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a b s t r a c t

This study investigated the occurrence, removal and risk of 42 organic micropollutants (MPs), including
30 pharmaceuticals and personal care products and 12 endocrine disrupting chemicals, in 14 municipal
wastewater treatment plants (WWTPs) distributed across China. The composition profiles of different MP
categories in the influent, effluent, and excess sludge were explored and the aqueous removal efficiencies
of MPs were determined. Quantitative meta-analysis was performed to compare the efficacies of
different wastewater treatment processes in eliminating MPs. Results indicate that different MP cate-
gories showed quite similar distributions among the studied WWTPs, with phenolic estrogenic com-
pounds (PEs), macrolides, and fluoroquinolones being always dominant in the influent, effluent and
excess sludge. Tetracyclines, bezafibrate, caffeine, steroid estrogens, and PEs showed high and stable
aqueous removal efficiencies, whereas other MPs showed considerably varied aqueous removal effi-
ciencies. Anaerobic/anoxic/oxic process combined with a moving-bed biofilm reactor achieved the
highest aqueous removal of MPs among various secondary treatment processes. A combined process
consisting of ultrafiltration, ozonation and ClO2 disinfection resulted in the highest removal of MPs
among the tertiary treatment processes. Sulfamethoxazole, ofloxacin, ciprofloxacin, clarithromycin,
erythromycin, estrone, and bisphenol A in the effluent, as well as b-estradiol 3-sulfate in the excess
sludge could pose high risks. This study draws an overall picture about the current status of MPs in
WWTPs across China and provides useful information for better control of the risks associated with MPs.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The occurrence of organic micropollutants (MPs) in the envi-
ronment is of global concern due to their potential ecological risks.
Many kinds of MPs, including pharmaceuticals and personal care
products (PPCPs) and endocrine disrupting chemicals (EDCs), have
been widely detected in environmental matrices such as surface
water and soils (Bradley et al., 2017; Liu and Wong, 2013). Waste-
water treatment plants (WWTPs) have received considerable
attention over the past decades because they act as a barrier to
prevent MPs from entering the environment. Intensive sampling
and analysis efforts have been made globally to improve
understanding of the occurrence, behavior and fate of MPs in
WWTPs. In China, the number of WWTPs rapidly increased from
481 in 2000e3717 in 2014, with a total treatment capacity of 1.57
million m3 d�1 (MHURD, 2015). Meanwhile, as one of the biggest
producers and consumers of chemicals, China is also confronted
with challenges from MPs. A few previous studies have prelimi-
narily revealed the status of MPs in some China'sWWTPs (Sui et al.,
2010; Yu et al., 2013; Yuan et al., 2015); however, a comprehensive
comparison of the occurrence and removal of diverse categories of
MPs in different WWTPs distributed across China has not yet been
made.

Previous studies have demonstrated that most MPs can be only
partly removed in wastewater treatment processes and subse-
quently released into the environment through effluent discharge
and sludge disposal (Bueno et al., 2012; García-Gal�an et al., 2011;
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Abbreviations

A/A/O anaerobic/anoxic/oxic
ATE atenolol
AZN azithromycin
BF bezafibrate
BPA bisphenol A
CAF caffeine
CAST conventional activated sludge treatment
CBZ carbamazepine
CIP ciprofloxacin
CLA clarithromycin
CS coagulation/sediment
CTC chlortetracycline
DOX doxycycline
E1 estrone
E1-3G estrone 3-b-D-glucuronide
E1-3S estrone 3-sulfate
E2 17b-estradiol
E2-3G b-estradiol 3-b-D-glucuronide
E2-17G b-estradiol 17-b-D-glucuronide
E2-3S b-estradiol 3-sulfate
E3 estriol
E3-3S estriol 3-sulfate
EDCs endocrine disrupting chemicals
EE2 17a-ethynylestradiol
ENR enrofloxacin
ERY erythromycin
FQs fluoroquinolones
LOM lomefloxacin
LOQ limit of quantification
MBBR moving-bed biofilm reactor
MBR membrane bioreactor
MEC measured environmental concentration

