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Abstract
Phthalate esters (PAEs) are widely used industrial raw materials that are well known for their environmental contamination and
toxicological effects as “endocrine disruptors.” In this study, environmental levels of PAEs and eco-toxicological risk assess-
ments were determined in the eight estuaries of the Pearl River (Estuaries), main upstream tributary (Xijiang River), urban river
network (River network), and nature reserve reservoir (Reservoirs). Water and sediment samples from the above water systems
were collected during the low-water period (May) and the high-water period (August) between 2012 and 2014. Solid phase and
ultrasonic methods were used to extract 14 different PAEs that were analyzed by gas chromatography. The analytical average
recovery of PAEs in water and sediment was 75.4% ± 4.9% and 121.5% ± 8.9%, respectively. The results showed that PAEs were
detected in all of the samples, and the di-n-butyl phtalate (DBP) and benzyl butyl phthalate (BBP) monomers had a detection rate
of 100% in water. Similarly, in sediment samples, the detection rates of diisobutyl phthalate (DiBP), DBP, dimethoxyethyl
phthalate (DMEP), BBP, di-n-octyl phthalate (DnOP), and DNP ranged from 66.7 to 100%. Among these, in sediment samples,
di(2-ethylhexyl) phthalate (DEHP) and phthalic acid bis(2-butoxyethyl) ester (DBEP) had detection rates of 95.8% to 100% in
the Estuaries, Xijiang River, and River network. The concentrations of Σ14PAEs in water samples and sediments ranged from
12.95 ± 1.97 to 6717.29 ± 112.37 ng/L and 71.99 ± 8.72 to 17,340.04 ± 227.83 ng/g-dw, respectively. During the low-water
period, the average concentration of Σ14PAEs in water and sediment was 1159.58 ± 97.22 ng/L and 2842.50 ± 178.21 ng/g-dw,
respectively, and during the high-water period, 822.83 ± 53.19 ng/L and 1936.42 ± 111.31 ng/g-dw, respectively. In water, the
average concentration of Σ14PAEs in 2013 and 2014 was 963.39 ± 19.55 ng/L and 2815.35 ± 176.32 ng/L, respectively. In
sediment, the average concentrations ofΣ14PAEs in 2012 to 2014 were 990.10 ± 23.33 ng/g-dw, 1084.20 ± 112.12 ng/g-dw, and
1816.89 ± 79.97 ng/g-dw, respectively, with concentrations showing an increasing trend year after year (2014 > 2013 > 2012).

Highlights
• The concentrations of detected PAEs in sediment increased over the
study period.

• The average concentrations of PAEs in water and sediment were higher
during the low-water period.

• The degree of pollution within the study area decreased in the order of
River network > Xijiang River > Estuaries > Reservoirs.

• Some waters have serious PAE pollution and ecological risks.
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Potential risk assessment of water ecological, the results show that exceeding environmental risk level (ERL) value in higher
molecular weight plasticizer (DEHP, DMEP, DNOP, DNP) was mainly distributed in water, the lower molecular weight plasti-
cizer (BMP, DiBP) was mainly distributed in sediment.

Keywords Phthalate esters . Distribution . Risk assessment . Pearl River Delta

Introduction

Phthalate esters (PAEs) are man-made chemical com-
pounds, additives used to increase a material’s transparen-
cy, strength, plasticity, and endurance, with a broad range
of applications in many different products due to their var-
ied physical and chemical properties (Kolarik et al. 2008;
Serrano et al. 2014). They are primarily used as plasticizers
to enhance the plasticity of industrial polymers (Sears and
Darby 1982), which are used in a great deal of products
such as cosmetics, tool handles, toys, recreational gear,
office supplies, paints, gloves, adhesives, lubricants, per-
sonal care items, emollients, medical devices, safety
glasses, packaging and building materials, coated fabrics
and paper, electronics, wires and cables, wall coverings
and floor tiles, humectants, shower curtains, antifoaming
agents, soft polyvinyl chloride (PVC) floor coverings, mat-
tresses, footwear, and so on, most of which are an unavoid-
able part of modern life (Chen et al. 2013; Horn et al. 2004;
Kavlock et al. 2002; Net et al. 2015; Shea 2003; Shore
1995). The world’s PAE production increased from 6.2
million tons in 2009 to more than 8 million tons in 2011,
and research has shown that more than 11 billion pounds of
phthalates are produced every year worldwide (Gao and
Wen 2016; Meng et al. 2014). In China, the production
exceeds 0.87 million tons per year, due to the use of
dibutyl phthalate (DnBP), di(2-ethylhexyl) phthalate
(DEHP), and dibutyl phthalate (DBP) in a large number
of plastic products. From 2003 through 2007, Taiwan, on
average, produced more than 20,000 tons of DBP and
200,000 tons of DEHP each year making these the most
widely used plasticizers worldwide. Although PAEs are
able to improve the performance of plastic, they are not
chemically bound to the PVC structure through a covalent
linkage, and for this reason, they are constantly being
leached from the matrix and emitted to the environment
through migration and evaporation resulting in the expo-
sure of those that come in contact with the PAEs (Fromme
et al. 2002; Wang et al. 2006; Zota et al. 2014).

