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• PAHs, Cl-PAHs, Br-PAHs and OPAHs
were ﬁrst found to coexist in efﬂuents
of WWTPs.
• Three Cl-PAHs and 7 Br-PAHs were ﬁrst
identiﬁed in efﬂuents of WWTPs.
• HPAHs and OPAHs likely arose from
transformations occurring during chlorination.
• PAHs and their derivatives cause longterm hazards to aquatic ecosystems.
• 6-Br-BaP, 1,8-diBr-Pyr and 1,6-diBr-Pyr
posed high ecological risk (ﬁsh) in
HPAHs.
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a b s t r a c t
In this study, we investigated the concentration distribution of parent polycyclic aromatic hydrocarbons (PAHs)
and their derivatives in the efﬂuents of 5 municipal wastewater treatment plants (WWTPs) in Beijing, China for
eight months. We ﬁrst identiﬁed the coexistence of PAHs, chlorinated PAHs (Cl-PAHs), brominated PAHs (BrPAHs) and oxygenated PAHs (OPAHs) in the efﬂuents of WWTPs. Three Cl-PAHs and 7 Br-PAHs were ﬁrst
found. The total concentrations of PAHs, Cl-PAHs, Br-PAHs and OPAHs ranged from 8.99–88.38, n.d.–5.70, n.d.–
13.11 ng L−1 and 15.47–106.92 ng L−1, respectively. In terms of temporal distributions, the total concentrations
of PAHs and OPAHs presented a decreasing trend from April to November and the total concentrations of Cl-PAHs
and Br-PAHs ﬂuctuated at lower levels. These results indicated that these compounds will be long-term
discharged into the receiving river. In addition, Cl-PAHs, Br-PAHs and OPAHs were likely generated by transformations occurring during chlorination disinfection. For ecological risk assessment, risk quotients of 6 compounds,
indeno[1,2,3-cd] pyrene, benzo[g,h,i]perylene, dibenz[a,h]anthracene, 6-bromobenzo[a]pyrene, 1,8dibromopyrene and 1,6-dibromopyrene, were thought to indicate high ecological risk (ﬁsh). Furthermore, ClPAHs, Br-PAHs and OPAHs in the efﬂuents of WWTPs can cause more serious environmental hazards than the
corresponding PAHs.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction
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The scarcity of available water sources has become a serious threat
to the development of human societies worldwide (Shannon et al.,
2008; Zhang et al., 2016). In China, the government has been focusing
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were studied in the efﬂuents of WWTPs for the ﬁrst time. Using concentration compositions and statistical analyses, their sources were preliminarily determined. Furthermore, the ecological risks of the detected
compounds were evaluated, and their environmental hazards were further revealed.

