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a b s t r a c t
This study sheds light on the occurrence of emerging pesticides and their transformation products (TPs) in an
urban river in Beijing that is mainly supplemented with treated wastewater. To this end, suspect and nontarget screening was conducted using a database of 557 commercial pesticides and over 1400 predicted TPs. Finally, 30 pesticides and 20 TPs were identiﬁed, with 12 pesticides and 10 TPs detected in all samples. Eleven pesticides and 17 TPs were detected in Beijing for the ﬁrst time. Among these, 18 compounds were conﬁrmed using
authentic standards. Concentrations of the conﬁrmed and suspected compounds were determined by quantiﬁcation and semi-quantiﬁcation, respectively, based on 18 authentic standards. Fungicides and their TPs constituted
the largest group and exhibited the highest total concentration (26 compounds; 52.2 μg/L), followed by insecticides (14 compounds; 51.3 μg/L) and herbicides (10 compounds; 24.5 μg/L). DEET, carbendazim, prometryn, ωcarboxylic acid, 2-aminobenzimidazole, metolachlor TP, hexaconazole TP, metalaxyl TP, and azoxystrobin TP exhibited relatively high mean concentration (>100 ng/L). Among the 20 TPs, approximately 65% showed higher
concentrations than their parent compounds. Correlation analysis revealed that 6 pesticides and 10 TPs in the
river were mainly contributed by the discharge from a wastewater treatment plant. Although a majority of the
emerging pesticides had low toxicity, 10 pesticides exhibited high risks to aquatic systems, especially
invertebrates.
© 2021 Elsevier B.V. All rights reserved.
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Scientiﬁc Co. (China). Ultrapure deionized water was prepared using a
Milli-Q puriﬁcation system (>18.2 MΩ·cm).

1. Introduction
Intensive use of pesticides has led to their widespread contamination in various environmental media, including surface water, soil, and
biota (Fu et al., 2018; Kong et al., 2016; Munz et al., 2016; Xu et al.,
2020; Zhao et al., 2020). As these pesticides lead to potential ecological
and health impacts, an increasing number of highly toxic pesticides,
such as organochlorine pesticides, have been replaced by pesticides
with low toxicity, such as pyrethroids, amides, anilines, and
neonicotinoids (Dumas et al., 2017; Ministry of Agriculture, 2020;
Zheng et al., 2016). Thus, the detection rates and concentration levels
of highly toxic pesticides in water environments have decreased
(Wang et al., 2018; Zheng et al., 2016) and those of emerging pesticides
have increased (Bollmann et al., 2014; Xu et al., 2020; Zheng et al.,
2016). However, repeated or chronic exposure to these pesticides
with low toxicity can lead to adverse effects on aquatic organisms
(Morrissey et al., 2015). For instance, neonicotinoid pesticides in surface
water can adversely affect the growth, mobility, and behavior of many
sensitive aquatic invertebrates (Morrissey et al., 2015). Furthermore,
many emerging pesticides are susceptible to degradation in the environment after application (Bollmann et al., 2014). Transformation products (TPs) have been reported to exhibit stronger endocrine disruption
and genotoxic effects than their corresponding parent pesticides
(Hensen et al., 2020; Wang et al., 2020).
On the other hand, pesticides have been mainly applied to
plants to protect them from pests, fungi and to control annual
weeds (Al-Shaalan et al., 2019; Ali et al., 2019; Shao et al., 2016).
However, an increasing amount of pesticides has been used for
household pest control (Sheng et al., 2013) and for building preservation (Bollmann et al., 2014). These pesticides applied for domestic purposes end up in municipal wastewater, and ultimately in the
receiving rivers (Munz et al., 2016). Thus far, the occurrence of
these emerging pesticides, and their TPs in wastewater and receiving rivers is still not well understood.
Most of previous studies focused on a deﬁned number of target pesticides using gas chromatography (GC) (Torres et al., 1996; van der Hoff
and van Zoonen, 1999) or liquid chromatography (LC) coupled to mass
spectrometry (MS) (Picó et al., 2000). However, target method could be
signiﬁcantly underestimated the exposure of pesticides pollution especially for TPs toward aquatic environment. Recently, high resolution
time-of-ﬂight (TOF) mass analyzer combined with LC or GC make it possible to go beyond target analysis due to their superior sensitivity and
high peak resolution (Alfaris et al., 2020; Asma'A et al., 2017). This strategy might be useful for the screening and quantifying the emerging pesticides and their TPs.
In this study, water samples from the Gaobeidian wastewater
treatment plant (WWTP) and downstream of the Tonghui river
in Beijing were analyzed using liquid chromatography coupled
with quadrupole-time-of-ﬂight mass spectrometry (LC-QTOF-MS).
Pesticides were identiﬁed by suspect screening using a commercial
database containing 557 pesticides. For the conﬁrmed parent pesticides, suspect and non-target screening was performed to identify
their TPs. The detected pesticides and TPs were quantiﬁed and
semi-quantiﬁed using authentic standards. Finally, ecological risks
were evaluated for the detected pesticides and TPs.