Since the development of PAEs in the 1920s, they have been
used extensively in industry and consumer products. Previous
investigations have shown that PAEs can exist in the environ-
ment during all stages ofmass production, utilization, andwaste
disposal, and they can be distributed in the atmosphere, storm
water, natural waters, bottled water, sewage sediment, soil,

aquatic biota, as well as homes and more (Casalscasas and
Desvergne 2011; Kolarik et al. 2008; Larcinese and Testa
2013; Liu et al. 2014; Martine et al. 2013; Net et al. 2015;
Sun et al. 2013; Teil et al. 2013; Yang et al. 2013). Over the
past few decades, the wide-ranging production and utilization
of consumer products with PAE contamination have become a
very important issue as it has resulted in the ubiquitous presence
of these novel organic contaminants in the environment.
Human and wildlife exposure to elevated levels of PAEs is thus
unavoidable resulting in the observation of endocrine-mediated
adverse effects (Casalscasas and Desvergne 2011; Kolarik et al.
2008; Larcinese and Testa 2013; Liu et al. 2014; Martine et al.
2013; Net et al. 2015; Sun et al. 2013; Teil et al. 2013; Yang
et al. 2013). Studies showed that fruit Σ4PAEs 0.69–1.8 μg/g,
aquatic Σ2 PAEs 6426.0–7519.0 ng/g, meat/egg Σ7PAEs ND-
11460.0 ng/g, nut Σ2PAEs 230.0–3950.0 ng/g, fish Σ4PAEs
190.0–650.0 ng/g (Chen et al. 2012), daily intake of Σ7 PAEs
and DEHP were 128.63 and 61.29 ng/g BW/day for adults in
the Pearl River Delta (Chen et al. 2012). In the urine of children
and adults and senior citizens,Σ2 PAEs at a maximum concen-
tration of 2,105,000 ng/L (Koch et al. 2011)

Phthalate esters are typical endocrine-disrupting com-
pounds (EDCs), where prolonged periods of intake can
induce serious health issues, including reproductive ef-
fects, birth defects, decreased testosterone levels, prolifer-
ation of testicular Leydig cells, altered semen quality, de-
creased serum estradiol levels, thyroid-disrupting effects,
hormonal and endocrine disruptions, prolonged estrus and
ovulation, children growth-disrupting effects, asthma, and
breast cancer, (Casalscasas and Desvergne 2011; Colón
et al. 2000; Foster et al. 2015; Lovekampswan and Davis
2003; Martino-Andrade and Chahoud 2010). Furthermore,
PAEs effect the cellular targets of other receptors such as
the aryl hydrocarbon receptor, androgen receptor, and in-
sulin receptor (Boas et al. 2010; Colacino et al. 2010;
Krüger et al. 2008; Li et al. 2010; Mankidy et al. 2013;
Rengarajan et al. 2007).

Owing to the potential risks associated with PAEs, the
United Nations Environment Programme (UNEP) and the
International Maritime Organization are currently assessing
these compounds. The use of BBP, DEHP, DBP, and DiBP
has also been restricted or banned in childcare toys and articles
sold in the United States and Canada, CPSIA (US Consumer
Product Safety Improvement Act 2008), Hazardous Product
Act (2010).