on water quality standards and the treatment of wastewater. According
to statistical results, wastewater treatment capacity in Beijing, China
was increased to 6.8 million m3 d−1 in 2019, up from 0.2 million m3
d−1 in 1978, and the wastewater treatment rate reached 94.5% in
2019 (Beijing statistical yearbook, 2020). Although the water quality in
efﬂuents met the wastewater discharge standard, many organic
micropollutants are outside the scope of the regulations (Verlicchi
et al., 2012; Xiao et al., 2020). To an extent, this has led to the longterm presence of these pollutants in water environments. Discharge of
these micropollutants seriously inﬂuences the growth of aquatic organisms, which leads to damage to aquatic ecosystems.
Parent polycyclic aromatic hydrocarbons (PAHs) are a common pollutant, with ng L−1–μg L−1 concentration levels existing in discharged
efﬂuents. Recent studies have frequently reported the detection of
PAHs in the efﬂuents of municipal wastewater treatment plants
(WWTPs) (Manoli and Samara, 2008; Mezzanotte et al., 2016; Ozaki
et al., 2015; Qiao et al., 2018; Wlodarczyk-Makula et al., 2003; Zhang
et al., 2019). The long-term presence of PAHs in these efﬂuents has
caused new concerns regarding their inﬂuence on the ecological environment. Additionally, PAH derivatives, including chlorinated PAHs
(Cl-PAHs), brominated PAHs (Br-PAHs) and oxygenated PAHs
(OPAHs), have been detected in tap water, where they arose, mainly,
from transformations of the corresponding PAHs during chlorination
disinfection (Hu et al., 2006; Liu et al., 2019; Liu et al., 2020; Xu et al.,
2018). However, a previous study was based on target analysis, which
limited the selection of target compounds analyzed (Qiao et al., 2018).
For example, although up to 9 Cl-PAHs were investigated, these standard compounds were not the dominant transformation products,
e.g., 2-chloronapthalene and 2-chloroanthrancene produced during
chlorination disinfection. Therefore, these standards cannot reﬂect the
actual existence of chlorinated PAHs. Our previous study used the
method of non-target analysis and revealed the formation of 39 transformation products of PAHs during chlorination (Liu et al., 2020). Chlorinated acenaphthene, pyrene and benzo[a]pyrene accounted for a large
proportion of Cl-PAHs. However, Br-PAHs and OPAHs can also be further dominant among transformation products due to the common existence of bromide ions (Br−) in natural water (Heeb et al., 2014; Liu
et al., 2020; Magazinovic et al., 2004). Accordingly, considering water
conditions and the process used for disinfection of WWTPs efﬂuents,
this group of emerging PAH derivatives was imagined to coexist in efﬂuent discharges. Thus, more PAH derivatives need to be investigated
based on the transformation mechanisms operating during chlorination
disinfection.
It must be noted that the long-term discharge of PAHs and their derivatives into the receiving water will destroy the water ecosystem. Ecological risk assessment is essential for evaluating the inﬂuence of these
pollutants. In a previous study, Ohura et al. reported that halogenated
PAHs (HPAHs) can induce the activity of aryl hydrocarbon receptor
(AhR). However, these HPAHs generally require high effective concentrations (EC50) for the 50% test organism. For example, the EC50 of 6bromobenzo[a]pyrene (6-Br-BaP) was 533 times higher than that of
BaP (Ohura et al., 2009). This implies that these HPAHs pose small
health hazards, but their environmental hazards can be underestimated.
In addition, these HPAHs have higher octanol-water partition coefﬁcients (Kow) due to the presence of substituent halogen atoms (Sun
et al., 2013). In an ecological risk assessment, Log Kow is an important
negative parameter for predicting the acute toxicity. Thus, these
HPAHs can seriously affect the water ecosystem. Based on the above
considerations, the environmental hazards of PAH derivatives in the efﬂuents of WWTPs need to be evaluated.
The objective of this study was to investigate the concentration level,
temporal distributions and ecological risks assessment of PAHs, ClPAHs, Br-PAHs and OPAHs in the efﬂuents of WWTPs. Fifty-seven relevant standard compounds were selected based on the possible products
of PAH during chlorination, as reported in previous studies (Liu et al.,
2020; Xu et al., 2018). Among these, most Cl-PAHs and all Br-PAHs

2. Methods and materials
2.1. Chemical reagents
Fifty-seven reference standards, including those for 16 PAHs, 21 ClPAHs, 16 Br-PAHs and 4 OPAHs, were purchased from different manufacturers or synthesized in our laboratory. The conﬁrmation of 11 synthesized standards was performed as described in our previous study
(Liu et al., 2020; Xu et al., 2018). Details regarding names, abbreviations,
formulas, CAS numbers, mass weights, and manufacturer information
are shown for 57 compounds in the Supporting Information (SI),
Table S1. Other reagents related to the pretreatment are described in
SI Text S1.
2.2. Sample collection
Five WWTPs were located in Beijing, China, namely, WWTPs B, G, J, Q
and X. The proﬁles of the 5 WWTPs are shown in SI Table S2. Sampling
sites were set up at the outlets of efﬂuents (wastewater discharge
points) from the 5 WWTPs (Fig. 1). Efﬂuent samples from WWTPs
were collected in each month from April to November 2019. Water
quality parameters of each sample, including pH, temperature and
conductivity and dissolved oxygen were measured on site by a portable
multiparameter water quality analyzer (HACH, Loveland, CO, USA) (SI
Table S3). Then, the samples were stored in 4 L of amber glass
bottles without headspace, transferred to the laboratory, and ﬁnally
refrigerated at 4 °C in the dark until pretreatment, which occurred
within 24 h.
2.3. Analytics
The sample preparation and instrumental analysis methods were
described in a previous study (Liu et al., 2019). In brief, all efﬂuent samples were ﬁltered through a 0.7 μm glass ﬁber ﬁlter membrane
(Millipore, Billerica, MA, USA). Each sampling site was analyzed in duplicate. Filtered water (2 L) for each sample was spiked with surrogate
standard (phenanthrene-d10), and were treated using solid-phase extraction (SPE) with Supelclean™ LC-18 cartridges (500 mg, 6 mL,
Supelco, Bellefonte, PA, USA) that had been successively preconditioned
with 5 mL of dichloromethane, methanol and ultrapure water. The cartridges were eluted with 10 mL of dichloromethane, and then dried
with anhydrous sodium sulfate. The crude extracts were exchanged
with n-hexane and ﬁnally concentrated to 0.5 mL using high purity nitrogen (purity > 99.99%) for gas chromatography–mass spectrometry
(GC–MS) analysis.
The quantiﬁcation of PAHs and their derivatives was implemented
by an Agilent 6890 gas chromatograph equipped with an Agilent
5975C quadrupole mass-selective detection system (Santa Clara, CA,
USA). The column was DB-5MS (30 m × 0.25 mm × 0.25 μm, Agilent).
The oven temperature was programmed: initial 60 °C (held for 2
min), heating to ﬁnal 300 °C at a rate of 10 °C min−1 (held for 10
min). Helium was used as the carrier gas with a ﬂow rate of 1.0 mL
min−1 in constant ﬂow mode. The injection volume for all the samples
was 1 μL under splitless mode. Quantiﬁcation analysis was performed
under SIM mode.
2.4. QA/QC
The mean recovery of Phe-d10 as a surrogate standard was
77.58 ± 16.42% (n = 80). The performance of the method was
2
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Fig. 1. Distribution of sampling sites at 5 WWTPs in Beijing, China.

