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A B S T R A C T

Although wastewater treatment plants (WWTPs) can purify wastewater, they also discharge numerous con-
taminants into the environment through effluent discharge and sludge disposal. The occurrence, emission flux,
and risk assessment of traditional pollutants (e.g., heavy metals [HMs]), and emerging pollutants (e.g., per-
fluoroalkyl substances [PFASs] and pharmaceutical and personal care products [PPCPs]) in WWTP emissions are
of important concern. The present study analyzed 17 PFASs, 25 PPCPs, and 8 HMs in influent, effluent, and
excess sludge from six WWTPs along the Yanghe River, North China. Samples were collected during four
sampling campaigns from November 2016 to July 2017. The mean concentrations of PFASs and PPCPs in in-
fluent were 46.4 ng L−1 and 6.57 μg L−1, respectively; while those in effluent were 38.5 ng L−1 and 2.14 μg L−1,
respectively. The highest concentrations of HMs was detected of Zn in influent (2,866 μg L−1) and effluent
(3,960 μg L−1). According to the concentration composition, short-chain PFASs, fluoroquinolones (FQs), and Zn
were the predominant components in both influents and effluents. The mean PFAS and PPCP concentrations in
excess sludge were 5.95 ng g−1 and 3.74 μg g−1 dry weight (dw). Zn was the most abundant HMs in excess
sludge with the concentration range of 156–14,271 μg g−1 dw. The compositions of PFASs, PPCPs and HMs
differed between wastewater and excess sludge. The estimated emission flux of these pollutants was ordered as
HMs > PPCPs>PFASs through effluent discharge and sludge disposal. Sludge disposal discharged more PPCPs
and HMs into the environment than effluent discharge, which was contrary for PFASs. Relative risk of each
pollutant is calculated by comparing the mean effluent concentration with the median effective concentration.
Algae and fish were selected as recipient organisms to calculate the relative risk of 23 selected pollutants towards
aquatic organisms. The highest-risk pollutant was Zn on both algae and fish, while perfluorobutane sulfonate
(PFBS) and atenolol (ATE) posed the lowest risk. In general, HMs (regarded as traditional pollutants) presented
higher risks in effluent, followed by the emerging pollutants (PPCPs and PFASs). Therefore, control of traditional
pollutants should be prioritized in WWTPs in this region. This study presents an overall assessment of the current
status of traditional and emerging pollutants in WWTPs and provides useful information for upgrading waste-
water treatment processes.

1. Introduction

With the growth of urbanization and industrial development, water
consumption and the associated discharge of wastewater and pollutants
into the environment are increasing annually. Large quantities of
wastewater carrying pollutants directly enter natural water bodies or
soils may have the ability to contaminate the local environment and
destroy the wildlife habitats. To address this potential problem, was-
tewater treatment plants (WWTPs) are built as important parts for

purifying wastewater with the urbanization process all over the world.
In China, new WWTPs are rapidly being constructed, the number of
WWTPs has doubled in the last decade, increasing from 1018 plants in
2008 to 2209 plants in 2017. Similarly, annual treatment capacity (i.e.,
the wastewater treatment rate) of WWTPs in China has rapidly in-
creased from 2.56×1010m3 (70.2%) to 4.65× 1010 m3 (94.5%)
(MOHURD, 2017). However, wastewater treatment processes cannot
completely remove all pollutants, and large amounts of traditional and
emerging pollutants may enter rivers or soils through effluent discharge
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and sludge disposal (Ahmed et al., 2017; Rodriguez-Mozaz et al., 2015),
where they may threaten the health of wildlife (McCallum et al., 2017).

The occurrence and toxicological effects of heavy metals (HMs),
regarded as traditional pollutants, have been studied for many decades
(Lu et al., 2015). Whereas, emerging pollutants (including per-
fluoroalkyl substances [PFASs] and pharmaceutical and personal care
products [PPCPs]) have more recently caused widespread concerns due
to their persistence in the environment and adverse effects on both
wildlife and humans (Zareitalabad et al., 2013; Liu and Wong, 2013). In
PFASs (which are synthetic organic compounds), hydrogen atoms in
hydrocarbon groups are completely replaced by fluorine atoms. Hence,
PFASs have the dual characteristics of hydrophobicity and lipophobi-
city, as well as high chemical stability, and are widely used in various
coating materials and aqueous film-forming foams (Giesy and Kannan,
2002; Wang et al., 2017). Consequently, PFASs are globally distributed
in water, soils, sediments, dust, and biota (Giesy and Kannan, 2001),
particularly in the vicinities of factories and WWTPs (Gebbink et al.,
2017; Liu et al., 2016). Another group of emerging contaminants,
PPCPs, includes a broad range of chemicals which are employed to treat
human and veterinary diseases or maintain personal hygiene (Daughton
and Ternes, 1999). However, PPCPs cannot be completely metabolized
by humans or animals and therefore may enter WWTPs through sewage
pipe networks (Ternes et al., 2004).

Wastewater treatment plants serve as a barrier to purify wastewater
and prevent pollutants from directly entering the environment.
Worldwide researchers have made intensive efforts to determine the
occurrence, environmental behavior and mass load of HMs, PFASs and
PPCPs in WWTPs from different countries or regions, including the
United States (US) (Hu et al., 2016; Mohapatra et al., 2016), European
Union (Eriksson et al., 2017; Hargreaves et al., 2017; Papageorgiou
et al., 2016), Australia (Gallen et al., 2018; Roberts et al., 2016), South
Korea (Kwon et al., 2017; Subedi et al., 2014), and China (Chen et al.,
2018; Zhang et al., 2018). However, the ecological risks of these pol-
lutants in effluents on aquatic organisms are less well understood. In the
northern part of China, effluent from WWTPs is directly discharged into
the receiving rivers and in some cases is the primary water source of a
river, especially in urban rivers (Zhou et al., 2017).

