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Abstract

Pesticides in the environment can pose serious risks to aquatic ecosystems. This study focused on the existence of 27 pesticides,
including 13 pesticides regulated by the Stockholm Convention as persistent organic pollutants (POPs) and 14 commonly used
pesticides in three urban rivers in Beijing that receive effluents from three municipal wastewater treatment plants (MWTPs).
Among the 27 pesticides, 12 were detected at least once over a period of 4 seasons. Atrazine, aldrin and dieldrin were universally
found in the three rivers, with the highest concentrations being 311, 163 and 23.3 ng/L, respectively. HCHs, DDTs, heptachlor
and endosulfan, which are POPs, were detected at lower concentrations (ND—16.7 ng/L). Most of the insecticides and some of the
herbicides in the rivers originated from MWTP effluents. The risk assessment results showed that aldrin posed medium risk (0.1 <
RQ < 1) to fish, and atrazine exhibited medium risk to both fish and algae. Despite the implementation of the Stockholm
Convention and the upgrades of MWTPs emitting ozone, high loads of aldrin, atrazine and dieldrin were discharged to the
rivers. Efforts should be devoted to identifying POP pesticide sources and upgrading MWTPs with other technologies to ensure

the ecological safety of rivers.
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Introduction

Due to the intensive use of pesticides and the associated po-
tential ecological risks in aquatic systems, pesticide pollution
has attracted a great deal of attention worldwide (Heinz-R and
Rita 2013; Iturburu et al. 2019; Zheng et al. 2016). China is
one of the largest producers and consumers of pesticides in the
world. Persistent pesticides, including hexachlorocyclohexane
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(HCH) and dichlorodiphenyltrichloroethane (DDT), have
been found in water and soil at relatively high levels (Ma
et al. 2020; Zhang et al. 2004). These compounds remain in
the environment for several decades and can lead to bioaccu-
mulation and biomagnification in aquatic organisms and in
turn affect human health (Gaur et al. 2018; Rani et al. 2020).
Until now, most previous studies have mainly focused on
diffuse pesticide pollution in the agricultural sector (Arisekar
et al. 2019; Donna et al. 2018; Tang et al. 2018). Recently,
municipal wastewater treatment plants (MWTPs) have been
recognized as an important source of diverse micropollutants,
including pesticides (Bollmann et al. 2014; Florian etal. 2012;
Heeb etal. 2012; Qi et al. 2015). Pesticides are widely applied
in urban areas for household pest control and eventually flow
into urban drainage systems (Jiujiang et al. 2013).
Conventional MWTPs are not effective for removing
micropollutants, including pesticides, and allow them to be
discharged into receiving water bodies (Qi et al. 2015).
Beijing, a megacity in northern China, is known for its
deficiency in fresh water sources, and MWTP effluents have
become the major water source to supplement the surface
water system (Heeb et al. 2012, Qi et al. 2015). Pesticides,
including atrazine (Ge et al. 2010), heptachlor and dieldrin
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(Zhang et al. 2004), have been detected frequently in MWTP
effluents in Beijing. Pesticides have also been detected fre-
quently in downstream rivers (Heeb et al. 2012; Pernet-
Coudrier et al. 2012; Qiao et al. 2011). Pesticide loads
discharged from MWTPs to surrounding rivers has been esti-
mated at 80460 g/day (Qi et al. 2015). Continuous exposure
to pesticides has caused concerns over damage to surface wa-
ter ecological systems (Chen et al. 2018; Grung et al. 2015),
particularly to aquatic organisms such as fish (Zheng et al.
2016) and invertebrates (Revankar and Shyama 2009).

