (Rabølle and Spliid 2000; Guillén et al.
2012). Moreover, environmental external factors such as cli-
mate, landscape, and biota have definite influence on fate of
chemicals. One of the major input information related to the
level of concentrations of chemicals in the environment is
human activity, determined by consumption of chemicals,
mode of use chemical emission rate, and its characteristics.

Table 1 provides information drawn from the current direc-
tive on the permissible concentrations tested of biocides. Also,
Polish legislation increases the emphasis on ecological re-
quirements as far as the environmental impact of biocidal
products is concerned. The abovementioned biocides have
been included in the list of priority substances, so their elim-
ination should be a priority in the water protection policy
(Ordinance of the Minister of the Environment 2013).

The aim of the work is to present the detection method of
selected biocides from the aquatic environment by means of
gas chromatography with mass spectrometry and to present
the results of the analysis of river waters taken from three
locations in the southern part of Poland. These compounds
have been covered by water monitoring, like other priority
substances. They have not been monitored before; therefore,
it is advisable to carry out the relevant studies. The research
was directly based on the analysis of biocide concentrations in
surface water, due to the WFD focuses on water samples. The
level of the toxic risk caused by biocides will also be deter-
mined on the basis of the concentrations measured by means
of the Ecological Risk Assessment method.

Materials and methods

The biocides which were studied

Table 2 provides the chemical structures and the physico-
chemical properties of the following compounds: diuron,
isoproturon, cybutryne, and terbutryn, which are investigated
in this study. Each of the analytical standards was purchased
from Sigma-Aldrich (Germany). The analytical grade re-
agents, methanol, and ethyl acetate were purchased from
POCH (Gliwice, Poland). The solutions of individual stan-
dards and their mixture were prepared in methanol stored in
the dark at 4 °C. The concentrations of starting compounds
were given in micrograms per milliliter: for isoproturon 13.5,
diuron 35.5, terbutryn 5.5, and cybutryne 19.5, respectively.
The deionized water (< 0.07 S/cm), used in order to perform
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solid phase extraction (SPE), was obtained from the HLP5
pure water system (Hydrolab, Gdańsk, Poland). The extrac-
tion cartridges for SPE: Oasis HLB (3 ml/60 mg) was pur-
chased from Waters (Wexford, Ireland), and Chromabond
DVB (3 ml/200 mg) was purchased from Macherey-Nagel
(Düren, Germany).

Sampling

The environmental water samples were taken from three
locations, from the Wisła River in the Kraków section of
the river course, from Wisłoka near Mielec, and from the
water from the drainage located in the Borowa commune
in the Mielec district. These places are shown on the map
in Fig. 1. The Wisła is the longest Polish river, and
Kraków is the largest city in its lower reaches. Distance

from the sampling point on the Wisła (Kraków) to the
mouth of the Wisła to the Baltic Sea is 865 km. The
average flow rate of Wisła in Kraków was 98 m3/s
(IMGW 2019a). This place was chosen for sampling, be-
cause the analyzed samples represent the great Polish
metropolises and show the impact of urbanization on the
presence of biocides in surface waters. According to the
information provided by the Chief Inspectorate of
Environmental Protection in Poland, the annual average
electrolytic conductivity (EC) of the Wisła River in
Kraków was 2996 μS/cm (G łówny Inspektora t
Środowiska 2018). The total dissolved solids (TSD) cal-
culated by multiplying EC by a constant value of 0.64
characterist ic for freshwater (Rusydi 2018) was
1917.44 mg/L. The Wisłoka is a river in the southeastern
part of Poland; it is a right-bank tributary of the Wisła.

Table 2 Biocides used in the study

Name of 

compounds 
CAS No. Formula

Molecular 

weight 

(g/mol)

Solubility 

in water 

(mg/L)

Log 

Kow

References

Diuron 330-54-1 233.09 42 2.87

(Kim et al. 

2019)

Isoproturon 34123-59-6 203.28 70 2.48

Cybutryne 28159-98-0 253.37 7 3.95

Terbutryne 886-50-0 241.36 25 3.74

Table 1 Biocide concentrations
according to the directive
2013/39/UE

The name
of the
biocide

Concentration of the
substance in surface
waters Inland
(annual intake)
(μg/L)

Concentration of
the substance in
other surface waters
(annual intake)
(μg/L)

Concentration of the
substance in surface
waters Inland
(maximum
permissible) (μg/L)

Concentration of the
substance in other
surface waters
(maximum allowable)
(μg/L)

Diuron 0.2 0.2 1.8 1.8

Isoproturon 0.3 0.3 1.0 1.0

Cybutryne 0.0025 0.0025 0.016 0.016

Terbutryn 0.065 0.0065 0.34 0.034
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Distance from the sampling point in Wisłoka (Mielec) to
the mouth of the Wisłoka River to the Wisła is 22 km, but
distance from the mouth of the Wisłoka to the Wisła to
the mouth of the Wisła to the Baltic Sea is 713 km. The
average flow rate of Wisłoka in Mielec was 28.7 m3/s
(IMGW 2019a). The water samples were taken at
Mielec, because the city is one of the main industrial
centers in the Podkarpackie Province (the leading indus-
tries include aviation, the automotive, metalworking and
plastics processing industries) and may be considered rep-
resentative for small cities all over Poland. The annual
average EC of Wisłoka was 398 μS/cm, and so, the cal-
culated TSD value (Rusydi 2018) was 254.72 mg/L, so it
can be expected that the pollution was much lower than in
the Wisła (Główny Inspektorat Środowiska 2018). The
drainage ditch collects rainwater from agricultural fields
and nearby farms. It can be considered representative for
Polish drainage channels located in villages. This choice
will enable us to indicate the potential impact of agricul-
ture on the presence of biocides in surface waters.

Three rounds of the investigation of similar samples were
conducted. Two of themwere carried out in the spring, inMay
and June 2018, and the third one in the winter, in February
2019. Three samples with a volume of 2.5 L each were taken
to amber bottles from every place. The samples were taken in
accordance with the ISO 5667-6:2016-12 standard. In the case
of the Wisła and Wisłoka River at a depth of about 22–50 cm
below the water table, while in the case of the drainage ditch,
the sampling depth was about 15 cm, which was one-third of
its depth (ISO International Organization for Standardization
2014). All samples were transported back to the laboratory in

a dark and ice cool box and then vacuum filtered through
glass-fiber filters purchased from Macherey-Nagel, firstly
MN GF-1 (0.7 μm, 47 mm) and subsequently through MN
GF-5 (0.4 μm, 47 mm).

Solid-phase extraction

The recovery of biocides in the solid phase extraction process
was determined. Two types of columns were used for the
comparison of results: Oasis HLB cartridges (3 ml/60 mg)
contain the Oasis HLB sorbent, which is a universal polymeric
reversed-phase sorbent that was developed for the extraction
of a wide range of acidic, basic, and neutral compounds from
various matrices and EASY-polar modified polystyrene-
divinylbenzene (3 ml/200 mg) known as Chromabond DVB.
The test was triplicate for each kind of cartridges. Before use,
the SPE cartridges were conditioned successively with 2 ml of
methanol and 2 ml of deionized water. The samples were
mounted on columns using the 12-position system for SPE
by J.T. Baker (Netherlands) in a set with a diaphragm pump.
After loading, the cartridges were dried under vacuum for
20 min. After elution with 4 ml of methanol, the collected
extracts were evaporated to dryness with a gentle stream of
nitrogen and redissolved in 0.5 ml of methanol. The solutions
which were preparedwere subsequently analyzed by gas chro-
matography. The recovery percentage, i.e., the accuracy, was
calculated according to the formula:

xi
μ
� 100%;

Fig. 1 The location of the collection of the research samples (www.google.pl 2019)
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where xi—the quantity of analyte determined in the test
sample;μ—the known amount of analyte in the test sample
(International Organization for Standardization 2005).

The environmental samples after filtration were extracted
by using Oasis HLB columns in the same way as described
above and analyzed by CG-MS.