evaluated using the linear range and residual square (R2) value for
external quantiﬁcation. The R 2 values ranged from 0.99050 to
0.99999. Limits of detection (LODs) and limits of quantiﬁcation
(LOQs) were deﬁned with a signal-to-noise ratio (S/N) of 3 and
10, respectively. In this study, LODs were controlled at 0.1–1.0 ng
mL−1, and LOQs were controlled at 0.1–5.0 ng mL−1. The recoveries
of all target compounds ranged from 62.42% to 120.78%, as described in our previous studies (Liu et al., 2021), which indicated
that this method achieved the excellent recovery for all target compounds. Combining with these parameters, this method can reﬂect
the real concentration levels of target compounds in efﬂuents of
WWTPs. Detailed QA/QC experimental parameters are listed in SI
Table S4.

Table S5. Minimum values for test organisms were deﬁned to calculate
the PNEC value.
RQ ¼ MEC or PEC=PNEC

ð1Þ

PNECA ¼ EC50 or LC50 =AF

ð2Þ

PNECC ¼ ChV=AF

ð3Þ

where PNEC represents the PNECA or PNECC; AF represents the assessment factor; and 1000 was selected as the AF value, based on conservative considerations.
In general, RQ > 1 indicates high ecological risk, 0.1 ≤ RQ ≤ 1 indicates medium ecological risk, and RQ < 0.1 indicates low ecological
risk (Hernando et al., 2006).

2.5. Calculation of risk quotient

3. Results and discussion

The risk quotient (RQ) is a classical method for evaluating the impact
of individual compounds on aquatic organisms (Cao et al., 2020). In this
study, RQ was used to evaluate the ecological risk that PAHs and their
derivatives brought to water ecosystems. According to Eq. (1), the RQ
value can be calculated from the ratio of the measured environment
concentration (MEC) or predicted environmental concentration (PEC)
to the predicted no-effect concentration (PNEC) (Hernando et al.,
2006; Lin et al., 2020). We used the MEC to calculate RQ values because
of the acquisition of all the actual data. PNEC values for both acute toxicity (PNECA) and chronic toxicity (PNECC) were calculated by
Eqs. (2) and (3) (Lin et al., 2020). PNECA was calculated by EC50 for
50% test organism or lethal concentration (LC50) for 50% test organism;
PNECC was calculated with chronic value (ChV). The EC50, LC50 and ChV
values for three test organisms, ﬁsh, daphnids and green algae were all
from the ECOSAR database (USEPA, 2017), and are detailed in SI

3.1. Occurrence
Of 57 target compounds, 30 PAHs and their derivatives were detected, including 15 PAHs, 5 Cl-PAHs, 7 Br-PAHs and 3 OPAHs. The statistical results for 30 detected compounds are shown in Table 1. For
PAHs, the detection rates of Nap, Acy, Ace, Flu, Phe, Ant, Flt and Pyr
reached 100%. For Cl-PAHs, the detection rate of 5,6-diCl-Ace was
highest (43%), followed by 3-Cl-Ace (40%). For Br-PAHs, the detection
rates of all compounds were lower than 50%. The detection rate of
9,10-diBr-Ant was the highest (43%), followed by 1-Br-Pyr (35%).
Three detected OPAHs had high detection rates, namely Acn (100%),
9,10-Anq (100%) and BaAQ (90%). In addition, the total concentrations
of PAHs, Cl-PAHs, Br-PAHs and OPAHs ranged from 8.99–88.38,
3
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Table 1
Statistical results for 30 detected compounds.
Category

Compound

Abbreviation

Detection

Mean ± SD (ng L−1)

Median (ng L−1)

Range (ng L−1)

PAHs

Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benz[a]anthracene
Chrysene
Benzo[a]pyrene
Benzo[e]pyrene
Indeno[1,2,3-cd]pyrene
Benzo[g,h,i]perylene
Dibenz[a,h]anthracene