Organochlorine pesticides including HCHs and DDTs were
widely applied in China until 1980s (Grung et al. 2015). These
compounds were persistent in the environment and universally
found in surface water and wastewater in Beijing (Zhang et al.
2004). According to a recent study, the concentrations of HCHs
and DDTs decreased sharply from hundreds ng/L to dozens ng/L
(Shao et al. 2016), perhaps due to the implementation of the
Stockholm Convention (UNEP 2009). At the same time, to im-
prove the water quality of receiving rivers, conventional MWTPs
with activated sludge treatment have been upgraded with ad-
vanced treatment using ozone and other technologies since
2012 (Table 1). Therefore, it is necessary to investigate how
pesticide regulation and MWTP upgradation affect pesticide con-
tamination in Beijing urban rivers. The objectives of this study
were (1) to investigate the existence of 27 pesticides, including
13 regulated pesticides as persistent organic pollutants
(POPs)and 14 commonly used pesticides (Table S1), in the ef-
fluents from three MWTPs in Beijing and their corresponding
receiving rivers and (2) to evaluate the ecological risk caused by
the pesticides.

Chemicals and methods
Standard substances and reagents

A total of 27 kinds of pesticides, including 21 insecticides, 4 her-
bicides and 2 fungicides, were purchased from Beijing Manhage
Biotechnology Co., Ltd. (Beijing, China). Three surrogates, in-
cluding dichlorvos-d6, alpha-hexachlorocyclohexane-d6 (alpha-
HCH-d6) and malathion-d6, were purchased from CDN Isotopes
Inc. (Canada). Detailed information regarding the name and
CAS of each compound is shown in Table S1. Methanol,

dichloromethane and ethyl acetate from Fisher Scientific Co.
(China) were HPLC grade. Ultrapure deionized water was pre-
pared by a Milli-Q purification system (> 18.2 M{Q-cm).

Sample collection and pretreatment

Figure 1 illustrates the locations of the three MWTPs and the
corresponding receiving rivers. Water samples were collected
from five sampling sites, including two upstream sites, two
downstream sites and one effluent site (Qiao et al. 2018). The
distance between two neighbouring sites was approximately
200 m. Samples were collected in September and December
2018 and March and June 2019. Water samples were collected
in 1-L glass bottles. Finally, a total of 60 water samples were
collected in this study. To avoid pesticide degradation, sam-
ples were stored in the dark at 4 °C until extraction (Barion
et al. 2018).

The samples were prepared according to a previous study
(Shi et al. 2018). Water samples were first filtered through
glass microfibre filters (GF/F, 0.7 um, Whatman, UK).
Then, surrogates were spiked into filtered water at a concen-
tration of 50 ng/L. To improve the recovery rates, methanol
was added to the water samples at a ratio of 1:100 before
extraction. Water samples were extracted through solid phase
extraction (SPE) using Sep-Pak C18 cartridges (6 cc/500 mg,
Waters, USA). The cartridges were preconditioned sequential-
ly with 5 mL of dichloromethane, ethyl acetate, a mixture of
the two (1:1 of v/v) and 10 mL of methanol and ultrapure
deionized water. Then, the water samples were passed through
the cartridges at a flow rate of 10 mL/min controlled by a
vacuum pump. After that, the cartridge was washed with 10
mL of ultrapure water. The target analytes were eluted with 5
mL of dichloromethane, ethyl acetate and a mixture of the two
(1:1 of v/v) in succession. The elution was concentrated to
approximately 200 uL with a gentle nitrogen flow. Finally,
the analytes were reconstituted to 500 pL with dichlorometh-
ane and transferred into a 1.5-mL sample vial before analysis.

Instrumental analysis

The concentrations of the target contaminants were measured
on a gas chromatograph mass spectrometer (GCMS-QP2010
Ultra, Shimadzu, Japan), which was equipped with a fused

Table 1 Description of MWTPs

and the receiving rivers MWTPs  Biological Upgradation Ozone dosage (mg/L)/ Capacity (10* River length
process technology time (min) m3/day) (km)
A A%0 UF + O3 3.5-3.0/20 55 23.6
B A0 UF + O3 <5.015 100 20.3
C A%0 UF + 04 - 60 68.4

A’0 anaerobic-anoxic-aerobic, MBR membrane bioreactor, UF ultrafiltration, O3 ozone
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A Beijing, China

Fig. 1 Locations of the three MWTPs (red points) and the receiving rivers in Beijing

silica capillary column (Rtx-5MS, 30 m x 2.5 mm x 0.25 um,
Rextek, USA). The analytical procedure was the same as that
used in a previous study (Yang et al. 2012). In brief, the
sample (1 puL) was injected at 280 °C in spitless mode.

