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AULA 
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COQUI.551 - TÉCNICAS 

BÁSICAS DE 

LABORATÓRIO EM QUÍMICA 

CI Disciplina anual 

COQUI.566 - TÉCNICAS DE 

QUÍMICA 

ANALÍTICA 

CI Disciplina anual 

COQUI.558 - QUÍMICA II CI Disciplina anual 

MANUTENÇÃO DO ENSINO 
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Planejamento, preparação de 
material didático 
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AE1 
ATENDIMENTO, 

ACOMPANHAMENTO, 

AVALIAÇÃO E ORIENTAÇÃO 

DE DISCENTE 
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-------- 

IDENTIFICAÇÃO DO (A) SERVIDOR (A) 
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Multi-residue analysis of fifty pesticides in river
waters and in wastewaters
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Abstract
Three sampling campaigns were performed in the Lis River (Leiria, Portugal) in February of 2018, November of 2018, and May
of 2019. River water and wastewater (influent and effluent) samples of two wastewater treatment plants were target of the study.
A total of 25 samples were collected and 50 pesticides were monitored, including organochlorines, triazines, pyrethroids, and
organophosphorus, among others. Most of the detected pesticides were insecticides and mainly organochlorines. Concentrations
between 1.29 and 2134 ng/L were found. Aldrin, γ-HCH, and cypermethrin were detected in some samples in μg/L, being γ-
HCH the pesticide most frequently detected with concentration in μg/L level. The pesticides with the highest detection frequency
were (i) cypermethrin, HCB, methoxychlor, and ζ-HCH in river waters; (ii) isoproturon, cypermethrin, methoxychlor,
pyrimethanil, γ-HCH, dieldrin, diuron, α-HCH, and α-endosulfan in effluents; and (iii) diuron and isoproturon in influents.
The detection of the organochlorides and their degradation products is a consequence of their persistence in the environment, as
their usage has long been prohibited in the European Union. Pesticides were grouped by their types in herbicides, insecticides, or
fungicides and the detection and concentration for each type were discussed with the climatic conditions. Pesticide toxicity index
was determined in the samples collected in the river.

Keywords Gas chromatography . Liquid chromatography . Mass spectrometry . Rural and urban areas . Wastewater treatment
plants .Water monitoring . Pesticide toxicity index
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Highlights
• The total pesticides concentration increased from the river source to the
mouth.

• Organochlorine group and insecticide type were the most detected
pesticides.

• Levels of μg/L were found for γ-HCH and aldrin in river and α-and γ-
HCH and cypermethrin in effluent samples.

• The highest detection frequency found in influent was 50%, in river
67%, and in effluent 100%.

• The concentration of chlorpyrifos, cypermethrin, and HCH pesticides
exceeds the environmental quality standards.
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Introduction

The use of pesticides has been increasingly widespread
around the world. This practice has raised concern in the same
proportion due to the persistence of pesticide residues in all
environmental compartments (Cui et al. 2020). Each pesticide
or pesticide class has a certain set of environmental concerns.
Although suppliers provide good practices in economic and
ecological terms, the effects of pesticides can include toxicity,
bioaccumulation, persistence, and physiological responses in
humans and wildlife (Hoffman et al. 2003). Runoff and waste-
water effluents are important routes for the entry of pesticides
into aquatic environments (Köck-Schulmeyer et al. 2013).
Pesticides may enter sewage mainly by runoff or leaching
from treated agricultural fields, disposal of unused products,
accidental spills, washing sprayers and formulations bottles
from rural areas, grass management activities (e.g. parks,
highways, railways, and golf courses) or from pest control in
private homes and gardens from urban areas (Barceló and
Hennion 1997; Köck-Schulmeyer et al. 2013). Moreover, ur-
ban pesticide usage is random and can cause a major uncon-
trolled input to the wastewater treatment plant (WWTP). The
amounts of pesticides in surface waters depend on several
factors, such as physicochemical properties of the pesticides,
a recent or non-recent application, soil characteristics, topog-
raphy, and agriculture management practices. The intensive
agriculture in the catchments of the rivers can also be consid-
ered a source pollution to the water course (Ferencz and Balog
2010; Leonard et al. 2001; Stamatis et al. 2010; Zhou et al.
2019). Pesticides are one of the classes of pollutants most
studied by the scientific community in the aquatic environ-
ment. However, there are less studies in wastewater matrices
because pesticides have been typically considered of agricul-
tural instead of urban origin.

The water bodies that receive the effluents are significantly
affected by the micropollutants that pass through the WWTP.
Hence, it is important to include, in monitoring studies, influ-
ents and effluents from WWTPs located in rural and urban
areas. The acquisition of new information on the behaviour of
pesticides in these matrices is relevant to regulatory agencies.
Le et al. report significant levels of pesticides, especially diu-
ron, in WWTP effluent receiving agricultural streams (Le
et al. 2017). Münze et al. analysed samples collected upstream
and downstream of sevenWWTPs in rural and suburban areas
in Germany. Some of these WWTP effluents have been iden-
tified as the sole source of these pesticides (Münze et al.
2017).

In the European Union (EU), surface waters are regulated
by European Directives, namely Directive 2000/60/EC (EC
2000) and Directive 2013/39/EU (EC 2013), which establish
a framework for the protection of inland surface waters, tran-
sitional waters, coastal waters, and groundwater, setting limits

on concentrations of priority substances such as pesticides, as
well as environmental quality standards (EQS). Urban waste-
water, on the other hand, is regulated by national legislation.
In Portugal, the current regulation is the Decree Law 152/97
(DL 1977).