The removal efficiencies of emerging pollutants are different among
WWTPs, which are occasionally low and may even be negative (Ben
et al., 2018; Chen et al., 2017). The negative removal efficiencies were
probably due to the transformation of conjugated forms to free forms
(Ashfaq et al., 2017; Subedi and Kannan, 2015) or potential bio-
transformation of upstream precursors (Chen et al., 2017). Therefore,
there is an urgent need to evaluate the risk of these pollutants to aquatic
organisms inhabiting receiving waters. Moreover, the majority of the
previous studies have focused on only one type of pollutants, and hence
no systematic analyses have been conducted to compare the risks of
different types of pollutants together. It can be difficult to identify high-
risk pollutants, and therefore, development of targeted control strate-
gies based on cost and technology is limited. Hence, it is of great sig-
nificance to analyze both emerging pollutants (PFASs and PPCPs) and
traditional pollutants (HMs) in different WWTPs and rank the relative
ecological risks posed to aquatic organisms.

In this study, a one-year survey was conducted to investigate the
occurrence, emission flux, and ecological risks of PFASs, PPCPs, and
HMs in six WWTPs distributed along the Yanghe River which located in
a northern city of China. The objectives of this study were: 1) to in-
vestigate the contamination levels of PFASs, PPCPs, and HMs in in-
fluent, effluent, and excess sludge in six different WWTPs along the
Yanghe River; 2) to estimate the emission flux of PFASs, PPCPs, and
HMs through effluent discharge and sludge disposal from the WWTPs,
and; 3) to identify high-risk pollutants in effluent for algae and fish. The
results from this study will present an overall assessment of the current
status of traditional and emerging pollutants in WWTPs in China, and

give useful information for upgrading wastewater treatment processes
globally.

2. Methods and materials

2.1. Chemicals and reagents

A total of 50 analytes (i.e., 17 PFASs, 25 PPCPs, and 8 HMs) were
selected for investigation in this study. Detailed information regarding
the target analytes is available in the Supporting Information and
Tables S1–S3. The HPLC-grade methanol (MeOH) and acetonitrile
(ACN) were purchased from Fisher Scientific (Waltham, MA, USA) and,
formic acid (HCOOH) was purchased from Dikma Technologies Inc.
(Lake Forest, CA, USA). Ammonia solution (25.0–28.0% NH3 content),
sulfuric acid (H2SO4), hydrochloric acid (HCl), and nitric acid (HNO3)
were guaranteed reagents. Sodium hydroxide (NaOH), and ethylene-
diaminetetraacetic acid disodium salt (Na2EDTA) were analytical re-
agents. All these reagents were purchased from Sinopharm Chemical
Reagent Beijing Co., Ltd. (Haidian District, Beijing, China). Citric acid
monohydrate (C6H8O7·H2O) with purity> 99.5% was purchased from
Beijing Chemical Works (Daxing District, Beijing, China). Ammonium
acetate (≈98%) was purchased from Sigma-Aldrich Corporation (St.
Louis, MO, USA). Milli-Q water (> 18.2MΩ cm−1) was obtained from a
Milli-Q synthesis A10 (Millipore, Bedford, MA, USA).

2.2. Study area and sample collection

Influent, effluent and excess sludge samples were collected from six
WWTPs (W1-W6) along the Yanghe River during four sampling cam-
paigns from November 2016 to July 2017 (Fig. 1). The treatment
processes of W1-W2, W3-W4, and W5-W6 were orbal oxidation dich
(Orbal OD), anaerobic-anoxic-oxic (A2/O), and cyclic activated sludge
system (CASS) processes, respectively. The Yanghe River is the major
water source of Guanting Reservoir (known as a strategic reserve water
source of Beijing, China), and is a branch of the Haihe River which
flows into the Bohai Sea. The location and service population of the
target WWTPs and gross domestic product (GDP) of each district or
county are shown in Fig. 1. Other operational information of the six
WWTPs are listed in Table S4. Temperature, dissolved oxygen, and pH
of the wastewater were measured in-situ using a multiparameter water
quality monitor (H40d, HACH, Loveland, CO, USA) (Table S5). No rain
events took place during any sampling campaign.

Influent and effluent samples from each WWTP were collected in 4-
L brown glass bottles (for analyzing PPCPs), 1-L polyethylene (PP)
bottles (for analyzing PFASs) and 100-mL PP bottles (for analyzing
HMs), respectively. The 4-L brown glass bottles and 1-L PP bottles were
pre-rinsed with MeOH and Milli-Q water successively in the lab and
then rinsed with the samples three times prior to collection. The 100-
mL PP bottles were cleaned with detergents, dilute HNO3 and Milli-Q
water, and also rinsed with the samples before collection. Excess sludge
samples were stored in 250-mL PP boxes. Due to facility maintenance,
two excess sludge samples were not collected from W5 on January 11,
2017, or from W1 on July 16, 2017. In Total, 48 wastewater samples
were collected in each of the 4-L, 1-L, and 100-mL sample bottles (in-
cluding influent and effluent), and 22 excess sludge samples were col-
lected during the four sampling campaigns.

To reduce microbial activity and minimize loss of target analytes,
50mL MeOH was added to the 4-L glass bottles and 1mL HNO3 was
added to the 100-mL PP bottles. All the samples were stored in ice boxes
in the dark before transport to the laboratory. Immediately following
arrival at the laboratory, the wastewater samples collected for ana-
lyzing PPCPs and PFASs were promptly pretreated by filtering and
solid-phase extraction (SPE). The 100-mL samples were stored at
−20 °C and analyzed within two weeks. Excess sludge samples were
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instantly freeze-dried under vacuum (LGJ-25C, Four-Ring Science
Instrument Plant, Beijing, China) at a low temperature (<−20 °C) to
reduce potential biodegradation of the target analytes. Excess sludge
samples were ground with ceramic mortars and pestles after being
completely dried and then filtered through 0.15-mm nylon sieves prior
to extraction.

2.3. Extraction and analysis of target analytes

The extraction of PFASs and PPCPs in wastewater and excess sludge
was based on methods previously reported by Chen et al. (2018) and
Yuan et al. (2014). Influent and effluent samples were vacuum-filtered
through glass microfiber filters (GF/F, Diameter 47mm, Whatman,
Maidstone, UK) prior to extraction. A brief description of the extraction
method is included in the Supporting Information. The individual
PFASs are separated and quantified via an Agilent 1290 Infinity high
performance liquid chromatography (HPLC) System coupled to an
Agilent 6460 Triple Quadrupole LC/MS System (Agilent Technology,
Palo Alto, CA, USA) with the negative electrospray ionization (ESI)
mode, while individual PPCPs are quantified using the positive ESI
mode. Detailed instrumental settings are available in previous studies
(Chen et al., 2018; Yuan et al., 2014).