Table 2  Comparison of pesticide concentrations detected in Beijing in
different studies

Concentration range (ng/L)

Previous studies  This study References
Alpha-HCH 27.6-558 ND (Zhang et al. 2004)
Beta-HCH 22.3-447 ND-16.7
Gamma-HCH 11-50.2 ND
Delta-HCH ND-282 ND
Heptachlor ND-958 ND
Aldrin 4.5-108 13.4-163
Dieldrin ND-36.6 1.1-233
Endrin ND-303 ND
Alpha-endosulfan ND-154 ND
Beta-endosulfan ~ ND-446 ND
4,4'-DDE 3.71-208 ND-3.5
4,4-DDT 14.9-415 ND-5.6
2,4-DDT ND-14 ND-5.6 (Li et al. 2008b)
Atrazine 8-19 9.3-311 (Qi et al. 2015)
Dichlorvos ND-5.5 -
Fenobucarb ND-3.9
Dicofol ND-5.7
Acetochlor ND-76.9
Chlorothalonil ND-8.7

Helium (> 99.999%, purity) was used as the carrier gas at a
linear velocity of 36.3 cm/s. The oven temperature was kept at
60 °C for 1 min, then increased to 130 °C at 15 °C/min, then
increased to 280 °C at 10 °C/min and kept for 5 min. The total
run time was 26 min. We used the electron ionization (EI)
mode at 70 eV in the mass spectrometer. The interface and
ion source temperatures were both 200 °C.

Quality assurance and control (QA/QC)

Ultrapure deionized water was used as the blank sample to
ensure no background contamination. Each batch, including
8~14 water samples and 2 blank samples, was extracted and
analysed together. The recoveries of pesticides in ultrapure
water were calculated by spiking accurate amounts of 27 stan-
dards at concentrations of 100 ng/L and 20 ng/L (n = 3). The
mean recovery of each compound ranged from 72%~122%
(RSD < 12.2%). The limits of quantification (LOQs) were
1.0~5.0 ng/L at a signal-to-noise ratio (S/N) above 10. A sam-
ple concentration lower than the limit of detection (LOD) was
regarded as not detected (ND). Dichlorvos-d6, alpha-HCH-d6
and malathion-d6 were used as surrogates to calibrate the
standard curves.

Ecological risk assessment

The ecological risk was calculated for each pesticide in the three
rivers using the risk quotient (RQ) method (Palma et al. 2014;
Thomatou et al. 2013; Vryzas et al. 2011). The RQ for each
compound was acquired by dividing the measured concentration
(MEC) by the predicted no effect concentration (PNEC)
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(Iturburu et al. 2019). PNEC (Table S2) was acquired by dividing
the hazard concentration (HCS5), which was derived from the
species sensitivity distribution (SSD) model, with the affect fac-
tor (AF). Here, AF was set at 5 (Amiard and Amiard-Triquet
2015). In this study, the toxicity data for standard test species
(fish and algae) were taken from the EPA ECOTOX database
(https://cfpub.epa.gov/ecotox/), which provides basic SSD
model construction data with a log-logistic fitting function. For
the compounds whose NOEC values were not available, the
lethal concentration (LCsg) or effect concentration (ECsg) were
used (Vryzas et al. 2011). The NOEC or L(E)Cs, values met the
screening criteria, including toxicity endpoints, laboratory fresh-
water environments and durations of more than 96 h (He et al.
2019). For test species less than 5 (Lewis and Thursby 2018), RQ
was not calculated in this study. The restrictive RQ ranking was
determined as follows: 0 < RQ < 0.1, low risk; 0.1 <RQ < 1,
medium risk; and RQ > 1, high risk (Hernando et al. 2006; Tang
et al. 2018).