In the study region, the environment has been neglected
and continuing pollution of the Lis River has existed for sev-
eral years. The main polluting loads include agricultural, live-
stock, industrial effluents, and domestic and hospital waste-
waters. Continuous monitoring of pollutants must be a prior-
ity, as exposure leads to dangerous effects that endanger hu-
man health and the quality of the environment. Subsequently,
integrated within the project REWATER (Water JPI/0007/
2016), the main objective of the present work was to monitor
the presence of pesticides in river waters and wastewaters. For
this purpose, three sampling campaigns were carried out be-
tween 2018 and 2019 and 50 pesticides belonging to different
types and groups were assessed. Lis River crosses rural and
urban areas and surface waters from the source to the mouth of
the river were sampled as well as the influent and effluent of
two WWTPs that discharge their effluents to the river. A total
of 25 samples were collected. The physicochemical properties
of the studied pesticides, as well as the climatic conditions in
each sampling campaign, were discussed with the obtained
results.

Experimental

Pesticides, degradation products, and internal
standards

Information on the selected pesticides, the degradation prod-
ucts, the internal standards (IS), the chemical families, the
physicochemical characteristics, the solvents used for the
preparation of each stock solution, and the supplier companies
are presented in Table SM1 (Supplementary Material).
According to the physicochemical properties, 17 pesticides
were analysed by gas chromatography-mass spectrometry
(GC-MS) with selected ion monitoring (SIM) and GC-MS/
MS and 33 pesticides were analysed by ultra-high perfor-
mance liquid chromatography with tandem MS (UHPLC-
MS/MS)).

River and WWTPs information, location of sampling
sites, sampling, sample pH, and meteorological
conditions at the time of sampling

Samples were collected in the course of the river and in two
WWTP (influents and effluents) (Figure 1). The route of Lis
River (Leiria, Center Region, Portugal) covers rural and urban
areas and its basin is located in a calcareous area that allows
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water infiltration (Paíga et al. 2016). This river receives inputs
from agriculture, industrial and livestock production, and
WWTP effluents. Detailed information on the location of the
sampling points, inputs and treatment in each WWTP, and
type, number, and pre-treatment of the samples collected in
the river and WWTPs are presented in Table SM2
(Supplementary Material). Three sampling campaigns (SC)
were carried out in Portugal rainy seasons: winter (February
of 2018), autumn (October of 2018), and spring (May of
2019). This selection was based on the results obtained in
monitoring studies, which reported higher levels of pesticides
in wet seasons (Ramesh et al. 1990; Soares et al. 2013). A total
of 25 samples were extracted and analysed within no more
than one week upon arrival in the laboratory. Of these sam-
ples, 15 were river waters, 6 were WWTP effluents, and 4
were WWTP influents (Table SM2, Supplementary
Material). The pH of the study samples varies from 7.3 to
8.1 in river water, 7.7 to 7.8 in WWTP effluent, and between
7.4 and 7.5 in WWTP influent samples, respectively.

The complexity of the analysed samples is higher in influ-
ent samples when compared with the remaining matrices.
WWTP influents contain high amounts of non-volatile com-
pounds, which may accumulate on the liner and chromatog-
raphy column, compromising GC analysis by the adsorption
of subsequent analytes (peaks poor defined or lost) (Stenerson
et al. 2020). Hence, the authors decided not to analyseWWTP

influents by GC. For this reason, WWTP influent samples
were only analysed by LC.

The total precipitation and the minimum and maximum air
temperatures in Portugal at the region where the sampling
campaigns were performed (February 2018, October 2018,
and May 2019) were obtained from the Portuguese Institute
of the Sea and the Atmosphere (IPMA - Instituto Português do
Mar e da Atmosfera) (IPMA 2020) (Table SM3,
Supplementary Material).

Reagents, solvents, and materials

The detailed description of the reagents, solvents, and mate-
rials used for the extraction and analysis of the studied pesti-
cides is listed in Table SM4 (SupplementaryMaterial). For the
pesticides analysed by GC (Table SM1, Supplementary
Material), stock and working standard solutions were prepared
in n-hexane and stored at 4 °C prior to use. As for the pesti-
cides analysed by LC (Table SM1, Supplementary Material),
individual stock standard solutions were prepared with a con-
centration of 1 g/L on a weight basis and stored at – 20 °C.
Working standard solutions, containing all pesticides, were
prepared in a mixture of acetonitrile LC-MS grade:ultrapure
water (30:70, v/v).

Fig. 1 Location of the sampling points in the Lis River and of the two Wastewater Treatment Plants target of the study
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Sample preparation using solid phase extraction

The volumes of the samples used in the solid phase
extraction (SPE) were established according with a pre-
vious study on the extraction of pollutants in the matri-
ces under study (Paíga et al. 2017). Thus, 250, 100, and
50 mL were the volumes used for river water, WWTP
effluent, and WWTP influent samples, respectively.
Different extraction procedures and cartridges were used
for the pesticides under study due to their physicochem-
ical properties (table SM1, Supplementary Material).
Hence, for the pesticides analysed by GC, the SPE ex-
traction was optimized and validated based on previous
works (Fernandes et al. 2011; Pitarch et al. 2007). Due
to the pKa of the studied pesticides and the type of
samples, the SPE procedure used for the pesticides
analysed by LC was adapted from the authors previous
work (Paíga et al. 2017). The SPE extraction was per-
formed in duplicate for each sample. A brief description
of the procedures used in the SPE extraction is present-
ed in section 1 of Supplementary Material.