The extraction method of HMs from wastewater and excess sludge
followed the Chinese state standards on environmental protection
(HJ700-2014, HJ776-2015 and HJ803-2016). Concentrations of HMs

were first quantified using the inductively coupled plasma-optical
emission spectroscopy (ICP-OES) (8300, PerkinElmer, MA, USA). While
the concentrations of most HMs were too low to be detected, only Zn in
influent and effluent of W3 was quantified by ICP-OES. Other elements
in wastewater and excess sludge were quantified by the inductively
coupled plasma-mass spectrometry (ICP-MS) (NexION 300 K,
PerkinElmer, MA, USA). Specific extraction and quantified steps are
available in the Supporting Information.

2.4. Quality assurance and quality control (QA/QC)

The QA/QC procedures are systematic and have been published in
many previous studies (Chen et al., 2018; Yuan et al., 2014; Ben et al.,
2018). Briefly, sample containers were prewashed to minimize back-
ground contamination prior to collection, and any materials that could
introduce potential contaminants were avoided throughout the ex-
periment. Moreover, a series of blank samples (i.e., field, transport,
procedure, and solvent blanks) were prepared with every sample batch
to monitor potential interferences or contamination. The limit of de-
tection (LOD) was defined as the analyte peak that provided a signal-to-
noise ratio (S/N) of 3:1, while the limit of quantification (LOQ) was
identified as the minimum concentration providing S/N > 10. The
LOD and, LOQ for PFASs, PPCPs, and HMs are provided in Tables
S1–S3. The concentrations of analytes that were less than the LOQ were
assigned as LOQ/2, while concentrations lower than the LOD were set

Fig. 1. Location of and operational information regarding the wastewater treatment plants (WWTPs; W1-W6). Orbal OD: Orbal oxidation dich process; A2/O:
Anaerobic-anoxic-oxic process; CASS: Cyclic activated sludge system process.
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to zero. Further detailed information of QA/QC is given in the Sup-
porting Information.

2.5. Risk ranking analysis

Risk ranking analysis is a valuable tool for analyzing the risks of
multiple pollutants in combination, and has been globally applied in
many different aquatic environments such as lakes, rivers, and estuaries
(Donnachie et al., 2014; Johnson et al., 2017; Shi et al., 2016; Zhang
et al., 2017a). Briefly, the relative risk of each pollutant is calculated by
comparing the mean measured concentration with the median effective
concentration (1).

= C
C

R m

e (1)

where R is the relative risk of the pollutant, Cm (μg L−1) is the mean
measured concentration of the individual pollutant in effluent, while Ce
(μg L−1) is the median effective concentrations of each pollutant. The
50% effective concentration (EC50), 50% lethal concentration (LC50)
and the lowest observed effect concentration (LOEC) were chosen as the
effective concentrations (Zhang et al., 2017a). The order of R values
shows the relative concern level for each pollutant. The effective con-
centrations for algae and fish used in the present study were mainly
derived from the ECOTOX Knowledgebase (https://cfpub.epa.gov/
ecotox/) provided by the United States Environmental Protection
Agency (US EPA).

3. Results and discussion

3.1. Occurrence of target pollutants in six wastewater treatment plants

The concentration and detection frequencies of the 50 pollutants
investigated in this study in influent, effluent and excess sludge from six
WWTPs are shown in Fig. 2; detailed data are listed in Tables S6–S8.
The detection frequencies of each pollutant were similar in influents
and effluents, but varied greatly between excess sludge samples. Dif-
ferent detection frequencies of individual PFASs and PPCPs between
wastewater and excess sludge were possibly due to their different
characteristics, such as logKow values, chain-length and so on. (Ben
et al., 2018; Zhao et al., 2016). For example, with increasing chain-
length, adsorption ability of PFASs to excess sludge became better
(Gallen et al., 2018). And PPCPs with high logKow values (> 4) may
have higher sorption potential on the sludge (Wang et al., 2018). The
chemical behavior of metal ions, including morphology, ion radius,
hydrolysis constant and electronegativity, may also play an important
role in the removal process (Kılıç et al., 2008). Composition profiles of
different categories of PFASs, PPCPs and HMs in influent, effluent and
excess sludge are shown in Fig. 3.

3.1.1. Perfluoroalkyl substances (PFASs)
As shown in Fig. 2(a), the highest concentrations of PFASs in in-

fluents were found for perfluorobutanoic acid (PFBA, C4), followed by
perfluorooctanoic acid (PFOA, C8), with mean concentrations of 23.8
and 6.15 ng L−1, respectively. Similarly to influents, PFBA
(20.2 ng L−1) and PFOA (6.07 ng L−1) were the predominant com-
pounds in effluents. However, perfluorooctane sulfonate (PFOS) and
PFOA, with mean concentrations of 2.13 and 0.85 ng g−1 dw, respec-
tively, and were the main components in excess sludge. Moreover, the
detection frequency of long-chain PFASs in excess sludge (such as
perfluorodecanoic acid [PFDA, C10], perfluoroundecanoic acid
[PFUnDA, C11], perfluorododecanoic acid [PFDoDA, C12], and per-
fluorotridecanoic acid [PFTrDA, C13]), increased considerably, by up
to 100%, compared with concentrations in influents and effluents. The
distribution coefficient of PFASs between excess sludge and wastewater
increased with their chain length which was related to the logKow
(octanol-water partition coefficients) (Zhao et al., 2016). Similar

distribution patterns of PFASs have commonly been found between
riverine sediment and water (Chen et al., 2015; Wang et al., 2011).