PNEC = (a—b-Ln(Yi% —1>>/AF (1)
RQ = @)

where @ and b are two parameters of the log-logistic fitting
function and Yse, is the 5% cumulative frequency.

Results and discussion
Exposure

Detection frequency and concentrations of 27 target
pesticides

A total of 27 pesticides were detected in this study, and the results
showed that the concentrations of more than half of the contam-
inant were below LOD. It should be noted that 13 of them have
been banned in China since 2009 (UNEP 2009).Twelve pesti-
cides were found in the samples with concentrations of 1.0-311
ng/L and detection frequencies of 6.7-100%. Compared with
previous studies, these pesticides were found in quite low con-
centrations (< 16.7 ng/L) and low frequencies (< 30%), except
aldrin and dieldrin (Chen et al. 2008; Xue et al. 2005; Zhang et al.
2004). Although aldrin and dieldrin have been banned in China,
both were universally detected in the samples at relatively high
levels (13.4-163 ng/L and 1.14-23.3 ng/L, respectively) in
Beijing’s rivers (Table 2). These concentrations were comparable
to the levels in Beijing reported in previous studies (4.5-118 ng/
L and ND-36.6 ng/L, respectively) (Xue et al. 2006; Zhang et al.
2004). High concentrations of aldrin (357-683 ng/L) and dieldrin
(258-196 ng/L) have also been found in the groundwater of the
Yangtze River basin and Taihu Lake region (Pan et al. 2019; Wu
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et al. 2014). High concentrations of banned aldrin and dieldrin in
water might have been attributed to historical applications (Xue
et al. 2006). However, the presence of aldrin in the shallow
sediment layer (0—10 cm) suggested that the possibility of illegal
use (Wang et al. 2017). High concentrations of the two pesticides
have also been detected in surface waters in India (Arisekar et al.
2019) and Vietnam (Nguyen et al. 2019) and in wastewater in
Spain (Barco-Bonilla et al. 2013) and Greece (Katsoyiannis and
Samara 2004), although they have been banned in the developed
countries since the 1970s and 1980s. Thus, further exploration of
potential pollution sources is required.

Pesticide concentrations found in this study were compared
with other studies conducted in the same area (Florian et al.
2012; Zhang et al. 2004), as shown in Fig. 2. Insecticides,
including heptachlor, HCHs, 4,4'-DDE, 4,4-DDT and endo-
sulfans, were detected at lower concentrations (ND-16.7 ng/
L) in this study, while a 2003 study found concentrations as
high as 958, 993, 208 and 446 ng/L, respectively (Zhang et al.
2004). The sharply decrease of HCHs and DDTs were consis-
tent with a recent study conducted in Beijing (Shao et al.
2016). The decreases of DDTs (4-DDE and 4,4'-DDT) and
HCHs (alpha-HCH and gamma-HCH) might have been attrib-
uted to the Stockholm Convention implementation (UNEP
2009). DDTs and HCHs have been banned in China since
1983. Possible DDT and HCH sources may have been atmo-
spheric deposition and contaminated soil in the study area
(Man et al. 2011), as well as illegal use in China (Man et al.
2018). A number of studies from other regions of China con-
tinue to report significant levels of these compounds (Kan
et al. 2020; Wang et al. 2014).

Most of the currently used pesticides were detected with
low concentrations (< 8.7 ng/L) and low detection frequencies
(< 50%). However, atrazine and acetochlor, the two widely
used herbicides, exhibited high levels in the rivers (9.3-311
ng/L and ND-76.9 ng/L, respectively) (Fig. 2). Both herbi-
cides are widely used for controlling grasses and broadleaf
weeds in crops and grasslands. Atrazine and acetochlor were

350 [BB 1nsecticides [ Herbicides ) Fungicides

100
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Fig. 2 Concentration ranges of 12 pesticides in all samples of the three
Beijing rivers
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reported to be the main pollutants in the surface water and
wastewater in Beijing with ranges of 0.1-5.2 pg/L and 1.0—
4.0 ug/L, respectively (Ge et al. 2010). Furthermore, in corn
belts, the atrazine concentration could be as high as 95 pg/L
(EPA USEPA 2017). The green space including small corn
planting, golf courses, lawns and gardens (Metcalfe et al.
2016), which covers 47.4% urban area (Wu and Kim 2020),
could be a substantial source of urban herbicide pollution in
Beijing.