Chromatographic equipment and conditions

Chromatographic analysis of 17 pesticides (Table SM1,
Supplementary Material) was performed using GC-MS/SIM
and confirmation was carried out using tandem MS/MS
(ThermoScientific Trace-Ultra gas chromatograph coupled
to an ion trap mass detector Thermo Polaris, operated in the
electron impact ionization at 70 eV). GC-MS conditions are
presented in Table SM5 (Supplementary Material). For the
identification of these pesticides, the retention time, the ions
ratios, and the National Institute of Standards and Technology
(NIST) and Wiley pesticide libraries were used. Ion source,
MS transfer and injector temperatures, carrier gas, column,
oven temperature program, and software are detailed in
Table SM6 (Supplementary Material).

Fo r the r ema in ing pes t i c ide s (Tab le SM1,
Supplementary Material), a Shimadzu Nexera UHPLC sys-
tem (Shimadzu Corporation, Kyoto, Japan) coupled to a
triple-quadrupole mass spectrometer (Ultra-Fast Mass
Spectrometry series LCMS-8030, Shimadzu Corporation,
Kyoto, Japan) was used and operated in the electrospray
ionization (ESI) mode. Modules, software, autosampler
temperature, collision induced dissociation gas (CID), neb-
ulizing and drying gas, and autosampler needle wash sol-
vent are presented in Table SM6 (Supplementary
Material). The precursor ion for each compound was se-
lected by recording chromatograms of individual standards
(100 mg/L) in full scan mode. Almost all studied pesti-
cides, degradation products, and isotopically labelled inter-
nal standard (diuron-d6) showed higher response in posi-
tive electrospray ionization mode. Bentazone was the

exception and higher response in the negative ionization
mode was observed. Then, direct injection of individual
standard solutions (10 mg/L) was performed, and the mass
spectrometer was operated in multiple reaction monitoring
mode (MRM). The two most intense MRM transitions
were monitored for each pesticide, being the most intense
used as quantifier and the second most intense used as
qualifier. The individual MS/MS parameters are presented
in Table SM7 (Supplementary Material). Source-dependent
parameters were also optimized by direct injection, using a
standard mixture solution at 10 mg/L. Then, mobile
phases, isocratic or gradient elution, and chromatographic
columns were tested. The optimum results of the source-
dependent parameters, chromatographic program and the
chromatographic column are listed in Table SM6
(Supplementary Material).

Validation of the analytical methods

Following the European Union criteria of 2002 (EC 2002), the
applied analytical methods were validated in terms of linear-
ity, method detection (MDL) and quantification (MQL) limits,
recovery, matrix effects (ME), and successive injections of the
standard solution (intra and inter-day precision). To assess the
linearity of the method and the recoveries, river water and
WWTP effluents and influents matrices were spiked at differ-
ent concentration levels.

Pesticide toxicity index

The toxicity index (TI) is used to assess the potential
toxicity in environmental samples of pesticide mixtures
in a taxonomic group. TI was determined according to
the studies performed by Nowell et al. and Covert et al.
(Covert et al. 2020; Nowell et al. 2014) and calculated
as the ratio between the concentration of the pesticide
detected in the environmental sample and the toxicity
concentration for the pesticide for the corresponding
taxonomic group (LC50). The sum of TI is designed
as PTI (sum of pesticide toxicity index). Based on
Nowell et al., the PTI was calculated for fish and for
cladocerans (Nowell et al. 2014). The concentration of
the pesticide lethal for 50% of the exposed population
(LC50, mg/L) was obtained from the Ecological
Structure Activity Relationships (ECOSAR) Class
Program (USEPA 2012). For pesticides detected in con-
centrations below the MQL or MDL, half of the MQL
was considered (Paíga et al. 2019) for PTI assessment.
PTI values greater than 1.0 indicate probable toxicity of
the studied pesticides to the target aquatic organism,
while PTI values between 0.5 and 1.0 indicate potential
toxicity, and PTI values between 0.1 and 0.5 indicate
limited toxicity (Battaglin and Fairchild 2002).
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Results and discussion

Method performance

The results of the method performance are discussed in the
following paragraphs and presented in Figure 2 and in
Tables SM8 and SM9 (Supplementary Material). The reten-
tion time for each pesticide is listed in the table SM8
(Supplementary Material).

Calibration curves were constructed by plotting peak area
against analyte concentration. Linearity of the chromatograph-
ic methods was satisfactory over the assayed range.
Concentrations were between 15 and 500 μg/L for the pesti-
cides analysed by GC and from 0.5 to 1000 μg/L for the
pesticides analysed by LC. Correlation coefficients (R) higher
than 0.99 were obtained for all pesticides. Quantification of
the pesticides was made by internal standard calibration
method.

MDLs andMQLswere obtained according to the signal-to-
noise method (NATA 2013; Şengül 2016). The limits were
determined in the samples in which pesticides were detected;
otherwise, fortified samples were used. The results are pre-
sented in Figure 2 A and in Table SM8 (Supplementary
Material). HCB, alachlor, ametryn, atrazine, diuron,
isoproturon, propoxur, pyrimethanil, and terbuthylazine pes-
ticides in river water, α-endosulfan, pyrimethanil, and
terbuthylazine pesticides in WWTP effluent, and alachlor,
ametryn, azinphos-methyl, isoproturon, metobromuron and
propoxur pesticides in WWTP influent stand out for the low-
est limits (between 0.020 and 1.1 ng/L) achieved in the study
matrices. Limits increased with the complexity of the matrix
under study and higher values were found in the WWTP ef-
fluent for the pesticides analysed by GC and in the WWTP
influent for the pesticides analysed by LC. Chlorpyrifos, en-
drin, α-endosulfan, and β-HCH were the exception and pre-
sented higher limits in river water (Figure 2A). Both chro-
matographic techniques revealed accurate quantification and
confirmation of trace levels of the pesticides under study in the
analysed matrices, due to the obtained low limits showing a
high sensitivity.