Analytical procedure

Analyses were performed by means of a Thermo Scientific GC
Trace 1300 gas chromatograph coupled with a ITQ 900 ion trap
mass spectrometer and a TriPlus RSH autosampler. The com-
ponents of the tested sample were separated using the Rxi®-
5Sil MS capillary column from Restek (5% diphenyl, 95%
dimethylsiloxane) with a length of 30 m, internal diameter of
25 m, and film thickness of 0.50 μm. The carrier gas was
helium (99,999%) with a flow rate of 1 ml/min. The conditions
for temperature separation were as follows: it began with a
temperature of 70 °C maintained for 2 min, then there was a
temperature increase, at a rate of 20 °C/min, to 320 °C, and it
was maintained for 4 min. The programmable temperature of
the vaporization injector was maintained at 250 °C, the transfer
line at 250 °C, and the ion source at 250 °C. The injector was
operated at splitless conditions for 2 min and then turned to the
split mode at the ratio of 50:1. The analyses were performed in
positive mode at an electron energy of 70 eV and an emission
current of 250 μA. The volume of injections was 1 μL. The
mass spectrometry analyses were performed in the multiple
reaction monitoring (MRM) mode, measuring the fragmenta-
tion of the precursor ions. The choice of fragmentation products
for each substance was based on the strongest signal. The pres-
ence of biocides in individual samples was tested on the basis of
ions. Table 3 lists individual compounds with the correspond-
ing ions and retention times. The precursor ion was bolded. The
obtained results were processed using the specialized
Xcalibur® software.

The calibration curves were prepared on the basis of eight
solutions. On the basis of the latter, the validation parameters
were determined: detection limit (LOQ), detection limit (LOD),
and linearity of calibration lines. The results which were obtain-
ed are presented in Table 3. All four calibration curves are

characterized by a very high correlation coefficient R2 of
0.9987–0.9854, which in practice means that the linear nature
of the relationship between the concentration of a given biocide
and the size of the peak obtained after the analysis is very likely.
The linearity of the analytical method is to show that the ob-
tained measurement results are directly proportional to the con-
centration (content) of the substance determined in the sample,
within a given range. The condition of linearity is that the cor-
relation coefficient R exceeds 0.98 (the case of detection of
residual substances) (International Organization for
Standardization 2005). Owing to this relationship, the concen-
trations of biocides in environmental samples were calculated.

ERA

In accordance with the guidelines described in the European
Union documents, an Ecological Risk Assessment (ERA) was
performed to determine the probability of negative effects,
caused by the presence of different compounds in the environ-
ment so show the toxicological risk level. The ERA procedure
described in the European Chemicals Agency (ECHA) as well
as the Technical Guidance Document on Risk Assessment
(TGD) is based on the calculation of the risk factor (RQ)
according to the formula:

RQ ¼ MEC

PNEC

where the MEC value is the measured concentration level of a
pollutant in the environment, while the PNEC is the value of
the predicted no effect concentrations for the structure and the
functioning of the ecosystem (ECHA 2017). It means that the
PNEC concentration for an environmental component is the
concentration below which there is no negative effect on eco-
systems. The PNEC value is obtained from the available in-
formation on species toxicity in the relevant environment as
well as from the toxicity endpoints (LC50—the concentration
lethal to 50% of organism or NOEC—the concentration effect
no observed), using the appropriate assessment factors
(European Commission 2003; ECHA 2017). The legislator
specifies that if the RQ value is equal to or above 1, it is
considered that the potential risk to the environment is likely

Table 3 Ions and retention time for individual biocides and their calibration data

Biocide Retention time
(minute)

Precursor–products
ions, m/z

R2 Concentration range of the calibration
solutions (ng/L)

Method detection limit (MDL)
(ng/L)

Isoproturon 9.93 178–146, 128 0.9987 3–2242 0.9

Diuron 10.07 219–187, 174 0.9958 8–5921 2.5

Terbutryn 12.01 185–170, 157 0.9854 1.5–917 0.4

Cybutryne 12.77 182–109, 140 0.9992 4–3246 1.4

Italicized text means the precursor ion
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to occur; otherwise, there is no such risk.

Statistical analysis

The analyses were performed by means of Statistica (version
13.0). Their purpose was to check whether both the differ-
ences between the tested column fillings and the differences
between the results of analyses of environmental samples in
the spring (May and June) differ significantly in terms of
statistics. The hypotheses were tested by means of the
Student t test. The statistical level of significance was set as
p < 0.05.

Results and discussion

The efficiency of the SPE

The collected results of the SPE process performance for two
columns, HLB Oasis and Chromabond DVB, are shown in
Fig. 2. The bars show the average recovery for individual
compounds. Error bars in the form of standard deviation were
also applied.

After carrying out the Student t test for the significance
level p = 0.05, the results of recoveries for both columns do
not show statistical differences. This means that in statistical
terms, the observed results are equal. However, it was decided
that in the research in the detection of biocides in environmen-
tal waters, the second type of the tested columns, designated
as HLB and containing the Oasis HLB sorbent, should be
selected. The first column, marked as DVB (EASY-polar
modified polystyrene-divinylbenzene), demonstrates a lower
efficiency of the SPE process. The disadvantage of this type of
column filling is the lower repeatability of results, as evi-
denced by the higher values of the standard deviation. For
the analyzed biocides, recoveries were higher for the HLB

columns than for the DVB columns by 19% for isoproturon,
8% for diuron, 14% terbutryn, and 29% cybutryne. In connec-
tion with the above, for the further analyses on the environ-
mental samples, the columns that dropped in the tests better
were used, i.e., the HLB columns. Moreover, the fact that
there are reports in the literature on the use of these cartridges
for analyzing the selected biocides in water suggests the
choice of Oasis columns (Agüera et al. 2000; Dolores
Hernando et al. 2001; Carabias-Martínez et al. 2004;
Mazzella et al. 2010; Robles-Molina et al. 2014).

Concentrations of biocides

Concentrations in environmental samples

The content of biocides in environmental samples was deter-
mined on the basis of water samples taken and the execution
of the ten replicates of the study. Table 4 presents the final
results for individual sampling sites in the form of an average
result with a standard deviation. The coefficient of variation
ranges from 2.17 to 11.23%. The tests that were performed
can be considered as done correctly because the coefficient of
variation for the results of the determination of the ingredients
content at the trace level should not be greater than 15%
(International Organization for Standardization 2005).

None of the selected biocidal products was determined in
the winter samples. In this case, the results of all analyses were
belowMQL, while biocides were found in all spring samples.
Bacigalupo and Meroni also observed similar seasonal rela-
tionships in their studies. In the water samples collected once a
month from an agricultural area in the north of Italy, they
analyzed, inter alia, diuron. These studies demonstrated no
diuron in an irrigation ditch in the winter months, i.e., from
October to February inclusive (Bacigalupo andMeroni 2007).
Also, in northern Italy during the winter from February to
April, concentrations of various compounds, including some
biocides, were analyzed in river water. Isoproturon concentra-
tions were very low, ranging from undetectable to 0.5 ng/L,
which is fully compatible with this research, while diuron
concentrations ranged from undetected to 46 μg/L (Loos
et al. 2007). Studies conducted in France in various river wa-
ters of the Brittany region show that biocide pollutions in
winter are episodic. Their concentrations in December ranged
from not determined over LOQ to 522 ng/L and 42 ng/L for
isoproturon and diuron, respectively (Gervais et al. 2008).

The biocide concentrations in the spring trials were as de-
scribed below. After statistical analysis, it was found that as
far as isoproturon and cybutryne are concerned, in each of the
sampling points, there is no significant difference in the results
obtained for theMay and June water analyses. This means that
the amount of compounds emitted during the period consid-
ered can be regarded as being at the same level. For diuron, the

Fig. 2 The efficiency of the SPE. Bars represent standard deviations
between samples
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only significant differences were noted in the water from the
Wisła River.