Exposure of pesticides in MWTP effluents
and the corresponding rivers

The pesticide profiles in the MWTP effluents and the corre-
sponding rivers in different seasons are shown in Fig. 3 and
Fig. S1. It is clear that the MWTP effluents exhibited a pesti-
cide profile similar to that of the corresponding rivers. In gen-
eral, aldrin was the most abundant pesticide, followed by at-
razine and dieldrin. In the summer, acetochlor was detected in
the three rivers, while beta-HCH and 4,4’-DDT were detected
in all of the TH river samples. It should be noted that the aldrin
concentrations in the MWTP effluents were higher than those
in the upstream rivers, suggesting that the source of aldrin in
rivers was probably from MWTP inputs. In addition, the atra-
zine and acetochlor in the river samples usually exhibited
higher concentrations than those in the effluent samples, sug-
gesting that herbicides in rivers were mainly attributed to their
application in urban landscapes.

There were higher total pesticide concentrations (97.4 ng/
L, 380 ng/L and 105 ng/L for rivers QH, TH and LS, respec-
tively) in summer. In general, more pesticides were applied in
summer, and there is 80% precipitation in Beijing during this
season (Heeb et al. 2012). Therefore, the high pesticide usage
and rain events might have been the main reasons for the
relatively high pesticide concentrations in the summer
(Glinski et al. 2018). Among the three rivers, the TH river
generally had the highest total concentrations (55.2-380 ng/
L). The TH river receives effluent from the GBD MWTP,
which has the largest wastewater treatment capacity in
Beijing (1,000,000 m*/day). The predominant TH river con-
taminants were atrazine (9.3-311 ng/L), aldrin (14.9-163 ng/
L) and acetochlor (5.1-34.6 ng/L), with the greatest concen-
trations of herbicides atrazine and acetochlor occurring in the
summer (Fig. 3). The total average pesticide concentration
detected in the TH river in 2003 was 1.76 times higher than
that in this study (Zhang et al. 2004), which might have been
associated with MWTP regulation and upgrades. In addition,
the occurrence of beta-HCH in the TH river, particularly in
summer, might have been associated with release from con-
taminated soil and rive sediments. There was a pesticide plant
in the TH river basin that produced HCHs and DDTs until
1983. Although the factory was decommissioned, HCHs and
DDTs were found in contaminated soil in the ranges of 13.2—

149 mg/kg and 3.0-67.4 mg/kg, respectively (Yang et al.
2009). Thus, these pesticides might have been released from
the contaminated soil and sediments during rainy seasons.

Beijing MWTP pesticide discharge loads

Figure 4 shows the pesticide discharge loads from the three
MWTPs during the four seasons. In general, high loads of
aldrin, atrazine and dieldrin were discharged from the three
MWTPs in different seasons. The GBD MWTP had the
greatest load due to its high wastewater treatment capacity.
According to previous studies, DDTs, HCHs, heptachlor, en-
dosulfan, aldrin and dieldrin were the most dominant pesti-
cides in Beijing MWTP effluents and sludge (Li et al. 2008a;
Liu etal. 2013; Zhang et al. 2004). As shown in Table 2, these
pesticide concentrations have significantly decreased, and
some pesticides, such as heptachlor and endosulfan, could
not be detected. Part of the reason for the decreased pesticide
occurrence was attributed to their regulation under the
Stockholm Convention. Another reason might have been as-
sociated with the three MWTP upgrades to ozone use. MWTP
ozonation could significantly reduce micropollutant effluent
loads because ozone and its self-decomposing hydroxyl radi-
cals (OH) react quickly with electron-rich compounds such as
amines, aromatics and alkanes (Bourgin et al. 2018).
Ozonation has been demonstrated to substantially reduce cer-
tain pesticides in wastewater, including dichlorvos (100%)
(Cruz-Alcalde et al. 2018) and HCHs (> 80%) (Derco et al.
2015). However, many pesticides cannot be removed by
ozonation. For instance, 8% atrazine and less than 30% ala-
chlor were removed from real wastewater treatment effluent
when applying 0.5 g O3/g DOC (Liu et al. 2019), and less than
23% aldrin and dieldrin were removed from natural water
using 3 mg Oz/L (Ormad et al. 2010). This could explain
why the concentrations of atrazine, aldrin and dieldrin were
still quite high despite the MWTP upgrades. Thus, ozone
alone does not sufficiently reduce MWTP pesticide loads.