2.2. Sample collection and pretreatment
The Tonghui river is the main urban drainage river in Beijing with a
length of 20.3 km and a catchment area of 258 km2. The river is mainly
supplemented by the GBD WWTP, which has a capacity of 1,000,000
m3/d. Nine river samples and two WWTP efﬂuent samples were collected every month from May to July of 2019 (Fig. 1). All the samples
were collected in 4 L glass bottles and stored in the dark at 4 °C until
extraction.
Water samples were extracted according to a previously developed method (Kern et al., 2009). In brief, all samples were ﬁltered
through a glass microﬁber ﬁlter (GF/F, 0.7 μm, Whatman, UK)
and the pH of the ﬁltrate was adjusted to 2 ± 0.2. Then, all the
samples were spiked with surrogates, namely dichlorvos-D6,
malathion-D6, metolachlor-D6, and chlorpyrifos-D10, at a concentration of 200 ng/L. The samples were passed through solid phase extraction (SPE) using Oasis HLB cartridges (6 cc/200 mg, Waters,
USA), which were sequentially preconditioned with 6 mL of methanol and ultrapure water, at a loading rate of 10 mL/min. The cartridges were dried with nitrogen for 1.5 h and then washed with
6 mL of ethyl acetate/methanol 50:50 with 0.5% ammonia, followed
by 3 mL of ethyl acetate/methanol 50:50 with 1.7% formic acid, and
ﬁnally with 2 mL of methanol. The elution was concentrated to approximately 200 μL with gentle nitrogen ﬂow. Finally, the analytes
were reconstituted to 500 μL with ultrapure water and transferred
into a 1.5 mL sample vial before analysis.
2.3. Instrumentation
The extract was analyzed using a liquid chromatograph (SCIEX
ExionLC™) coupled with a quadrupole time-of-ﬂight (QTOF) mass
spectrometer (SCIEX X500R, USA) with information-dependent acquisition (IDA) scan. HPLC separation was performed using a Phenomenex
Kinetex® F5 Column (2.6 μm, 100 × 3 mm). It was demonstrated that
F5 column performed excellently for both polar and non-polar
compound separation as well as include halogenated, conjugated or
isomeric compounds (Poole and Atapattu, 2020). Analysis was performed by injecting 10 μL of extract with the following mobile phases:
positive ionization mode: (A) ultrapure water plus 0.1% formic acid,
(B) acetonitrile plus 0.1% formic acid, negative ionization mode:
(A) ultrapure water plus 1 mM ammonium acetate, (B) acetonitrile
(the gradient of mobile phases is shown in Table S1). Certain amount
of formic acid and ammonium acetate added in the mobile phase to
acquire the best resolution of the peaks and to minimize the peak tailing
(Wabaidur et al., 2016). Detailed information on mobile phase gradient
is presented in Table S1. Acquisition was performed in IDA scans at collision energies (CE) of 35 V (positive mode) and −35 V (negative mode)
with a spread of ±15 V, and all ions with m/z 50–1250 were fragmented
in the collision cell with the corresponding CE. MS parameters were set
as: ion source temperature 550 °C; ion source gas1 55 psi; ion source
gas2 60 psi; curtain gas 30 psi; spray voltage 5500 V (positive mode),
−4500 V (negative mode); declustering potential 80 V.