The highest concentrations of isoproturon were recorded in
the samples taken from the Wisła River in Kraków—it was
over 50 ng/L, whereas the concentration in the samples from
the Wisłoka River and the drainage ditch were lower by about
40—they were 35 and 30 ng/L, respectively. The obtained
concentrations are in good agreement with the results of tests
carried out in Greece and Poland. In the north of Greece, the
waters of Strymonas and Nestos were tested. These analyses
demonstrated the presence of isoproturon in both rivers with
the following concentrations: Strymonas 10 ng/L and Nestos
339 ng/L (Papadakis et al. 2018). Isoproturon was detected in
almost one-third of surface water analyses carried out in the
Wielkopolska Province (Poland). Its concentrations were be-
tween 10 and 60 ng/L (Drożdżyński et al. 2009).

In the case of diuron, the lowest concentrations of this
biocide were detected in a sample taken from the Wisłoka
and it was 50 ng/L. However, samples taken from the Wisła
and drainage ditch contained similar amounts of diuron, the
concentration of which was detected at roughly 70 ng/L. The
concentrations obtained are similar to the results of an analysis
carried out in Italy in 2006 in agricultural areas. In the ditch
water samples in May, the concentration was 60 ng/L and in
June 73 ng/L (Bacigalupo and Meroni 2007). Compared with
research conducted in recent years, the concentrations obtain-
ed are higher than those recorded in Italy and Greece. In the
Gulf of Naples, diuron concentration ranged from 1.6 to
34.8 ng/L, and in the Gulf of La Spezia, it was in the range
of 1.0–28.2 ng/L (Ansanelli et al. 2017), while in Greece in
Styminas, it was below LOQ (Papadakis et al. 2018). In Japan
in the years 2014–2015, researchwas conducted on the impact
of agriculture and urban activities on biocide pollution in the
Kurose River (Higashi Hiroshima). In the bodies of water

which were analyzed, diuron was identified at all points from
which samples were taken, and its maximum concentration
was at the level of 4620 ng/L, which is almost 70 times higher
than that obtained in our studies. The presence of diuron
proved to be closely related to human agricultural activity,
which was confirmed by the fact that the diuron concentration
was connected with the data associated with the use of biocid-
al compounds in the Hiroshima Prefecture (Kaonga et al.
2015).

The water collected from the Wisła turned out to be the
most contaminated also with terbutryn (approximately
10 ng/L), whereas the water collected from the Wisłoka man-
ifested its lowest amount, i.e., five times less. This chemical
compound also occurs in the waters of the drainage canal at
slightly lower quantities than in the Wisła. In Denmark’s sur-
face waters, the highest terbutryn concentration that was de-
termined was 14 ng/L in the water from a lake near Slagelse,
while in Hungary, the maximum contaminant level in water
was 2 ng/L (Maloschik et al. 2007; Vorkamp et al. 2014). The
results of our analysis are comparable with those mentioned
above. The presence of terbutryn was also examined in the
waters of the Vltava River in the Czech Republic and the
waters of the Spanish river Ebro. The concentrations reported
in the literature were about 50 times higher than those obtain-
ed as a result of our analyses. Terbutryn was found in Vltava at
the level of 200 ng/L, in Ebro—500 ng/L (Barceló et al. 1995;
Ormad et al. 2008). In contrast, in Germany, surface water
pollution with terbutryn was even higher; the highest value
which was recorded on the Weschnitz river was as much as
5600 ng/L. The source of this biocide is considered to be
agriculture, or rather, the pesticides used in it (Quednow and
Püttmann 2007).

In the case of cybutryne, the highest concentrations were
recorded in the samples taken in Kraków from the Wisła—

Table 4 Results of the study of the biocide content in the environmental samples

The Wisła River The Wisłoka River The drainage ditch
Average concentration (ng/L) Average concentration (ng/L) Average concentration (ng/L)

Isoproturon May 53.24 ± 1.48 35.92 ± 2.75 30.87 ± 1.13

June 55.20 ± 1.20 34.62 ± 3.43 29.67 ± 2.93

February < MQL < MQL < MQL

Diuron May 77.71 ± 1.30 51.58 ± 2.54 72.01 ± 2.61

June 64.80 ± 3.57 48.40 ± 3.05 69.09 ± 7.76

February < MQL < MQL < MQL

Terbutryn May 9.49 ± 0.76 1.94 ± 0.04 6.60 ± 0.18

June 12.02 ± 0.39 2.66 ± 0.26 7.07 ± 0.52

February < MQL < MQL < MQL

Cybutryne May 19.92 ± 0.69 14.72 ± 1.09 9.52 ± 0.47

June 20.97 ± 1.23 15.07 ± 0.80 10.44 ± 1.00

February < MQL < MQL < MQL
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20 ng/L; lower concentrations of biocide were detected in the
Wisłoka at a level of 15 ng/L, and the lowest in the water
collected from the Mielec drainage ditch—10 ng/L. No con-
centration was above maximum allowable concentrations en-
vironmental quality standards (MAC)-EQS and annual aver-
age AA-EQS, except cybutryne, where (MAC)-EQS and AA-
EQS were exceeded by samples from Kraków and all sam-
ples, respectively (see Table 1). Cybutryne concentrations in
surface waters throughout the whole wall range from a few to
several dozen nanograms per litre. In the Danish port of
Copenhagen, its concentration was 13 ng/L and it was re-
leased into the water from mooring ships (Ormad et al.
2008). In Great Britain, cybutryne with concentrations rang-
ing from a few to several dozen nanograms per litre was found
in several rivers (Gatidou et al. 2007). Cybutryne was ana-
lyzed in waters taken from the Bay of Naples (0.8 to
135.5 ng/L) and from the Bay of La Spezia (from 0.2 to
9.7 ng/L). In both of these cases, diuron and cybutryne con-
centrations in the north of the country were much lower than
in the south. Moreover, it was mainly observed in the Gulf of
Naples that the level of biocides increased from winter to
summer, which is due to the sailing season (Ansanelli et al.
2017). In the waters of the Kurose River in Japan, cybutryne
was only found in a sample from Izumi, a dense urban and
industrial area, and biocide paints that were used to paint the
façades of buildings were recognized as its source (Kaonga
et al. 2015).

Available publications suggest that precipitation has an im-
pact on the concentration levels in surface waters, as the load
of a given compound increases as a result of surface runoff
(Konstantinou and Albanis 2004;Wittmer et al. 2010; Kaonga
et al. 2015; Ansanelli et al. 2017). According to the Bulletin of
the National Hydrological and Meteorological Service for the
meteorological station in Kraków (reference station for the
Małopolska province), as well as for station in Rzeszow (ref-
erence station for the Podkarpackie province), May 2018 was
considered as normal, while June as too dry, according to the
Z. Kaczorowska classification (IMGW 2018). The classifica-
tion allows to estimate the shortage or excess of precipitation
in relation to the long-term (1971–2000) standard. The total
precipitation in May and June for Kraków was 59 and 39 mm,
while for Mielec, it was 42 and 24 mm, respectively. The
month of February 2019 was included in the Bulletin of the
National Hydrological andMeteorological Service for the me-
teorological stations in Kraków and Rzeszow (IMGW 2019b)
as an extremely dry period, which was based on the same
classification. The total precipitation in February for Kraków
was 9mm, while forMielec, it was 6mm. Taking into account
the literature reports, it is believed that rain of at least a dozen
or so mm in day may cause an increase in the concentrations
of selected substances in surface watercourses (Wittmer et al.
2010). Due to the low rainfall, in sampling periods, it is diffi-
cult to find a connection between the occurrence of

precipitation and the concentration of biocides in surface wa-
tercourses; however, we do not completely rule out the impact
of such dependence.

