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Human activities, particularly in large cities, can lead to pollution caused by micropollutants such as pesticides in water bodies,
which have been recognized as serious threats to the environment and human health. The pollution level of six organophosphorus
pesticides, three herbicides, and one bactericide in groundwater and the Wenyu River, and their fates in three sewage treatment
plants (STPs) and a hospital were investigated in this study. The concentrations of the ten detected pesticides ranged from not
detected (ND) to 323.44 ng L™ in different water samples from Beijing; metalaxyl was detected to have the highest concentration
(89.58 ng L"), and the detection frequencies of atrazine and metalaxyl were 100%. The maximum concentrations of pesticides in
the Wenyu River, STPs, and the hospital were 1-2 orders of magnitude higher than those in the groundwater. Good removal
efficiencies by the treatment processes were observed for ametryn (100%), while the removal efficiencies for atrazine and
omethoate were the lowest in the three STPs (—9.6% and 12.67%, respectively). Finally, risk quotient (RQ) values of each
contaminant were estimated from the maximum values determined for typical urban to assess the ecology and health effects. In
the case of environmental toxicity, the highest RQ values (> 1) were obtained for dichlorvos and omethoate. In the case of health
toxicity, the RQ values show that the pesticides found in groundwater pose no potential health risks to humans at current
concentrations.
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Introduction have the advantages of high efficacy, low cost, low residual

toxicity, and easy degradation. Compared with organochlorine
Organophosphorus pesticides (OPs) are one of the earliest syn-  and pyrethroid pesticides, insect resistance to OPs has gradually
thetic pesticides produced by humans and are still widely used increased. In 1991, 1994, and 1996, the sales of OPs reached
as efficient insecticides and plant growth regulators in agricul- ~ 3.317 x 10%,3.017 x 10°, and 3.31 x 10° US dollars, accounting
tural production at home and abroad (Tsygankov 2019). OPs  for 39%, 38%, and 37% of the total sales of pesticides,
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respectively (Zhang and Sun 1999). In 1986, China produced
13,460 t of pesticides, of which 11,030 t was OPs, accounting
for more than half of the total pesticides produced (Hua and
Shan 1999). According to the statistics of China’s Ministry of
Chemical Industry, in 1997, the output of OPs in China was
approximately 200,000 t, accounting for ~ 57% of the total pes-
ticides produced, while organophosphate insecticides accounted
for ~50% of the total pesticides (Tang et al. 2004). Since the
total pesticide output of China exceeded 1 x 10° t per year in
2005, China’s annual output of pesticides has ranked first in the
world and its usage area ranks second in the world (Xu et al.
2019). Over 500 x 10° Ib. of herbicides, insecticides, and fungi-
cides was used annually from 1992 to 2011 (Stone et al. 2014).
The widespread use of OPs has greatly contributed to the devel-
opment of agriculture. However, it has also caused OPs to be-
come common environmental pollutants; thus, OPs seriously
affect food, environmental, and ecological security, and are a
threat to human health (Berman et al. 2011). In particular, highly
toxic OPs are more likely to pollute agricultural products and
poison the consumers. The World Health Organization statistics
on the use of pesticides in 19 countries show that around
500,000 acute poisoning incidents caused by pesticides occur
worldwide each year, of which approximately 40,000 people
die. Thus, with the recognition of the major environmental prob-
lems caused by organic pollution, increasing attention is being
paid to organic micro-pollutants in surface, underground, and
coastal watersheds (Affum et al. 2018; Chen et al. 2016).

Metropolises like Beijing have particularly high population
densities, which may lead to a high probability of pesticide
exposure to citizens. According to the statistics, at the end of
2016, the permanent population of Beijing was 21.73 x 10°
and the water consumption was 3.95 x 10° m>, of which sur-
face water and groundwater accounted for 9.1% and 42%,
respectively (Beijing Statistical Yearbook 2018). Therefore,
for a densely populated and water-short city like Beijing,
OPs are likely to become a potential health risk. However,
most of the studies on OPs in China concentrated on rivers
and lakes; only a few focused on water bodies in densely
populated urban areas with a large number of daily living
and production activities. Based on this, the concentrations
of OPs in typical urban water bodies of Beijing were investi-
gated. The occurrence of six OPs, three herbicides, and one
bactericide was characterized in this study. In addition, an
ecological risk assessment on the Wenyu River, STPs, and
groundwater, and a health risk assessment on groundwater
were conducted to obtain a good overview of the water pollu-
tion risks associated with pesticides in Beijing. The results
will be helpful to understand the pollution level of pesticides
in the typical urban water of international modern
metropolises, promote the construction of a security system
to mitigate the impact of pesticides on the environment and
human health, and provide support data for the future man-
agement and control of OPs.