Comparing the influent and effluent, there was little variation in the
mean concentration of Σ17 PFASs among the six WWTPs (Fig. 3[a]). The
wastewater treatment processes exhibited poor PFAS removal perfor-
mances (Chen et al., 2017; Pan et al., 2016), of which the mean removal
rates were 17.5%, −1.49%, and 32.2% for Orbal OD, A2/O and CASS,
respectively. Numerous studies have shown that the biochemical action
of active sludge in traditional wastewater treatment processes can lead
to the degradation of PFOA and PFOS precursors, such as 8:2 FTOH and
fluorotelomer sulfonates (Chen et al., 2017), which increases the con-
centrations of the corresponding PFASs in effluent. This can cause ef-
fluent concentration to occasionally exceed influent concentration, re-
sulting in a negative removal efficiency (Loganathan et al., 2007; Zhang
et al., 2015). The total concentrations of PFASs in W1 to W6 were 42.1,
31.8, 52.4, 55.1, 53.4 and 43.5 ng L−1 in influent respectively, and
37.0, 24.1, 55.7, 50.1, 39.7 and 24.6 ng L−1 in effluent respectively.
These concentrations are similar with previous reports in the US
(Loganathan et al., 2007), Sweden (Filipovic and Berger, 2015), South
Korea (Guo et al., 2010), and Kenya (Chirikona et al., 2015). Relatively
low PFAS concentrations indicate an absence of fluoropolymer manu-
facturing facilities in this region, which is consistent with our previous
field investigation (Chen et al., 2018). Actually despite the industrial
source, PFASs could be released to WWTPs through using PFAS-con-
taining products including carpet, leather, textile, paper, food con-
tainers, house hold cleansers, and so on (Xie et al., 2013). Domestic
activities may also considerably contribute to the PFAS emissions in the
environment. As shown in Fig. 3(b), C4-C7 PFASs were the pre-
dominant compounds and accounted for 59.1–83.4% and 63.6–88.7%
in influents and effluent, respectively. This might be related to the ex-
tensive use of short-chain PFASs as alternatives for long-chain PFASs in
recent years (Wang et al., 2013). An increase in short-chain PFASs has
also been observed in many other areas (Wang et al., 2015a; Zhou et al.,
2013). The total PFAS concentrations in W1 to W6 were 4.89, 11.27,
5.23, 5.89, 5.05 and 2.89 ng g−1 dw, respectively; C8-C12 PFASs were
the predominant compounds accounting for 55.6–84.0% of the total
PFASs. Sludge adsorption may play an important role in eliminating
long-chain PFASs in wastewaters.

3.1.2. Pharmaceuticals and personal care products (PPCPs)
The variations in concentrations of individual PPCPs in influent,

effluent, and excess sludge are shown in Fig. 2b. The PPCP with the
highest concentration in influent was ofloxacin (OLF, 4,971 ng L−1),
followed by dehydrated erythromycin (ERY-H2O, 3,303 ng L−1), with
mean concentrations of 1519 and 1,078 ng L−1, respectively. Con-
versely, in effluent, ERY-H2O had the highest concentration followed by
OLF, which indicated the variation in the removal efficiency of different
PPCPs (Ben et al., 2018; Sun et al., 2014). The detection frequencies of
sulfonamides (SAs) were < 60% in both influent and effluent (except
for sulfadiazine [SDZ]), whereas fluoroquinolones (FQs), macrolides
(MLs) and tetracyclines (TCs) had high detection rates. These detection
frequencies indicated that the uses of PPCPs in this region differed from
other regions (Mohapatra et al., 2016; Ashfaq et al., 2017). The ma-
jority of the SAs, as well as tylosin (TYL), atenolol (ATE), bezafibrate
(BF), and carbamazepine (CBZ), were not detected in excess sludge
samples. This may be due to the low concentrations in influent and the
fact these compounds with relative low logKow values may not be
readily adsorbed by excess sludge (Ben et al., 2018).

The mean concentration of total PPCPs in effluents was considerably
lower than in influents (Fig. 3[c]), which indicated their effective re-
moval in the WWTPs. Except the extremely low PPCP removal rate of
W2 in November 2016, the mean removal rates of PPCPs were 69.6%,
62.9%, and 70.2% for Orbal OD, A2/O and CASS, respectively. Many
studies have similarly found high removal efficiencies of PPCPs in
WWTPs, however, the removal rates varied greatly with different
wastewater treatment processes and individual PPCPs (Yuan et al.,
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2015; Zhang et al., 2018). In general, the secondary treatment pro-
cesses, usually referring to bio-treatment processes, mainly account for
the removal of PPCPs in WWTPs (Ben et al., 2018). The total

concentrations of PPCPs in W1 to W6 were 6.08, 3.89, 3.68, 7.48, 7.31
and 11.0 μg L−1 in influent, respectively, and 1.80, 1.27, 1.45, 2.59,
2.24 and 3.48 μg L−1 in effluent, respectively. As shown in Fig. 3(d),

Fig. 2. The concentration and detection frequency of individual; (a) perfluoroalkyl substances (PFASs), (b) pharmaceutical and personal care products (PPCPs), and
(c) heavy metals (HMs) in influent, effluent and excess sludge from six wastewater treatment plants (WWTPs; W1-W6).
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FQs were the predominant compound in influent from W1 to W5, ac-
counting for 38.0%, 46.5%, 46.0%, 41.9%, and 46.6%, respectively.
While MLs were the main component in W6 (37.6%). This result in-
dicated that the usage of PPCPs in this small region was similar to that
in highly urbanized regions across China (Wang et al., 2015b). There-
fore, when analyzing PPCP contamination in WWTPs, the water source
and regional differences should be properly considered. The PPCP

concentrations in excess sludge samples showed minimal variation. The
mean concentrations of the total PPCPs in W1 to W6 were 3.68, 3.73,
3.76, 4.85, 3.65, and 5.01 μg g−1 dw, respectively. The predominant
compounds were FQs, accounting for 73.4%, 59.1%, 66.6%, 70.8%,
76.1% and 69.1% in W1 to W6, respectively, followed by TCs. The
proportion of SAs and MLs decreased considerably and their total
proportions ranged from 0.9 to 2.0% in excess sludge. Hence, sludge

Fig. 3. (a) Mean concentrations of total perfluoroalkyl substances (PFASs), (b) the composition profiles of PFASs, (c) Mean concentrations of pharmaceutical and
personal care products (PPCPs), (d) the composition profiles of PPCPs, (e) average concentrations of heavy metals (HMs), and (f) the composition profiles of HMs in
samples from six wastewater treatment plants (WWTPs; W1-W6).
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adsorption may not be the primary cause of SA and ML removal.