These biocides are widely used in agriculture, industry, and
individual households because the former act as biocidal and
especially as algicidal, herbicidal agents. Their presence in
surface waters in all three locations confirms the use of bio-
cides both in agricultural areas, which correspond to samples
taken from the drainage ditch, as well as in urban areas such as
Mielec, or even in large agglomerations such as Kraków. The
research that was conducted does not provide an answer to the
question about the origin of biocides in a given location. The
obtained concentration values are similar, which demonstrate
an equally high pollution of surface waters regardless of the
place of sampling. It is believed, however, that in an area
where agriculture predominates, biocides can first of all get
into surface waters as a result of direct runoff from arable
fields, or when washing equipment is used to distribute these
materials. The above statement confirms the fact that biocides
were detected only in samples taken in spring, i.e., during the
period of agricultural activity, and that cybutryne, which is a
commonly used herbicide, had the highest concentration in a
drainage ditch located in rural areas. In cities, surface runoff is
important as biocides used in anti-fouling agents get into wa-
tercourses with it. The said substances, among other things,
prevent the appearance of microorganisms on the façades of
buildings, or are used as wood preservatives (Styszko et al.
2015; Styszko and Kupiec 2018). Another source of biocides
is runoff from non-agricultural areas whereunnecessary vege-
tation is destroyed. They are also delivered to surface water
along with the discharge of sewage treated. In Kraków, small
tourist ships are seen along the Wisła River in the summer,
from May to September. It is believed that the highest diuron
concentration in the Wisła River in the Kraków section is
caused by the use of impregnating agents for the maintenance
of ship hulls. This is confirmed by the fact that during the
winter, no biocides were determined in the water samples
from the Wisła River, compared with the samples taken at
the turn of May and June, which coincides with the start of
the tourist season for tourist ships.

Concentrations in relation to directive 2013/39/EU

Environmental samples were collected three times, so the bio-
cide content cannot be validated according to directive
2013/39/EU in terms of the annual intake but only as the
permissible maximum (Table 1). Three of the biocides under
consideration, i.e., isoproturon, diuron, and terbutryn, mani-
fest concentrations below the maximum allowable concentra-
tion in the tested environmental samples. Cybutryne, as far as
the samples taken from the Wisła River are concerned, is
below the maximum annual concentration. The permissible
concentration was exceeded by 16%. In the case of research
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conducted in the water from the Wisłoka River, the concen-
tration of this biocide is on the verge of exceeding the maxi-
mum permissible concentration, while as far as the drainage
ditch is concerned, this value has been exceeded by 25%.

Concentrations in relation to environmental inspectorate
in Poland

These biocides which are discussed should be monitored in
surface waters as priority substances in accordance with the
European guidelines (The European Parlament and the
Council of the European Union 2013). GIOŚ (pl. The Chief
Inspectorate for Environmental Protection) carries out an as-
sessment of the state of rivers and dam reservoirs. The sam-
pling points for this study were located on the Wisła River
between the GIOŚ monitoring points of Wisła-Kopanka (be-
fore the point of sample taking) and Wisła-Grabie (after the
point of sample taking), while on the Wisłoka—between
Wisłoka-Rzochów (before the point of sample taking) and
Wisłoka-Gawłuszowice (after the point of sample taking).
The GIOŚ report from 2017 to 2018 contains only concentra-
tions for two of the four biocides discussed, namely diuron
and isoproturon, which were determined in 2017 for the mon-
itoring points of Wis łoka-Rzochów and Wis łoka-
Gawłuszowice. The maximum concentrations were below
the limit of quantification (LOQ = 100 μg/L) (Główny
Inspektorat Środowiska 2018).

Risk estimation

The risk quotations (RQ) value was calculated for the mea-
sured concentration of each biocide in the environmental sam-
ples taken in spring using the conventional method for envi-
ronmental risk assessment (ERA). The predicted no-effect
concentrations (PNEC) values for individual biocides tested
were reported by Tousova et al. (Tousova et al. 2017). The
authors applied newly developed simplified Effect-directed
analysis (EDA) protocol within a European demonstration
program (EDP), which included effect-based monitoring of
contaminants of emerging concerns at 18 sampling sites in 4
European river basins. The main objectives of the study were
to link biological effects to target compounds and to estimate
their risk to aquatic biota. Herbicides, with minor contribution
from other micropollutants, were linked to the observed tox-
icity to algae. Twenty-one target compounds, among other,
terbutryn, were prioritized on the basis of their frequency
and extent of exceedance of predicted no effect concentra-
tions. The results of this work highlighted that some priority
compounds are still relevant for monitoring in the EU, even
though several of them were phased out for major application,
e.g., terbutryn, what is in agreement with our study.
Compound concentrations lower than PNECs are considered
safe, while concentrations exceeding PNECs are likely to

cause unacceptable (i.e., hazardous) effects on aquatic organ-
isms. The estimated risk values for the analyzed compounds
are presented in Table 5—which does not include the results
from the winter campaign, due to the fact that the biocide’s
concentration levels were < MQL. The RQ value is below 1
for each samples collected in February, suggesting that in
winter, no pose risk was associated with the environmental
presence of the analyzed biocides.

The risk quotient values of all the discussed results from the
spring campaign vary from 0.1 to 8.39. The RQ values for
isoproturon and diuron for each of the samples and for
terbutryn in the sample from the Wisłoka River are below 1.
According to the European guidelines (European Commission
2003), these compounds do not pose risk for the aquatic en-
vironment. In the studies of Tsaboula et al. (2016),
isoproturon was also considered to be of low risk for the
aquatic environment, while diuron has been classified to cat-
egory of compounds suspected of having adverse impact on
human health and are less likely to pose a significant long- or
short-term risk to the aquatic environment. According to
Tousova et al. (2017), diuron among others herbicides were
found to be one of the dominant components causing algal
growth inhibition at 14 out of 18 sampling sites. The concen-
tration of diuron at 150 ng/L was sufficient to explain the
observed effect independently of the other compounds detect-
ed in the tested extracts. In the Wisła River and the drainage
ditch, the amount of terbutryn is alarming. The RQ values of
this compound in these places are between 1.02 and 1.85,
which indicates a risk of harmful health effects. Terbutryn as
a herbicide shows toxicity to aquatic organisms, especially
microalgae, where in order to induce a 50% reduction in
growth, it is enough to expose 72 h to the concentration of
2 μg/L (Okamura et al. 2000). In all analyzed samples in
reference to cybutryne, regardless of location and the period
of collecting the sample (spring), obtained RQ values are def-
initely above 1. This indicates that the potential risk of a neg-
ative impact on the aquatic ecosystem occurred in every ana-
lyzed research point. The highest RQ was detected in the
drainage ditch (about 8). It might cause the process of photo-
synthesis to slow down or even stop, and this in turn may lead
to the occurrence of toxic effects on higher plants and many
aquatic organisms, including phytoplankton (Ur Rehman et al.
2019). In addition, cybutryne has a low PNEC value, which is
reflected by a high RQ, and thus, it can potentially cause
ecological effects.

In the case of diuron, the obtained RQ values are in good
agreement with those given in the specialist literature. In pub-
lications concerning European rivers, the RQ values observed
for diuron was below or equal to 1 (Deng et al. 2012; Palma
et al. 2014; Tsaboula et al. 2016; Tousova et al. 2017; Carazo-
Rojas et al. 2018; Shao et al. 2019) which means no adverse
effects due to the presence of this biocide in water. A similar
situation occurs in reference to terbutryn—the RQ value
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obtained in this work is reflected in other authors’ research
The RQs have been found in the literature as no more than 0.1
(Tsaboula et al. 2016; Tousova et al. 2017; Gallé et al. 2019).
The calculated RQ value for isoproturon is slightly above 0.1,
so it only a little higher than the value provided in the available
literature, which is below 0.1 (Palma et al. 2014; Ccanccapa
et al. 2016; Tousova et al. 2017). The difference is in the order
of hundredths. In the case of cybutryne, the scientific literature
which was analyzed indicates that the highest RQ in river
waters was 0.435 (Gallé et al. 2019) and < 0.1 (Tousova
et al. 2017). These values are almost 10–20 times lower than
the calculated RQ. According to research by Nyström et al.
concerning freshwater, inhibition of photosynthesis for phy-
toplankton occurs when RQ > 1.2 (Nyström et al. 2002). It
means that in the drainage ditch, the process of producing
organic compounds may be disturbed, and in the Wisła and
Wisłoka River even significantly limited. Reducing photosyn-
thesis in the phytoplankton might negatively affect the higher
order organisms that depend on it.