Materials and methods
Sampling sites

The seven sampling sites of surface water in the Wenyu River,
W1-W7, were as follows: Shahe floodgate, Mafang bridge,
Xisishang village, Wenyu bridge, Yigezhuang bridge,
Wenyu River bridge, and Beiguan floodgate. According to
the water flow, five samples of groundwater were obtained
from a site in Shunyi District, and three samples from STPs
in Miyun District, Haidian District, and Chaoyang District (M,
H, and C, respectively) including influent (M1, H1, and C1),
secondary effluents (M2 and H2), and effluents (M3, H3, and
C2). The groundwater was collected from five wells (G1, G2,
G4, and G5 are 29 m deep; G3 is a multilevel monitoring well
with depths of 6.79 m, 11.64 m, and 22.53 m) located in
Shunyi, and the influent (Y1) and effluent (Y2) from a hospi-
tal in Haidian District were collected once to investigate the
OP pollution in winter. Detailed information on the Wenyu
River, wells, STPs, and hospital are provided in Fig. 1 and
Tables S1, S2. The water samples were collected three bottles
at each sampling point and were saved in the brown glass
bottle at 4 °C before laboratory analysis, which were treated
within 24 h after being transported to the laboratory to detect
the concentration of OPs and general wastewater quality
parameters.

Reagent

All solvents (HPLC-grade) were supplied from Beijing
Chemical Reagents Company (Beijing, China). The pesticide
standards of the ten OPs (isocarbophos, phosmet, parathion
methyl, triazophos, fonofos, and phoxim) were obtained from
ANPEL Laboratory Technologies Inc. (Shanghai, China).

Instruments and quantification

The analysis of the OPs was conducted using high-
performance liquid chromatography coupled with
electrospray ionization tandem mass spectrometry (HPLC-
MS/MS 8040; Shimazu, Japan), operated in positive or nega-
tive mode and equipped with an Inert Suatain C;g column
(150 mm % 4.6 mm, 5 um, Tokyo, Japan). The column was
maintained at 40 °C during the sample analysis. The mobile
phase comprised eluent A (methanol, 80%) and eluent B (ul-
trapure water, 20%). Separation of the OPs was achieved with
the following gradient program: 0—2 min, 10% B; 2—15 min,
10%-100% B; 15-17 min, 100% B; 17-17.5 min, 100%—
10% B; 17.5-20 min, 10% B. Quantification with an external
standard was used to determine the concentration of OPs. The
calibration curves for the detection of OPs exhibited good
linear relationships (R*>0.99). The limit of quantification,
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Fig. 1 Spatial distribution of the sampling locations in Beijing, China

calculated with a signal/noise ratio of 10, was 0.04—
0.52ng L%

Sample preparation

A filtered water sample was transferred to the separatory fun-
nel, and 50 mL of dichloromethane was added. The sample
was extracted by shaking the funnel for 5 min with periodic
venting to release excess pressure (for further details, refer to
‘Method 622: The Determination of Organophosphorus
Pesticides in Municipal and Industrial Wastewater’ (Pressley
1982) and ‘Water quality—Determination of organic phospho-
rous pesticide in water (Water Quality GB 13192-1991).

General wastewater quality parameters

The parameters of DO, pH, and temperature were monitored by
a YSI automatic water quality detector. The chemical oxygen
demand (COD), total nitrogen (TN), total phosphorous (TP),
NH;-N, and NO3-N were determined according to the Ministry
of Environmental Protection: Standard methods for the exam-
ination of water and waste water, MEP of China (2002).

Risk assessment for pesticides
Ecological risk assessment
An ecological risk assessment of the pesticides was performed

based on the risk quotient (RQ) index method. The RQ is
established based on Eq. (1).