MET metoprolol
MLs macrolides
MPs micropollutants
NOR norfloxacin
NP 4- nonylphenol
OD oxidation ditch
OLF ofloxacin
OTC oxytetracycline
PEs phenolic estrogenic compounds
PNEC predicted no effect concentration
PPCPs pharmaceuticals and personal care products
PROP propranolol
RFDF rotary fiber disc filter
ROX roxithromycin
RQ risk quotient
SAs sulfonamides
SDM sulfadimethoxine
SDZ sulfadiazine
SEs steroid estrogens
SFX sulfisoxazole
SML sulfamethizole
SMN sulfamethazine
SMR sulfamerazine
SMX sulfamethoxazole
SRE standardized removal efficiency
STZ sulfathiazole
TCN tetracycline
TCs tetracyclines
TIA tiamulin
TMP trimethoprim
TYL tylosin
UF ultrafiltration
WMEC weighted measured environmental concentration
WWTPs wastewater treatment plants
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Zhang et al., 2014a,b). Correspondingly, the removal of specific MPs
has been extensively studied with biological treatment processes
including conventional activated sludge treatment (CAST), anaer-
obic/anoxic/oxic (A/A/O) process, membrane bioreactor (MBR) and
oxidation ditch (OD) as well as advanced treatment processes
including ozonation, chlorination and UV photolysis processes in
lab-scale tests (Drillia et al., 2005; Esplugas et al., 2007; Le-Minh
et al., 2010; Zhou et al., 2006). However, there is a severe lack of
research which compares the removal efficiencies of MPs among
different full-scale wastewater treatment processes currently
adopted in various regions of China. Nowadays, China's WWTPs are
challenged with more stringent effluent discharge standards
(Zhang et al., 2016). In addition, with increasing demands for
wastewater reclamation (e.g., urban and agriculture irrigation,
toilet flushing, stream augmentation, and wetland enhancement),
WWTPs are also striving to eliminate MPs from the final effluent.
Therefore, a better understanding of the efficacies of commonly-
used wastewater treatment processes for eliminating MPs is ur-
gently needed.

In this study, a nationwide survey was conducted on the
removal of different categories of MPs in 14 municipal WWTPs
distributed across China. A total of 30 PPCPs and 12 EDCs, which
mainly originate from anthropogenic sources, were selected as
target MPs for analysis. Quantitative meta-analysis was performed
to evaluate the performance of different wastewater treatment
processes on eliminating MPs. Furthermore, ecological risks
induced by residual MPs in the effluent and excess sludge were also
assessed. This study helps better understand the occurrence,
removal and risks of MPs in WWTPs across China and proposes
effective treatment processes for eliminatingMPs fromwastewater.
2. Materials and methods

2.1. Chemicals

The target PPCPs consisted of 23 antibiotics and 7 other phar-
maceuticals commonly used in China, including: (i) sulfonamides
(SAs): sulfadiazine (SDZ), sulfathiazole (STZ), sulfamerazine (SMR),
sulfamethizole (SML), sulfamethoxazole (SMX), sulfisoxazole (SFX),
sulfamethazine (SMN), and sulfadimethoxine (SDM); (ii) fluo-
roquinolones (FQs): norfloxacin (NOR), ofloxacin (OLF), ciproflox-
acin (CIP), enrofloxacin (ENR), and lomefloxacin (LOM); (iii)
tetracyclines (TCs): oxytetracycline (OTC), chlortetracycline (CTC),
tetracycline (TCN), and doxycycline (DOX); (iv) macrolides (MLs):
clarithromycin (CLA), roxithromycin (ROX), tiamulin (TIA), tylosin
(TYL), azithromycin (AZN), and erythromycin (ERY); (v) b-blockers:
atenolol (ATE), metoprolol (MET), and propranolol (PROP); (vi) lipid
regulator: bezafibrate (BF); (vii) antiepileptic: carbamazepine
(CBZ); (viii) stimulant: caffeine (CAF); and (ix) dihydrofolate
reductase inhibitor: trimethoprim (TMP).

The target EDCs included: (i) steroid estrogens (SEs, 4 in free-
form and 6 in conjugated form) known to be important types of
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EDCs originating from human excretion: estrone (E1), 17b-estradiol
(E2), estriol (E3), 17a-ethynylestradiol (EE2), estrone 3-b-D-glucu-
ronide (E1-3G), b-estradiol 3-b-D-glucuronide (E2-3G), b-estradiol
17-b-D-glucuronide (E2-17G), estrone 3-sulfate (E1-3S), b-estradiol
3-sulfate (E2-3S), and estriol 3-sulfate (E3-3S); and (ii) phenolic
estrogenic compounds (PEs) as representative MPs in industrial
wastewater which usually constitute a certain proportion in the
influent of some WWTPs: bisphenol A (BPA), and 4-nonylphenol
(NP).

The major physicochemical properties of the target MPs are
listed in Table S1. All standards of MPs (>95% purity) were pur-
chased from Sigma-Aldrich (Shanghai, China) or Dr. Ehrenstorfer
GmbH (Augsburg, Germany). SMN-13C6 hemihydrate and OLF-D3
from Witega (Berlin, Germany), CAF-13C3 from Cerilliant (Round
Rock, USA), demeclocycline from Dr. Ehrenstorfer GmbH (Augs-
burg, Germany), and E2-d2 (�98%) and E2-3S-d4 (50% Tris) from
CDN Isotopes (Quebec, Canada), were used as isotopically-labeled
internal standards. The stock solutions of target MPs and internal
standards were individually prepared by dissolving each com-
pound in methanol at a concentration of 1000 mg L�1 and then
stored at �20 �C in a refrigerator. Other chemicals and reagents
used for the analysis of MPs are provided in Text S1.
2.2. Sample collection

Wastewater and sludge samples were collected from 14
WWTPs, which are distributed in nine cites in different
geographical regions of China. Sampling was conducted continu-
ously for one day for each WWTP during the period from April to
October, 2015. Information on the location, treatment processes,
operational parameters, and collected sample types of the studied
WWTPs is detailed in Table 1. Wastewater samples included
influent, secondary effluent, and tertiary effluent (if tertiary treat-
ment was employed), and sludge samples represented the excess
sludge. During the sampling campaigns, the WWTPs were
confirmed to be under normal operation conditions and no rainfall
events were recorded. Moreover, the wastewater temperature
during the time of sampling in 14WWTPs varied within a relatively
Table 1
Locations, treatment processes, and operational parameters of 14 WWTPs studied.