Environ Sci Pollut Res (2020) 27:12550–12565 12551



The Pearl River Delta (PRD) is situated in South China
with an annual average precipitation and air temperature
of about 1500 to 1690 mm and 21.8 to 23 °C, respectively.
The delta falls within a tropical and subtropical region and
has a humid subtropical climate with occasional typhoon
and thunderstorm activity due to its location adjacent to
the South China Sea (Chen et al. 2006). The PRD has a
triangular shape and was formed from the alluvial soils of
the Pearl River estuary and three major rivers, the East
River, West River, and North River and their tributaries.
The delta covers an area of 461,000 km2 (Hills et al.
1998), with a population of over 56 million (Wei et al.
2017). According to the World Bank Group (2014), the
PRD has become the largest urban area in the world in
both size and population.

The PRD has experienced rapid economic development
since the 1970s and includes several big cities, namely
Guangzhou, Shenzhen, Zhuhai, Dongguan, Zhongshan,
Foshan, Zhaoqing, Hong Kong, and Macao. Many factories
and industries are based in the region, among them
Guangzhou is the largest light industrial production base in
China. The large population, fast economic growth, rapid
commercialization, and massive industrialization and urbani-
zation have resulted in numerous environmental concerns in
the PRD, such as pollutant emissions in the region (Hills et al.
1998), especially excessive releases of domestic sewage, in-
dustrial, and municipal wastewater (Wong and Wong 2004),
which have caused significant impacts on the local environ-
ment (Hills et al. 1998; Li et al. 2000). As river water repre-
sents an important habitat for a variety of aquatic life species,
as well as an important source for drinking water, irrigation,
production, and so on, river water contamination has been a
subject of many research efforts (Ho and Hui 2001). Extensive
anthropogenic activities, coupled with the lack of pollution
controls, inevitably increase the fluxes of PAEs from terrestri-
al and atmospheric sources to river water (Chen 1992; Florig
1997).

The objectives of the present study were to determine the
levels and distributions (spatial and temporal) of dimethyl
phthalate (DMP), diethyl phthalate (DEP), di-n-propyl phthal-
ate (DPRP), DBP, BBP, di-n-pentyl phthalate (DPP), DnOP,
DiBP, DEHP, di-n-hexyl phthalate (DNHP), di-n-nonyl
phthalate (DNP), DMEP, diethoxyethyl phthalate (DEEP),
and DBEP 14 PAEs in water and sediment from freshwater
systems in the PRD and to discuss their contamination profiles
and potential sources. Additionally, in order to assess the en-
vironmental safety of rivers in the PRD, a preliminary water
ecological risk assessment was performed assessing the risk
from exposure to PAEs. This study could provide a valuable
and insightful data set for use risk assessments of the PRD
water environment. Moreover, the findings may provide reli-
able data to inform decisions for future sustainable develop-
ment in China.

Materials and methods

Instrumentation and reagents

Instruments and equipment used in the preparation and
analysis of samples included the following: freeze dryer
(FD-1A-50, Beijing Bo Yikang Experimental Instrument
Co., Ltd.); rotary evaporator (RE-2000, Shanghai Yarong
Biochemical Co., Ltd.); ultrasonic cleaner (SB-5200DT,
Heidolph, Germany); muffle furnace (FD-40, Shanghai
Hegong Scientific Instrument Co., Ltd.); gas chromato-
graph (HP6890, Agilent Technologies, Inc.); chromatogra-
phy column (DB-5 quartz capillary column, Agilent
Technologies, Inc.); electronic balance (FA1104,
Shanghai Tianping Instrument Factory); pure water meter
(UNIQUE-R20, Shanghai Hegong Scientific Instrument
Co., Ltd.); solid-phase extraction manifold (MULTI-SPE
M08, Bonna-Agela Technologies); circulating water vacu-
um pump (SHZ-III, Shanghai Yarong Biochemical Co.,
Ltd.); and C18-E cartridge (1000 mg/6 mL; Phenomenex,
Torrance, CA, USA).