3.1.3. Heavy metals (HMs)
The HM concentrations in influent, effluent, and excess sludge

samples were much higher than PFAS and PPCP concentrations
(Fig. 2[c]). In addition, the concentrations of individual HMs had great
discrepancies in influent. The highest HM concentration was for Zn
(2,866 μg L−1) in W3, which was approximately four orders of magni-
tude higher than the highest Cd concentration (0.82 μg L−1). This
phenomenon also existed in effluent and excess sludge samples. Only
Zn, As, and Hg had high detection rates (> 95%) in influents and ef-
fluents, while all the targeted HMs were detected in excess sludge
samples, indicating that sludge may readily accumulate HMs.

The concentrations of individual HMs in influents were similar
among WWTPs, except for W3 (Fig. 3[e]), where Zn concentrations
were much higher in all samples compared with other WWTPs. This
was likely due to W3 being located in an important industrial area of
this region and collecting industrial wastewater. Industrial wastewater
may have led to a considerably increase in the HM concentrations in
W3, especially Zn (Yamagata et al., 2010). The compositions of HMs
showed that Zn was the predominant metal in both wastewater and
excess sludge samples (Fig. 3[f]). The ranges of the Zn contribution to
the total HM loadings were 67.1–94.9%, 55.4–98.1% and 54.8–89.9%
in influent, effluent, and excess sludge, respectively. In addition to the
impact of industrial wastewater, the sewage pipes were likely to be
another source as old sewage pipes usually contained a large amount of
Zn (Sörme and Lagerkvist, 2002).

HMs appear to have different removal mechanisms for each ele-
ment, such as adsorption, ion exchange, and complexation and so on.
The chemical behavior of metal ions, including morphology, ion radius,
hydrolysis constant and electronegativity, plays an important role in the
removal process (Kılıç et al., 2008). It was notable that the As con-
centrations in influent and effluent from W5 were higher than in

samples from the other WWTPs. However, the composition of As in
excess sludge samples from W5 showed no apparent difference com-
pared with excess sludge samples from other WWTPs. Since high As
concentrations in wastewater could not change the corresponding
concentration in excess sludge, adsorption effect of As to excess sludge
was not linearly related to the wastewater concentration. Other HMs,
such as Cd and Hg, also presented a similar pattern. Therefore, the
principle of eliminating HM pollution by wastewater treatment pro-
cesses needs to be further explored.

3.2. A time trend variation of target pollutants in influents and effluents

3.2.1. Perfluoroalkyl substances (PFASs)
The carbon chain length plays a significant role in varying the PFAS

concentrations, therefore PFASs were divided into five groups; C4, C5-
C7, C8, C9-C12, and C13-C18 (Fig. 4). The concentrations of C4, C5-C7,
and C8 PFASs fluctuated considerably over time, while there was re-
latively less variation in the concentrations of C9-C12 and C13-C18
PFASs. It was evident that short-chain PFASs were used more frequently
in this region and that their usage differed temporally. For example,
higher PFAS concentrations in wastewater were recorded in winter,
which may have been related to increased skiing activities (Borg et al.,
2013) in this area, where the 2022 winter Olympic Games are to be
held. Skiing activities can result in the release of PFAS used in products
such as jackets and waxes applied on skiing equipment (Nilsson et al.,
2010), which are expected to contribute to higher PFAS concentrations
in the local environment and the influent in WWTPs (Kwok et al.,
2013). The removal efficiency of C4-C8 PFASs was unclear, which was
probably due to degradation of PFAS precursors. The precursors may
degrade and transform into short-chain PFASs, eventually leading to
increased PFAS concentrations in effluent (Chen et al., 2017). The
concentrations of C9-C12 PFASs in effluents were consistently lower
than in influents, which further indicated the significant role of sludge

Fig. 4. The concentration variation influent (In) and effluent (Ef) of the six wastewater treatment plants (WWTPs; W1-W6) of; (a) C4 perfluoroalkyl substances
(PFASs), (b) C5-C7 PFASs, (c) C8 PFASs, (d) C9-C12 PFASs, (e) C13-C18 PFASs, and (f) total PFASs. C4: perfluorobutanoic acid (PFBA) and perfluorobutane sulfonate
(PFBS); C5-C7: perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), and perfluorohexane sulfonate (PFHxS); C8:
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS); C9-C12: perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic
acid (PFUnDA), perfluorododecanoic acid (PFDoDA), and perfluorodecane sulfonate (PFDS); C13-C18: perfluorotridecanoic acid (PFTrDA), perfluorotetradecanoic
acid (PFTeDA), perfluorohexadecanoic acid (PFHxDA), and perfluorooctadecanoic acid (PFODA).
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adsorption in removing long-chain PFASs. In general, long-chain PFASs
could be partly removed by the wastewater treatment processes, while
the concentration of short-chain PFASs may increase in effluent due to
the degradation of precursors, which consequently resulted in low (or
even negative) removal efficiency of PFASs in WWTPs.

3.2.2. Pharmaceuticals and personal care products (PPCPs)
The variations in PPCP concentration in samples from different

WWTPs are shown in Fig. 5. To better represent the concentration
variations, PPCPs are divided into five groups; FQs, MLs, SAs, TCs, and
other PPCPs (Bu et al., 2013). Variations in the concentrations of the
different PPCP groups differed greatly among different WWTPs during
the sampling period. This was likely related to the epidemics causing
people to use more drugs in different seasons or times. Different epi-
demics may also lead to different usage of PPCPs which were eventually
collected in WWTPs (Evgenidou et al., 2015). The concentration var-
iation of MLs was relatively low, except in influents from W6, where the
concentrations of some PPCPs (including FQs, SAs, TCs and others)
varied considerably compared with the other WWTPs. This was mainly
due to the lower treatment capacity of W6 (8000m3 d−1), and showed
that small WWTPs may be more vulnerable to high pollutant loadings.
Therefore, small WWTPs should construct wastewater storage pools to
counteract the impacts of high pollutant loadings (Ben et al., 2018). The
lowest variations in PPCP concentrations were seen in samples from
W3, which may be due to the fact that W3 collected a portion of in-
dustrial wastewater, which consequently diluted the PPCP concentra-
tion. Therefore, industrial wastewaters may effectively reduce PPCP
concentrations in influents, however, the change of microorganism
composition caused by industrial wastewater has been shown to
eventually affect the removal rate of PPCPs, which requires further
attentions (Sun et al., 2016). In general, the mean removal efficiencies

of PPCPs exceeded 60% in all the six WWTPs, reflecting the important
role of WWTPs in removing PPCP contamination.