100%
100%
100%
100%
100%
100%
100%
100%
55%
93%
45%
48%
20%
28%
3%

Cl-PAHs

3-Chloroacenaphthene
5-Chloroacenaphthene
5,6-Dichloroacenaphthene
9-Chlorophenanthrene
9-Chloroanthracene

Br-PAHs

1-Bromonaphthalene
5-Bromoacenaphthene
9,10-Dibromoanthracene
1-Bromopyrene
1,6-Dibromopyrene
1,8-Dibromopyrene
6-Bromobenzo[a]pyrene

OPAHs

1-Acenaphthenone
9,10-anthraquinone
Benz[a]anthracene-7,12-dione

Nap
Acy
Ace
Flu
Phe
Ant
Flt
Pyr
BaA
Chry
BaP
BeP
Ipy
BPE
DBA
ΣPAHs
3-Cl-Ace
5-Cl-Ace
5,6-diCl-Ace
9-Cl-Phe
9-Cl-Ant
ΣCl-PAHs
1-Br-Nap
5-Br-Ace
9,10-diBr-Ant
1-Br-pyr
1,6-diBr-Pyr
1,8-diBr-Pyr
6-Br-BaP
ΣBr-PAHs
Acn
9,10-Anq
BaAQ
ΣOPAHs

9.12 ± 7.15
0.80 ± 0.53
0.81 ± 0.41
2.90 ± 2.12
11.19 ± 7.73
1.21 ± 1.02
5.31 ± 2.77
1.28 ± 0.67
0.11 ± 0.14
0.55 ± 0.40
0.28 ± 0.44
0.03 ± 0.06
0.51 ± 1.07
0.77 ± 1.27
0.07 ± 0.45
34.94 ± 19.57
0.59 ± 0.78
0.02 ± 0.15
0.42 ± 0.62
0.38 ± 0.58
0.002 ± 0.01
1.41 ± 1.33
0.39 ± 1.20
0.16 ± 0.79
0.11 ± 0.22
0.51 ± 0.90
0.26 ± 0.70
0.12 ± 0.56
0.24 ± 0.50
1.81 ± 2.86
7.82 ± 3.86
35.86 ± 18.16
2.85 ± 1.28
46.53 ± 20.40

7.39
0.59
0.75
2.57
10.22
0.69
4.24
1.13
0.05
0.51
n.d.
n.d.
n.d.
n.d.
n.d.
31.1
n.d.
n.d.
n.d.
n.d.
n.d.
1.09
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
1.00
6.28
33.48
2.84
45.49

0.86–34.04
0.18–2.52
0.17–1.90
0.22–9.04
1.97–36.56
0.19–3.99
1.34–11.05
0.43–3.25
n.d.–0.52
n.d.–1.69
n.d.–1.54
n.d.–0.24
n.d.–4.00
n.d.–3.28
n.d.–2.87
8.99–88.38
n.d.–2.31
n.d.–0.97
n.d.–2.42
n.d.–1.67
n.d.–0.09
n.d.–5.70
n.d.–6.52
n.d.–4.81
n.d.–0.82
n.d.–3.71
n.d.–3.24
n.d.–3.61
n.d.–2.08
n.d.–13.11
1.62–18.28
10.83–88.70
n.d.–5.27
15.47–106.92

40%
3%
43%
33%
3%
15%
5%
43%
35%
23%
15%
25%
100%
100%
90%

n.d.–5.70, n.d.–13.11 ng L −1 and 15.47–106.92 ng L −1 , respectively. And the mean total concentrations (mean ± standard derivation (SD)) of PAHs, Cl-PAHs, Br-PAHs and OPAHs was 34.94 ±
19.57, 1.41 ± 1.33, 1.81 ± 2.86 ng L −1 and 46.53 ± 20.40 ng L −1 .
In this research, we found the coexistence of PAHs, Cl-PAHs, Br-PAHs
and OPAHs in the efﬂuents of WWTPs for the ﬁrst time. A comparison of
historical data on the total concentrations of PAHs and their derivatives
in WWTPs in Beijing, China, is shown in Table 2. These results indicated
that PAHs were ubiquitous in the efﬂuents of WWTPs worldwide and
presented Σ16PAHs the concentrations as 14.9–2240.4 ng L−1. The results of this study showed data with relatively low values. Compared
to the results of WWTPs in Beijing, China in recent years, the value for
Σ16PAHs decreased from 834 ng L−1 in 2010 to 135 ng L−1 in 2017
(Qiao et al., 2018; Qiao et al., 2021; Qiao et al., 2014a; Qiao et al.,