Recovery was calculated by comparing the area for sam-
ples spiked prior to SPE extraction (pre-spiked sample) with
the area for samples spiked after SPE extraction (post-spiked
sample). A minimum of three levels of fortification were per-
formed. The previously optimized SPE extraction procedure
using the Strata-X columns (Paíga et al. 2017) was a good
option for the extraction of the pesticide analysed by LC
(Table SM9, Supplementary Material). At pH 2, almost all
the pesticides are in uncharged form (Table SM1,
Supplementary Material) increasing the interaction of the pes-
ticides with Strata-X cartridge. For all studied pesticides, re-
coveries were consistent in all fortification levels for each type
of matrix (Table SM9, Supplementary Material). The average

of the three levels of fortification is presented in Figure 2 B1.
WWTP influent samples were not analysed by GC (see expla-
nation in subsection 2.2); thus, 17 pesticides do not have re-
sults for recovery in this matrix. The lowest recovery was
found for asulam with 49.3% in WWTP effluent and the
highest recovery (114%) was observed for ζ-HCH and
ametryn in river water and linuron in WWTP effluent
(Figure 2, B1). Pesticides were also grouped into ranges of
recoveries (Figure 2B2); most of the studied pesticides pre-
sented recoveries above 90% in the river water and in the
WWTP influent and between 80 and 90% in the WWTP ef-
fluent. The SPE extraction procedures showed satisfactory
recoveries for the studied pesticides in all the matrices.

The area of the pesticide standard prepared in the sample
matrix (M, Eq. (1)) was compared with the area of the pesti-
cide standard prepared in the solvent (S, Eq. (1)) for ME
determination. In Eq. (1), the area of the pesticide in the matrix
without fortification or blank (B, Eq. (1)) was also used. B is
equal to zero, if no peak was detected in the retention time of
the pesticide. Ion suppression or ion enhancement signal was
determined based on ME values (Eq. (2)). The calculations
were performed using the following equations (Gros et al.
2012; Paíga et al. 2017):

ME ¼ M−Bð Þ=Sð Þ ð1Þ
%Ion suppression or ion enhancement ¼ ME−1ð Þ � 100 ð2Þ

A zero, a positive, or a negative value indicate no
effect, an ion enhancement signal, or an ion suppression
signal, respectively. Values between – 20 and + 20%
indicate minor ME (Gros et al. 2012, Paíga et al.
2017). Pesticides were organized from the highest to
the lowest ion enhancement and then from the lowest
to the highest ion suppression values (Figure 2C).
Almost all pesticides had ion suppression signal in all
matrices studied, except for chlorothalonil, β-, ζ-, and
α-HCH in river water and chlorothalonil, β-, ζ-, α-,
and γ-HCH in WWTP effluent. The highest ion en-
hancement signal was observed for chlorothalonil (in
river water and WWTP effluent) and the highest ion
suppression signal was found for methoxychlor in river
water, for methoxychlor, linuron, methiocarb sulfone,
imidacloprid, asulam, and methiocarb sulfoxide in
WWTP effluent, and for imidacloprid and methiocarb
sulfoxide in WWTP influent.

Intra-day precision was assessed by the injection in tripli-
cate of a standard mixture with all pesticides at 500 μg/L on
one day, and inter-day precision was assessed by the injection
in triplicate of the same standard on different days. The
methods showed good precision values (RSD (%), data not
shown) ranging from 0.06% (atrazine desethyl) to 6.0%
(monolinuron) for intra-day precision and from 0.54%
(dieldrin) to 14% (p,p’-DDD) for the inter-day precision.
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Fig. 2 Validation tests (method detection limit (A), recovery (%) (B1 and B2), and matrix effect (C)) for all studied pesticides in the river water and
wastewater (influent and effluent) matrices
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Monitoring of pesticides in river water and in WWTP
effluent and influent

The concentrations (± %RSD) of the pesticides found in the
analysed samples are shown in Tables 1 and 2, for river water
and wastewater samples, respectively. The analysis of the ob-
tained results is presented in the following subsections.

Pesticides detected and concentration levels

Twenty-four pesticides were detected in at least one of the 25
analysed samples (river water or wastewaters) of which 7
pesticides, namely, atrazine, chlorpyrifos, diuron, HCB,
HCH, isoproturon, and cypermethrin, are priority substances
(DL 2015) (Table SM10, Supplementary Material). In at least
one sample, 20 pesticides were detected in the river water and
in WWTP effluent samples. The number of pesticides detect-
ed in the WWTP influent samples (3 pesticides) cannot be
compared with the number of pesticides found in the river
and in the WWTP effluent, as mentioned in subsection 2.2.
It is also important to highlight that a higher number of pesti-
cides was detected in the first SC (13, 15, and 3 pesticides) and
in the second SC (13, 15, and 1 pesticides) when compared
with the third SC (8, 8, and 1 pesticides) in river water, in
WWTP effluent, and in WWTP influent, respectively.
Furthermore, aldrin, chlorothalonil, o,p’-DDT, and pirimicarb
were detected only in river waters and α-endosulfan, endrin,
bentazone, and dimethoate were detected only in WWTP ef-
fluents. Cypermethrin was detected in all samples collected in
the first and second SC in river water and WWTP effluent.
Pesticides were quantified in concentrations ranging from
1.29 ng/L (pyrimethanil, R1, first SC) to 2134 ng/L (γ-
HCH, WWTP-E2, second SC). Aldrin (1153 ng/L, second
SC) in river water, γ-HCH (2134 ng/L, E2, second SC) in
WWTP effluent and diuron (181 ng/L, I2, third SC) in
WWTP influent were the pesticides with the highest concen-
tration found in each type of matrix. Concentrations at μg/L
level were found in some samples for the pesticides α- and γ-
HCH, aldrin, and cypermethrin. On the other hand, concen-
trations below the MDL were found for the pesticides
isoproturon, methoxychlor, β-HCH, and atrazine.