@ Springer
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RQ = MEC/PNEC (1)

PNEC = L(E)Cso(NOEC)/AF (2)

where MEC is the maximum measured environmental con-
centration, and PNEC of the pesticides was calculated by the
no-observed-effect concentration (NOEC) value and the acute
or chronic aquatic toxicity, dividing the lowest short-term
L(E)Cs or long-term NOEC, respectively, by an assessment
factor (AF). In particular, AF was obtained from Papadakis
et al. (2015). Moreover, in this ecological risk assessment,
three trophic levels (algae, aquatic invertebrates, and fish)
and the most sensitive species were used to determine the
PNEC. The ecotoxicological data were obtained from the
USEPA ECOTOX database (Table S3).

The risk ratios were classified into four risk levels: negli-
gible risk (RQ<0.01), low risk (0.01 <RQ<0.1), medium
risk (0.1 <RQ < 1), and high risk (RQ > 1) (Papadakis et al.
2015; Vryzas et al. 2009; Palma et al. 2014).

Health risk assessment

Health risk assessment is the process of predicting the proba-
ble effects of pollutants on human health over a specified
period (Hu et al. 2011). As in previous studies (Derbalah
etal. 2018; USEPA 2010; Papadakis et al. 2015), noncarcino-
genic risks to humans were estimated using the hazard quo-
tient (HQ). The HQ values were calculated assuming that
surface water (as drinking water) is ingested directly (Hu
et al. 2011; Papadakis et al. 2015).
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To estimate the noncarcinogenic risk, the HQ was calculat-
ed using Eq. (3):

HQ = CDI/R{D 3)

where RfD (mg kg ™' per day) is the acceptable daily intake of
the contaminant via oral exposure. The values of the reference
dose for the investigated pesticides were obtained from the
USEPA Integrated Risk Information System (USEPA 2010),
as in a previous publication.

The CDI for each pesticide was calculated using Eq. (4):

IR x EF x ED
CDI — C x IR x X ()
BW x AT

where C (mg L") is the measured concentration of a pesticide
in water, IR is the water ingestion rate (0.87 L/day for a 6-
year-old child, 1.41 L/day for a 70-year-old adult), EF is the
exposure frequency (365 days/year), ED is the exposure du-
ration (for children: ED = 6; for adults: ED =70), BW is the
body weight (20 kg for a child, 70 kg for an adult), and AT is
the average lifespan (2190 days for a child; 25,550 days for an
adult) (USEPA 2010).

HQ > 1 was considered to indicate that adverse effects
could occur, while HQ < 1 indicates that adverse effects are
improbable (Papadakis et al. 2015).

Statistical analysis

The correlation analysis of the OPs and environmental factors
was conducted using SPSS 20.0. The correlation analysis of
the OPs and environmental factors was evaluated by Pearson,
which was considered significant at p < 0.05.

Results and discussion
Occurrence of pesticides in different waters of Beijing

Seven pesticides were detected in different water sources of
Beijing among the ten targets, while the other 3 OPs were
lower than the detection limits because of either their easily
decomposed or lower usage amounts. The concentrations of
the seven pesticides in different water samples from Beijing
are shown in Table 1. The levels of the screened pesticides

Table 1  The mean concentration (+ standard deviation) of detected pesticides at each sampling site in multiple waters of Beijing (ng L")

Sample points Ametryn Atrazine Diazinon Dichlorvos Metalaxyl Omethoate Propazine

Cl 0.03+0.0041 0.96 +0.0042 - 22.26+0.0048 2.42+0.0023 - 0

C2 - 1.55+0.0037 - - 2.58+0.0038 3.18£0.002 0

Gl 0.06+0.0038 0.11+0.0038 - - 0.84+0.0039 3.10+0.002 0.14+0.0025
G2 0.03+0.0042 0.42+0.0038 - - - - 0.11+0.0025
G3H - 0.10+0.0036 - - 0.76+0.0019 3.10+0.003 0.16+0.0025
G3L - - - - 1.18+£0.0023 3.08 £0.0029 0.120+0.0025
G3M - 0.01+0.0033 - - 0.67+0.0016 - 0.12+0.002
G4 -- 0.51+0.0026 - - 0.78+0.0033 - 0.13+0.0029
G5 - 0.36 +£0.0038 - - 0.83+0.0038 3.08+0.003 0.12+0.003
H1 - 3.04+0.0039 - - 4.98+0.0018 3.09+0.0028 0.20+0.0028
H2 - 5.14+0.0038 - - 4.82+0.001 3.24+0.0022 0.28 £0.0024
H3 - 5.13+0.0042 - - 5.37+0.001 3.34+0.0028 0.33+0.0027
Ml 0.13+0.0049 1.28+0.003 - 5.90+0.0047 2.44+0.0026 -- -