3.2.3. Heavy metals (HMs)
The HM concentrations in wastewater samples from each WWTP are

listed in Table 1. Variability in the concentrations of individual HMs in
influents and effluents differed considerably between the six WWTPs. In
samples from W3, highly variable concentrations of Cu, Zn, and Hg
were seen in influent and of Cd, Pb, and Zn in effluent; Zn was the most
variable. The mean concentration of Zn in wastewater from W3 was 10
times higher than that of the other WWTPs. As some industrial waste-
water entered W3, the high HM concentrations may be related to in-
dustrial production, and the variations in concentration may be linked
to production cycles of the factories. This suggests that industrial
wastewater is an important source of HMs in WWTPs. Compared with
the maximum acceptable emission concentration provided by the Chi-
nese Ministry of Ecology and Environment, the concentrations of Cd,
Cu, Cr, Ni, Pb, and As in effluent were all below the standard, and Zn
concentration in effluent was also below the standard expect for ef-
fluent samples from W3. Conversely, the Hg concentrations in effluents
from the six WWTPs commonly exceeded the acceptable concentration,
except for W2. Therefore, the potential ecological risks of Zn con-
tamination of effluent from W3, and Hg contamination in all the ef-
fluents except those from W2, required further attention.

3.3. Emission flux of the target pollutants through effluent discharge and
sludge disposal

Nowadays, emission flux of pollutants in rivers are extensively
studied (Wang et al., 2019a; Zhou et al., 2018), and WWTP emissions
are a key source of pollutants entering the receiving environment. To

Fig. 5. The concentration variation influent (In) and effluent (Ef) of the six wastewater treatment plants (WWTPs; W1-W6) of; (a) fluoroquinolones (FQs), (b)
macrolides (MLs), (c) sulfonamides (SAs), (d) tetracyclines (TCs), (e) others, and (f) total pharmaceutical and personal care products (PPCPs). FQs: norfloxacin
(NOR), ofloxacin (OLF), enrofloxacin (ENR), ciprofloxacin (CIP), and lomefloxacin (LOM); MLs: roxithromycin (ROX), clarithromycin (CLA), dehydrated ery-
thromycin (ERY-H2O), and tylosin (TYL); SAs: sulfamethoxazole (SMX), sulfathiazole (STZ), sulfadiazine (SDZ), sulfamethazine (SMN), sulfamerazine (SMR), sul-
famethizole (SML), sulfadimethoxine (SDM), and sulfisoxazole (SFX); TCs: tetracycline (TCN), oxytetracycline (OTC) and doxycycline (DOX); Others: atenolol (ATE),
metoprolol (MET), bezafibrate (BF), carbamazepine (CBZ), and trimethoprim (TMP).
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reliably estimate the emission flux of target pollutants through excess
sludge, the moisture content of excess sludge was set as 60% which was
the mean value of the collected excess sludge samples. Effluents from
the six WWTPs were directly discharged into the Yanghe River, while
excess sludge were transported to the nearby landfills. Evaluations of
emission fluxes of PFASs, PPCPs, and HMs into receiving aquatic en-
vironments or landfills are given in Table 2. The emission fluxes of
PFASs, PPCPs and HMs were estimated in the ranges of 1.96–6.69 kg
y−1, 106–269 kg y−1, and 11.8–180 t y−1 from effluent discharge, and
0.22–0.40 kg y−1, 157–280 kg y−1, and 307–394 t y−1 from sludge
disposal, respectively. The results were comparable with the estimated
emission fluxes of PFASs and PPCPs in other countries. The total PFAS
discharge loads of the three WWTPs, derived from the sums of effluent-

and sludge-derived discharge loads, ranged from 0.336 to 474.5 kg y−1

in South Korea (Kwon et al., 2017). Loads from individual WWTPs
reached a maximum of 1.09 kg of PFOA and 1.08 kg of PFOS annually
in Australia (Gallen et al., 2018). The PFAS emission flux of this study
was in the middle level, compared to the results in South Korea and
Australia. In terms of PPCPs, the per-capita emission rate of the selected
PPCPs was approximately 73 kg y−1 in South Korea (Subedi et al.,
2014), which was much higher than that in this study. This was mainly
related to the fact that the target PPCPs differed among studies.

The emission flux of heavy metals (regarded as traditional pollu-
tants) was nearly four orders of magnitude higher than of emerging
pollutants (PFASs and PPCPs) in W3, the emission flux of HMs ac-
counted for 96.2% and 95.1% of the total emission flux through effluent

Table 1
The concentration variation of heavy metals in influent and effluent of the six wastewater treatment plants (WWTPs; W1-W6).

WWTPs Type Data Heavy metals (μg L−1)

Cd Cu Cr Ni Pb Zn As Hg

Maximum acceptable emission concentraion
(GB18918-2002)a

10 500 100 50 100 1000 100 1

W1 Influent Range n.d.b-0.30 n.d.-6.44 n.d.-3.72 n.d.-7.95 n.d. 4.35–119 1.30–3.02 0.31–2.40
Mean 0.14 3.22 1.71 3.56 n.d. 43.8 2.24 1.18

Effluent Range n.d.-1.65 n.d.-10.4 n.d.-10.9 n.d.-5.42 n.d.-4.04 14.7–74.7 1.40–3.05 0.40–1.25
Mean 0.48 4.19 4.63 2.22 1.06 44.1 2.08 0.73

W2 Influent Range n.d.-0.29 n.d.-35.2 n.d.-14.1 n.d.-4.50 n.d.-2.46 3.51–227 1.80–4.74 0.06–0.90
Mean 0.14 12.3 5.52 1.89 0.62 91.1 3.12 0.48