2. Chemicals and methods

2.4. Quality assurance and control

2.1. Standards and reagents

Ultrapure deionized water was used as the blank sample to ensure
that there was no background contamination. Each batch, including 11
water samples and one blank sample, was extracted and analyzed together. The recoveries of pesticides in ultrapure water were calculated
by spiking accurate amounts of 18 standards at a concentration of
200 ng/L (n = 3). The mean recovery of each compound ranged from
76.1% to 113%. The limits of quantiﬁcation (LOQ) were 0.5–5.0 ng/L at
signal-to-noise ratios (S/N) above 10. If the concentration of a sample

For the target analysis, 18 authentic pesticide standards (Table S2)
were purchased from Beijing Manhage Biotechnology Co., Ltd. (Beijing,
China). Four surrogates (Table S2) were obtained from CDN Isotopes
Inc. (Canada). The targets were chosen to include widely used compounds in Beijing and to represent pesticides from different classes.
HPLC-grade methanol and ethyl acetate were acquired from Fisher
2
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Fig. 1. Map of sampling sites in Tonghui river.

were taken from standard test species exposures (algae, invertebrates,
and ﬁsh) in the EPA ECOTOX database (https://cfpub.epa.gov/ecotox/).
The Ecological Structure Activity Relationships (ECOSAR) (version
2.0), that was developed by the US EPA, was used to predict the toxicity
values of TPs, because no toxicity data were available (He et al., 2019).
The restrictive RQ ranking was deﬁned as follows: 0 ≤ RQ < 0.1 is low
risk; 0.1 ≤ RQ < 1 is medium risk; RQ ≥ 1 is high risk (Hernando et al.,
2006; Tang et al., 2018).

was below the limit of detection (LOD), it was regarded as not detected
(N.D.).
2.5. Data acquisition and processing
All data were acquired and processed using Sciex OS software
(version 1.6; Sciex, USA) (Fig. 2). For target analysis, the precursor
was used as a quantiﬁer (exact mass error ≤ 5 ppm), and more than
two main MS/MS fragments (taken from existing library spectra) measured in the IDA scans were used as qualiﬁers. Suspect screening was
performed by applying the suspect workﬂow. A commercial AB Sciex
HR-MS/MS pesticide library containing 557 compounds was used to
identify the pesticides and their TPs. Pesticides were identiﬁed when
their purity value (combining exact MS error, isotope ratio difference,
and library ﬁtting) exceeded 80, thus matching with the compounds
present in the library.
To extend the search for TP beyond the library, an extensive TP
screening was conducted using Metabolitepilot™ software version
2.0.04. Almost 1400 TPs were acquired based on biotransformation
pathways, such as desaturation, demethylation, decarboxylation, oxidation, hydrogenation, and methylation. The parent compound and its
metabolites were detected by comparing with the control samples
using the software. TP was identiﬁed using the following criteria: conﬁrmation score, ≥80; exact mass error of MS and MS/MS, ≤5 ppm; isotope
ratio difference, ≤20. Consequently, a total of 18 TPs from 11 pesticides
were detected, derived from the metabolic pathways.