M2 0.04+0.0015 1.13+0.0029 - - 1.77+0.0038 3.23+0.0022 -

M3 0.03+0.0038 0.91+0.0048 - - 1.54+0.0015 3.13+0.0024 0

W1 0.18+0.0038 6.23+0.0022 - 3.344+0.0033 4.86+0.0037 3.26+0.002 10.59 +£0.0024
w2 0.59+0.003 2.32+0.0026 0.518 +£0.0031 5.47+0.0037 3.82+0.0024 3.10+0.002 3.21+0.0028
W3 0.26 +£0.0026 2.79+0.0021 - - 5.54+0.0023 3.36+£0.0026 2.89+0.0022
w4 0.17+0.0017 4.18+0.0034 - 3.14+0.0041 6.56+0.0034 4.12+0.0021 0.55+0.0028
W5 0.24+0.0019 3.73+0.004 - 2.43+0.0034 6.64+0.0018 4.12+0.0023 0.49+0.0025
W6 0.35+0.0042 5.06+0.005 0.507 +0.0023 36.51£0.0041 9.86+0.0028 3.73+0.0029 0.52+0.0028
w7 0.43+0.005 5.86+£0.0046 - 3.83+0.0049 9.44+0.0015 3.81+0.0024 0.51+0.0025
Y1 - 5.97+0.0032 - - 6.08+0.0015 3.14+0.0027 0.41+0.0025
Y2 -- 6.06+0.004 - - 5.81+0.0036 3.10+0.0023 0.37+0.0024
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ranged from undetected (ND) to 323.44 ng L ™" in the different
water sources from Beijing. The maximum concentrations of
detected pesticides in groundwater were 1-2 orders of magni-
tude lower than those in the surface water of the Wenyu River,
STPs, and the hospital. However, in cities with high popula-
tion densities, the presence of pesticides in the groundwater,
which is a source of drinking water, for a long time, can
impact human health directly. Although different pesticides
have different distributions, the majority of studies have
shown a predominant presence of omethoate, metalaxyl, and
atrazine in most water bodies (Meftaul et al. 2019). Overall,
the results showed that metalaxyl and atrazine were the pre-
dominant pesticides with a detection frequency of 100% and
that the detection rate of omethoate was greater than 80%.
This can be attributed to their high consumption, stable struc-
ture (Liu et al. 2018), and longer half-life (e.g. atrazine = 60—
150 days, metalaxyl = 115 days (pH = 9), omethoate = 68 days
(pH =7)) in the aquatic environment (Glinski et al. 2018). In
the hospital and STP samples, low pollution levels of dichlor-
vos and diazinon were observed, which might be related to
their usage and type; dichlorvos decomposes easily in the
environment and hydrolyses by 50% at 30 °C for 18 days,
while diazinon has high solubility and mobility in water
(Cruz-Alcalde et al. 2018).

Compared with other pesticides in Wenyu River, dichlorvos
had the highest concentration, ranging from not detected (ND) to
37 ng L™, a little higher than the average level in the northern
region (3-13 ng L") (Mijangos et al. 2018). Dichlorvos is one of
the most widely used insecticides in developing countries, with
concentrations ranging from 1.4 to 5630 ng L ™" in surface waters
worldwide (Cruz-Alcalde et al. 2018). However, dichlorvos has
a high vapour pressure; hence, it easily enters the atmosphere.
The transportation and diffusion of dichlorvos mainly occur
through the atmosphere and water. Furthermore, it has a greater
water solubility and smaller logK,,, (1.47), implying that it can
be easily decomposed and removed (Wu et al. 2015). The above
results correspond to the occurrence of dichlorvos in the STPs of
Chaoyang and Miyun Districts. Metalaxyl and atrazine have
mean concentrations of 6.67 and 4.31 ng L™, respectively, in
the Wenyu River, which are higher than the OP concentrations.
The solubility of metalaxyl in water was 0.71% (20 °C), and it
was stable in acidic and neutral media. The chemical hydrolysis
of atrazine in water is stronger than the biodegradation, and the
pH value has a strong influence on the hydrolysis process; i.e. it
is fast under acidic or alkaline conditions (Qu et al. 2020). The
frequencies and concentrations of these pesticides were similar to
those in most rivers or lakes in China, mostly because of their
high chemical stability and consumption (Elfikrie et al. 2020). In
the Wenyu River, the concentrations of omethoate, metalaxyl,
and atrazine have no apparent spatial distribution characteristics.
However, the concentration of propazine gradually decreases
along the flow direction in the Wenyu River, from 10.586 to
0.507 ng L', and there is no propazine pollutant source in the