Ecological risk assessment

The RQ for each pesticide in the 3 rivers supplemented
with the corresponding MWTP effluents were derived
based on the measured concentrations of each compound
and the derived PNEC values (Table S2). Interestingly, as
depicted in Fig. 5, a majority of the pesticides exhibited
low risks to fish and algae in the receiving bodies. The RQ
values of many legacy pesticides were below 0.1, which
was a marked decrease from the study conducted before
the Stockholm Convention implementation (Zhang et al.
2004). However, aldrin, which is known to affect river fish
gene expression (Jhamtani et al. 2018) and has been
banned in China since 2002, posed a medium risk to fish.
Atrazine, ubiquitously found in this study, posed a
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medium risk to fish and algae. This result was consistent
with Xu, who reported that atrazine posed a potential risk
in major rivers in China (Xu et al. 2016). The risks attrib-
uted to aldrin and atrazine may lead to changes in fish and
algae communities. Therefore, additional measures should
be taken to reduce ecological risks from these pesticides.
In Germany and Switzerland, an increasing number of

MWTPs are required to adopt advanced treatment technol-
ogies, including ozonation and activated carbon absorp-
tion, to reduce the discharge of micropollutants into the
environment (Eggen et al. 2014, Joss et al. 2008).
However, some pesticides cannot be effectively removed
by ozonation (Margot et al. 2013). Therefore, to further
reduce ecological risks from pesticides, additional

Fig. 4 Pesticide loads from the 220
three MWTPs in the four seasons
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Fig. 5 Calculated risk quotients for pesticides in the three rivers (0 < RQ < 0.1, low risk; 0.1 <RQ < 1, medium risk; RQ > 1, high risk)

technologies including advanced oxidation technologies
(Malakootian et al. 2020; Vagi and Petsas 2020) should
be considered to remove micropollutants from wastewater.

Conclusions

This study found 27 pesticides, including legacy and current
use pesticides, in 3 MWTP effluents and their corresponding
receiving rivers over a period of 4 seasons in Beijing. Among
the 27 pesticides, more than half were observed with concen-
trations less than the LOD. In general, legacy pesticides, in-
cluding heptachlor, HCHs, 4,4'-DDE, 4,4’-DDT and endosul-
fans, were no longer found in the rivers owing to the imple-
mentation of the Stockholm Convention on POPs. However,
aldrin and dieldrin, which are banned in China, still exhibited
high levels. Moreover, high loads of both pesticides were
found in the wastewater effluents, indicating that MWTP dis-
charge may be a potential point source in the receiving rivers.
Low concentrations of the currently used pesticides, such as
dichlorvos, fenobucarb, dicofol and chlorothalonil, were also
found in the 3 receiving rivers. However, atrazine has the
greatest concentration due to its overuse in urban landscapes.
Additionally, there was an ecological risk to river aquatic or-
ganisms from the legacy and currently used pesticides, and
aldrin and atrazine posed medium risks to fish and algae.
Therefore, efforts should be devoted to identifying the poten-
tial sources of aldrin and dieldrin and upgrading of the
MWTPs to improve the ecological safety of the rivers.
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