Findings in river waters samples

The number as well as the total concentration of pesticides
increased along the river course (R1 to R5) in all SC and
decreased from the first to the second and after for the third
SC (Figure 3). In general, the highest concentration found in
river water was at the sampling point R5. Analysing all sam-
pling points in the first and second SC, the total pesticides

concentration was higher than the legal limits on the quality
of water intended for human consumption (Σ 500 ng/L; 98/
83/EC) (EC 1998), except at R1 in second SC (Figure 3).
Thus, it is important that surface water that can be further
use for consumption go through a rigorous treatment process
to remove compounds that could pose a threat to the health of
humans and animals.

The pesticides chlorpyrifos, cypermethrin, p,p’-DDE, diel-
drin, HCB, and the isomers β-, γ-, and ζ- HCH at the first SC
and cypermethrin and HCB at the second SC were detected in
all sampling points in the Lis River, revealing their persistence
in the environment. The high persistence combined with high
partition coefficient of HCB provides the necessary conditions
for its bioaccumulation into organisms (Ritter et al. 1995).
HCB has been detected in arctic air, water, and organisms
(Barrie et al. 1992; Lockhart et al. 1992; Ritter et al. 1995;
Thomas et al. 1992). In the present study, HCB was one of the
pesticides found at lowest concentrations in the river water
samples; however, its concentration was higher when com-
pared to the results obtained in Portugal’s Alqueva reservoir
(8.57 ng/L) (Palma et al. 2014), Ria Formosa lagoon (6.10 ng/
L) (Cruzeiro et al. 2015), and Douro river (5.38 ng/L)
(Cruzeiro et al. 2016).

Higher concentrations at the sampling points downstream
of the studiedWWTPs were observed for the pesticides aldrin,
chlorpyrifos, p,p’-DDE, cypermethrin, HCH isomers, diuron,
isoproturon, and terbuthylazine. Their detection could be re-
lated toWWTP effluent discharge, as also to the persistence of
these pesticides and by the unknow input to the river when
these pesticides are not detected in the WWTP effluents. On
the other hand, runoff from water and soil from agricultural or
non-agricultural areas where pesticides were once applied
could be a possible route for the entrance of pollutants up-
stream of the WWTPs effluent discharge, as was observed
by the detection of pesticides in the source of the Lis River
(R1) and at sampling point R2. The pesticides detected were
chlorothalonil, chlorpyrifos, cypermethrin, p,p’-DDE, diel-
drin, β-HCH, γ-HCH, ζ- HCH, HCB, methoxychlor, and
pyrimethanil in sampling points R1 and R2 and isoproturon
in sampling point R1 and pirimicarb in sampling point R2.
Another issue that must be discussed is the concentration
found in sampling point R4. This sampling point is located
downstream of WWTP 1 effluent discharge and located up-
stream ofWWTP 2 effluent discharge. When concentration in
sampling point R4 is higher than the concentration found in
samples collected in sampling point R5 (located downstream
of WWTP 2 discharge), unknown inputs onto the river must
be considered. This profile was observed for the pesticides
chlorothalonil, chlorpyrifos, p,p’-DDD, o,p’-DDT, ζ- HCH,
and methoxychlor.
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The concentration found, in this study, for terbuthylazine
was lower when compared with concentrations reported in
other studies performed in Portugal, namely Douro river
(369 ng/L) (Mansilha et al. 2011), Alqueva reservoir (254
ng/L) (Palma et al. 2014), Ria Formosa lagoon (22.1 ng/L)
(Cruzeiro et al. 2015), and Águeda river basin (1885 ng/L)
(Sánchez-González et al. 2013). Guillossou et al. reported the
presence of cypermethrin at 75 ng/L inWWTP influent and at
20 ng/L inWWTP effluent while evaluating the removal of 48
organic micropollutants at the Seine Center WWTP in
Colombes, France (Guillossou et al. 2019). Methoxychlor
was detected in Portugal’s river waters in concentrations of
11.6, & lt; 20, and 5.38 ng/L in Douro river (Mansilha et al.
2011), Lake Vela (Abrantes et al. 2010) and Tagus river
(Cruzeiro et al. 2016), respectively.

Findings in wastewaters samples

Bentazone, dimethoate, pyrimethanil, terbuthylazine, atrazine,
isoproturon, and diuron were detected in some samples of the
WWTP effluents but were never detected in the corresponding
untreated samples. Moreover, concentration in WWTP-E1 ef-
fluent (67.6 ng/L) for diuron was higher than the concentra-
tion found in WWTP-I1 influent (40.8 ng/L) in the first SC
(Table 2). As stated byMargot J. et al. and Köck-Schulmeyer,
pesticides had variable and frequently poor removal in the
WWTPs (Köck-Schulmeyer et al. 2013; Margot et al. 2015).
The release of the pesticides from the sludges on which these
were adsorbed is due to their hydrophobicity (Figure SM1,
Supplementary Material) and can be an explanation for the
higher concentrations found in WWTP effluents than in
WWTP influents. In 2011, Jelic et al. stated that pollutants
adsorbed in the sludge during biological treatment were con-
tinuously released to the effluents of the WWTP, increasing
their loads (Jelic et al. 2011). Hence,WWTPs are an important
route of pesticide entry into the environment (Masiá et al.
2013). Concentrations in treated wastewater higher than in
untreated sewage were also reported by other studies per-
formed with other types of pollutants, per example: pharma-
ceuticals (Jelic et al. 2011; Reungoat et al. 2010). Moreover,
the conversion of metabolites into the original pollutant due to
the treatment performed in WWTP could also be one possible
reason for the higher concentrations found in effluent than in
influent samples (Jelic et al. 2011). In the case of pesticides,
this statement can also be used to discuss the results, since the
pesticides present in food can be metabolized and excreted by
humans and animals (Köck-Schulmeyer et al. 2013). For in-
stance, endosulfan metabolites (-sulfate, -ether, -lactone, and -
diol) were detected in fatty and non-fatty tissues and fluids
from women of reproductive age and children in Southern
Spain (placenta, cord blood, and human milk) (Cerrillo et al.
2005). Glutathione conjugates are also known metabolites of
pesticides (Fujioka and Casida 2007), which include