@ Springer

lower part of the Wenyu River. This may indicate that propazine
degrades naturally in the environment via photodegradation and
biodegradation (Qu et al. 2011). The accumulative concentration
in all the sites in the Wenyu River ranged from 14.85 to
56.54 ng L™'; the highest concentration was observed in W6 with
dichlorvos contributing 64.58%, followed by W1 > W7 > W2 >
W4 > W5 > W3. Many factors influence the spatial distribution
of pesticide pollution in the sampling sites, such as the effects of
degradation and dilution, which can lead to their low levels in
surface water. Therefore, further investigation is required with
regard to these factors.

The concentrations of pesticides in groundwater were 1-2
orders of magnitude lower than those in the Wenyu River. The
migration of pesticides was hindered by the natural soil infil-
tration layer, which can remove most pesticides through rain-
fall, irrigation, and other human activities, and result in low
residues. The highest concentration of omethoate was detected
in groundwater, particularly in the G1, G3, and G5 samples,
presenting an average concentration of 3.09 ng L', and ac-
counting for approximately 61.90% of all the pesticides de-
tected in groundwater. After entering the environment,
omethoate cannot be easily degraded by ordinary microorgan-
isms (Hu et al. 2011). Previous results have shown that there
are two main ways for microorganisms to degrade pesticides:
mineralization and co-metabolism (Lazarevic¢-Pasti et al.
2016). Surprisingly, no omethoate was detected at the middle
position, but it was detected at the low position, which may be
related to the migration and transformation of pesticides in
soil; the migration of pesticides may be hindered by the natu-
ral soil infiltration layer. Omethoate has a strong contact kill-
ing effect on pests and mites, particularly on some aphids,
which are resistant to dimethoate. Additionally, it has high
toxicity and can maintain a strong toxicity at low temperature,
and enters the human body directly through drinking water,
which could pose a potential threat to ecological environment
and human health. The acceleration of the energy utilization
process and unreasonable exploitation of groundwater are sig-
nificant factors causing the accumulation of pesticide residues
(Lee et al. 2019). In addition, the atmospheric precipitation
and groundwater infiltration may be another cause of OP pol-
lution in groundwater (Mauffret et al. 2017).

Atrazine, metalaxyl, and omethoate have high-frequency
detection in the STPs and hospital. The dichlorvos influent
concentrations of STPs in Chaoyang and Miyun Districts were
22.26 ng L " and 5.90 ng L' respectively, which are clearly
higher than those of the other pesticides. However, it was not
detected in the effluent, which illustrates that these STPs have
a distinct removal efficiency for dichlorvos (>99%). These
results are similar to those from the STPs in Stonecutter
Island and Shatin (Man et al. 2018) and Catalonia (Kock-
Schulmeyer et al. 2013).

The above results indicate that the river surface is more
vulnerable to pollution, not only because the Wenyu River
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has a wide range of input contaminants and extensive pollu-
tion sources compared with STPs and the hospital, such as
surface runoff and wet-dry deposition which facilitate the
transport of pesticides from the pollutant source to the water-
way, but also because there is no natural barrier, such as the
adsorption and filter interception of soil, compared with
groundwater.

Removal efficiency of pesticides in STPs and hospital

The removal efficiencies of the detected pesticides in STPs
and hospital were calculated according to the following:

Removal efficiency

influent OPs concnetration—effluent OP concentration .
= - concnetration x 100%

influent OPs concentration

The influent OP concentration was the OP concentration of
sample point of M1, H1, C1, and Y1, respectively. The efflu-
ent OP concentration was the OP concentration of sample
point of M2, M3; H2, H3; and C2 and Y2, respectively.

From the results, the removal efficiency of the detected
pesticides ranged from —2 to 8% in the hospital, and they
are not the main contaminants in hospital wastewater; thus,
the removal efficiency of pesticides by the existing hospital
sewage treatment technology may be relatively poor. In addi-
tion, chlorination is the only wastewater treatment process in
the hospital, which limits the removal efficiency for most pes-
ticides in hospital wastewater treatment.