RQ ¼

MEC
PNEC

ð1Þ

3. Results and discussion
3.1. Results obtained in the wide-scope screening
Overall, a total of 50 substances were successfully identiﬁed, including 32 matching with the HR-MS/MS pesticide library and 18 TPs recognized using extended TP screening. Among them, 12 pesticides and 10
TPs were detected in all samples, and 11 pesticides and 17 TPs were
detected in Beijing for the ﬁrst time. Based on their different uses, the
identiﬁed substances were categorized into three classes, with the
fungicide-related compounds (15 fungicides and 11 TPs) being the
largest group, followed by herbicides (6 and 8 TPs) and insecticides (9
and 1 TP). Eighteen compounds were conﬁrmed using authentic standards, based on retention time and MS/MS spectra. Based on 18 authentic standards, concentrations of the 18 conﬁrmed compounds and 32
suspect compounds were estimated by quantiﬁcation and semiquantiﬁcation, respectively. As shown in Fig. 3, fungicides and their
TPs exhibited the highest total concentration (52.2 μg/L), followed by
the insecticide-related compounds (51.3 μg/L) and herbicide-related
compounds (24.5 μg/L). This study sheds light on the pollution patterns
of emerging pesticides in the urban river of megacity Beijing by suspect
and non-target screening, using a database covering 557 pesticides and
1400 TPs.

2.6. Risk assessment
Risk quotients (RQs) were used to assess the risks caused by the
presence of pesticides and TPs in aquatic systems. RQs were calculated
by dividing the measured concentration (MEC) by the predicted noeffect concentration (PNEC) (Iturburu et al., 2019). PNEC was obtained
by dividing the 50% lethal concentration (LC50), 50% effect concentration (EC50), or no observed effect concentration value (NOEC) by the affect factor (AF) 100 (Amiard and Amiard-Triquet, 2015). Toxicity data
3
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Fig. 2. Workﬂow for the identiﬁcation of carbendazim and its TPs.

has been detected in Beijing at low concentrations (4–590 ng/L) (Heeb
et al., 2012). Furthermore, ω-carboxylic acid, which is the oxidation
product of DEET, was detected in Beijing for the ﬁrst time at a relatively
high concentration (58.6–903 ng/L).
Overall, among the three pesticide classes, herbicides exhibit the
lowest total concentrations. However, in agricultural regions, herbicides
have been found to be the dominant class (Heeb et al., 2012; Tang et al.,
2018). For instance, in this study, prometryn, a typical herbicide used as
a pre-or post-emergence controller of annual grasses and weeds in agriculture (Zhou et al., 2009), was detected at the highest concentration
(1786 ng/L), while its maximum concentration in an agricultural area
was estimated to be as high as 4100 ng/L (Heeb et al., 2012). In addition,
4 TPs of prometryn were detected in this study, having concentrations
ranging from 8.33 ng/L to 189 ng/L. The TP concentrations of both atrazine and metolachlor were higher than those of their parent plants
(Fig. 3).

In this study, four fungicides (propiconazole, carbendazim,
azoxystrobin, triadimefon) and 7 TPs were detected at signiﬁcant levels.
Among them, 2-aminobenzimidazole exhibited the highest average
concentration (368 ± 0.46 ng/L), followed by carbendazim (291 ±
0.44 ng/L), prochloraz-1 (79 ± 1.94 ng/L), hexaconazole-1 (161 ±
0.54 ng/L), metalaxyl-2 (151 ± 0.38 ng/L), azoxystrobin-1 (101 ±
0.38 ng/L), difenoconazole-1 (65 ± 0.55 ng/L), propiconazole
(57 ± 3.53 ng/L), metalaxyl-1 (51 ± 0.38 ng/L), triadimefon
(42 ± 0.82 ng/L), azoxystrobin (25 ± 1.61 ng/L). The remaining
contaminants were less than 13 ng/L. As compared to the previous
studies conducted in Beijing, the concentrations of carbendazim
(490 ng/L), and metalaxyl (25 ng/L) decreased signiﬁcantly (Heeb
et al., 2012). In contrast, the average concentration of azoxystrobin
increased from 8 to 25 ng/L (Heeb et al., 2012). Fungicide pollution
has received lesser attention than insecticides and herbicides
(Koehler and Triebskorn, 2013). Moreover, previous studies have
only focused on a few types of fungicides, leading to an underestimation in their numbers and their concentration in wastewaters
(Heeb et al., 2012; Qi et al., 2015). Several studies have shown
that fungicides occur widely in aquatic systems (Bollmann et al.,
2014; Merel et al., 2018) and can be highly toxic to a broad range
of organisms (Zubrod et al., 2019). The presence of fungiciderelated compounds at high concentrations in wastewaters and
the receiving river may have resulted from their extensive application in both public and private spaces in Beijing (e.g., golf courses,
building preservation, human pharmaceuticals) (Qi et al., 2015;
Zubrod et al., 2019).
Although the total concentration of insecticides was comparable to
that of fungicides, the average concentrations of a majority of insecticides
was below 32 ng/L, except for N, N-diethyl-meta-toluamide (DEET)
(1104 ± 0.33 ng/L) and its TP (ω-carboxylic acid: 382 ± 0.71 ng/L).
DEET, which is widely applied to control mosquitoes (Sui et al., 2010),