The logarithm of the octanol-water partition coefficient
(Log Kow) is inversely proportional to the ability of the com-
pound to adsorb to soil or sediments (Kaonga et al. 2015).
According to the log Kow values presented in Table 2, the
adsorption capacity of the compounds in question is as fol-
lows: cybutryne > terbutryn > diuron > isoproturon(Kim
et al. 2019). This means that cybutryne shows a much lower
ability to transfer to surface water reservoirs, while isoproturon
is eluted best. The above dependence is also confirmed by the
solubility in water, which is the highest for isoproturon and the
lowest for cybutryne (Table 2). Research by Albanis et al. and
Wittner et al. indicate that there is a phenomenon of cybutryne
retention on the soil, as a result of which it is possible to wash it
out by precipitation even a month after its application (Albanis
et al. 2002;Wittmer et al. 2010). Cybutryne in freshwater has a
half-life of 200 days (Fink and Slothuus 2013), and in salt
water, it can reach up to 350 days (Fernandez and Gardinali
2016), so it is difficult to degrade. The discussed biocide poses
a threat to the environment through the possibility of

accumulation in sediments and plants (Nyström et al. 2002).
The bioaccumulation of cybutryne in fish is moderate
(bioconcentration factor 250 L/kg), but the compound is rap-
idly eliminated, even in less than 3 days (Fink and Slothuus
2013). Cybutryne is present in sediment and plankton at levels
0.01–0.09 and 0.075–0.45 μg/g dry weight, respectively
(Balakrishnan et al. 2012). The log Kow for terbutryn is 3.74
(Kim et al. 2019). It is a highly lipophilic compound, which
indicates its bioaccumulation (Brandhorst Daho 1994).
Terbutryn is resistant to hydrolysis and is present in environ-
mental sediments (Masiá et al. 2015). Its half-life is higher than
cybutryne and amounts to 177–644 days (Arufe et al. 2004).
Isoproturon shows the highest water solubility among the an-
alyzed biocides (Kim et al. 2019). It is not as easily sorbed as
cybutryne, so it is easily leachable into water (Masiá et al.
2015). Isoproturon half-life is the shortest and in water is
30 days and in soils 40 days (World Health Organization
(WHO) 2003). The general tendency shows higher concentra-
tions of biocides in freshwaters compared with salt waters
(Daniels and Layton 1988; Donald et al. 1995; Vorkamp
et al. 2014). The average annual salinity of the Wisła is 7.5
times higher than the Wisłoka’s (Główny Inspektorat
Środowiska 2018). Hence, authors expected higher concentra-
tions of biocides in the Wisła River. It is assumed that as the
salinity of a given water increases, the amount of pollutants
increases. The greater the TSD is, the more contaminants can
be found in the water. The conducted research confirms the
above thesis, because for each of the analyzed compounds, the
concentration of biocides in the Wisła was higher than in the
Wisłoka—there were 1.5 times more isoproturon and diuron,
4.5 times more terbutryn, and 1.3 times more cybutryne.

Taking into account all the above information about the
harmfulness of the analyzed biocides in relation to individual
elements of the environment, it is considered that the list of
priority substances in the field of water policy has rightly been
extended with selected biocides. Toxicity, long half-life, as
well as the bioaccumulation capacity of biocides are the fac-
tors that cause the greatest risk to living organisms.

Table 5 Environmental risk values calculated by means of the environmental risk assessment method with reference to the PNEC values provided in
the literature for the studied areas (Tousova et al. 2017)

Isoproturon Diuron Terbutryn Cybutryne

PNEC (ng/L) RQ PNEC (ng/L) RQ PNEC (ng/L) RQ PNEC (ng/L) RQ

The Wisła River May 0.18 0.39 1.46 7.97

June 0.18 0.32 1.85 8.39

The Wisłoka River May 300 0.12 200 0.26 6.5 0.30 2.5 5.89

June 0.12 0.24 0.41 6.03

The drainage ditch May 0.10 0.36 1.02 3.81

June 0.10 0.35 1.09 4.18
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Conclusions

The aim of this study is to respond to trends observable in the
modern world, namely to increase interest in environmental is-
sues in the context of the continuous industrialization and devel-
opment of agriculture. The analyses of environmental samples
clearly showed that the biocidal substance abundance in surface
waters is seasonal. The quality of the waters tested was deter-
mined on the basis of directive 2013/39/EU. The current biocide
concentration standards in waters were exceeded only in the case
of cybutryne samples from theWisła River, and in the case of the
Wisłoka River, they almost exceed the permissible threshold.
The most polluted sample turned out to be the water from the
Wisła River. It should be emphasized that biocides in the aquatic
environment are present in such high concentrations that, on the
basis of ERA calculations, they can pose a potential threat to the
aquatic environment and cause chronic effects.

Authors’ contributions Conceptualization and methodology, KS; formal
analysis, TR, JD; investigation, KS and JD; writing—original draft prep-
aration, KS, JD, AS, and PF; writing—review and editing, KS, JD, AS
and PF; supervision, KS. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding This research was supported by the AGH UST grant
16.16.210.476.

Data availability All data generated or analyzed during this study are
included in this published article.

Compliance with ethical standards

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare that they have no competing
interests.

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

References

Agüera A, Piedra L, Hernando MD, Fernández-Alba AR (2000)
Multiresidue method for the analysis of five antifouling agents in

marine and coastal waters by gas chromatography-mass spectrome-
try with large-volume injection. J Chromatogr A 889:261–269.
https://doi.org/10.1016/s0021-9673(00)00425-8

Albanis TA, Lambropoulou DA, Sakkas VA, Konstantinou IK (2002)
Antifouling paint booster biocide contamination in Greek marine
sediments. Chemosphere 48:475–485. https://doi.org/10.1016/
S0045-6535(02)00134-0

Ansanelli G, Manzo S, Parrella L, Massanisso P, Chiavarini S, di Landa
G, Ubaldi C, Cannarsa S, Cremisini C (2017) Antifouling biocides
(Irgarol, Diuron and dichlofluanid) along the Italian Tyrrhenian
coast: temporal, seasonal and spatial threats. Reg Stud Mar Sci 16:
254–266. https://doi.org/10.1016/j.rsma.2017.09.011

Armenta S, Quintás G, Morales A, Garrigues S, de la Guardia M (2005)
FTIR approaches for Diuron determination in commercial pesticide
formulations. J Agric Food Chem 53:5842–5847. https://doi.org/10.
1021/jf050268f

Arufe MI, Arellano J, Moreno MJ, Sarasquete C (2004) Toxicity of a
commercial herbicide containing terbutryn and triasulfuron to
seabream (Sparus aurata L.) larvae: a comparison with the
Microtox test. Ecotoxicol Environ Saf 59:209–216. https://doi.org/
10.1016/j.ecoenv.2003.12.010

Bacigalupo MA, Meroni G (2007) Quantitative determination of diuron
in ground and surface water by time-resolved fluoroimmunoassay:
seasonal variations of diuron, carbofuran, and paraquat in an agri-
cultural area. J Agric Food Chem 55:3823–3828. https://doi.org/10.
1021/jf063442o

Balakrishnan S, Takeda K, Sakugawa H (2012) Occurrence of Diuron
and Irgarol in seawater, sediments and planktons of Seto Inland Sea,
Japan. Geochem J 46:169–177. https://doi.org/10.2343/geochemj.1.
0163

Barceló D, Chiron S, Abian J (1995) Report 31: environmental analysis
of pesticides and their conversion products in the aquatic environ-
ment, in D. Barceló, G. Angeltti, G.T. Amanatidis (Eds.), European
Commission Water Pollution Research Reports, Barcelona, 20–21
June 1994. Eur Comm Dir Gen XII, Brussels 39

Bester K, Vollertsen J, Bollmann UE (2014) Water driven leaching of
biocides from paints and renders: methods for the improvement of
emission scenarios concerning biocides in buildings. Danish Minist
Environ Prot Agency 1–108

Biziuk M (2001) Pestycydy : występowanie, oznaczanie i
unieszkodliwianie : praca zbiorowa. Wydawnictwa Naukowo-
Techniczne, Warszawa, p 276

