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Abstract
“Swimming across the Pearl River” is an annual large-scale sporting event with great popularity inGuangzhou. To reduce the risk
of swimmers’ exposure to various contaminants in the Pearl River during swimming activities, the local government limits direct
sewage and effluent discharge from urban channels during the event. However, the impact of discharge reduction on some
contaminants of emerging concern (CECs), such as organophosphorus flame retardants (OPFRs), bisphenol analogues (BPs),
and triclosan remains unknown. In the present study, the concentrations of CECs, as well as ammonia-nitrogen (NH3-N),
dissolved organic carbon, and chemical oxygen demand, were measured in aqueous and suspended particulate matter (SPM)
from the Guangzhou reaches of the Pearl River. The concentration ranges of sixteen OPFRs, eight BPs, and triclosan were 21.2–
91.0, 8.46–37.3, and 1.47–5.62 ng/L, respectively, in aqueous samples, and 25.2–492, 14.0–86.3, and 0.69–17.5 ng/g, respec-
tively, in SPM samples. Hydrophobic and π-π interactions could be contributing to the distribution of CECs. Principal compo-
nent analysis indicated that consumer materials, manufacturing, and domestic sewage might be the main sources of the CECs. In
addition, our study showed that the concentrations of CECs did not change considerably before or after discharge reduction
activities, although NH3-N showed a substantial decrease following pollution control measure. The results demonstrated that
temporary reductions of contaminant discharges to the Pearl River had only limited effect on the levels of CECs. Further research
is needed to investigate the distributions and potential health risks of CECs in the Pearl River.
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Introduction

Situated in the subtropical zone of southern China, the Pearl
River Delta (PRD), one of the most densely populated and
economically developed regions in China, covers an area of
46.1 × 104 km2 and has a population of over 56 million
(Zhang et al. 2020). Meanwhile, the river also has a highly
complex water network that receives substantial rainfall dur-
ing the summer (Wang et al. 2015a). Consequently, all types
of pollutants are introduced to the Pearl River through various
sources and pathways (Ouyang et al. 2005). Such sources
include contaminants of emerging concern (CECs) from ur-
ban effluents of wastewater treatment plants (Zeng et al.
2014), hospital and aquaculture zone effluents (Xu et al.
2007), domestic sewage, and run-off from urban and agricul-
tural areas (Peng et al. 2017a).

The Pearl River was one of the most polluted rivers in the
1990s (Tan et al. 1996). Beginning in the early twenty-first-
century, the government established effective interventions to
reduce the emissions of pollutants to improve water quality.
An annual sports event, “Swimming across the Pearl River”
has also been held in the summer since 2006, to show to the
public that the once-contaminated river has been cleaned
(Yang et al. 2007). However, the Pearl River watershed has
still been suffering from pollution in recent years (Lai et al.
2019; Peng et al. 2017a, b; Pintado-Herrera et al. 2017; Zhao
et al. 2019). In order to reduce the risk of pollutant exposure to
swimmers during the event, the local government of
Guangzhou restricted direct sewage discharge upstream, as
well as effluent discharged from urban channels to the Pearl
River at least 2 months prior to the event. However, the impact
of such discharge reductions on the occurrences of CECs in
the Pearl River remains unknown.

CECs include a broad list of synthetic substances in global
use, such as flame retardants and plasticizers, endocrine-
disrupting compounds (estrogens and steroid hormones), and
pharmaceuticals and antibacterial agents, which are
transported to the environment by human activities (Lai
et al. 2019; Stuart et al. 2012). Such chemicals have not pre-
viously been considered significant in terms of their occur-
rences and distributions in the environment. For example,
the US EPA has derived statutory guideline values for about
125 contaminants in drinking water; no CECs are on the list
(US EPA, 2010). However, they are now frequently detected
and may have potentially negative consequences on wild an-
imals and humans, even at low levels (Li et al. 2019; Stuart
et al. 2012). Three type of CECs, including organophosphorus
flame retardants (OPFRs), bisphenol analogues (BPs), and
triclosan (TCS), are widely used in the PRD regions and have
attracted increasing concern among researchers and local gov-
ernment (Coogan et al. 2007; Jin and Zhu 2016; Liu et al.
2016; Van der Veen and de Boer 2012). Exposure to OPFRs
(triphenyl phosphate, TPhP) retarded ovarian development

and significantly reduced egg production in Japanese
Medaka (Oryzias latipes), even at environmentally relevant
concentrations, and may also have population-level impacts
on wild fish (Li et al. 2019). Some widely used alternatives of
bisphenol A (BPA), such as bisphenol S (BPS), bisphenol AF
(BPAF), bisphenol F (BPF), and bisphenol P (BPP), have also
been shown to display estrogenic and antiestrogenic activities
similar to or greater than that of BPA (Chen et al. 2016). TCS
is a synthetic broad-spectrum antibacterial agent commonly
used in personal care products and has also raised concerns
recently regarding its potential for endocrine disruption (Fan
et al. 2019; Zhao et al. 2010). Although CECs were detected at
relatively low concentrations, ranging from pg/L to ng/L in
aquatic ecosystems, such chemicals may still be toxic and
produce potential adverse effects on ecosystems and human
health (Jurado et al. 2012).