Effluent Range n.d.-1.69 n.d.-8.49 n.d.-16.6 n.d.-4.89 n.d.-3.99 12.6–66.6 1.60–4.31 0.30–0.42
Mean 0.45 2.12 5.79 1.66 1.19 36.4 2.58 0.34

W3 Influent Range n.d.-0.82 n.d.-123 n.d.-21.7 n.d.-5.58 n.d.-4.53 153–2,866 1.70–3.47 0.06–6.20
Mean 0.28 62.0 6.96 2.78 1.18 1451 2.25 1.83

Effluent Range n.d.-3.61 10.3–33.8 n.d.-8.51 n.d.-10.6 n.d.-22.5 170–3,960 1.10–4.39 0.07–0.80
Mean 2.05 20.1 4.24 4.61 5.67 2056 2.77 0.53

W4 Influent Range n.d.-0.27 n.d.-17.1 n.d.-51.4 n.d.-23.2 n.d. 1.34–345 0.90–3.37 0.03–1.80
Mean 0.14 7.70 17.9 8.28 n.d. 148 2.35 0.57

Effluent Range n.d.-1.65 n.d.-11.7 n.d.-13.8 n.d.-32.6 n.d.-4.15 11.4–68.5 0.80–3.16 0.30–0.40
Mean 0.53 4.69 5.85 9.39 1.35 34.0 1.91 0.35

W5 Influent Range n.d.-0.37 n.d.-17.2 n.d.-12.2 n.d.-8.65 n.d.-1.92 3.87–151 6.60–44.1 0.05–2.00
Mean 0.18 8.17 5.38 3.06 0.52 87.2 24.9 0.62

Effluent Range n.d.-1.63 7.04–12.6 n.d.-12.8 n.d.-5.90 n.d.-4.01 21.4–98.3 10.7–45.4 0.06–0.30
Mean 0.50 9.29 5.36 2.82 1.18 57.3 26.8 0.20

W6 Influent Range n.d.-0.34 n.d.-7.54 n.d.-2.87 n.d.-3.94 n.d.-2.83 4.16–114 n.d.-2.24 n.d.-0.30
Mean 0.15 3.42 1.29 1.84 0.71 76.2 1.20 0.21

Effluent Range n.d.-1.64 n.d.-12.3 n.d.-11.2 n.d.-8.36 n.d.-7.51 18.1–82.9 0.90–4.79 0.19–1.40
Mean 0.49 8.15 5.69 2.49 2.29 45.6 2.29 0.58

a GB18918-2002 is the discharge standard of pollutants for municipal wastewater treatment plant in China which can be found at http://kjs.mee.gov.cn/hjbhbz/
bzwb/shjbh/swrwpfbz/200307/W020061027518964575034.pdf.

b n.d. is not detected (< LOD).

Table 2
Estimated emission flux of perfluoroalkyl substances (PFASs), pharmaceutical and personal care products (PPCPs), and heavy metals (HMs) through effluent dis-
charge and sludge disposal from the six wastewater treatment plants (WWTPs; W1-W6).

Effluent discharge Sludge disposal

W1 W2 W3 W4 W5 W6 W1 W2 W3 W4 W5 W6

Mean emission a 3.0× 104 2.0× 104 1.2× 105 8.5× 104 1.5×104 8.0×103 1.46× 104 1.28× 104 5.48× 104 3.60× 104 5.48×103 2.92×103

PFASs (kg
y−1)

Min. 0.22 0.09 1.16 0.33 0.15 0.01 0.02 0.04 0.07 0.08 0.01 < 0.01
Max. 0.63 0.29 3.13 2.20 0.33 0.11 0.03 0.10 0.16 0.09 0.02 < 0.01
Mean 0.41 0.18 2.44 1.55 0.22 0.07 0.03 0.06 0.11 0.08 0.01 < 0.01

PPCPs (kg
y−1)

Min. 10.9 5.93 34.6 44.6 7.70 2.32 20.9 14.3 53.7 58.1 7.11 2.67
Max. 25.8 13.7 91.7 99.1 17.3 21.7 22.3 26.1 133 82.6 9.31 7.08
Mean 19.7 9.25 63.5 80.4 12.2 10.2 21.5 19.1 82.5 69.8 8.00 5.85

HMs (t y−1) Min. 0.45 0.24 10.0 0.71 0.32 0.07 2.43 1.61 294 7.61 0.98 0.52
Max. 0.86 0.62 175 2.59 0.78 0.31 3.72 2.86 374 10.6 1.77 0.68
Mean 0.65 0.37 91.8 1.80 0.57 0.20 2.92 2.30 314 9.20 1.32 0.61

a The mean emission data are obtained from the administrators of each WWTPs. The unit of the mean emission of effluent discharge and sludge disposal is m3 d−1

and t y−1, respectively.
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discharge and sludge disposal, respectively. Therefore, the problem of
excessive discharge of HMs from industrial sources cannot be ignored.
Interestingly, the mean emission flux of PFASs through effluent dis-
charge (4.87 kg y−1) was approximately 17 times higher than that
through sludge disposal (0.29 kg y−1). However, the emission of PPCPs
through effluent (195 kg y−1) was similar to that through excess sludge
(207 kg y−1). On the contrary, effluent discharged approximately 95.4 t
y−1 of HMs which was much less than that discharged through sludge
disposal (330 t y−1). This pattern further indicated that sludge disposal
(16.6 t y−1) discharged more HMs into the environment than effluent
emission (3.59 t y−1), even when the emission flux of HMs from W3
was excluded. The obvious different emission ways of PFASs, PPCPs,
and HMs discharged into the local environment suggested the need for
different control strategies. For example, more attention needs to be
paid to PFAS concentrations in influent and effluent rather than in

excess sludge (Gallen et al., 2018). Whereas, for PPCPs, both effluent
discharge and sludge disposal required attention because they shared
close proportions for PPCP releasing to the environment (Sun et al.,
2016). In addition to effluent discharge, more attention should be paid
to HM emissions through sludge disposal. As China is a large agri-
cultural country and the application of excess sludge from WWTPs as
fertilizer is common, it is important to measure HM concentrations in
excess sludge before applying sludge to farmland (Alvarenga et al.,
2015).