Bobu MM, Siminiceanu I, Lundanes E (2005) Photodegradation of
isoproturon in water by several advanced oxidation processes.
Chem Bull “POLITEHNICA” Univ (Timişoara) 50:45–48

Bollmann UE, Tang C, Eriksson E, Jönsson K, Vollertsen J, Bester K
(2014a) Biocides in urban wastewater treatment plant influent at dry
and wet weather: concentrations, mass flows and possible sources.
Water Res 60:64–74. https://doi.org/10.1016/j.watres.2014.04.014

Bollmann UE, Vollertsen J, Carmeliet J, Bester K (2014b) Dynamics of
biocide emissions from buildings in a suburban stormwater catch-
ment - concentrations, mass loads and emission processes. Water
Res 56:66–76. https://doi.org/10.1016/j.watres.2014.02.033

Brandhorst Daho M (1994) Ecotoxicological evaluation of the herbizid
terbutryn. 5–6

Carabias-Martínez R, Rodríguez-Gonzalo E, Herrero-Hernández E,
Hernández-Méndez J (2004) Simultaneous determination of
phenyl- and sulfonylurea herbicides in water by solid-phase extrac-
tion and liquid chromatography with UV diode array or mass spec-
trometric detection. Anal Chim Acta 517:71–79. https://doi.org/10.
1016/j.aca.2004.05.007

Carazo-Rojas E, Pérez-Rojas G, Pérez-Villanueva M, Chinchilla-Soto C,
Chin-Pampillo JS, Aguilar-Mora P, Alpízar-Marín M, Masís-Mora
M, Rodríguez-Rodríguez CE, Vryzas Z (2018) Pesticide monitoring
and ecotoxicological risk assessment in surface water bodies and

1264 Environ Sci Pollut Res  (2021) 28:1254–1266

https://doi.org/
https://doi.org/10.1016/s0021-9673(00)00425-8
https://doi.org/10.1016/S0045-6535(02)00134-0
https://doi.org/10.1016/S0045-6535(02)00134-0
https://doi.org/10.1016/j.rsma.2017.09.011
https://doi.org/10.1021/jf050268f
https://doi.org/10.1021/jf050268f
https://doi.org/10.1016/j.ecoenv.2003.12.010
https://doi.org/10.1016/j.ecoenv.2003.12.010
https://doi.org/10.1021/jf063442o
https://doi.org/10.1021/jf063442o
https://doi.org/10.2343/geochemj.1.0163
https://doi.org/10.2343/geochemj.1.0163
https://doi.org/10.1016/j.watres.2014.04.014
https://doi.org/10.1016/j.watres.2014.02.033
https://doi.org/10.1016/j.aca.2004.05.007
https://doi.org/10.1016/j.aca.2004.05.007


sediments of a tropical agro-ecosystem. Environ Pollut 241:800–
809. https://doi.org/10.1016/j.envpol.2018.06.020

Ccanccapa A, Masiá A, Navarro-Ortega A, Picó Y, Barceló D (2016)
Pesticides in the Ebro River basin: occurrence and risk assessment.
Environ Pollut 211:414–424. https://doi.org/10.1016/j.envpol.2015.
12.059

Daniels JI, Layton DW (1988) Total dissolved solids. Eval Mil Field-
Water Qual 4:87–89

Del Pilar CM, Von Wirén-Lehr S, Scheunert I, Torstensson L (2001)
Degradation of isoproturon by the white rot fungus Phanerochaete
chrysosporium. Biol Fertil Soils 33:521–528. https://doi.org/10.
1007/s003740100372

Deng J, Shao Y, Gao N, Deng Y, Tan C, Zhou S, Hu X (2012)
Multiwalled carbon nanotubes as adsorbents for removal of herbi-
cide diuron from aqueous solution. Chem Eng J 193–194:339–347.
https://doi.org/10.1016/j.cej.2012.04.051

Dolores Hernando M, Piedra L, Belmonte Á et al (2001) Determination
of traces of five antifouling agents in water by gas chromatography
with positive/negative chemical ionisation and tandem mass spec-
trometric detection. J Chromatogr A 938:103–111. https://doi.org/
10.1016/S0021-9673(01)01201-8

Donald DB, Syrgiannis J, Quill L (1995) In relation to drought and sa-
linity. 266–270

Drożdżyński D, Folkman W, Kowalska J (2009) Pozostałości
pestycydów w próbkach pobieranych na terenach intensywnie
użytkowanych rolniczo (2006-2007). Proc ECOpole 3:443–449

ECHAECA (2017) Guidance on the biocidal products regulation volume
IV environment-assessment and evaluation (parts B + C) version 2.0

European Commission (2003) Technical guidance document on risk as-
sessment part II

Fernandez MV, Gardinali PR (2016) Risk assessment of triazine herbi-
cides in surface waters and bioaccumulation of Irgarol and M1 by
submerged aquatic vegetation in Southeast Florida. Sci Total
Environ 541:1556–1571. https://doi.org/10.1016/j.scitotenv.2015.
09.035

Fink M, Slothuus T (2013) Survey of cybutryne alias Irgarol and N-tert-
butyl-N-cyclopropyl-6-(methylthio)-1,3,5-triazin-2,4-diamine part
of the LOUS-review

Gallé T, Pittois D, Bayerle M, Braun C (2019) An immission perspective
of emerging micropollutant pressure in Luxembourgish surface wa-
ters: a simple evaluation scheme for wastewater impact assessment.
Environ Pollut 253:992–999. https://doi.org/10.1016/j.envpol.2019.
07.080

Gatidou G, Thomaidis NS, Zhou JL (2007) Fate of Irgarol 1051, diuron
and their main metabolites in two UK marine systems after restric-
tions in antifouling paints. Environ Int 33:70–77. https://doi.org/10.
1016/j.envint.2006.07.002

Gervais G, Brosillon S, Laplanche A, Helen C (2008) Ultra-pressure
liquid chromatography – electrospray tandem mass spectrometry
for multiresidue determination of pesticides in water 1202:163–
172. https://doi.org/10.1016/j.chroma.2008.07.006

Główny Inspektorat Środowiska (2018) Stan środowiska w Polsce: raport
2018. Bibl Monit Środowiska 1–252

Guillén D, Ginebreda A, Farré M, Darbra RM, Petrovic M, Gros M,
Barceló D (2012) Prioritization of chemicals in the aquatic environ-
ment based on risk assessment: analytical, modeling and regulatory
perspective. Sci Total Environ 440:236–252. https://doi.org/10.
1016/j.scitotenv.2012.06.064

IMGW IM i GWPIB (2018) Biuletyn Państwowej S łużby
Hydrologiczno-Meteorologicznej rok 2018

IMGW IM i GW– PIB (2019a) Rocznik hydrologiczny 2019
IMGW IM i GWPIB (2019b) Biuletyn Państwowej Służby

Hydrologiczno-Meteorologicznej rok 2019
International Organization for Standardization (2005) General require-

ments for the competence of testing and calibration laboratories with
later amendments ISO/IEC 17025:2005. 1–44

ISO International Organization for Standardization (2014)Water quality -
sampling - part 6: guidance on sampling of rivers and streams (ISO
5667-6:2014). 37

Kaonga CC, Takeda K, Sakugawa H (2015) Diuron, Irgarol 1051 and
Fenitrothion contamination for a river passing through an agricul-
tural and urban area in Higashi Hiroshima City, Japan. Sci Total
Environ 518–519:450–458. https://doi.org/10.1016/j.scitotenv.
2015.03.022

Kim S, Chen J, Cheng T, Gindulyte A, He J, He S, Li Q, Shoemaker BA,
Thiessen PA, Yu B, Zaslavsky L, Zhang J, Bolton EE (2019)
PubChem 2019 update: improved access to chemical data. Nucleic
Acids Res 47:D1102–D1109. https://doi.org/10.1093/nar/gky1033

Konstantinou IK, Albanis TA (2004) Worldwide occurrence and effects
of antifouling paint booster biocides in the aquatic environment: a
review. Environ Int 30:235–248. https://doi.org/10.1016/S0160-
4120(03)00176-4