3.2. Spatial and temporal distribution of pesticides
Fig. 4 shows the pesticide pollution patterns in May, June, and July.
The total concentrations increased sharply in July, especially with respect to fungicides and herbicides (Fig. S2). In comparison to the pesticides in the WWTP efﬂuent, those in the upstream of Tonghui river
exhibited a signiﬁcant increase in their concentrations. In general,
more pesticides were applied in July (Brauns et al., 2018). Additionally,
in Beijing, precipitation is mainly concentrated in July and August (Heeb
et al., 2012). Therefore, higher concentrations of pesticides in July might
be associated with the release of pesticides from the soil into the receiving river during the rainy season (Glinski et al., 2018; Wu et al., n.d.;
Zhang et al., 2018). However, both pesticides composition in each site
and the cluster analysis results suggested a signiﬁcant spatial distribution in the river. The pesticide proﬁle in the WWTP efﬂuent was quite
4

Y. Zhang, H. Zhang, J. Wang et al.

Science of the Total Environment 790 (2021) 147978

Fig. 3. Occurrence of parent pesticides and their TPs in Tonghui river of Beijing.

ﬁpronil, DEET, diuron, 10 TPs (ω-carboxylic acid, metalaxyl-1, metalaxyl2, azoxystrobin-1, metolachlor-1, metolachlor-2, 2-aminobenzimidazole,
ﬂutolanil-1, difenoconazole-1, hexaconazole-1) (r > 0.72), indicating
that these pollutants in the river were mainly attributed to the discharge
of WWTP. Furthermore, in this study, DEET, carbendazim, and prometryn
exhibited high concentrations of up to 1000 ng/L, which were much
higher than those reported previously (Bollmann et al., 2014; Heeb
et al., 2012; Marques dos Santos et al., 2019). These pesticides are commonly employed as insect repellents in agriculture to protect vegetables,
cereals, and fruits. Moreover, they are used as biocides to protect buildings against fungi. These diverse functions make them likely to be released into aquatic systems through runoff (Liu et al., 2018) and
wastewater discharge (Merel et al., 2018). A signiﬁcantly high correlation
value (r = 0.98) of DEET with irbesartan indicates that its major pollution
source is wastewater discharge. In contrast, carbendazim (r = 0.19) and
prometryn (r = −0.86) were weakly correlated with irbesartan. In contrast, carbendazim was strongly correlated with tebuconazole (r = 0.6),
which is used as an active ingredient against fungi; prometryn was correlated with the atrazine and atraton (r = 0.62; r = 0.95), which are mainly
applied for weeding in agricultural ﬁelds and golf courses. Thus, the discharge from the GBD WWTP was not the main source of carbendazim
and prometryn in the Tonghui river.