As compared with traditional organic pollutions, such as
persistent organic pollutants and pesticides, investigations of
the sources, occurrences, and fates of CECs are limited and
research is scarce (Kim et al. 2017; Zhao et al. 2019). For
example, 14 types of OPFRs and plasticizers were studied in
surface water samples obtained from the Pearl River in 2013,
with concentrations ranging from 15 to 1790 ng/L. The high
frequency and concentration of tris (2-chloroethyl) phosphate
(TCEP) detected along the coast of China may potentially
cause adverse effects to aquatic organisms (Lai et al. 2019).
Eight bisphenol analogues were detected in aqueous samples,
suspended particulate matter (SPM) samples, and organisms
in the Pearl River Estuary in 2017; the results indicated that
the water pollution of BPs in the Pearl River Estuary’s coast
may be worse than that in Europe and the Antarctic (Zhao
et al. 2019). Moreover, two antimicrobial agents were inves-
tigated in the Pearl River system in 2007–2008, one of which,
TCS, posed median risks in the Pearl River and Liuxi Rivers,
and high risks in the Shijing River (Zhao et al. 2010). The
rapid urbanization and intensified human activities of the
PRD region are the main causes of these anthropogenic con-
taminants being released into aquatic environment (Peng et al.
2017a, b; Gong et al. 2019), and studies indicated that sewage
treatment systems cannot completely remove these emerging
pollutants (Garcia-Rodríguez et al. 2014; Kim et al. 2017;
Schreder and La Guardia 2014). Although a series of mea-
sures have been implemented to control discharge, for exam-
ple, constructing of sewage treatment stations and sewage
pipe networks to improve water quality, there is still a lack
of quantitative data to accurately assess the effects of such
control measures on the occurrences and fates of CECs (Li
et al. 2017).

To understand the impact of anthropogenic activities on the
occurrences and fates of CECs in the Pearl River, and to reveal
the effects of discharge reduction measures on water quality,
especially on CECs levels, the concentrations of CECs and
water quality indices (WQIs) were measured in water obtained
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from the Guangzhou reaches of the Pearl River. Samples were
collected before and after the implementation of discharge
reduction measures in preparation of the “Swimming across
the Pearl River” event. The partitioning of CECs between
aqueous and SPM samples was also investigated to reveal
the adsorptive partitioning characteristics of pollutants. The
discharge control measures implemented during the
“Swimming across the Pearl River” event offered an invalu-
able opportunity to investigate how the water quality of the
Pearl River was influenced by sewage effluents from urban
channels. These results will provide useful lessons for urban
water management departments. To our knowledge, this is the
first report on the influence of discharge reductions on the
occurrences and fates of CECs in urban rivers that flow across
megacities.

Materials and methods

Chemicals and reagents

In the present study, sixteen OPFR standards, including
tris(1,3-dichloro-2 propyl)phosphate (TDCP), tris(2-
chloroethyl) phosphate (TCEP), 2-ethylhexyl diphenyl phos-
phate (EDP), tris(2-butoxyethyl) phosphate (TBEP), tributyl
phosphate (TBP), tripropyl phosphate (TPrP), tri-p-cresyl
phosphate (p-TCP), tri-m-cresyl phosphate (m-TCP), tri-o-
cresyl phosphate (o-TCP), tris(2-isopropylphenyl) phosphate
(TiPPP), triphenyl phosphate (TPhP), TCPP, bisphenol A
bis(diphenyl phosphate) (BPADP), triethylphosphate
(TEPP), tris(1-Chloro-2-propyl) phosphate (TiCPP), and
tris(2,3-dibromopropyl)phosphate (TDBPP), were purchased
from AccuStandard (New Haven, USA). The standards of
eight bisphenol analogues, including BPA, BPAF, BPS,
BPF, BPP, bisphenol AP (BPAP), bisphenol Z (BPZ), and
tetrabromobisphenol A (TBBPA), were also obtained from
AccuStandard (New Haven, USA). TCS was obtained from
Dr. Ehrenstorfer (Augsburg, Germany). Isotopically labeled
standards d12-TCEP, d15-TEPP, d15-TPhP, d27-PATE (phos-
phoric acid tributyl), and 13C12-BPA were manufactured by
AccuStandard (New Haven, USA). d3-TCS was supplied by
CDN Isotopes Inc. (Quebec, Canada). All other organic sol-
vents were HPLC-grade or higher, and were purchased from
ANPEL (Shanghai, China).

Discharge reduction details

As reported by Peng et al. (2017b), the production of domestic
wastewater in PRD region was 7 billion m3 per year, with
about 10% of the domestic wastewater not treated before dis-
charge. The direct discharge of the untreated domestic sewage
via pipelines into a water body might cause pollution of the
Pearl River, which would further pose potential health risks

because of exposure to pollutants during swimming activities.
The “Swimming across the Pearl River” event is held every
July, which is the rainiest period of Guangzhou. Therefore, the
contribution of the urban surface runoffs to the pollutants in
the Pearl River water cannot be ignored. To reduce the con-
centrations of pollutants in the water body and to lower the
risk of exposure for swimmers, the local government has tak-
en several discharge reduction measures. For example, all of
the channels within 10-km upstream of the swimming area of
Pearl River were blocked to prevent domestic sewage dis-
charge 2 months before the event. These domestic sewages
would be piped into two nearby large wastewater treatment
plants (WWTP), Liede WWTP and Datansha WWTP, for
their final treatment. The effluent from the WWTP should
reach the class I standard for pollutant discharge of China
(GB18918-2002, Standards for Urban Sewage Treatment
Plants). However, the wastewater can still directly go into
channels by run-off and secretly discharge wastewater.