2014b). In terms of efﬂuents, our results showed relatively lower concentrations in 2019. This indicated that the values of ΣPAHs decreased
over time. For ΣCl-PAHs, our results were lower than previous results
obtained in 2015. This was because the selection of sampling sites was
more focused on the receiving river (four of ﬁve sampling sites were
at the receiving river in 2015). HPAHs from atmospheric deposition
can inﬂuence the types of compounds found, as shown by the occurrence of 2-Cl-Ant and 9-Cl-Phe at higher concentrations. These 2 compounds have been identiﬁed in ﬂy ash and ambient particle samples,
which were completely different from the products arising from chlorination disinfection (Altarawneh et al., 2019; Jin et al., 2017; Ohura et al.,
2009). In addition, 3-Cl-Ace, 5-Cl-Ace and 5,6-diCl-Ace were ﬁrst detected in the efﬂuent of WWTPs. Br-PAHs were also found ﬁrst in the investigations of WWTPs. Although ΣBr-PAHs was at a low concentration

Table 2
Comparison of historical data on the total concentration of PAHs and their derivatives in WWTPs in Beijing, China.
Year

ΣPAHsa (ng L−1)

ΣCl-PAHs (ng L−1)

ΣBr-PAHs (ng L−1)

ΣOPAHs (ng L−1)

Location

Reference

2005
2005–2006
2005–2008
2008
2010
2011
2011–2012
2009–2016
2010-Efﬂuent
2011-Efﬂuent and river
2013-Efﬂuent
2015-Efﬂuent and river
2017-Receiving river
2019-Efﬂuent

120–630
43.5
50–195
129.2, 261.1b
146.8
2240.4
14.9, 63.3c
864
834 ± 76
588 ± 238
485 ± 21
321 ± 92
135 ± 74
34.94 ± 19.57

–
–
–
–
–
–
–
–
–
–
–
60 ± 13
–
1.41 ± 1.33

–
–
–
–
–
–
–
–
–
–
–
–
–
1.81 ± 2.86

–
–
–
–
–
–
–
–
192 ± 19
130 ± 25
115 ± 5
192 ± 54
119 ± 62
46.53 ± 20.40

Korea
Hiroshima Prefecture, Japan
Italy
Tai'an, China
Zhejiang, China
Hefei, China
Hong Kong, China
Harbin, China
Beijing, China
Beijing, China
Beijing, China
Beijing, China
Beijing, China
Beijing, China

(Lee et al., 2011)
(Ozaki et al., 2015)
(Fatone et al., 2011)
(Tian et al., 2012)
(Yao et al., 2012)
(Wang et al., 2013)
(Man et al., 2017)
(Sun et al., 2018)
(Qiao et al., 2018)
(Qiao et al., 2014a)
(Qiao et al., 2014b)
(Qiao et al., 2018)
(Qiao et al., 2021)
This study