WWTP Region Primary treatment a Secondary treatment b Tertiary treatment c

1 Chongqing GC A/A/O-MBBR e

2 Chongqing GC OD e

3 Qinghai GC OD e

4 Shanghai GC A/A/O UV
5 Jiangsu GC A/A/O-MBBR e

6 Jiangsu GC OD UV-RFDF
7 Jiangsu GC A/A/O-MBBR RFDF
8 Beijing GC A/A/O e

9 Shanxi GC A/A/O RFDF-ClO2

10 Dalian GC CAST UV
11 Dalian GC CAST UV
12 Beijing GC MBR UF-O3-ClO2

13 Shandong GC A/A/O-MBBR CS-RFDF-ClO2

14 Shandong GC A/A/O-MBBR CS-RFDF-UV

a GC: grit chamber.
b A/A/O-MBBR: anaerobic/anoxic/oxic/moving bed biofilm reactor; OD: oxidation dit

MBR: membrane bioreactor.
c e: no tertiary treatment process was employed; UV: UV disinfection; RFDF: rotary

ulation/sedimentation.
d HRT: hydraulic retention time.
e SRT: sludge retention time.
f T: average wastewater temperature in the secondary treatment processes on the sa
g Flow-proportional (24 h) composite samples were collected, except for Plants 1 and 2

morning, noon and evening) on the sampling day and then mixed together; “Normal” m
were collected.
narrow range (i.e., 19.2e24.2 �C), so the temperature difference was
unlikely to significantly influence the biological treatment perfor-
mance among the studied WWTPs. Flow-proportional (24 h)
composite samples were collected using autosamplers (SD900,
Hach, USA). For Plants 1 and 2 where the autosamplers were not
available, wastewater and sludge samples were collected three
times on a sampling day (i.e., in the morning, noon and evening)
and mixed together. All samples were transferred to brown glass
bottles, chilled in iceboxes, and transported to the laboratory
within two days for processing.
2.3. Analytical methods and quality control

The concentrations of 30 PPCPs and 12 EDCs in the collected
samples were determined by two separate analytical methods
developed in our previous studies (Yuan et al., 2014; Zhu et al.,
2015). Detailed information on sample pretreatment and extrac-
tion as well as instrumental parameters is provided in Text S1 and
Table S2. The recoveries of targetMPswere determined in the range
of 57e129%. The limits of quantification (LOQs) of target MPs
ranged from 0.02 to 2.2 ng L�1 and 0.02e4.9 ng g�1 for wastewater
and sludge, respectively (Table S2). The calibration curves of target
MPs were re-established every month. If any concentration was
detected above the upper limit of the calibration range, then the
samplewas diluted and analyzed again. During the sample analysis,
ongoing quality control checks, including blanks, duplicates of
samples and spiking recovery checks, were performed every 15
samples to ensure that all data were of good quality.
2.4. Environmental risk assessment

The potential risks of residual MPs in the effluent and excess
sludge to aquatic organisms were assessed using risk quotient (RQ),
which is calculated as the ratio of the measured environmental
concentration (MEC) to the predicted no effect concentration
(PNEC) of a target compound (European Commission, 2003). In this
study, the strictest standard, that is, the lowest PNEC value of a
specific compound in water ever reported was adopted for
Flow rate ( � 104 m3 d�1) HRT d (h) SRT e (d) T f (oC) Samples g

80 10.5 21 23.8 Normal
6 15.3 16.7 24.2 Normal
4.3 15.5 17 19.2 Normal
200 12 25 21.8 Normal þ tertiary effluent
15 12 17 22.9 Normal
15 20 21 23.1 Normal þ tertiary effluent
20 13.5 19 22.5 Normal þ tertiary effluent
100 9.3 15 20.9 Normal
16 18.9 20 21.3 Normal þ tertiary effluent
6 6.5 13.5 20.2 Normal þ tertiary effluent
8 5 14 20.6 Normal þ tertiary effluent
15 16.5 22.5 20.8 Normal þ tertiary effluent
17 21 19 22.7 Normal þ tertiary effluent
10 21 13 21.4 Normal þ tertiary effluent

ch; A/A/O: anaerobic/anoxic/oxic; CAST: conventional activated sludge treatment;

fiber disc filter; ClO2: ClO2 disinfection; UF: ultrafiltration O3: ozonation; CS: coag-

mpling day.
where wastewater and excess sludge samples were collected three times (i.e., in the
eans that for each plant, the influent, secondary effluent and excess sludge samples
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calculation. The weighted measured environmental concentration
(WMEC) of a specific compound in the final effluent (i.e., secondary
or tertiary effluent) or excess sludge collected from the 14 WWTPs
was calculated as follows:

WMEC ¼ Cave � Rtot þ Cmax � R90%max (1)

where Cave and Cmax represent the average and maximum con-
centrations, respectively; Rtot represents the detection frequency
(%); and R90%max represents the ratio of the number of samples with
concentrations higher than the 90% maximum concentration to the
total number of samples.