Sample collection

Surface water samples were collected from the Guangzhou
reaches of the Pearl River at 9:00 to 10:00 am on May 27,
June 20, July 2, and July 9, 2019. The swimming event was
held on July 18 of the same year. The first sampling time was
before discharge reduction activities occurred. In addition,
prior to the last sampling, better-quality Beijiang water was
introduced upstream to dilute the concentrations of pollutants
in the Pearl River. The sampling sites (Z1–Z10) in our study
are shown in Fig. 1. Surface water samples were collected
using a stainless-steel bucket and then stored in 10-L wide-
mouth amber glass bottles. After sampling, the samples were
immediately transported to our laboratory. All samples were

Fig. 1 The sampling area and sampling sites (black dots)
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filtered through pre-cleaned glass fiber filters (GF/F, 0.7-μm
pore size, baked at 450 °C for 4 h before use; Whatman, UK)
to separate the SPM. The filters holding the SPM samples
were frozen at − 20 °C until analysis. The filtrates were stored
at 4 °C prior for further treatment, which was accomplished
within 48 h of sampling.

Sample treatment protocols

Two liters of each water sample was divided into two sub-
samples. One part was used to determine phenolic chemicals,
such as BPs and TCS, and the remainder was used for the
determination of OPFRs. For the phenolic chemicals, filtered
water samples (1 L) and blank samples were spiked with the
surrogate standards (13C12-BPA, d3-TCS), and loaded onto
Oasis HLB cartridges (500 mg, 6-mL volume, Waters,
USA) that were pre-conditioned sequentially with 5 mL of
ethyl acetate (ETAC), 5 mL of methanol (MeOH), and
10 mL of Milli-Q water, at a flow rate of approximately
10 mL/min. Subsequently, cartridges were washed with
10 mL of MeOH/H2O (10:90, v/v) to remove interferences
and then dried by a vacuum pump. The analytes were eluted
with 10 mL of methanol/dichloromethane (MeOH:DCM,
50:50, v/v). The extracts were evaporated to dryness under a
gentle stream of nitrogen, and then redissolved in 200 μL of
methanol for instrumental analysis. For OPFRs, filtered water
samples (1 L) and blanks were spiked with the surrogate stan-
dards (d27-PATE, d15-TEPP, d15-TCEP, and d12-TPhP), and a
similar pretreatment to that used for phenolic chemicals was
used; the only differences were that the target compounds
were eluted with 10-mL ETAC/DCM (50:50, v/v) and with-
out the wash step using 10 mL of MeOH/H2O (10:90, v/v).

For the SPM samples, after samples were lyophilized for
24 h and spiked with surrogate standards, they underwent
ultrasonic extraction with 30 mL of MeOH:DCM (50:50,
v/v) three times. The extracts were then combined and rotary
evaporated to 1 mL, subsequently purified using Oasis HLB
cartridges (500 mg, 6 mL, Waters, USA) as described above
without washing, and samples were not undergoing dilution
before passing through the cartridges. The targets, including
phenolic chemicals and OPFRs, were eluted with 10 mL of
MeOH/DCM (50:50, v/v), evaporated to dryness, and
reconstituted with 200 μL, as described above. It is noted that
SPM samples were analyzed twice with different analysis
methods for phenolic chemicals and OPFRs.

Determination of dissolve organic carbon and WQIs

The contents of dissolved organic carbon (DOC) in surface
water were determined using a TOC-VCPH analyzer
(Shimadzu, Japan). After acidification with diluted hydrochlo-
ric acid solution to pH = 3, 50 mL of filtrate was analyzed.

Two parameters of WQIs, ammonia-nitrogen (NH3-N) and
chemical oxygen demand (COD), were also measured accord-
ing to the National Standards of Surface Water Testing
Standards GB7481-87 and GB11914-89, respectively.

Instrumental analysis

The qualitative and quantitative analyses of CECs were per-
formed using high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) with a 1260
Infinity LC (Agilent Technologies, USA) coupled to a 6470
Triple Quad LC-MS/MS system (Agilent Technologies,
USA). A C18 column (Poroshell 120 EC-C18, 100 mm ×
4.6 mm, 2.7 μm; Agilent Technologies, USA) was used for
the separation of analytes. The details of the HPLC conditions
and MS/MS parameters are provided in the Supplemental
Information.

Quality assurance and quality control

One procedural blank and one spiked sample were included
with each batch of 12 field samples. The recoveries of CECs
in the spiked samples ranged from 61.9 to 120%. The limits of
detection (LOD) and quantification (LOQ) were defined as
threefold and tenfold of the signal-to-noise ratio, respectively.
Detailed recoveries, LOD, and LOQ are provided in Table S2.

Calculations and statistical analysis

To describe the distribution of CECs between aqueous and
SPM samples, distribution coefficients (Kd) were calculated
using following equation (Wang et al. 2018):

Kd ¼ Cs � 1000ð Þ=Ca

whereCs andCa are the concentrations of target compounds in
SPM samples (ng/g dw) and aqueous samples (ng/L),
respectively.

Principal component analysis (PCA) was used for source
apportionment to identify the possible sources. Correlation
analyses were calculated to evaluate correlations between
the Kd of individual CECs and KOW. A p value less than
0.05 was considered statistically significant.