a
b
c

ΣPAHs data represent the sum of 16 PAHs.
The two concentration data were from two different months (May, November).
The two concentration data were from two WWTPs.
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level, nine detected compounds indicated that Br-PAHs existed widely
in the efﬂuents of WWTPs and could cause serious ecological effects.
ΣOPAHs had the highest concentration in this study but it was still
lower than those in previous studies (Qiao et al., 2018; Qiao et al.,
2021). There are two main reasons for this result: i) as with the ClPAHs, the selection of sampling sites was different. OPAHs in atmospheric particles have become the source of these compounds in receiving rivers, which lead to the lower concentration of ΣOPAHs compared
to previous study; ii) OPAHs can arise from the transformations of PAHs
and the release of coatings in water pipes (Liu et al., 2020; Tillner et al.,
2013). Thus, the decrease in ΣPAHs reduces the ﬁrst source of PAHs for
subsequent transformation but cannot prevent the second. This is also
the main reason that ΣOPAHs was higher than ΣPAHs.
3.2. Distribution
3.2.1. Temporal distribution
The temporal trends of ΣPAHs, ΣCl-PAHs, ΣBr-PAHs and ΣOPAHs in
the efﬂuents of 5 WWTPs in Beijing, China, are shown in Fig. 2. In terms
of PAHs and OPAHs, the total concentrations exhibit a decreasing trend
as a function of month for all 5 WWTPs. However, relatively higher concentrations still existed in some months, including June for WWTPs B, G,
J and X and September for all 5 WWTPs. For Cl-PAHs and Br-PAHs, the
total concentrations ﬂuctuated at low levels. Cl-PAHs had higher concentration levels in May of WWTP G, and Br-PAHs levels were higher
in April for WWTP Q and in June for WWTP X.
In terms of temporal distribution, the observed results were the
same as those from a previous study and indicated that the levels of
ΣPAHs, ΣCl-PAHs and ΣOPAHs in April were much higher than those
in November (Qiao et al., 2017). The previous author discussed the
fact that PAHs exhibited low concentration levels, probably due to the
transition from coal to clean energy sources, which could be the reason
for this observation in 2015 (Qiao et al., 2017; Wang et al., 2011). We
ﬁrst monitored the temporal distributions of efﬂuents in 5 WWTPs for
8 months. ΣOPAHs and ΣPAHs were signiﬁcantly higher than ΣClPAHs and ΣBr-PAHs. This was consistent with the results of a previous
study (Qiao et al., 2017). However, the continual decreasing trend for
total concentration showed that the energy transition can only be partially responsible. In addition, we calculated the Pearson's correlation
coefﬁcients of ΣPAHs, ΣCl-PAHs, ΣBr-PAHs, ΣOPAHs and 4 water quality
parameters, and the results are shown in SI Fig. S1. The results indicated
that temperature has certain positive correlations with ΣPAHs (0.4409,
p < 0.05), ΣCl-PAHs (0.4594, p < 0.05), ΣBr-PAHs (0.2655, p < 0.05),
ΣOPAHs (0.5954, p < 0.05). Five WWTPs all have biological treatment
process and disinfection process (Ozone and NaClO), as shown in SI
Table S2. This implies that treatment processes, such as biotransformation and chemical reaction, were inﬂuenced by temperature and affected the efﬂuent concentrations of these compounds (Heeb et al.,
2014; Qiao et al., 2016; Ren et al., 2007).
It should be noted that these PAHs and their derivatives existed in
the efﬂuents in all sampling months. This indicated that these compounds will be long-term discharged into the receiving river, and can
cause hazards to aquatic ecosystem.
3.2.2. Source analysis
To trace the source of PAHs and their derivatives. Concentration
compositions of PAHs, HPAHs and OPAHs in efﬂuents from 5 WWTPs
were monitored from April to November, and the results are shown in
Fig. 3. PAHs with two and three rings constitute a large proportion of
the total. The maximum proportions of Phe and Nap reached 48% and

Fig. 2. Temporal trends of ΣPAHs, ΣCl-PAHs, ΣBr-PAHs and ΣOPAHs in efﬂuents of 5
WWTPs in Beijing, China (from April to November 2019). Total concentrations of PAHs,
Cl-PAHs, Br-PAHs and OPAHs were summed by average concentration of each compound
at each sampling sites according to the classiﬁcation of compounds, respectively.
5
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Fig. 3. Concentration compositions of PAHs (top), HPAHs (middle) and OPAHs (bottom) from 5 WWTPs from April to November. For PAHs, blue pattern indicates PAHs with two rings;
yellow pattern indicates PAHs with three rings; orange pattern indicates PAHs with four rings; brown pattern indicates PAHs with ﬁve or more rings. For HPAHs, green and red patterns
indicate Cl-PAHs and Br-PAHs, respectively. For OPAHs, light grey, medium grey and charcoal grey patterns indicate Acn, 9,10-Anq and BaAQ, respectively. Blank columns mean the not
detected sampling sites.

For HPAHs and OPAHs, our previous study reported that 5,6-diClAce, 3-Br-Flt, 1-Br-Pyr, 6-Br-BaP and 9,10-Anq were the dominant pollutants in tap water. The source was primarily inferred to be chlorination disinfection. The concentration composition was similar with that
in this study, in which 5,6-diCl-Ace and 9,10-Anq still exhibited larger
proportions relative to other compounds. Additionally, 1-Br-Nap, 5-Br-

46%, respectively; among PAHs with four rings, Flt and Pyr accounted for
29% and 12% of the total, respectively; among PAHs with ﬁve or more
rings, Ipy, BPE and DBA accounted for 11%, 10% and 8%, respectively. It
should be noted that PAHs with ﬁve or more rings have a larger proportion in WWTP G in June and WWTP J in October, relative to their levels
for other WWTPs in other months, and this needs to be considered further. For HPAHs, the proportions of Cl-PAHs were slightly higher than
those of Br-PAHs. 5,6-diCl-Ace, 3-Cl-Ace and 9-Cl-Phe together
accounted for a large proportion of Cl-PAHs. However, the proportions
of Br-PAHs were relatively balanced. 1-Br-Nap, 1-Br-Pyr, 1,6-diBr-Pyr,
and 6-Br-BaP exhibited a certain dominant proportion, such as for
WWTP J in November and WWTP X in June. For OPAHs, 9,10-Anq dominated in all months and at all WWTPs, followed by Acn.
A previous study revealed that PAHs with three and four rings were
the most abundant compounds in the efﬂuent of WWTPs (Qiao et al.,
2018). Ozaki et al. reported that Phe, Flt and Pyr accounted for a large
proportion of the efﬂuents of WWTPs (Ozaki et al., 2015). These results
were all in accordance with those of this study. In addition, the prior
studies indicated that combustion and petroleum were the sources of
PAHs. We similarly calculated the PAH isomer ratios, as shown in
Fig. 4. Although combustion is also presented as the source, this method
is based on the proportions of Phe, Ant, Flt and Pyr. From SI Table S2, we
ﬁnd that the 5 WWTPs use chlorination disinfection treatments process.
Our previous study reported that Ant and Pyr have more signiﬁcantly
reactivity with HOCl, as compared to Phe and Flt (Liu et al., 2020; Xu
et al., 2018). This indicated that the lower concentrations of Ant and
Pyr result from the combustion sources as well as chlorination disinfection. Thus, the sources of PAHs need to be explored.