organophosphate pesticides, such as chlorpyrifos (Mekonnen
et al. 2019). Pesticides after entering living organisms are
transformed to more hydrophilic compounds (metabolites)
through enzymatic catalysed reactions (Mekonnen et al.
2019). Another possible reason discussed on literature is the
rainfall events. Rainfall can change flow rate, concentration,
and composition of sewage, and then affect wastewater treat-
ment performance and the WWTP effluent quality (Köck-
Schulmeyer et al. 2013; Rashid and Liu 2020). Furthermore,
when hydraulic retention time (HRT) is not respected, unreal-
istic results in terms of removal efficiency could be obtained,
due to the lack of correlation among WWTP effluent and
influent samples. However, in the present study, HRT was
considered in all SCs.

Pesticide’s isomers

γ-HCH, when detected, was in general at a higher concentra-
tion when compared with the other isomers (Tables 1 and 2).
Moreover, this pesticide was most often detected at μg/L level
in WWTP effluents (Table 2). HCH isomers are the most
prevalent halogenated organic insecticides that have been
used primarily for crop protection (Bala et al. 2012). In the
first SC, the isomers β-, γ-, and ζ-HCH were detected at all
sampling points in river waters. The concentration of β-HCH
at sampling points R1, R3, and R5was very similar and slight-
ly higher when compared with the concentration found in the
remaining sampling points. Additionally, β-HCH was detect-
ed in both effluents from the two WWTPs. Therefore, the
increase of this pesticide concentration at sampling points
R3 and R5 could be related to the effluent discharge. α-
HCH was detected in both WWTP effluents (E1 and E2)
and only in one sample in the river water (R5, first SC). Its
non-detection in the river could be related to its physicochem-
ical properties and its very hydrophobic character that allows
α-HCH to be adsorbed by the river sediments. Zhang et al.
related the continuous inputs of HCHs into rivers in China due
to sewage release in the river (Zhang et al. 2009). γ-HCHwas
found at concentrations of 0.22 to 4.25 μg/L in river water in
Iran. The authors reported higher concentration for this isomer
when compared to the isomer α-HCH (Abdolazim et al.
2013). Ferencz and Balog published in their study the detec-
tion of the HCH isomers in river waters, drinking waters from
fountains, and tap-waters at concentration of ng/L in Romania
(Ferencz and Balog 2010). The pesticide β-HCH was also
found in Lake Vela in littoral Centre of Portugal at a concen-
tration below 20.0 ng/L (Abrantes et al. 2010).

The β-endosulfan isomer was not detected in any of the
analysed samples. However, α-endosulfan was detected in the
WWTP effluents (E1 and E2) at the first and the second SC
(Table 2). Antonious and Byers, and Leonard et al. reported,
in their studies, that endosulfan isomers enter in the water-
course through runoff from water and soil (Antonious and
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Byers 1997; Leonard et al. 2001). Endosulfan, a hydrophobic
chemical, is adsorbed by sediment particles in these runoffs
(Antonious and Byers 1997) and both isomers are persistent
when adsorbed by soils and sediments (Antonious and Byers
1997; Leonard et al. 2001; Rao and Murty 1980). Moreover,
endosulfan is a mixture of two stereoisomers, α- and β-
endosulfan in a ratio of 7:3. The α-isomer is thermodynami-
cally more stable than the β-isomer which is irreversibly con-
verted into α-form, although the conversion is slow (Singh
2016). Thus, the non-detection of some of the endosulfan
isomers could be related to its hydrophobicity, half-life, and
stability. In water, hydrolysis to the less toxic endosulfan diol
is supposed to be the main transformation route (ATSDR-
Endosulfan 2015).

Dieldrin, one of the first-generation organochlorine insec-
ticides, is a persistent organic pollutant. The pesticides
o,p’-DDT and aldrin are capable to be converted into more
persistent metabolites (p,p’-DDE and dieldrin, respectively)
than the original compound (Ritter et al. 1995). Moreover,
dieldrin can be a metabolite but is also sold as a pesticide
(FAO 2020). The high persistence of these metabolites was
confirmed by the detection frequency of 100% for dieldrin
and p,p’-DDE in the first SC. The pesticides from which they
originated were only detected in the second SC and only in
one sample, aldrin at sampling point R5 and o,p’-DDT at
sampling point R4. However, when detected, these pesticides
were at higher concentration than their metabolites. In other
studies performed in Portugal, similar concentrations of diel-
drin were found in LakeVela ( & lt; 20.0 ng/L) (Abrantes et al.
2010) and Douro river (12.0 ng/L) (Mansilha et al. 2011) but

higher concentrations were found in Ria Formosa lagoon (163
ng/L) (Cruzeiro et al. 2015) and Tagus river (40.9 ng/L)
(Cruzeiro et al. 2016). The detection of the organochlorides
and their degradation products is a consequence of their per-
sistence in the environment, as their usage has long been
prohibited in the EU.