Results and discussion

Occurrences and distributions of the CECs in aqueous
samples

Among 16 OPFRs analyzed, BPADP, TiPPP, and TDBPP
were below the detection limit, while the other congeners were
all detected in aqueous samples (Table 1). The sum of the

30381Environ Sci Pollut Res  (2020) 27:30378–30389



concentrations of OPFRs in the aqueous phase ranged from
21.2 to 91.0 ng/L, with a mean value of 41.0 ng/L. TBP
(mean, 9.21 ng/L) was the dominant compound, followed by
TCEP (8.72 ng/L), TBEP (6.22 ng/L), and TCPP (3.90 ng/L).
OPFRs, as alternatives of brominated flame retardants, have

been widely applied in textile, plastics, and many other prod-
ucts (Wang et al. 2018). Their large consumption has caused
the elevated levels of OPFRs in the environment media, and it
has been frequently detected in aquatic/sediment systems
(Van der Veen and de Boer 2012). Specifically, TBP has an

Table 1 Concentrations of the CECs detected in aqueous (ng/L) and SPM (ng/g dw) samples (n = 40) from the Pearl River

Compounds Aqueousa SPMa

27 May 20 June 2 July 9 July 27 May 20 June 2 July 9 July

TEPP 1.19
(0.32–1.68)

1.77
(1.21–2.41)

1.48
(1.01–1.99)

1.79
(1.04–2.46)

0.07
(n.d.–0.25)

0.02
(n.d.–0.17)b

0.81
(n.d.–1.86)

0.09
(n.d.–0.38)

TCEP 8.01
(6.03–10.2)

8.30
(5.98–9.80)

8.67
(6.92–9.47)

9.89
(7.46–10.9)

5.75
(2.37–8.26)

4.47
(2.44–7.65)

32.9
(8.42–51.3)

9.38
(6.58–22.4)

TCPP 2.09
(0.22–9.37)

2.65
(1.59–6.70)

2.97
(0.16–8.83)

7.88
(3.67–10.6)

0.82
(n.d.–4.48)

0.19
(n.d.–1.94)

16.1
(5.48–37.6)

2.27
(0.33–5.61)

TiCPP 0.74
(0.16–2.61)

1.16
(0.83–2.04)

1.03
(0.08–2.50)

2.34
(1.43–3.00)

0.15
(n.d.–1.09)

0.04
(n.d.–0.44)

4.21
(1.56–5.98)

0.62
(0.05–1.44)

TPrP 0.44
(0.32–0.63)

1.01
(0.73–1.38)

1.10
(0.51–1.60)

0.69
(0.22–1.09)

n.d. n.d. n.d. n.d.

TDCP 1.01
(0.60–1.46)

0.48
(0.22–0.76)

0.70
(0.51–0.92)

1.17
(0.45–1.64)

n.d. n.d. n.d. n.d.

TPhP 1.67
(1.26–2.31)

1.40
(0.99–1.79)

1.32
(1.03–1.50)

0.69
(0.19–1.29)

3.01
(1.96–3.91)

2.79
(0.70–4.36)

5.84
(3.29–9.73)

3.98
(2.15–7.50)

TBP 10.8
(7.25–19.7)

5.78
(2.73–12.6)

11.8
(3.63–46.3)

8.44
(2.30–13.2)

141 (67.8–207) 119 (43.3–223) 73.9
(2.01–182)

6.77
(1.60–16.0)

TBEP 4.79
(3.56–8.11)

9.78
(8.48–12.9)

4.75
(0.83–12.4)

5.59
(3.07–7.02)

1.72
(1.38–2.39)

1.30
(0.90–1.64)

1.60
(1.16–2.21)

1.54
(0.62–3.99)

m-TCP 0.18
(0.14–0.21)

0.28
(0.25–0.31)

0.34
(0.31–0.40)

0.23
(0.16–0.33)

0.94
(0.49–1.33)

1.00
(0.77–1.48)

0.67
(0.33–0.94)

0.65
(0.30–1.74)

o-TCP 0.18
(0.18–0.22)

0.28
(0.25–0.31)

0.34
(0.30–0.40)

0.23
(0.16–0.33)

0.94
(0.44–1.17)

1.01
(0.77–1.50)

0.64
(0.35–0.94)

0.68
(0.35–1.74)

p-TCP 0.18
(0.18–0.22)

0.28
(0.25–0.31)

0.34
(0.30–0.40)

0.23
(0.16–0.33)

0.95
(0.44–1.25)

1.03
(0.77–1.50)

0.68
(0.34–0.95)

0.67
(0.33–1.74)

EDP 1.39
(0.94–1.95)

0.82
(0.60–1.49)

1.84
(1.04–4.49)

2.84
(1.16–6.86)

3.01
(2.05–5.32)

2.56
(1.80–3.44)

3.21
(2.42–4.10)

3.32
(2.13–6.63)

BPADP n.d. n.d. n.d. n.d. 7.77
(4.79–13.6)

4.97
(2.52–8.76)

45.3
(4.24–336)

12.6
(7.04–34.1)

∑OPFRs 37.4
(27.5–50.3)

39.0
(32.2–47.4)

41.9
(21.2–91.0)

45.6
(25.4–59.5)

166.8
(92.5–218)

138 (59.5–245) 186
(49.9–492)

42.6
(25.2–74.5)

BPA 10.7
(2.57–14.6)

19.8
(9.47–30.1)

11.2
(6.12–20.9)

11.1
(4.58–18.7)

10.5
(5.72–21.5)

15.2
(9.74–21.8)

15.2
(9.35–21.1)

17.5
(12.1–26.1)