Fig. 4. PAH isomer ratios in 5 WWTPs from April to November.
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Fig. 5. Ecological risk distribution in efﬂuents of 5 WWTPs in Beijing, China (from April to November 2019). The compounds were ranked from top to bottom according to RQ values. The
left graph shows acute toxicity data, and the right graph shows chronic toxicity data.

Ace and 9,10-diBr-Ant all show certain proportions. To explore the
sources of HPAHs and OPAHs, cluster analyses of individual HPAHs
and OPAHs were performed, as shown in Fig. S2. These results indicated
that 1,6-diBr-Pyr, 1,8-diBr-Pyr and 6-Br-BaP share the same source. In
addition, 5-Cl-Ace, 9-Cl-Ant, 9,10-diBr-Ant also share the same source.
Except for Ant derivatives, these compounds were identiﬁed to be the
main transformation products of Ace, Pyr and BaP during chlorination
disinfection in water containing bromide ions (Liu et al., 2020). Notably,
6-Br-BaP and 6-Cl-BaP have a higher proportion as the source of HPAHs
is atmosphere (Ohura et al., 2009). 4-Br-Pyr occurs in ﬂy ash samples
(Jin et al., 2017). However, 4-Br-Pyr was not detected in all samples.
ΣOPAHs also have positive correlations with ΣPAHs, ΣCl-PAHs, and
ΣBr-PAHs. The Pearson's correlation coefﬁcient between ΣOPAHs and
ΣPAHs reached 0.6101 (p < 0.05). Therefore, HPAHs and OPAHs are
more likely transformation products resulting from chlorination
disinfection.

3.3. Ecological risk assessment
The results of RQ calculated from acute and chronic toxicity data are
shown in Fig. 5. In terms of acute toxicity data, 6 compounds including 3
PAHs and 3 Br-PAHs, had RQ values exceeding 0.1, which indicates medium ecological risk to daphnid. Ipy had the highest RQ value (0.33),
followed by BPE (0.27), 6-Br-BaP (0.26), 1,8-diBr-Pyr (0.24), DBA
(0.24) and 1,6-diBr-Pyr (0.22). No RQ values exceeded 1.0. However,
for chronic toxicity data, the RQ values of 6 compounds, Ipy (2.00),
BPE (1.64), DBA (1.44), 6-Br-BaP (1.40), 1,8-diBr-Pyr (1.20), and 1,6diBr-Pyr (1.08), were more than 1.0, which indicates high ecological
risk to ﬁsh. The RQ values of 7 compounds, 1-Br-Pyr (0.29), BaP
(0.26), Phe (0.25), Flt (0.21), 5,6-diCl-Ace (0.12), 9,10-diBr-Ant (0.10),
and 5-Br-Ace (0.10) were between 0.1 and 1.0, which indicates medium
ecological risk (1-Br-Pyr, BaP, Flt, 5,6-diCl-Ace, 9,10-diBr-Ant, and 5-BrAce for ﬁsh, and Phe for daphnid). Additionally, in terms of temporal

Table 3
RQMax/RQMax-C for individual PAH derivatives.
Compound

1,8-diBr-Pyr
1,6-diBr-Pyr
5,6-diCl-Ace
5-Br-Ace
6-Br-BaP
1-Br-Pyr
9,10-diBr-Ant
3-Cl-Ace
9,10-Anq
5-Cl-Ace
BaAQ
1-Br-Nap
Acn
9-Cl-Phe
9-Cl-Ant

Acute

Compound
a

RQMax

RQMax-C

RQMax/RQMax-C

0.241
0.216
0.021
0.018
0.260
0.054
0.018
0.007
0.013
0.003
0.006
0.004
0.001
0.006
0.000