Hence, the RQ was calculated as follows:

RQ ¼ WMEC
PNEC

(2)

The specific values used for RQ calculations are detailed in
Table S3. Common ranking criteria were adopted in this work:
RQ < 0.1, low risk; 0.1 � RQ < 1, medium risk; and RQ� 1, high risk.

3. Results and discussion

3.1. Occurrence of MPs in the 14 WWTPs

The detected concentrations and frequencies of target MPs in
the 14 WWTPs are shown in Table 2. A total of 38 MPs were
detected, and the MP numbers with 100% detection in the influent,
effluent and excess sludge samples were 26, 19 and 17, respectively.
TCs, FQs and MLs were the most frequently detected, which was
attributed to their high human consumptions in China (Zhang et al.,
2015). Two veterinary antibiotics, TIA and TYL, were not detected;
the absence of SFX and EE2 was possibly due to the limited human
application and fast degradation in sewage transport pipes,
respectively. Hence, it is noted that the stability of MPs may also
influence their occurrence in the influent of WWTPs. For another
example, glucuronide conjugated SEs (i.e., E1-3G, E2-3G and E2-
17G) were detected with lower frequencies than other SEs
because they could be readily deconjugated into free SEs in sewage
transport pipes (Ben et al., 2017). The composition profiles of
different categories of MPs in the influent, effluent and excess
sludge from the 14 WWTPs are shown in Fig. 1. Although the total
MP concentrations varied markedly among different WWTPs, a
similar distribution of different categories of MPs was generally
observed.

3.1.1. MP concentrations in the influent
The highest level of MPs in the influent was found for CAF, with

a median concentration of 7885.8 ng L�1. CAF at mg L�1 level in the
influent was usually reported inWWTPs of different countries such
as Spain (Bueno et al., 2012), USA (Hedgespeth et al., 2012) and
China (Yuan et al., 2015), revealing its large and universal usage. PEs
were detected with notably high concentrations in all influent
samples, withmedian concentrations of 2648.1 and 760.8 ng L�1 for
NP and BPA, respectively. These concentration levels are in linewith
those reported in other countries, where the influent concentra-
tions of NP and BPA were detected in the ranges of 240e41207 and
88e5620 ng L�1, respectively (Liu et al., 2009). MLs and FQs were
two dominant antibiotic categories with high concentrations and
detection frequencies, followed by SAs and TCs. The prevailing
status of MLs and FQs over other antibiotic categories in the
influent was also found in previous studies in China (Lin et al.,
2018), Spain (Bueno et al., 2012), and UK (Kasprzyk-Hordern
et al., 2009). The six miscellaneous pharmaceuticals (ATE, MET,
PROP, BF, CBZ, and TMP) generally had a median concentration
lower than 100 ng L�1, except for MET at 237.6 ng L�1. These
concentrations agree closely with a recent study conducted in
China (Ashfaq et al., 2017), but are considerably lower than those
detected in other countries. For example, the concentrations of ATE
and PROP are up to an order of magnitude lower than those re-
ported in Korea (Behera et al., 2011), Spain (Bueno et al., 2012) and
USA (Subedi and Kannan, 2015).

In terms of specific compounds, OLF, ROX and AZN were the
predominant MPs with median concentrations of 479.7, 405.4 and
351.4 ng L�1, respectively. Additionally, SMX, MET, ERY, CLA, NOR
and OTC were also abundant in influent samples, with median
concentrations higher than 100 ng L�1. The relatively high con-
centrations of these compounds were mainly related to their hu-
man consumptions, for example, OLF, NOR and ERY were more
frequently used by humans (>1000 tons in 2013) than other anti-
biotics (Zhang et al., 2015). E1, E2 and E3 were detected at median
concentrations of 72.7, 6.7 and 52.7 ng L�1, respectively, which
coincides with their different excretion amounts by humans (i.e.,
higher excretion of E1 and E3 than E2) (Zhang et al., 2014a,b).
Because SEs are mainly excreted from human bodies in conjugated
forms, conjugated SEs were frequently detected in the influent
samples, with median concentrations ranging from 2.2 (E1-3G) to
11.2 ng L�1 (E3-3S).

The location and wastewater source of a WWTP may also affect
the MP concentrations in the influent. As shown in Fig. 1a, Plants 9,
12, 13 and 14, which are located in northern China, had obviously
higher total MP concentrations than other studied WWTPs. A
possible reason is that the lower rainfall in northern China weak-
ened the dilution effect on the MP concentrations. Relatively higher
proportions of PEs were detected in the influents of Plants 1, 2, 4, 6
and 7, indicating a notable contribution of industrial wastewater to
the influents of these WWTPs.