3.4. Risk ranking of different pollutants towards aquatic organisms

As large amounts of pollutants discharge directly into the environ-
ment from WWTPs, the risks posed by PFASs, PPCPs, and HMs to
wildlife require increased attention. Excess sludge were transported to

Fig. 6. (a) relative risks of different pollutants for fish and algae, and risk ranking results for (b) algae and (c) fish. PFBA: perfluorobutanoic acid, PFOA: per-
fluorooctanoic acid, PFBS: perfluorobutane sulfonate, PFOS: perfluorooctane sulfonate, SMX: sulfamethoxazole, TCN: tetracycline, OTC: oxytetracycline, NOR:
norfloxacin, OLF: ofloxacin, CIP: ciprofloxacin, ERY-H2O: dehydrated erythromycin, ATE: atenolol, MET: metoprolol, CBZ: carbamazepine, and TMP: trimethoprim.
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landfill and the diffusion area was relatively small, whereas effluent
from WWTPs often discharged directly into rivers and could come into
direct contact with aquatic organisms. Thus, the risks of different pol-
lutants to aquatic organisms first need to be identified. Current was-
tewater treatment processes are unable to remove all the contaminants
in wastewater, which was confirmed by the results of this study.
Therefore, ranking the risk of different pollutants in effluent is an ef-
fective way to identify the pollutants of the most concern, and thereby
facilitate the development of more targeted technology in order to
economically and efficiently reduce or eliminate the risks of the most
concerning pollutants.

Some algae and fish species are considered both common and vul-
nerable in the study region (Zhang et al., 2017a, 2017b), and so were
selected as recipient organisms to evaluate the ecological risks of dif-
ferent pollutants. Due to limitations in obtaining effective concentra-
tions for all the targeted pollutants, a total of 23 pollutants, including 4
PFASs (PFBA, PFOA, PFBS, and PFOS), 11 PPCPs (SMX, TCN, OTC,
NOR, OLF, CIP, ERY-H2O, ATE, MET CBZ, and TMP) and 8 HMs (Cd,
Cu, Cr, Ni, Pb, Zn, As, and Hg) were chosen to evaluate their relative
risks towards algae and fish. The effective concentrations of the selected
pollutants are listed in Table S9. The relative risks of each pollutant for
algae and fish are shown in Fig. 6. Effective concentration of PFBS for
algae was unavailable, and hence the relative risk of PFBS for algae was
excluded.

Among the investigated PFASs, the risk of PFOA for algae was greater,
while PFOS posed a higher risk for fish. Although the concentrations of
short-chain PFASs in effluent were higher, long-chain PFASs have more
potent adverse effects on algae and fish. This result corresponds with
findings in rivers and lakes (Pan et al., 2014). As frequent consumption of
fish may pose health risks to the local population, the concentrations of
long-chain PFASs require more attention. The risks of PPCPs displayed a
marked difference between algae and fish, and were ordered as ERY-
H2O>OLF>NOR>SMX>OTC>TCN>MET>CIP>CBZ>TMP-
>ATE for algae, and NOR>SMX>TMP>CBZ>OLF>TCN>
MET>OTC>ATE>CIP>ERY-H2O for fish. Thus, recipient organisms
should be carefully chosen when evaluating the ecological risks of PPCPs
(Ben et al., 2018).

The risks of HMs (except AS) were similar for algae and fish.
Although the effective concentration of As was high, the As con-
centration in effluent was low, and therefore, As posed a relatively low
risk compared with other HMs. As shown in Fig. 6(b) and (c), Zn posed
the highest risk to both algae and fish, followed by Cu. This is mainly
because of their high concentrations in effluent of WWTPs in this re-
gion. In addition, the risks of other HMs could not be ignored as they
were almost all higher than that of PPCPs and PFASs. In general, HMs,
followed by PPCPs, presented the highest risks to algae and fish and
PFASs posed the relatively low risks. This result has been confirmed
many times in watershed ecosystems in China, especially around the
Bohai Rim (Li et al., 2018; Zhang et al., 2017a). Therefore, HMs in
WWTPs remain the most concerning pollutants that require removal. To
address this, wastewater treatment processes for HM pollution should
be firstly upgraded in WWTPs in this region (especially W3), and the
national emission standard of HMs for WWTP should be stricter. Here
we propose a solution that not only the treatment process should be
upgraded inside WWTPs, but also new outdoor facilities need to be
constructed such as constructed wetlands (Yi et al., 2017; Wang et al.,
2019b). Constructed wetlands could further reduce a lot of emerging
organic contaminant with high removal efficiency (> 80%) (Avila
et al., 2015). The pollutant concentrations at the outlet of constructed
wetlands should then be regarded as the final concentrations for risk
assessment of pollutants in WWTP effluent.

4. Conclusions

The present study shows the occurrence, emission flux and risk of
traditional and emerging pollutants in influent, effluent and excess

sludge samples from six WWTPs along the Yanghe River, North China.
Two types of emerging pollutants, PFASs (n=17), and PPCPs (n=25),
and one group of traditional pollutants, HMs (n=8), were selected as
the target pollutants. The predominant compound in both influents and
effluents was PFBA, while long-chain PFASs were the main components
in excess sludge. The predominant PPCP compound in wastewater and
excess sludge was OLF, and Zn was the primary HMs among the six
WWTPs. The mean emission fluxes of the three types of pollutants were
ordered as HMs (426 t y−1) > PPCPs (402 kg y−1) > PFASs (5.16 kg
y−1) through effluent discharge and sludge disposal. The majority of
HMs were discharged through sludge disposal, and the emission flux of
PPCPs from effluent discharge was almost equal to that from sludge
disposal, whereas the majority of PFASs entered the environment
through effluent discharge. Therefore, this study shows that different
control strategies should be taken on the three types of pollutants.
Algae and fish were chosen as recipient organism to evaluate the risks
of PFASs, PPCPs, and HMs in effluent on aquatic organisms. In general,
traditional pollutants (HMs) posed higher risks to aquatic organisms,
followed by emerging pollutants (PPCPs and PFASs). Therefore, control
of traditional pollutants should be prioritized in WWTPs. This could be
achieved by upgrading the wastewater treatment processes for HMs
inside the WWTPs in this region, as well as constructing outdoor
treatment infrastructure such as constructed wetlands.
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