Kresmann S, Arokia AHR, Koch C, Sures B (2018) Ecotoxicological
potent ia l of the biocides terbut ryn, octhi l inone and
methylisothiazolinone: underestimated risk from biocidal path-
ways? Sci Total Environ 625:900–908. https://doi.org/10.1016/j.
scitotenv.2017.12.280

Loos R, Wollgast J, Huber T (2007) Polar herbicides, pharmaceutical
products, perfluorooctanesulfonate (PFOS), perfluorooctanoate
(PFOA), and nonylphenol and its carboxylates and ethoxylates in
surface and tap waters around Lake Maggiore in Northern Italy.
1469–1478. https://doi.org/10.1007/s00216-006-1036-7

Malaj E, Von Der Ohe PC, Grote M et al (2014) Organic chemicals
jeopardize the health of freshwater ecosystems on the continental
scale. Proc Natl Acad Sci U S A 111:9549–9554. https://doi.org/10.
1073/pnas.1321082111

Maloschik E, Ernst A, Hegedus G et al (2007) Monitoring water-
polluting pesticides in Hungary. Microchem J 85:88–97. https://
doi.org/10.1016/j.microc.2006.05.002

Masiá A, Campo J, Navarro-Ortega A, Barceló D, Picó Y (2015)
Pesticide monitoring in the basin of Llobregat River (Catalonia,
Spain) and comparison with historical data. Sci Total Environ
503–504:58–68. https://doi.org/10.1016/j.scitotenv.2014.06.095

Mazzella N, Lissalde S, Moreira S, Delmas F̧, Mazellier P, Huckins JN
(2010) Evaluation of the use of performance reference compounds
in an oasis-HLB adsorbent based passive sampler for improving
water concentration estimates of polar herbicides in freshwater.
Environ Sci Technol 44:1713–1719. https://doi.org/10.1021/
es902256m

Mohr S, Schröder H, Feibicke M et al (2008) Long-term effects of the
antifouling booster biocide Irgarol 1051 on periphyton, plankton
and ecosystem function in freshwater pond mesocosms. Aquat
Toxicol 90:109–120. https://doi.org/10.1016/j.aquatox.2008.08.004

NyströmB, Becker-Van Slooten K, Bérard A et al (2002) Toxic effects of
Irgarol 1051 on phytoplankton and macrophytes in Lake Geneva.
Water Res 36:2020–2028. https://doi.org/10.1016/S0043-1354(01)
00404-3

Okamura H, Aoyama I, Liu D et al (2000) Fate and ecotoxicity of the new
antifouling compound Irgarol 1051 in the aquatic environment.
Water Res 34:3523–3530. https://doi.org/10.1016/S0043-1354(00)
00095-6

Ordinance of the Minister of Health (2003) Ordinance of the Minister of
Health on the categories and groups of biocidal products according
to their intended use. Polish J Laws 16:1198–1200

Ordinance of the Minister of the Environment (2013) Ordinance of the
Minister of the Environment on the list of priority substances. Polish
Laws 681:1–10

Ormad MP, Miguel N, Claver A, Matesanz JM, Ovelleiro JL (2008)
Pesticides removal in the process of drinking water production.
Chemosphere 71:97–106. https://doi.org/10.1016/j.chemosphere.
2007.10.006

1265Environ Sci Pollut Res  (2021) 28:1254–1266

https://doi.org/10.1016/j.envpol.2018.06.020
https://doi.org/10.1016/j.envpol.2015.12.059
https://doi.org/10.1016/j.envpol.2015.12.059
https://doi.org/10.1007/s003740100372
https://doi.org/10.1007/s003740100372
https://doi.org/10.1016/j.cej.2012.04.051
https://doi.org/10.1016/S0021-9673(01)01201-8
https://doi.org/10.1016/S0021-9673(01)01201-8
https://doi.org/10.1016/j.scitotenv.2015.09.035
https://doi.org/10.1016/j.scitotenv.2015.09.035
https://doi.org/10.1016/j.envpol.2019.07.080
https://doi.org/10.1016/j.envpol.2019.07.080
https://doi.org/10.1016/j.envint.2006.07.002
https://doi.org/10.1016/j.envint.2006.07.002
https://doi.org/10.1016/j.chroma.2008.07.006
https://doi.org/10.1016/j.scitotenv.2012.06.064
https://doi.org/10.1016/j.scitotenv.2012.06.064
https://doi.org/10.1016/j.scitotenv.2015.03.022
https://doi.org/10.1016/j.scitotenv.2015.03.022
https://doi.org/10.1093/nar/gky1033
https://doi.org/10.1016/S0160-4120(03)00176-4
https://doi.org/10.1016/S0160-4120(03)00176-4
https://doi.org/10.1016/j.scitotenv.2017.12.280
https://doi.org/10.1016/j.scitotenv.2017.12.280
https://doi.org/10.1007/s00216-006-1036-7
https://doi.org/10.1073/pnas.1321082111
https://doi.org/10.1073/pnas.1321082111
https://doi.org/10.1016/j.microc.2006.05.002
https://doi.org/10.1016/j.microc.2006.05.002
https://doi.org/10.1016/j.scitotenv.2014.06.095
https://doi.org/10.1021/es902256m
https://doi.org/10.1021/es902256m
https://doi.org/10.1016/j.aquatox.2008.08.004
https://doi.org/10.1016/S0043-1354(01)00404-3
https://doi.org/10.1016/S0043-1354(01)00404-3
https://doi.org/10.1016/S0043-1354(00)00095-6
https://doi.org/10.1016/S0043-1354(00)00095-6
https://doi.org/10.1016/j.chemosphere.2007.10.006
https://doi.org/10.1016/j.chemosphere.2007.10.006


Palma P, Köck-Schulmeyer M, Alvarenga P, Ledo L, Barbosa IR, López
de AldaM, Barceló D (2014) Risk assessment of pesticides detected
in surface water of the Alqueva reservoir (Guadiana basin, southern
of Portugal). Sci Total Environ 488–489:208–219. https://doi.org/
10.1016/j.scitotenv.2014.04.088

Papadakis EN, Tsaboula A, Vryzas Z, Kotopoulou A, Kintzikoglou K,
Papadopoulou-Mourkidou E (2018) Pesticides in the rivers and
streams of two river basins in northern Greece. Sci Total Environ
624:732–743. https://doi.org/10.1016/j.scitotenv.2017.12.074

QuednowK, PüttmannW (2007)Monitoring terbutryn pollution in small
rivers of Hesse, Germany. J Environ Monit 9:1337–1343. https://
doi.org/10.1039/b711854f

Rabølle M, Spliid NH (2000) Sorption and mobility of metronidazole,
olaquindox, oxytetracycline and tylosin in soil. Chemosphere 40:
715–722. https://doi.org/10.1016/S0045-6535(99)00442-7

Robles-Molina J, Lara-Ortega FJ, Gilbert-López B, García-Reyes JF,
Molina-Díaz A (2014) Multi-residue method for the determination
of over 400 priority and emerging pollutants in water and wastewa-
ter by solid-phase extraction and liquid chromatography-time-of-
flight mass spectrometry. J Chromatogr A 1350:30–43. https://doi.
org/10.1016/j.chroma.2014.05.003

Rusydi AF (2018) Correlation between conductivity and total dissolved
solid in various type of water: a review. IOP Conf Ser Earth Environ
Sci 118:. https://doi.org/10.1088/1755-1315/118/1/012019

Schoknecht U, Gruycheva J, Mathies H, Bergmann H, Burkhardt M
(2009) Leaching of biocides used in façade coatings under labora-
tory test conditions. Environ Sci Technol 43:9321–9328. https://doi.
org/10.1021/es9019832

Shao Y, Chen Z, Hollert H, Zhou S, Deutschmann B, Seiler TB (2019)
Toxicity of 10 organic micropollutants and their mixture: implica-
tions for aquatic risk assessment. Sci Total Environ 666:1273–1282.
https://doi.org/10.1016/j.scitotenv.2019.02.047