BPS 2.09
(1.72–2.47)

1.29
(0.90–1.66)

0.76
(0.50–0.97)

0.95
(0.04–2.31)

0.54
(0.42–0.71)

0.48
(0.19–0.66)

0.54
(0.35–0.69)

0.65
(0.44–1.48)

BPF 6.39
(3.96–7.48)

4.80
(3.66–5.31)

2.54
(1.66–3.07)

4.89
(3.76–7.46)

10.8
(6.44–22.4)

18.4
(9.65–42.9)

18.3
(11.4–25.7)

20.0
(12.4–49.5)

TBBPA 0.35
(0.26–0.45)

0.19
(0.16–0.24)

0.46
(0.19–0.69)

0.36
(0.20–0.77)

3.93
(1.52–8.30)

4.68
(1.83–7.04)

4.59
(2.01–8.11)

4.66
(2.54–9.24)

∑BPs 19.6
(10.4–25.1)

26.1
(14.6–37.3)

15.0
(8.46–25.7)

17.4
(8.58–29.3)

25.7
(14.0–52.8)

38.7
(21.3–49.5)

38.6
(23.0–55.6)

42.9
(28.4–86.3)

TCS 2.85
(2.03–3.39)

1.83
(1.47–2.20)

3.79
(3.03–5.62)

3.08
(2.50–3.56)

5.28
(0.69–7.24)

5.65
(3.82–8.20)

7.26
(4.66–9.75)

7.20
(4.53–17.5)

a Data are shown as mean (minimum-maximum)
b only one sample contained the target compound

dw, dry weight; n.d., not detected
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annual production of approximately 3000–5000 tons
(Nancharaiah et al. 2015). TCEP annual production on a glob-
al scale is about 4000 tons (Kristin and Wilhelm 2009) and
TBEP has a global production of about 5000–6000 tons per
year (Ma et al. 2016). The high concentrations of the
chemicals found in the Pearl River may be due to the large
consumption of commercial products in the PRD regions. As
a comparison, the present results were much lower than those
from the Bohai Sea (9.6–1549 ng/L) (Wang et al. 2015b),
Taihu Lake (166–1530 ng/L) (Wang et al. 2018), and Pearl
River Estuary (14.9–1790 ng/L) (Lai et al. 2019) (Table S4).
Moreover, the levels found in the present study were lower
than those found in coastal and marine surface waters from
Germany (Bollmann et al. 2012) and river water from Spain
(Cristale et al. 2013). However, pollutant levels in this study
were higher than those in river water from Sweden
(Gustavsson et al. 2019). Nevertheless, the contamination of
OPFRs in aqueous samples from the Guangzhou reaches of
the Pearl River is at relatively low levels.

The total concentrations of BPs ranged from 8.46 to
37.3 ng/L, with a mean value of 19.5 ng/L. Among eight
BPs measured, only BPA, BPF, BPS, and TBBPA were de-
tected in all of the aqueous phase samples, with concentration
ranges of 2.57–30.1, 1.66–7.48, 0.50–2.47, and 0.26–0.77 ng/
L, respectively, with mean values of 13.2, 4.65, 1.28, and
0.34 ng/L, respectively. BPA accounted for 69.0% of the total
concentrations of BPs. The dominance of BPA in BPs indi-
cated that BPA is still widely used in the PRD region. Many
studies reported the occurrence of BPs in the surface water
around the world (Table S5); however, the range of BPA in
the present investigation was lower than those previously re-
ported from the Pearl River Estuary (9.5–173 ng/L), Pearl
River (n.d.–98.0 ng/L, n.d.—not detected), and West River
(n.d.–43.0 ng/L). The observed difference might be attributed
to the different sampling locations, different river water flow
rates, and seasonal variations in this study compared with
others (Liu et al. 2017). The range of BPA concentrations in
the Pearl River of the present study was relatively higher than
that from Taihu Lake (4.2–14.0 ng/L) reported by Jin and Zhu
(2016), but lower than the concentrations of other studies from
Taihu Lake (19.0–560 ng/L) (Liu et al. 2017; Yan et al. 2017).
Nevertheless, the concentration of BPF (2.1–7.5 ng/L) was
higher than that from Taihu Lake (n.d.–5.6 ng/L), while the
concentration of BPS (0.5–6.9 ng/L) was lower than that of
Taihu Lake (0.28–67.0 ng/L) in the study of Jin and Zhu
(2016). The different compositions of BPs between the Pearl
River and Taihu Lake suggest that different BPA alternatives
might be used in these two regions, and the releasing from
various sources and with different fluxes would also affect the
composition characteristics of target pollutants. Compared
with other countries such as Japan, Korea, and India
(Table S5), the concentrations of BPs from the Guangzhou
reaches of the Pearl River were relatively lower. In addition,

the composition profiles varied substantially, which may be
due to the different types of commercial BP products used
among the different areas, and that need further studies to
confirm.

For TBBPA, the water samples in the present study had
higher concentrations than the Beijiang River (0.020–
0.270 ng/L) (Xiong et al. 2016), slightly lower than those
found in Taihu Lake (n.d.–1.12 ng/L), and much lower than
those of the Xiaoqing River (6.0–113 ng/L), Qinghe River
(23.9–224 ng/L), and Chaohu Lake (850–4870 ng/L) (Lan
et al. 2019; Yang et al. 2012; Yin et al. 2011). The results
are consistent with previous studies that found higher
TBBPA levels in northern China than southern China.
Compared with other countries (Table S6), relatively lower
levels of TBBPA were reported in the Prédecelle River in
France (< 0.035–0.068 ng/L) (Labadie et al. 2010) and lakes
in England (< 0.14–3.2 ng/L) (Harrad et al. 2009). However,
much higher levels were found in several rivers and lakes in
Poland (260–490 ng/L) (Kowalski and Mazur 2014).