The detected pesticide elimination rates for different STPs
varied significantly for different STPs, which depends on
many factors, such as the different treatment processes, pollu-
tion load, or hydraulic residence time. From the Table 2, it is
clear that the STP in Miyun District has a higher removal
efficiency for detected pesticides (ametryn (80%), metalaxyl
(36%), and dichlorvos (100%) compared with other STPs.
However, it has a poor removal efficiency for omethoate,
which explains why the sewage disposal system had no sig-
nificant effect on the pollution caused by omethoate, and the
omethoate may translate into its parent (Wang et al. 2018) in
the process of wastewater treatment. Thus, these results pro-
vide good insights into the mechanism of the mutual transition
between metabolites and the parents of some pesticides.
Moreover, considerable amounts of ametryn and dichlorvos
were removed in the STP in Chaoyang District, reflecting that
these two pesticides are susceptible to hydrolysis, particularly
under alkaline conditions (Mahesh and Manu 2019) or ad-
sorption (abiotic) onto activated sludge.

Table 2 shows that the worst removal capabilities of the
detected pesticides were found at the STP in Haidian District,
where most detected pesticides had zero or negative values.
This illustrates that although A/O+MBR technology has a
stronger purification capacity for many other organic

Table 2 Removal efficiency of pesticide by water treatment technology in three sewage treatment plants and hospitals in Beijing

Propazine

Dichlorvos Metalaxyl Omethoate

Atrazine

Ametryn

0.03+0.0041 ng L' 0.96+0.0044 ng L' 22.26+0.0035 ng L' 2.42+£0.0029 ng L' —

Influent concentration (C1)

CAST (Chaoyang district)

2.58+0.0027 ng L' 3.18+0.0027 ng L' -

—6.40%

1.55+0.0042 ng L' --

Effluent OP concentration (C2) --

100%

3.04+0.0028 ng L' --

100% —61.69%

Removal efficiency

4.98+0.0016 ng L' 3.09+0.0030 ng L™' 0.20+0.003 ng L™

Influent concentration (H1)

A/O+MBR (Haidian district)

5.37+0.0020 ng L' 3.34+0.0028 ng L™ 0.33+0.0020 ng L™

—7.83%

5.13+0.0046 ng L' —-

—68.86%

Effluent concentration (H3)

=70.77%

—8.40%

Removal efficiency

2.44+0.0036 ng/L
1.54+0.0027 ng/L

36.99%

1.28+£0.0033 ng/L  5.90+0.0047 ng/L

0.13+£0.0042 ng/L

Influent concentration (M1)
Effluent concentration(M3)

A2/0 (Miyun district)

3.13+0.0027 ng/L

—100%

0.03+0.0026 ng/L  0.91£0.0047 ng/L

80.16%

100%

28.75%

Removal efficiency

3.14+0.0022 ng/L  0.41+0.002 ng/L

6.08+0.004 ng/L
5.8140.0027 ng/L

4.51%

5.97+0.0032 ng/L
6.06+0.0023 ng/L

-1.61%

Chlorine disinfection (Hospital) Influent concentration(Y'1)

3.10+£0.0021 ng/L  0.37+0.0025 ng/L

1.34%

Effluent concentration(Y2)

7.65%

Removal efficiency
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pollutants, such as antibiotics (Liu et al. 2019), it is influenced
by the external environment, such as pollution load, environ-
ment temperature, and maintenance of treatment equipment,
and the characteristics of the pollutants themselves; for exam-
ple, unlike ametryn and dichlorvos, atrazine and propazine
were not easily removed. The effluent concentrations of atra-
zine and propazine gradually increased with further treatment.
Some studies have confirmed that atrazine is water-soluble
and has strong stability in weak acid or base water (Hansen
et al. 2019). Propazine is nonbiodegradable, which results in
the secondary release of propazine from sludge to water due to
changes in the external environment during the treatment pro-
cess (Kock-Schulmeyer et al. 2013), demonstrating that the
biological and chemical methods are not as effective for the
removal of propazine as expected (Kdck-Schulmeyer et al.
2013). Furthermore, previous works regarding the occurrence
and removal of pesticides in STPs also indicate that concen-
trations in effluents are frequently higher than those in influ-
ents, which show a poor efficiency and high variability on
pesticides (Campo et al. 2013). Compared with cyclic activat-
ed sludge technology (CAST) (STP in Chaoyang District) and
A/O+MBR technology (STP in Haidian District), A%/O tech-
nology (STP in Miyun District) seems to be more effective for
the removal of pesticides. The performance of the studied STP
in Haidian District for the removal of atrazine was similar to
that reported from an activated sludge plant in Northeastern
Spain, where tertiary treatment in WWTP-A is based on co-
agulation, flocculation, chlorination, and microfiltration.