3.1.2. MP concentrations in the effluent and excess sludge
In the effluent, MLs, FQs and PEs accounted for the highest

proportions (Fig. 1b), with median concentrations of 35.3e108.4,
1.8e253.3 and 34.6e136.8 ng L�1, respectively (Table 1). Similar to
the influent, OLF, MET, ROX and AZN were still the most abundant
MPs in the effluent, with median concentrations of 253.3, 112.0,
108.4 and 105.4 ng L�1, respectively. SMX and NOR were also pre-
sent at relatively high concentrations of 64.1 and 58.6 ng L�1,
respectively. Meanwhile, the concentration of CAF, the most
abundant compound in the influent, declined to 36.3 ng L�1.

Compared to those in the effluent, the composition profiles of
MP categories in the excess sludge were quite simple, with notable
proportions of PEs, FQs, TCs and MLs superior to other categories
(Fig. 1c). PEs, TCs and MLs were detected with median concentra-
tions of 159.0e14050.7, 8.5e387.8 and 5.3e749.0 ng g�1, respec-
tively, indicating their tendency of accumulation in the sludge. In
terms of specific compounds, NP was the most abundant with a
median concentration of 14050.7 ng g�1, followed by OLF, NOR, AZN
and OTC with median concentrations of 3150.0, 2003.7, 749.0 and
387.8 ng g�1, respectively. Because of the predominant role of NP,
higher total MP concentrations were detected in the excess sludge
ofWWTPs containing a larger portion of industrial wastewater (i.e.,
Plants 1, 2, 4, 6 and 7).

Pearson correlation analysis showed that in the effluent, the
total MP concentration had no significant correlation with the hy-
draulic retention time (HRT) or sludge retention time (SRT)) of the
studied WWTPs; and the individual MP concentration had no sig-
nificant correlation with its octanol-water partitioning coefficient
(logKow). However, the total MP concentration in the excess sludge
was significantly correlated with the SRT (r ¼ 0.750, p < 0.05). A
longer SRT generally favors the adsorption of MPs onto sludge (Ben
et al., 2017; Zhang and Li, 2011). The relative abundance of hydro-
phobic genera increases with the sludge age, which tends to



Table 2
MP concentrations in the influent, effluent, and excess sludge of 14 WWTPs.

Compound a Influent (ng L�1) Effluent (ng L�1) Excess sludge (ng g�1)

Min b Max c Med d Freq e Min Max Med Freq Min Max Med Freq

Sulfonamides (SAs)
SMX 102.3 3930.8 340.7 14 1.8 465.6 64.1 14 0.8 16.4 4.2 10
STZ 0.2 35.7 5.2 12 0.4 6.3 3.6 8 1.6 12.8 7.1 4
SDZ 3.4 140.9 25.2 13 1.1 55.3 2.4 11 1.2 12.0 3.4 3
SMN 0.1 39.9 7.6 14 0.1 10.5 1.2 14 0.1 122.7 0.8 14
SMR 0.8 0.8 0.8 2 0.3 2.2 0.7 4 11.3 68.8 15.3 3
SML 0.7 6.9 2.4 12 0.2 2.3 1.4 10 < LOQ < LOQ < LOQ 0
SDM 0.6 57.3 24.8 14 0.5 20.2 15.6 13 2.0 12.9 4.9 13
Tetracyclines (TCs)
TCN 2.0 110.1 15.3 14 0.4 25.8 1.6 14 13.3 1038.4 57.4 14
OTC 3.7 626.9 111.5 14 0.4 64.5 3.1 14 4.1 5115.9 387.8 14
CTC 0.8 39.4 4.5 14 2.1 3.8 3.7 3 0.3 276.6 8.5 14
DOX 0.7 23.7 5.5 14 0.7 4.5 1.4 7 0.8 112.6 13.6 14
Fluoroquinolones (FQs)
NOR 14.8 2766.2 138.4 14 1.6 260.4 58.6 14 403.3 3677.2 2003.7 14
OLF 214.1 2338.3 479.7 14 10.3 831.4 253.3 14 1626.3 8800.5 3150.0 14
CIP 16 175.1 39.3 14 0.6 116.0 12.1 14 2.5 1376.9 83.3 14
ENR 1.3 158.1 5.7 14 0.4 2.6 1.8 13 1.4 69.5 6.6 13
LOM 2.9 123.4 9.3 14 0.6 3.5 2.1 12 25.7 316.1 75.3 10
Macrolides (MLs)
ROX 38.8 1035.7 405.4 14 0.5 673.9 108.4 14 1.2 110.0 13.4 14
CLA 4.9 550.3 185.8 14 1.3 214.6 35.3 14 0.7 49.5 5.3 14
ERY 1.1 1151.6 221.7 14 0.1 473.6 42.7 14 0.2 43.4 6.2 14
AZN 1.5 1687.2 351.4 13 1.4 795.1 105.4 14 68.7 6027.2 749.0 14
b-Blockers
ATE 16.1 995.2 41.6 6 0.8 515.7 4.7 8 3.3 6.2 4.1 5
MET 4.2 3665.4 237.6 8 9.5 335.9 111.8 13 3.5 17.9 9.4 12
PROP 0.8 3.6 2.4 12 0.3 5.3 2.1 13 0.3 3.8 1.7 14
Lipid regulator
BF 3.6 105.1 21.9 14 0.4 87.1 2.6 14 0.2 1.9 0.2 11
Antiepileptic
CBZ 11.9 114.7 21.9 14 0.2 55 16.2 14 0.8 462.6 2.8 12
Stimulant
CAF 46.3 24108.4 7886 14 0.5 376.5 36.3 14 5.2 65.2 31.3 14
Dihydrofolate reductase inhibitor
TMP 4.4 188.4 45.7 14 0.5 52.2 21.5 14 2.0 31.5 18.0 12
Steroid estrogens (SEs)
E1 23.6 241.0 72.7 14 0.1 15.3 4.7 14 10.1 354.7 39.2 14
E2 3.1 83.0 6.7 13 0.6 5.8 0.8 11 2.1 15.7 2.5 10
E3 11.3 317.5 52.7 14 0.4 6.8 2.4 8 1.2 60.5 11.7 9
E1-3G 1.3 4.1 2.2 5 0.2 0.2 0.2 1 1.3 9.7 1.4 3
E2-3G 0.9 4.1 2.5 10 0.5 1.2 0.7 3 1.1 11.6 2.3 5
E2-17G 1.7 13.1 3.6 8 0.4 1.8 0.9 4 2.4 13.7 4.5 5
E1-3S 1.1 44.7 4.4 14 0.1 5.2 0.7 13 0.6 23.9 0.8 7
E2-3S 1.8 39.6 4.9 14 0.1 2.8 0.7 14 2.1 23.1 6.3 9
E3-3S 1.4 32.2 11.2 14 0.1 2.1 0.3 13 0.8 54.2 0.8 8
Phenolic estrogenic compounds (PEs)
BPA 234.6 1527.1 760.8 14 3.1 623.6 34.6 14 126.8 1364.2 159.0 14
NP 519.6 4183.4 2648.1 14 13.4 471.6 136.8 14 1644.2 23554.1 14050.7 14