TCS was also detected in all water samples in this study.
The concentrations of TCS ranged from 1.47 to 5.62 ng/L with
a mean of 2.85 ng/L. The concentrations of TCS in the present
study was much lower than those in the Yangzte River, Hai
River, Yellow River, and Dongjiang River, China, where the
range of concentrations was n.d. − 65.6, n.d. − 34.4, n.d. −
64.7, and <LOQ − 170 ng/L, respectively (Ma et al. 2018;
Zhao et al. 2013). Also, the level of TCS in the present study
was much lower than those found in the Pearl River (1.51–
478 ng/L, 2007–2009) (Zhao et al. 2013) and urban rivers in
Guangzhou City (35–1023 ng/L, 2005–2006) (Peng et al.
2008), which might indicate that the level of TCS in the Pearl
River is gradually decreasing with the globally phasing out of
triclosan since 2014 (Dhillon et al. 2015). The decreasing
trends in concentrations of TCSwere also observed in sediment
from the Pearl River Estuary, with concentration range of TCS
found from <LOQ to 1329 ng/g in 2010, then was dropped
dramatically in 2017, which maximum concentration was
41.7 ng/g (Peng et al. 2017b; Zhao et al. 2010). The occur-
rences of TCS in other countries are shown in Table S7.
Specifically, TCS levels found in the present study were higher
than those found in the Ebro River in Spain (n.d.–2.0 ng/L)
(Gorga et al. 2013), similar to those in several rivers in the USA
(3.5–5.3 ng/L) (Kumar et al. 2010), and lower than those from
rivers in Australia (< 3–75 ng/L) (Ying andKookana 2007) and
Japan (n.d.–134 ng/L) (Nishi et al. 2008). Overall, the contam-
ination of TCS in the Pearl River was at a moderate level,
compared with other regions.

Occurrence and distribution of CECs in SPM

SPM is ubiquitously found in aquatic environments, and it is
an important matrix for the absorption of CECs due to the
affinity of CECs in SPM (Zhao et al. 2019). The
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concentrations of target compounds in SPM samples from the
Pearl River are shown in Table 1. Among 16OPFRs analyzed,
TDCP, TPrP, TiPPP, and TDBPP were below the detection
limit. The detection frequencies of TEPP, TCPP, and TiCPP
were 62.5%, 87.5%, and 85.0%, respectively. The remaining
compounds were detected in all SPM samples. BPADP was
found in all SPM samples; however, it was below the limit of
detection in aqueous samples. This finding may be attributed
to the large molecular weight and the many hydrophobic ben-
zene rings resulting in BPADP being hydrophobic, thus lead-
ing to its low solubility in water. The logKOW of BPADP
(8.29) was also much higher than that of other OPFR isomers
(Bergman et al. 2012) (Table S8). The cumulative concentra-
tions of the 12 OPFRs detected in SPM samples ranged from
25.2 to 492 ng/g, with an average of 133.4 ng/g. Similar to
aqueous phase samples, TBP (mean: 86.7 ng/g) was predom-
inant in the SPM samples, followed by BPADP, TCEP, and
TCPP, with means of 17.7, 13.1, and 4.91 ng/g, respectively.

The available data on the occurrences of OPFRs in SPM
was limited prior to this study. As reported by Gustavsson
et al. (2019), the concentrations of particulates in surface water
from the Krycklan Catchment Study area ranged from the
LOD of the analytical method to 3.8 ng/L. Additionally, Zha
et al. (2018) reported the concentrations of suspended sedi-
ments in the Yangtze River ranged from 26.4 to 29.0 ng/g.
Those two reports found lower levels of OPFRs in water than
the present study. However, much higher levels of OPFRs
(394–2343 ng/g dw) were reported from WWTP (Kim et al.
2017; Liang and Liu 2016). Considering the limited data on
OPFRs in SPM, additional studies are needed.

The cumulative concentrations of BPs in SPM ranged from
14.0 to 86.3 ng/g, with a mean of 32.1 ng/g. Similar to aque-
ous phase samples, only BPA, BPF, BPS, and TBBPA were
detected in all SPM samples (Table 1). Their concentrations
ranged from 5.72 to 26.1, 6.44 to 49.5, 0.19 to 1.48, and 1.52
to 9.24 ng/g, respectively, with a mean of 14.6, 16.9, 0.55, and
4.47 ng/g, respectively. Compared with data from the Pearl
River Estuary (69.4–157 ng/g) (Zhao et al. 2019), the BPA
concentrations in SPM samples in the current study were low-
er (Table S5). BPA concentrations in SPM samples in this
study were also lower than those found in the Yangtze River
(n.d.–364 ng/g) (Liu et al. 2016) and Taihu Lake (n.d. to
2682 ng/g) (Zhang et al. 2014). BPA concentrations in SPM
samples in the current study were also lower than those found
in the Thermaikos Gulf where the concentrations of BPA in
SPM ranged from 26 to 160 ng/g (Arditsoglou and Voutsa
2012). Unfortunately, although the concentrations of BPF
were higher than those of BPA in the present study, the data
for other bisphenol analogues in SPM are limited in the liter-
ature. In a study of the Pearl River Estuary by Zhao et al.
(2019), extremely high levels of BPs were observed (868–
10,800 ng/g). Comparatively, much lower concentrations of
BPs ranging from 47.5 to 353 ng/g in SPM samples were

observed by Zheng et al. (2019) in the Yangtze River and an
urban river in Nanjing. To our knowledge, with the exception
of TBBPA, there have been only two reports on the concen-
trations of other BPs in SPM (Zhao et al. 2019; Zheng et al.
2019).