different from that in the receiving river. Generally, pesticides in the
efﬂuent exhibited the highest total concentration (3623–4124 ng/L),
followed by the downstream (3578–3774 ng/L), the upstream
(1801–1998 ng/L). In all the efﬂuent water samples, majority of the
fungicide-related compounds, part of the insecticide-related compounds (ﬁpronil, methoprene, imidacloprid, DEET, ω-carboxylic acid),
and TP of metolachlor exhibited higher concentrations than those in
the river (Fig. 4). Obviously, it was found the severe pesticide pollution
in the efﬂuent leads to an increase in the concentration of the corresponding contaminant in the downstream. For instance, ﬁpronil concentration increased from 1.0 ng/L in the upstream to 11.4 ng/L in the
downstream after discharge from WWTP (efﬂuent: 22.2 ng/L). Fipronil
was widely used to control termite and ﬂea in household and then end
up in municipal wastewater (Gong et al., 2021). In addition, severe herbicide pollution was found in the north canal, especially at site T7, which
was located upstream of the north canal (Fig. 1). This was probably due
to the application of pesticides in the agricultural soil in the upstream
areas.
3.3. Possible pollution sources
Fig. 5 shows the results of the correlation analysis between pesticides
and irbesartan, an antihypertensive medicine that is commonly used as a
marker for wastewater contamination (Čelić et al., 2019; Styszko et al.,
2021). Irbesartan was identiﬁed using the HR-MS/MS library and
conﬁrmed using the standard. Abundance of irbesartan was closely
associated with the abundance of dimethomorph, boscalid, procymidone,

3.4. Ecological risks of pesticides and their TPs
RQ values were calculated to evaluate the potential adverse impacts
of the detected pesticides and TPs on the Tonghui river ecosystems, as
5
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Fig. 4. Spatial and temporal distribution of 50 substances in Tonghui river.

Fig. 5. Correlation between the abundance of pesticides and irbesartan (marker of wastewater) in Tonghui river.
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Table 1
Compounds with medium to high risks.
Class

Fungicide

Insecticide

Herbicide

a
b

Compound

Propiconazole
Tebuconazole
Triadimefon
Carbendazim
Boscalid
Difenoconazole
Chlorpyrifos
Methoprene
Dichlorvos
Fipronil
Atrazine
Prometryn
Atraton
Terbuthylazine

DFa (%)

100
100
100
100
72.7
69.7
93.9
93.9
78.8
84.8
100
100
97.0
33.3

We declare that we have no ﬁnancial and personal relationships
with other people or organizations that can inappropriately inﬂuence
our work, there is no professional or other personal interest of any
nature or kind in any product, service and/or company that could be
construed as inﬂuencing the position presented in, or the review of,
the manuscript entitled “Suspect and target screening of emerging
pesticides and their transformation products in an urban river using
LC-QTOF-MS”.

RQb
Fish

Invertebrates

Algae

40.9
0.01
1.44
3.00
0.00
0.06
0.02
0.09
0.27
0.04
0.02
14.0
0.00
0.02

0.09
1.24
0.44
2.69
0.11
0.06
3.42
0.26
1.57
1.37
0.05
81.82
0.00
0.00

143
0.30
0.01
0.60
0.00
0.40
0.00
0.12
0.00
0.02
1.36
179
0.28
0.95
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DF is the abbreviation of detection frequency.
RQ is the abbreviation of risk quotients.

Appendix A. Supplementary data

shown in Table S3 (all compounds) and Table 1 (compounds with medium to high risks). To better regulate the pesticides in Beijing, a combination of detection frequency and RQ value was used to prioritize the
pollutants. Finally, 10 contaminants (propiconazole, tebuconazole,
triadimefon, carbendazim, azoxystrobin, chlorpyrifos, dichlorvos,
ﬁpronil, atrazine, prometryn), with a high detection frequency (DF ≥
75%) and high risk (RQ > 1), were selected as the priority pollutants
in Beijing. Additionally, propiconazole, tebuconazole, and carbendazim
were reported to pose a high risk (RQ > 1) to the aquatic systems in
Beijing (Xu et al., 2020). Furthermore, contaminants with medium risk
(0.1 ≤ RQ < 1) and high DF (≥75%), including boscalid, methoprene, diuron, and atraton, were considered as potential risk pollutants. In the
long term, these pesticides present in rivers may lead to changes in
biodiversity.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.147978.
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