a If a target compound was not detected in the collected samples (<LOQ), it was excluded from the statistical analysis.
b Min: minimum concentration.
c Max: maximum concentration.
d Med: median concentration.
e Freq: detection frequency, which is equal to the listed number divided by the number of studied WWTPs (i.e., 14).
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enhance the adsorption capacity of biomass for MPs (Davenport
et al., 2000). Moreover, the individual MP concentration in the
excess sludge was significantly correlated with its logKow value
(r ¼ 0.382, p < 0.05), indicating that hydrophobic partition played
an important role in the adsorption of MPs onto sludge.
3.2. Aqueous removal of MPs

Fig. 2 shows the aqueous removal efficiencies of target MPs in
the studied WWTPs, as calculated based on the concentrations of a
specific compound in the influent and final effluent (secondary or
tertiary effluent according to the treatment processes adopted).
High removal efficiencies were observed for TCs, BF, CAF, SEs and
PEs, with median (i.e., the 50% line) values higher than 80% (except
75.1% for DOX). Moreover, the inter-quartiles of the corresponding
boxes of BF, CAF, free SEs and PEs were below 15%, denoting a stable
removal of these MPs in WWTPs. Earlier studies also reported that
CAF, free SEs and BF could be readily removed fromWWTPs (Bueno
et al., 2012; Liu et al., 2009; Sui et al., 2010). Specifically, more than
99% of CAF, E2 and E3 (Ashfaq et al., 2017; Behera et al., 2011) and
87% of BF (Sui et al., 2010) were removed in the final effluents.

With respect to other MP categories, the removal efficiencies
were highly variable in general. FQs, SAs andMLs presentedmedian
removal efficiencies in the ranges of 76.1e86.9%, 61.2e83.2% and
65.6e84.3%, respectively. Tran et al. (2016) reported that FQs were
removed effectively (76.6e99.9%), while a moderate removal was



Fig. 1. Composition profiles of target MPs in the influent (a), effluent (b), and excess sludge (c) of 14 WWTPs studied.

Fig. 2. Aqueous removal efficiencies of target MPs in 14 WWTPs: (a) SAs, TCs, FQs and
MLs; and (b) b-blockers, BF, CBZ, CAF, TMP, SEs and PEs.
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found for SAs (66.8e88.1%) and MLs (54.8e91.4%). However, the
removal efficiencies of these antibiotics varied largely from 13% to
100% among different studies (Behera et al., 2011; Bueno et al.,
2012; Kasprzyk-Hordern et al., 2009). For b-blockers, the median
removal efficiencies of ATE and MET reached 85.7% and 77.1%,
respectively; while that was only 12.1% for PROP, a refractory
compound among b-blockers (Radjenovi�c et al., 2009). Low
removal was found for CBZ (median efficiency¼ 9.2%) because of its
persistence in conventional wastewater treatment processes
(Subedi and Kannan, 2015). It is noted that some MPs, such as SMR,
OLF, ENR, ROX, AZN, PROP and CBZ, showed occasionally negative
removal efficiencies, probably due to the transformation of conju-
gated forms to free forms (Ashfaq et al., 2017; Subedi and Kannan,
2015). For example, the cleavage of hydroxylated CBZmetabolite by
microbial activity caused an increase of CBZ concentration in the
bio-treatment effluent (Subedi and Kannan, 2015).