Correlation analysis between pesticides and
physicochemical parameters

To study the influence of environmental factors on the content
of pesticides, we conducted a correlation analysis between the
pesticides and environmental factors, such as the TP, TN,
NH,*-N, NO; -N, and COD. The results are shown in
Table 3.

As demonstrated, the occurrence concentration of ametryn
and diazinon had the significant correlation with concentration
of ammonia nitrogen, phosphorus, and organic matter in water
(P <0.05), while the occurrence of NO3 -N and TN did not

affect the migration and transformation of ametryn and diaz-
inon. Besides, metalaxyl, omethoate, and propazine also had
the significant correlation with concentration of COD in typ-
ical water bodies. Furthermore, atrazine and dichlorvos have
almost no correlation with the concentration of conventional
environmental pollutants; according to Kumar et al. (2018),
the degradation of them may be affected by pH as well as
temperature, particularly regarding the time and intensity of
illumination.

Degradation and the resulting reduced mobility of organ-
ophosphate pesticides in water are significant factors af-
fecting their behaviours in nature. The removal of most
organophosphate pesticides in the natural environment
mainly depends on microbial degradation, in which they
are degraded by microorganisms for their limiting nutrients,
especially carbon source (Evangelista et al. 2010). Some
researchers (Ali et al. 2019; Masis-Mora et al. 2019;
Kumar et al. 2018; Liu et al. 2019) found that the carbon
source and the concentrations of nitrogen and phosphorus
impact microbial life activities, further affecting the remov-
al efficiency of contaminants. Furthermore, at P-starved
conditions, OPs can be used as an alternative phosphorus
source for marine plankton and microbes (Liu et al. 2019).
This may be an important reason for ametryn related with
TP in the Wenyu River.

Ecological risk assessment

The ecological risk assessment for the pesticides detected was
performed based on the RQ method (Kapsi et al. 2019). This
approach provides an estimate of the contribution of the com-
pound of interest to the total toxicity of the water sample
analysed to a certain taxonomic group (Table S2). The
Pesticide Properties Database (Lewis et al. 2016) was used
for the toxicological endpoint due to its comprehensive data
on algae, aquatic invertebrates, and fish toxicity, and because
it covers an extensive number of compounds. The MEC and
PNEC values are presented in Table S2 and the RQs corre-
sponding to the maximum concentrations (RQ,,,.) for every
pesticide in the typical water bodies of Beijing are presented in
Fig. 2.

Table 3  Correlation between the pesticide concentrations and environmental factors in the Wenyu River

Ametryn Atrazine Diazinon Dichlorvos Metalaxyl Omethoate Propazine
NH4*-N 0.5347%* —0.053 0.500% 0.035 0.032 0.202 0.182
NO; -N 0.210 0.357 0.053 0.028 0.357 0.244 0.245
COD 0.666%* 0.319 0.454 0.142 0.431%* 0.635%* 0.431*
TP 0.805%* 0.184 0.553* 0.053 0.288 0.236 0.236
N 0.105 0.070 0.021 -0.017 0.187 0.222 —0.144

*P<0.05, ¥*P<0.01
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Fig. 2 RQ evaluation for pesticides in the multiphase water bodies of
Beijing, China

The RQ values of ametryn, dichlorvos, and omethoate
were higher than those of the other pesticides in this investi-
gation, particularly in the Wenyu River. Dichlorvos poses a
high risk (RQ > 1) in the Wenyu River, the STPs of Chaoyang
and Miyun Districts. Similarly, omethoate poses a medium
risk at all sampling points, while ametryn poses a medium risk
in the Wenyu River (RQ > 0.1). However, omethoate poses no
risk to the ecological environment as per the study by Triassi
et al. (2019). Meanwhile, atrazine, diazinon, metalaxyl, and
propazine all pose negligible risk (RQ < 0.01). Compared with
coastal waters around Liaodong Peninsula, as an herbicide
known to effect algae, atrazine poses a high risk (RQ > 1) to
algae (Xie et al. 2019); the same was observed in Taihu Lake
wetland, China (Qu et al. 2011).