0.011
0.011
0.002
0.002
0.044
0.011
0.005
0.002
0.005
0.002
0.005
0.006
0.002
0.045
0.005

21.267
19.082
11.264
9.719
5.892
4.743
3.693
3.548
2.639
1.491
1.230
0.688
0.686
0.137
0.070

1,8-diBr-Pyr
1,6-diBr-Pyr
5,6-diCl-Ace
5-Br-Ace
6-Br-BaP
1-Br-pyr
9,10-diBr-Ant
9,10-Anq
3-Cl-Ace
5-Cl-Ace
BaAQ
Acn
1-Br-Nap
9-Cl-Phe
9-Cl-Ant

Chronic
RQMax

RQMax-Ca

RQMax/RQMax-C

1.204
1.080
0.115
0.100
1.404
0.285
0.102
0.094
0.037
0.015
0.035
0.009
0.024
0.034
0.002

0.063
0.063
0.011
0.011
0.257
0.063
0.028
0.028
0.011
0.011
0.028
0.010
0.044
0.254
0.028

19.267
17.287
10.552
9.169
5.460
4.562
3.697
3.409
3.352
1.409
1.287
0.919
0.547
0.134
0.068

a
RQMax-C represents the maximum RQ values of the corresponding PAHs. 1-Br-Nap corresponds to Nap; Acn corresponds to Acy; 3-Cl-Ace, 5-Cl-Ace, 5,6-diCl-Ace and 5-Br-Ace correspond to Ace; 9-Cl-Phe corresponds to Phe; 9-Cl-Ant, 9,10-diBr-Ant and 9,10-Anq correspond to Ant; 1-Br-Pyr, 1,6-diBr-Pyr and 1,8-diBr-Pyr correspond to Pyr; and 6-Br-BaP corresponds to BaP.
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distribution, the highest RQ values were mainly found from April to
September, and the RQ values in October and November were relatively
lower, which corresponded with the trend for total concentrations.
It is obvious that high-ring PAHs including Ipy, BPE and DBA, and BrPAHs including 6-Br-BaP, 1,8-diBr-Pyr and 1,6-diBr-Pyr pose high
ecological risk to ﬁsh, although their concentrations in efﬂuents were
not high. This was because these compounds have lower PNEC values
in the ECOSAR model. Lin et al. reported that the RQ values of BaP in
efﬂuent in Ningbo, China, exhibited a low ecological risk level (Lin
et al., 2020). Jia et al. reported that benzo(k)ﬂuoranthene, BaA and Pyr
had high RQ values in the surface waters of the Yangtze River Delta,
but BPE and Ipy had similarly high risk levels (Jia et al., 2021). These
results indicated that level of high-ring PAHs need to be addressed
due to the serious ecological effects they cause. In addition, HPAHs
with high RQ occupied more positions in the ranking. 6-Br-BaP, 1,8diBr-Pyr, 1,6-diBr-Pyr, 1-Br-Pyr and 5,6-diCl-Ace were ﬁrst identiﬁed
to pose serious ecological risk. Similarly, these HPAHs similarly were
thought to pose the potential health risk in tap water (Liu et al., 2021).
The evaluation of these HPAHs is still being considered due to their serious health and ecological hazards. For OPAHs, the results differed
from the previous hypothesis that 9,10-Anq has a high environmental
concentration. Its PNEC values were relatively lower than those of
PAHs and HPAHs. Qiao et al. evaluated the ecological risk of 9,10-Anq
in the efﬂuents of Beijing, China (Qiao et al., 2020). The RQ values
ranged from 0.2 to 5.9, indicating that 9,10-Anq at high concentrations
should be monitored in the long-term, even though its potential risk
level is presently low.
The ratio of the maximum RQ for individual PAHs derivatives and
the maximum RQ for the corresponding PAHs (RQMax/RQMax-C) is
shown in Table 3. The results indicated that 9 HPAHs and 2 OPAHs
had high RQ values, with the exception of 1-Br-Nap, Acn, 9-Cl-Phe and
9-Cl-Ant. 1,8-diBr-Pyr, 1,6-diBr-Pyr and 5,6-diCl-Ace have the highest
RQMax/RQMax-C values for both acute and chronic toxicity. The RQ values
were 10–20 times higher than those of the corresponding PAHs. This is
the ﬁrst report that these nine HPAHs have higher RQ values than the corresponding PAHs. A previous study revealed that 2-methylnaphthalene
and 9,10-Anq exhibit signiﬁcantly higher risks than their corresponding
PAHs (Qiao et al., 2020). Similarly, 9,10-Anq was predicted to have
higher a RQ value than Ant. Thus, HPAHs and OPAHs in the efﬂuents
of WWTPs can cause serious environmental hazards and need to be
addressed.
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