3.3. Comparison of different treatment processes

As described above, the removal of MPs appeared to be com-
pound specific (Fig. 2), which makes it difficult to compare the ef-
ficacies of different treatment processes. Hence, quantitative meta-
analysis was performed, which is able to control the variability in
removal among different categories of MPs. The standardized
removal efficiency (SRE) of each compound was calculated ac-
cording to a method described in a recent study (Melvin and
Leusch, 2016). To avoid the bias potentially introduced by the
anomalous outcomes for different treatment processes, the number
of data points available for each treatment process was considered
in the calculation of SRE:

SRE ¼ ððx� mÞ=sÞ � n
N

(3)

where x is each individual removal efficiency; m is the average
removal efficiency of a specific compound across all treatment
processes; s is the standard deviation of the removal efficiencies of
a specific compound across all treatment processes; n is the num-
ber of data points obtained for each treatment process; and N is the
total number of data points for a specific compound across all
treatment processes. The quantitative meta-analysis results,
though dependent on the MPs studied, could provide an overview
of the performance of different treatment processes in eliminating
the target MPs.

3.3.1. Secondary treatment processes
In general, the secondary treatment processes, usually referring

to bio-treatment processes, mainly account for the removal of MPs
in WWTPs. As shown in Fig. 3a, CAST had the lowest efficacy for
removingMPs, with a significantly different SRE value as compared
to other treatment processes. A/A/O and OD achieved relatively



Fig. 3. Meta-analysis comparison of different treatment processes for removing target
MPs by using standardized removal efficiencies (SREs) (95% confidence level): (a)
secondary treatment processes; and (b) tertiary treatment processes. Statistically
significant difference (p < 0.05) between the SREs of different treatment processes is
indicated by the letters on the right.
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higher removal of MPs, and no significant difference was identified
between the two processes. A/A/O combined with a moving-bed
biofilm reactor (A/A/O-MBBR) achieved the highest removal of
MPs, and MBR was the next most effective process.

It has been reported that MBBR can remove some pharmaceu-
ticals (e.g., SDZ, ATE, CBZ, TMP and diclofenac) more effectively
than the conventional activated sludge and MBR processes (Casas
et al., 2015; Falås et al., 2012; Tang et al., 2017). The biofilm
developed on the surface of carriers in the MBBR consists of mi-
croorganisms capable of using pharmaceuticals as organic sub-
strates (Zupanc et al., 2013), thus leading to a higher removal of MPs
(Falås et al., 2013). Recently, MBBR has been increasingly applied in
WWTPs in China, especially following A/A/O to enhance nitrifica-
tion. This study demonstrates an additional merit of A/A/O-MBBR,
that is, the post-positioned MBBR can further remove some MPs
which are recalcitrant to activated sludge treatment.

As shown in Fig. 3a, MBR achieved a higher removal of MPs than
A/A/O, OD and CAST. Previous studies also reported that MBR
exhibited better performance over CAST, OD and trickling biofilters
for removing a broad spectrum of MPs (Melvin and Leusch, 2016;
Tran et al., 2016). The longer SRT in the MBR allows for the
enrichment of slowly growing bacteria and the subsequent estab-
lishment of a more diverse microbial community, which favors the
co-metabolic degradation of MPs (Batt et al., 2006; Tran et al.,
2013). Moreover, the smaller sizes of sludge particles in the MBR
also provide higher surface areas for adsorption of MPs (Kimura
et al., 2007). In this study, MBR was adopted in Plant 12 with an
SRT of 22.5 d (longer than those in most other studied WWTPs),
which may explain its preferable removal of MPs. Hence, the
operation parameters of WWTTPs could also affect the removal of
MPs. Another example is that the HRTs of the twoWWTPs adopting
CAST (i.e., 6.5 h for Plant 10 and 5 h for Plant 11) were obviously
lower than those of most other WWTPs, which may partly explain
the low removal of CAST for target MPs.

3.3.2. Tertiary treatment processes
Tertiary treatment processes may further eliminate MPs present

in the secondary effluent, while different processes exhibited sig-
nificant discrepancies in the MP removal efficiency (Fig. 3b). Rotary
fiber disc filters (RFDF), which were widely adopted in the studied
WWTPs, showed the lowest removal of MPs. The addition of UV
disinfection to RFDF, or the sole UV disinfection, showed slightly
better performance than the RFDF, but no significant difference was
identified amongst these three processes. Notably high heteroge-
neity of the SRE for UV disinfection was observed, mainly due to a
large variation in the light sensitivity of different MPs. Although
some MPs (e.g., SMX and SEs) are found to be well removed by UV
irradiation (Carlson et al., 2015; Nguyen et al., 2013), direct UV
photolysis at wastewater disinfection dosages (e.g., 10e20mJ cm�2)
has been proven ineffective in removing the majority of MPs (Yang
et al., 2014).