Styszko K, Kupiec K (2016) Determination of diffusion coefficients of
biocides on their passage through organic resin-based renders.
Chemosphere 160:273–279. https:/ /doi.org/10.1016/j .
chemosphere.2016.06.077

Styszko K, Kupiec K (2018) The rate of biocide leaching from porous
renders. Chem Eng Res Des 132:69–76. https://doi.org/10.1016/j.
cherd.2017.12.047

Styszko K, Bollmann UE, Wangler TP, Bester K (2014) Desorption of
biocides from renders modified with acrylate and silicone.
Chemosphere 95:188–192. https://doi.org/10.1016/j.chemosphere.
2013.08.064

Styszko K, Bollmann UE, Bester K (2015) Leaching of biocides from
polymer renders under wet/dry cycles - rates and mechanisms.
Chemosphere 138:609–615. https:/ /doi.org/10.1016/j .
chemosphere.2015.07.029

The European Parlament and the Council of the European Union (2012)
Regulation (EU) No 528/2012 of 22May 2012 concerning the mak-
ing available on the market and use of biocidal products. Off J Eur
Union 1–123

The European Parlament and the Council of the European Union (2013)
Directives 2013/39/EU of 12 August 2013 amending Directives

2000/60/EC and 2008/105/EC as regards priority substances in the
field of water policy. Off J Eur Union 1–17

Tousova Z, Oswald P, Slobodnik J, Blaha L, Muz M, Hu M, Brack W,
Krauss M, di Paolo C, Tarcai Z, Seiler TB, Hollert H, Koprivica S,
Ahel M, Schollée JE, Hollender J, Suter MJF, Hidasi AO, Schirmer
K, Sonavane M, Ait-Aissa S, Creusot N, Brion F, Froment J,
Almeida AC, Thomas K, Tollefsen KE, Tufi S, Ouyang X,
Leonards P, Lamoree M, Torrens VO, Kolkman A, Schriks M,
Spirhanzlova P, Tindall A, Schulze T (2017) European demonstra-
tion program on the effect-based and chemical identification and
monitoring of organic pollutants in European surface waters. Sci
Total Environ 601–602:1849–1868. https://doi.org/10.1016/j.
scitotenv.2017.06.032

Tsaboula A, Papadakis EN, Vryzas Z, Kotopoulou A, Kintzikoglou K,
Papadopoulou-Mourkidou E (2016) Environmental and human risk
hierarchy of pesticides: a prioritization method, based on monitor-
ing, hazard assessment and environmental fate. Environ Int 91:78–
93. https://doi.org/10.1016/j.envint.2016.02.008

Ur Rehman SW, Wang H, Yao W, Deantes-Espinosa VM, Wang B,
Huang J, Deng S, Yu G, Wang Y (2019) Ozonation of the algaecide
Irgarol: kinetics, transformation products, and toxicity.
Chemosphere 236:124374. https://doi.org/10.1016/j.chemosphere.
2019.124374

Velisek J, Sudova E, Machova J, Svobodova Z (2010) Effects of sub-
chronic exposure to terbutryn in common carp (Cyprinus carpio L.).
Ecotoxicol Environ Saf 73:384–390. https://doi.org/10.1016/j.
ecoenv.2009.10.005

Vorkamp K, Bossi R, Bester K, Bollmann UE, Boutrup S (2014) New
priority substances of the European Water Framework Directive:
biocides, pesticides and brominated flame retardants in the aquatic
environment of Denmark. Sci Total Environ 470–471:459–468.
https://doi.org/10.1016/j.scitotenv.2013.09.096

Wang C, Wang F, Zhang Q, Liang W (2016) Individual and combined
effects of tebuconazole and carbendazim on soil microbial activity.
Eur J Soil Biol 72:6–13. https://doi.org/10.1016/j.ejsobi.2015.12.
005

Wittmer IK, Bader HP, Scheidegger R, Singer H, Lück A, Hanke I,
Carlsson C, Stamm C (2010) Significance of urban and agricultural
land use for biocide and pesticide dynamics in surface waters. Water
Res 44:2850–2862. https://doi.org/10.1016/j.watres.2010.01.030

World Health Organization (WHO) (2003) Isoproturon in drinking-water
background. WHO Guidel Drink Qual 2:1–9

www.google.pl (2019) http://www.google.pl/maps/place/Polska/@51.8684183.
14.6489197.6z/data=!3m1!4b1!4m5!3m4!1s0x47009964a4640bbb:
0x97573ca49cc55ea!8m2!3d51.919438!4d19.145136. Accessed 22
Oct 2019

Zhang AQ, Zhou GJ, Lam MHW, Leung KMY (2019) Toxicities of
Irgarol 1051 derivatives, M2 andM3, to two marine diatom species.
Ecotoxicol Environ Saf 182:109455. https://doi.org/10.1016/j.
ecoenv.2019.109455

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1266 Environ Sci Pollut Res  (2021) 28:1254–1266

https://doi.org/10.1016/j.scitotenv.2014.04.088
https://doi.org/10.1016/j.scitotenv.2014.04.088
https://doi.org/10.1016/j.scitotenv.2017.12.074
https://doi.org/10.1039/b711854f
https://doi.org/10.1039/b711854f
https://doi.org/10.1016/S0045-6535(99)00442-7
https://doi.org/10.1016/j.chroma.2014.05.003
https://doi.org/10.1016/j.chroma.2014.05.003
https://doi.org/10.1088/1755-1315/118/1/012019
https://doi.org/10.1021/es9019832
https://doi.org/10.1021/es9019832
https://doi.org/10.1016/j.scitotenv.2019.02.047
https://doi.org/10.1016/j.chemosphere.2016.06.077
https://doi.org/10.1016/j.chemosphere.2016.06.077
https://doi.org/10.1016/j.cherd.2017.12.047
https://doi.org/10.1016/j.cherd.2017.12.047
https://doi.org/10.1016/j.chemosphere.2013.08.064
https://doi.org/10.1016/j.chemosphere.2013.08.064
https://doi.org/10.1016/j.chemosphere.2015.07.029
https://doi.org/10.1016/j.chemosphere.2015.07.029
https://doi.org/10.1016/j.scitotenv.2017.06.032
https://doi.org/10.1016/j.scitotenv.2017.06.032
https://doi.org/10.1016/j.envint.2016.02.008
https://doi.org/10.1016/j.chemosphere.2019.124374
https://doi.org/10.1016/j.chemosphere.2019.124374
https://doi.org/10.1016/j.ecoenv.2009.10.005
https://doi.org/10.1016/j.ecoenv.2009.10.005
https://doi.org/10.1016/j.scitotenv.2013.09.096
https://doi.org/10.1016/j.ejsobi.2015.12.005
https://doi.org/10.1016/j.ejsobi.2015.12.005
https://doi.org/10.1016/j.watres.2010.01.030
http://www.google.pl/maps/place/Polska/@51.8684183.14.6489197.6z/data=m1!4b1!4m5!3m4!1s0x47009964a4640bbb:0x97573ca49cc55ea!8m2!3d51.919438!4d19.145136
http://www.google.pl/maps/place/Polska/@51.8684183.14.6489197.6z/data=m1!4b1!4m5!3m4!1s0x47009964a4640bbb:0x97573ca49cc55ea!8m2!3d51.919438!4d19.145136
http://www.google.pl/maps/place/Polska/@51.8684183.14.6489197.6z/data=m1!4b1!4m5!3m4!1s0x47009964a4640bbb:0x97573ca49cc55ea!8m2!3d51.919438!4d19.145136
https://doi.org/10.1016/j.ecoenv.2019.109455
https://doi.org/10.1016/j.ecoenv.2019.109455

	Environmental risk assessment of priority biocidal substances on Polish surface water sample
	Abstract
	Introduction
	Materials and methods
	The biocides which were studied
	Sampling
	Solid-phase extraction
	Analytical procedure
	ERA
	Statistical analysis

	Results and discussion
	The efficiency of the SPE
	Concentrations of biocides
	Concentrations in environmental samples
	Concentrations in relation to directive 2013/�39/EU
	Concentrations in relation to environmental inspectorate in Poland

	Risk estimation

	Conclusions
	References