Based on the above analysis, the pesticides in the Wenyu
River have a greater impact on the ecological environment,
while those in groundwater and the hospital have low impact
on the surrounding ecological environment. Furthermore, hos-
pitals are places with high population densities, more patho-
gens, and strong viral infectivity. The concentration of
omethoate in hospital sewage discharge is high; thus, it is a
potential hazard to the surrounding environment (Xu et al.
2019), such as Kunming lake and groundwater.

Additionally, the source of pesticide pollution should be iden-
tified and the pesticide discharge should be controlled.
Therefore, further investigation on the risk assessment of
mixed pesticides to aquatic species and human health is ur-
gently required.

Health risk assessment

In many rural areas of China, shallow groundwater serves as a
direct drinking water source. With the development of the
agricultural economy and the wider use of agricultural
chemicals, the risk of pesticide pollution in groundwater is
increasing (Yang et al. 2017). Hence, a health risk assessment
for the groundwater of the contaminated sites is necessary. In
this study, typical pesticides detected with high values in the
sampling points were selected and used for the noncarcino-
genic health risk assessment model. The noncarcinogenic
risks of ametryn, atrazine, diazinon, dichlorvos, metalaxyl,
omethoate, and propazine are shown in Table 4.

When the noncarcinogenic risk value is lower than 1, there is
no apparent danger to human health (Yang et al. 2017). As
shown in Table 4, the noncarcinogenic risk values of omethoate
in groundwater to children and adults are 3.488E-03 and 2.20E-
01, respectively, while the total risk was 0.2. Thus, the total risk is
lower than 1, indicating that there is no apparent danger to human
health. The overall noncarcinogenic risks to children and adults
decreased in the following order: omethoate > atrazine >
metalaxyl > propazine > ametryn of groundwater. The HQs for
children ranged from 3.4888E-03 to 1.59E-07 and from 2.20E-
01 to 1.004E-05 for adults. By definition, the noncarcinogenic
risks for the individual pesticides were lower than the total non-
carcinogenic risks. Therefore, each pesticide poses insignificant
to no potential health risks to humans at the concentrations found
in the assessed groundwater. The results also indicate that the
noncarcinogenic risks of ametryn and propazine were much
lower than those of atrazine and omethoate. Therefore,
omethoate was the chief contaminant at this site and more
attention should be paid to the remediation of omethoate in the
future. Our results are in agreement with those of Xie et al. (2019)
and Papadakis et al. (2015).

Table 4 Human health risk

assessment results (HQ) for se- District Compound ~ MEC » CDI RD HQ
lected pesticides in groundwater (ng L)
Children Adult Children Adult
Groundwater ~ Ametryn 5.50E-08 1.147E-08  7.232E-07 0.072 1.59E-07 1.00E-05
Atrazine 5.14E-06 1.072E-06 ~ 6.755E-05  0.009 1.191E-04 7.51E-03
Metalaxyl 5.37E-06 1.12E-06 7.059E-05 0.03 3.733E-05 2.35E-03
Omethoate  3.34E-06 6.977E-07 4.397E-05 0.0002 3.488E-03 2.20E-01
Propazine 3.33E-07 6.947E-08 4.379E-06  0.02 3474E-06 2.19E-04
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Conclusions

This paper reported the occurrence of pesticides in the surface
water of the Wenyu River, groundwater, and hospital samples,
as well as their fates in STPs in Beijing. An analysis showed
that atrazine, dichlorvos, and metalaxyl were detected in all
water body samples, typically ranging from a few ng/L to
hundreds of ng/L. Compared with CAST technology (STP
in Chaoyang District) and A/O technology (STP in Haidian
District), A%/O technology seems to be more effective for the
removal of detected pesticides, except omethoate.
Furthermore, the ecological risk assessment revealed that di-
chlorvos and omethoate could pose a threat to the aquatic life,
particularly dichlorvos in the three water bodies. Taking this
into consideration, the sources of pesticides and the potential
risk posed by mixed pesticides to the aquatic ecosystem and
human health in densely populated cities require further inves-
tigation. The results of this study can provide some help for
water resource managers and regulatory issues, such as mon-
itoring, control, and management of organophosphorus pesti-
cides in the future.
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