The coagulation/sedimentation-RFDF-UV combined process
(CS-RFDF-UV) exhibited a higher removal of MPs than the RFDF and
UV-RFDF processes. Coagulation can effectively eliminate some
hydrophobic MPs (logKow > 4, e.g., BPA) from water (Alexander
et al., 2012; Luo et al., 2014). The application of ClO2 disinfection
in the CS-RFDF-ClO2 and RFDF-ClO2 combined processes notably
enhanced the removal of MPs. The high reactivity of ClO2 toward
aniline, phenolic and tertiary amine functional groups is well
known (Lee and von Gunten, 2010). It has been reported that ClO2
can completely remove many reactive MPs, such as SMX, SEs and
CIP in bio-treated wastewater (Andersen, 2010; Hey et al., 2012; Lee
and von Gunten, 2010).

The maximum SRE was achieved when employing an ultrafil-
tration-ozonation-ClO2 disinfection combined process (UF-O3-
ClO2). UF membrane can retain typically hydrophobic EDCs and
PPCPs (e.g., E1 and ERY) (Yoon et al., 2007). O3 is highly effective in
removing a broad spectrum of MPs in bio-treated wastewater,
especially those with aromatic moieties, amine groups, or double
bonds, such as SMX and CBZ (Hollender et al., 2009).

In China, the most widely-used wastewater treatment process is
A/A/O, which has been adopted in 31% of WWTPs (Zhang et al.,
2016). From the results obtained above, the currently running A/
A/O process can be readily expanded to the A/A/O-MBBR combined
process to enhance the removal of MPs. Moreover, ozonation and
ClO2 disinfection showed preferable performance in removing MPs
among the studied tertiary treatment processes. However, under-
lying the effective destruction of MP molecular structures, these
chemical oxidants may also producemore harmful or persistent by-
products than the parent compounds (Carlson et al., 2015), which
warrants further investigation.

3.4. Environmental risks of MPs

As shown in Fig. 4, in the effluent, the RQs for SMX, OLF, CIP, CLA,
ERY, E1 and BPA were higher than 1.0, indicating they could pose
high risks to aquatic organisms. The RQs of E2-17G, E1-3S, E2, NP,
TCN and OTC were between 1.0 and 0.1, indicating medium risks.
With respect to excess sludge, E2-3S posed a high risk, while me-
dium risks could be induced by E1-3G, E1-3S, OLF and CIP. In



Fig. 4. Risk quotient (RQ) values for target MPs in the effluent and excess sludge of 14
WWTPs.
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previous studies, medium to high risks were identified for SMX,
SDZ, ERY, CBZ and OLF in the WWTP effluents in China (Ma et al.,
2017; Yuan et al., 2015) and globally (Díaz-Gardu~no et al., 2017;
García-Gal�an et al., 2011), while limited research has been con-
ducted to assess the risks of MPs in the excess sludge. It is noted
that even though the concentrations of conjugated SEs in the
sludge phase were lower than those of free SEs (Table 2), their
higher partition to water phase may also induce high risks to
aquatic organisms. This result highlights a particular concern for
conjugated forms of MPs in WWTPs.

The simultaneous presence of different MPs can result in toxic
effects at concentrations lower than the PNEC for each individual
pollutant (Wang et al., 2010). As a result, the risks associated with
residual MPs in the effluent and excess sludge are probably even
higher than the calculated values. In addition, the transformation
by-products of MPs, especially in the tertiary treatment processes,
may pose additional risks. Although the dilution by a receiving
water will lower theMP concentrations when theWWTP effluent is
discharged, the continuous input of MPs may require a risk
assessment method considering long-term exposure scenarios.
With respect to the excess sludge, the residual MPs may move up
into the food chain through uptake by plants if the sludge is com-
posted and applied to farmlands (Adeel et al., 2017; Yu et al., 2013).
Overall, the risks of residual MPs in downstream environments
need further assessment in comprehensive consideration of their
stability, mobility, exposure pathways, and exposure
concentrations.
4. Conclusions

This study has revealed awide distribution of MPs in the studied
WWTPs, with PEs, FQs and MLs identified as the predominant
categories. A significant part of MPs could not be effectively
removed by wastewater treatment processes, thus being dis-
charged into the environment through the effluent and excess
sludge. For the removal of MPs, the combined A/A/O-MBBR process
exhibited the best performance among the secondary treatment
processes, and the UF-O3-ClO2 combined process was the most
effective among the tertiary treatment processes. Risk assessment
revealed that the high-risk compounds consisted of SMX, OLF, CIP,
CLA, ERY, E1 and BPA in the effluent and E2-3S in the excess sludge.
The risks associated with the conjugated forms and transformation
by-products of MPs warrant further investigation in the future.
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