Pesticides vs partition coefficients

Other pesticides, in the present study, could have the same
behaviour of endosulfan and HCH due to their partition coef-
ficients (log Kow) (Table SM1, Supplementary material) and
their half-life in the environment. Positive values for partition
coefficients indicate some hydrophobic behaviour, higher
values reveal more hydrophobicity (Kow ≥ 4), and low (log
Kow & lt; 1) or negative values are an indicative of polar
compounds (Cumming and Rücker 2017). As seen in
Figure SM1 (Supplementary material), 10 pesticides are very
hydrophobic (yellow colour), 34 pesticides have moderate
hydrophobicity (red colour), and 6 pesticides are more hydro-
philic (blue colour). The methiocarb degradation product
(methiocarb sulfoxide) is the most hydrophilic and o,p’-
DDT is the most hydrophobic pesticide. For all hydrophilic
pesticides, no detection was observed in river water (Table 1)
and WWTP influent (Table 2). The two pesticides detected
with hydrophilic character in WWTP effluents were
bentazone (E2, first SC) and dimethoate (E1, second and third
SC). Some studies reported the detection of methiocarb at
concentrations between 7 and 117 ng/L in the Pinios River
in Greece (Fytiano et al. 2007) and non-detection in 123

Fig. 3 Number of pesticides and the sum of concentration found in each sampling point for each sampling campaign (first SC - Winter, second SC -
Autumn, and third SC - Spring)
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samples from lakes, rivers, ponds, field watercourses, and
drainages in Wielkopolska (Poland) (Drożdżyński 2008).
Hydrophilic compounds are mobile in the aquatic environ-
ment and have a low sorption affinity due to their water solu-
bility and polarity (Spahr et al. 2020). The detection of
bentazone and dimethoate in WWTP effluents samples shows
its non-removal during the treatment performed in each
WWTP. As stated in the review article of Margot J. et al.,
polar pollutants are poorly removed ( & lt; 50%) during
WWTP treatment (Margot et al. 2015). Thus, removal effi-
ciency (Köck-Schulmeyer et al. 2013; Margot et al. 2015), as
also metabolites conversion (ATSDR-Endosulfan 2015;
Fujioka and Casida 2007; Jelic et al. 2011; Köck-
Schulmeyer et al. 2013; Mekonnen et al. 2019), rainfall events
(Köck-Schulmeyer et al. 2013), and HRT (Köck-Schulmeyer
et al. 2013) are some possible explanations for the non-
detection in the untreated wastewater and detection in the
treated wastewater. For the other hydrophilic compounds,
their non-detection in any sample could be due to the non-
application of these pesticides in agricultural or non-
agricultural areas, or these are present in concentrations far
below the MDL.

Type and group of the detected pesticides

In river water and WWTP effluent, three types of pesticides
were detected, namely insecticides, herbicides, and fungi-
cides. In WWTP influent, less pesticides were analysed and
consequently cannot be compared with the other matrices.
Atrazine, diuron, and isoproturon were the herbicides detected
in WWTP influent (Table SM11, Supplementary Material).
The highest value for type of pesticides and the highest num-
ber of pesticides were found for insecticides in river water and
WWTP effluent. It must be enhanced that hog farming in
Portugal is mostly located at the river basin in the region of
the present study. The control of cockroaches, flies, and other
insects is crucial as they can transmit diseases among pig’s
population (Linden 2013). Most of the detected pesticides in
river and WWTP effluent samples were organochlorides (al-
drin, p,p’-DDD, p,p’-DDE, o,p’-DDT, dieldrin, α-endosulfan,
endrin, HCB, methoxychlor, and the isomers α-, β-, γ-, and
ζ- HCH). The remaining detected pesticides belong to the
1,3,5-triazines (atrazine and terbuthylazine) and organophos-
phorus (chlorpyrifos and dimethoate) groups, with two pesti-
cides detected in each group, and to the phenylamide (diuron),
pyre th ro id (cypermethr in ) , u rea ( i sop ro tu ron) ,
benzothiazinone (bentazone), carbamate (pirimicarb),
chloronitrile (chlorothalonil), and anilinopyrimidine
(pyrimethanil) groups with one pesticide detected in each
group.

Priority substances

Regarding the seven pesticides classified as priority sub-
stances (Table SM10, Supplementary Material) (DL 2015),
concentrations were below the EQS limits established for the
pesticides: atrazine, isoproturon, diuron, HCB, and the iso-
mers α-, β-, and ζ- HCH in all samples collected in the river
and above the limits for the pesticides γ-HCH (R3 and R5 in
the first SC), chlorpyrifos (R4 in the first SC), and
cypermethrin (R5 in the second SC) (Table 1). Diuron levels
detected at the sampling point R5were higher when compared
to the study performed in Portugal’s Águeda river basin (8 ng/
L) (Sánchez-González et al. 2013).

Pesticides vs climatic conditions

Pesticides move away from the targeted application due to
runoff, leaching, and drift (Barceló and Hennion 1997;
Köck-Schulmeyer et al. 2013). The movement of the pesti-
cides is influenced by climatic factors such as the amount,
duration and intensity of rainfalls, air temperature, and air
movement. Low rainfall indicate no runoff and no dissipation
of pesticides into the water course (Wheeler 2002).
Additionally, sunlight and temperature affects all abiotic and
biotic transformation of pesticides reactions (Wheeler 2002).
Moreover, as the samples were collected at different seasons,
the type of pesticides applied could also be different depend-
ing on the target to be reached. The results shown in
Table SM11 (Supplementary Material) were crossed with
the cl imat ic condi t ions presented in Table SM3
(Supplementary Material) for each SC. It was observed that
in the campaign performed in 2019, the temperatures were
higher, and precipitation was lower than in the two campaigns
performed in 2018. These values are in accordance with the
season (Spring) in which the campaign was carried out.
Precipitation in the first and the second SC was similar, but
air temperatures were higher during the second SC. In precip-
itation and with increase of air temperatures, fungi appear in
agricultural crops. As presented in the Table SM11
(Supplementary Material), the total concentration of fungi-
cides increased from the first to the second SC. In the third
SC, precipitation decreased, and air temperatures increased
again. Associated with higher luminosity, a decrease of the
detection of fungicides was observed in river water and in
WWTP effluents. Moreover, as the air temperature increased,
the total concentration for herbicides was also higher as ob-
served from the first to the second SC in river water and from
the second to the third SC in WWTP effluents. In the case of
insecticides, a decrease in total concentration was observed
with the decrease of precipitation and/or the increase of air
temperature.
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Detection frequency