Compared with aqueous phase samples, SPM samples
contained higher concentrations of TBBPA, which was attrib-
uted to the high logKOW (7.20) and strong capacity to bind
particulate matter (Liu et al. 2016). Compared with data from
other regions (Table S6), the concentrations of TBBPA in
SPM in the current study were consistent with those found
in a previous study around the Dongjiang River (n.d.–
1.6 ng/g) (He et al. 2013). However, much higher TBBPA
levels in the range of n.d.–892 ng/g were observed by Liu
et al. (2016) in SPM samples from Taihu Lake. Thus,
TBBPA levels in the Pearl River were moderate compared
with several rivers in Europe (<LOD–9.44) (Kotthoff et al.
2017).

TCS was found in all SPM samples, and ranged from 0.69
to 17.5 ng/g, with an average of 6.35 ng/g. Such concentra-
tions were much lower than those found in a previous study in
the Pearl River, in which TCS levels ranged from n.d. to
1162 ng/g (Fan et al. 2019). TCS levels in this study were
also lower than those found in the Yellow River, Dongjiang
River, Hai River, and Liao River, which ranged from <LOQ
to 10.3, from n.d. to 297, from <LOQ to 3.9, and from <LOQ
to 46.7 ng/L, respectively (Zhao et al. 2013). Overall, the TCS
contamination in SPM samples from the Pearl River identified
in this study was relatively lower than other water sources
globally.

Partitioning of CECs between water and SPM

To investigate the distribution of the target compounds be-
tween aqueous and SPM phases, and the possible mechanisms
for such distributions, the logKd values of the chemicals were
calculated and are shown in Table S8. The average logKd

values of the detected OPFRs ranged from 2.44 to 3.72, while
they were 1.65 to 4.11 for BPs, and 3.33 for TCS. As shown in
Fig. 2, the calculated logKd displayed a significant correlation
with logKOW (R2 = 0.648, p < 0.05). The results demonstrated
that the partitioning of CECs between aqueous and SPM
phases was strongly influenced by hydrophobic interactions,
and the absorption into the SPM phase by this interaction is
one of the most important fates of CECs in water (Wang et al.
2018). Among the six alkyl-OPFRs and five aryl-OPFRs de-
tected, the average logKd value of aryl-OPFRs (3.48) was
higher than that of alkyl-OPFRs (2.56). Subtle non-covalent
forces such asπ-π interactions between aromatic rings of aryl-
OPFRs and organic carbon in SPM might have played an
import role in the field investigation (Gong et al. 2016). The
data we obtained also follow the suggested theory that π-π
interactions contribute to the sorption of CECs in SPM.
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The results indicated that substituent groups might have
important effects on Kd value. For example, for alkyl-
OPFRs, we found that the logKd of the straight-chain com-
pound, TCPP (2.70), was higher than that of the branched
isomer, TiCPP (2.58) (Table S8), which indicated that the
structures of the chemicals also influence their distribution.
Similar results were also observed by Wang et al. (2018)
who found that the logKOC (KOC was Kd corrected by organic
carbon) of TNBP was higher than that of the corresponding
branched isomer, TIBP. Furthermore, the logKd of brominated
compounds was higher than that of the corresponding non-
brominated compounds. For example, the logKd of 4.11 for
TBBPA was higher than that of 3.07 for BPA (Table S8). In
addition, the partition is a dynamic process in the field. Other
factors, such as colloids, particulate minerals, and ion ex-
change, among others, may also affect the distribution of
CECs (Gong et al. 2019).

Principal component analysis and source implications

PCA was performed to investigate the possible sources of
CECs in the Pearl River. The Kaiser-Meyer-Olkin (KMO) test
conducted shows that the score for these CECs in aqueous-
phase was lower than 0.6, indicating that data is not suited for
factor analysis (Karpuzcu et al. 2014). Thus, the PCA was
performed only using the concentrations data of CECs in the
SPM phase; a score plot is also shown in Fig. 3. The first
principal component (PC1) explained 30.1% of the total var-
iance with high loadings of TCPP (0.961), TiCPP (0.961),
TCEP (0.779), EDP (0.745), TPhP (0.735), and TBEP
(0.663). TiCPP is mainly used in flexible polyurethane and
in PVC wallpaper (Yadav et al. 2018). TBEP is applied as an
additive in synthetic rubber and a leveling agent in floor polish
(Anneli et al. 2003). TCEP is a typical plasticizer and flame
retardant in polyurethane foams, and EDP is the main
componnent of food packaging and paints (Brommer 2014;