The detection frequency for the 24 detected pesticides in at
least one of the 25 analysed samples is presented in Figure 4.
The graphic in Figure 4 A was plotted from the highest to the
lowest detection frequency obtained for river waters, since
more samples were analysed in this matrix. The higher detec-
tion frequency was found for the pesticides cypermethrin and
HCB (67%) in river waters, for isoproturon (100%) inWWTP
effluents, and for diuron and isoproturon (50%) in WWTP
influents. On the other hand, the lowest detection frequency
was verified for the pesticides α-HCH, p,p’-DDD, atrazine,
aldrin, and o,p’-DDT in river waters (6.7%), for endrin and
bentazone in WWTP effluents (17%) and for atrazine (25%)
in WWTP influents. Additionally, in WWTP effluents, 8 pes-
ticides (cypermethrin, methoxychlor, pyrimethanil, dieldrin,
diuron, α-endosulfan, and α- and γ-HCH) of the 20 detected
pesticides have a detection frequency of 67% (Figure 4A).
Most of the pesticides’ detection frequencies ranged from &
lt;25 to 50% in river waters, from 50 to 75% in WWTP

effluents, and for two of the three detected pesticides in
WWTP influent sample detection frequency was 50%
(Figure 4B).

Potential toxicity results

PTI was determined in the river water sample collected in each
sampling point of the river in the three SC. The results are
presented in Figure 5. For the first SC, only sampling point R1
for fish had a PTI value lower than 1. On the other hand, for
the second and third SCs only sampling point R5 had a PTI
higher than 1 in fish as in Daphnia magna. The first SC had
higher PTI values in all sampling points and taxonomic
groups, except for sampling point R5 in fish where PTI was
higher in the second SC. The sampling point R4 (first SC) and
sampling point R5(second and third SCs) had the highest PTI
values, which is in line with the results discussed in previous
sections and higher PTI values were found in the samples
collected at the end of the river course.

For fish, 16.7% of the samples had probability toxicity (PTI
> 1.0), 3.3% of the samples had potential toxicity (PTI > 0.5),

Fig. 4 Pesticide detection frequency in each analysed matrix (river water and WWTP effluent and influent)
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6.7% of the samples had limited toxicity (PTI > 0.1), and 23.3
% of the analysed samples had PTI lower than 0.1%. For
Daphnia magna, 20.0% of the samples had probability toxic-
ity, none of the analysed samples had potential toxicity, 13.3%
of the samples had limited toxicity, and 16.7% of the analysed
samples had PTI lower than 0.1%.

Conclusion

Monitoring studies in the environment are extremely impor-
tant due to the high number of chemicals used in our daily
lives, in agriculture, and in industries. These pollutants reach
different environmental compartments, being the water re-
source a major affected one. The contamination of aquatic
environments is a worldwide problem. Thus, monitoring pes-
ticides, from different types and groups, along the river (from
source to the mouth) and in wastewaters is essential and the
novelty of this study.

U s i n g S P E e x t r a c t i o n a n d GC a n d LC
chromatography’s, the proposed analytical method can be
successfully applied for the determination of the selected
pesticides in river waters and wastewaters (WWTP efflu-
ent and influent). Three SC were performed covering three
seasons. Almost half of the study pesticides were detected
(24 of the 50 pesticides) in at least one of the samples.
Most of the detected pesticides belong to the insecticides
type and organochlorine group. Concentrations were be-
tween 1.29 ng/L (pyrimethanil) in river and 2134 ng/L

(γ-HCH) in WWTP effluent samples. In some sampling
points, the highest concentration found was in the μg/L
level for the pesticides γ-HCH and aldrin in river waters
and for α- and γ-HCH, and cypermethrin in WWTP ef-
fluents. As the river receives new inputs on its route, the
concentration of the pollutants increases in the direction in
which the river flows. This increase is not related to the
WWTP effluent discharge affecting the downstream sam-
pling points (R3 and R5) alone; unknown inputs (from
agricultural or non-agricultural application) also affect the
pesticides concentration in all the river course. The pesti-
cides γ-HCH, chlorpyrifos, cypermethrin, β-HCH, ζ-
HCH, HCB, dieldrin, p,p’-DDE in the first SC and
cypermethrin, HCB, and methoxychlor in the second SC
were detected in all sampling points in the river which
includes the source of the Lis River (R1). It is important
to enhance the physicochemical properties that could be
related to the detection or non-detection and the persis-
tence of pesticides in the environment, factors that could
be associated to their continued detection. The concentra-
tion of chlorpyrifos, cypermethrin, and HCH pesticides
exceeds the environmental quality standards. The highest
PTI was observed in samples collected in sampling points
R4 (first SC) and R5 (second and third SCs) for fish and
Daphnia magna with probability toxicity (PTI > 1.0). This
study is of the utmost importance and can contribute to
the population’s awareness in achieving a sustainable use
of pesticides and consequently reduce the risks and im-
pacts of their use on ecosystems and human health.

Fig. 5 Pesticide toxicity index for
the river water samples in the
three sampling campaigns for fish
and Dapnhia magna
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