Van der Veen and de Boer 2012). Most of these chemical
correlations were probably due to the application of flame
retardants and plasticizers. Thus, PC1 indicated that these
OPFRs were widespread in the Pearl River, resulting from
release, abrasion, and dissolution from consumer materials,
which contain flame retardants and plasticizers. The second
principal component (PC2) explained 21.4% of total variance
with high loadings of p-TCP (0.984), m-TCP (0.979), and o-
TCP (0.976). High loading on TCP indicated they were wide-
spread in the Pearl River. These chemical has been widely
used in hydraulic fluids and lubricants (Van der Veen and de
Boer 2012). Therefore, PC2 may suggest a contribution of
manufacturing. The third principal component (PC3) ex-
plained 20.1% of total variance with high loadings of BPS
(0.841), TCS (0.839), BPF (0.808), and BPA (0.539). BPA
and its alternatives, BPS, BPF, are widely used as plasticizer
in our daily consumer products, including polyvinyl chloride,
food packaging, and thermal receipts, among other items
(Chen et al. 2016). TCS is one of the antimicrobial agents
primarily used in personal care products, such as disinfecting
handsoaps, toothpastes, and body washes (Zhao et al. 2010).
These chemicals were substituent of product for household
use. Consequently, PC3 may reflect the sources of domestic
sewage discharged into the Pearl River. The three major com-
ponents accounted for 71.6% of the total variance of CEC
concentrations in the SPM samples and suggested that CECs
enter the Pearl River through multiple pathways.

Impact of discharge reduction activities on the Pearl
River

During the discharge reduction period, sample collection was
performed a total of four times. The first collection occurred
prior to discharge reduction activities on May 27, 2019. The
following three samplings occurred between June 20 and
July 9, 2019, after discharge reduction occurred. The

Fig. 3 Rotated loading plots of the PCA for the CECs in SPM samples
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variations in the concentrations of CECs andWQIs before and
after the occurrence of discharge reduction activities are
shown in Fig. 4 and Fig. S1, respectively. During this cam-
paign, we did not observe significant changes of CECs in the
aqueous phase, SPM phase, or in the total bulk concentration,
which included the aqueous and SPM phases combined. The
reason still remains unclear why there was no observable
change in CECs, but it may be due to the similar levels of
dissolved organic carbon during sampling time interval (Fig.
S1). A possible major component could be humic substances
(for example, fulvic acid), which are hydrophilic; thus, humic
substances might have served as carriers for CECs in the river.
The interaction of CECs with various functional groups from
DOC might influence its final adsorption and desorption be-
haviors (Katagi 2006). In addition, the release of CECs from
the bottom sediment might have also contributed to the water
concentrations of CECs, as relatively higher concentrations of
CECs were reported in sediments from the Pearl River (Gong
et al. 2011; Pintado-Herrera et al. 2017). However, it was not
within the scope of the study to collect the sediment samples
in tandem. Therefore, it warrants future studies on the effects
of the sediment on the CEC concentration in water and SPM
in the Pearl River.

However, NH3-N levels in the water were significantly
decreased. The concentrations of NH3-N decreased from
5.57 mg/L in the first sampling time to 0.59, 2.76, and
1.03 mg/L of the followed three times after discharge reduc-
tion restriction was put in place, and they reduced by 89.5%,
50.5%, and 81.5%, respectively. Thus, those data indicated
that urban channels might be the predominant sources of
NH3-N pollution in the Pearl River. Given that less industrial
and agricultural activities occur around urban channels, the
pollution of NH3-N may be due to the domestic sewage of
nearby residents. Similar to CECs, COD and DOC did not
show large changes during the four sampling times, which
may indicate that their presence was from other sources, and
urban channels are not the main sources of COD and DOC
pollution in the Pearl River. Therefore, the primary pollution

source of COD and DOC could be a non-point source, such as
urban run-off (Yan et al. 2019). It is notable that obvious
decreases of CECs in SPM samples were observed from the
fourth sampling. The transfer of water from the Beijiang River
to the Pearl River on July 8 may have influenced the concen-
tration of CECs. However, additional evidence is required to
confirm this hypothesis. Nevertheless, the present study dem-
onstrated that restricting the discharge of urban channels into
the Pearl River from Guangzhou reaches exhibited a limited
effect on water quality. Moreover, the findings of this study
also suggest that urban channels are not the main sources of
CEC pollution in the Pearl River. To further improve water
quality, and in particular, to reduce the levels of CECs in the
Pearl River, additional control measures should be
implemented.

Conclusions

To understand the distribution of CECs between aqueous and
SPM samples, and to investigate the influence of discharge
reduction on CECs levels in the Pearl River, the present study
analyzed the concentrations of CECs in aqueous and SPM
samples from the Pearl River before and after the discharge
reduction actions. OPFRs, BPs, and TCS were all detected in
both aqueous and SPM samples. Hydrophobic and π-π inter-
actions might be correlated to the partitioning of CECs be-
tween aqueous and SPM phases. Restricting the discharge of
urban channels has a relatively small impact on the concen-
tration of organic pollutants in the Pearl River, especially for
CECs, although it has a substantial impact on NH3-N. Water
transfer may be an alternative approach to decreasing the
levels of pollution, although additional studies are required
to confirm the utility of such an approach. This investigation
of discharge reduction during the “Swimming across the Pearl
River” event can provide policy makers more science-based
evidence about the effectiveness of control measures and as-
sist such individuals in making science-based decisions for the
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next event. Due to the limitation of the sample size and the
sampling period, further research is needed to investigate the
impact of discharge reduction in a longer time scale using
paired water and sediment samples. Nevertheless, according
to the present results, new controls should be implemented to
further improve the water quality, with additional discharge
control measures for other areas and other entryways, such as
industrial and domestic wastewater, should be considered.
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