Chromatography-grade sodium sulfate (dried in a muffle
oven at 550 °C for 4 h), hexane, acetone, and dichloromethane
were purchased from Guangzhou Chemical Reagent Factory.
High purity nitrogen (99.99%) was produced by Beijing
Nitrogen Plant. Phthalate esters were purchased from
German DR: DMP (99.99%), DEP (99.99%), DPRP
(99.87%), DBP (99.99%), BBP (99.93%), DPP (99.99%),
DnOP (99.89%), DiBP (99.99%), DEHP (99.99%), DNHP
(99.99%), DNP (99.99%), DMEP (99.95%), DEEP
(99.99%), and DBEP (99.95%). Purchase the reference mate-
rials (RM) for 14 PAEs, respectively, and formulate a mixture
of 14 PAEs, the mixture was used in the recovery calculations
of the compound. Table S3 summarizes the main environmen-
tal parameters of the 14 PAEs.

Study area and sample collection

Water and sediment samples were collected from 2012 to
2014 in May (low-water period) and August (high-water
period) from eight Pearl River estuaries (Estuaries), the main
upstream tributary (Xijiang River), the urban river network
(River Network), and the nature reserve reservoir
(Reservoirs). A total of 27 sites were sampled and their loca-
tions are shown in Fig. 1, while details of each sampling site
are included in Table S1.

Surface water grab samples were collected (mid-stream)
into 1-L brown glass bottles and brought back to the labora-
tory for testing. Surface sediment grab samples were collected
with a grab-type mud collector and subsampled into 1-L wide-
mouth glass bottles. These were transported back to the labo-
ratory where they were freeze-dried. After being sieved with
100 mesh, dry sediment samples were transferred to 0.5-L
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wide-mouth glass bottles, which were then sealed and stored
for testing. Samples were collected in triplicate.

Sample preparation

The extraction of phthalates from surface water and sediment
samples followed the method of Wang et al. (2005) with mi-
nor modifications.

Water samples (1) Filtration: 1 L of water sample was fil-
tered through a 0.45-μm filter (mixed cellulose, CA-CN) to
collect the filtrate; (2) activation of C18 column: 5.0 mL of
dichloromethane was added to the C18 column, stayed for 5
min, and let go; 5 mL of methanol was then added and
stayed for 5 min and discarded; finally, 2 mL of double
distilled water (water does not stay) was added, which
slowly passed through the extraction column to achieve
the wet column, activate the filler, and remove the interfer-
ence impurities; (3) C18 cartridge purification: the solid
phase column was dried by sequentially passing 5.0 mL
each of ultrapure water and methanol/ultrapure water (v/v
= 6/4) through the column to remove most of the residual
moisture; (4) sample extraction: the filtered water sample
was passed through the small column at a pressure of about
50 kPa and a flow rate of approximately 1.0 mL/min
allowing the analyte to adsorb to the column while the
water flowed out through the column and was discarded;
(5) elution: the eluent, n-hexane/acetone (v/v = 9/1), was
added to the column and after about 1 min, the target was

eluted at a flow rate of 2.0 mL/min and 10 mL was collect-
ed in the collection tube; (6) drying: 2.0 g of anhydrous
sodium sulfate was added to the collection tube for drying;
(7) concentration and constant volume: the solution in the
collection tube was rotated on the evaporator (50 r/s, 80
°C, 0.01 Mpa) to a volume of approximately 1 mL and
transferred into a gas phase vial where it was slowly dried
with high purity nitrogen and made up to 1.0 mL with n-
hexane for the analysis.

Sediment samples (1) Ultrasonic extraction: the collected
sediment samples were freeze-dried, milled, passed
through a 0.25 mm sieve, and stored for testing; 10.0 g of
the treated sediment sample was accurately weighed and
placed into a 50.0-mL Erlenmeyer flask; addition of 30
mL of a methyl chloride-acetone mixture (v/v = 1/1) was
used as the solvent, and the extract was collected by
ultrasonication in an ultrasonic generator (40 kHz, 20 °C)
for 20 min, repeated thrice; collect the above extract mix-
ture and keep it still for 24 h, the supernatant was taken and
passed through a packed column of 20 g anhydrous sodium
sulfate, collect the filtered extract for further processing;
the next steps are the same as those described for the water
sample treatments (2 to 7).

Analytical determination

Instrument settings A gas chromatograph (HP6890) with an
63Ni electron capture detector (μECD) was used. The column
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Fig. 1 Locations of sampling sites
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was a DB-5 quartz capillary column with a length of 30 m, an
inner diameter of 250 μm, and a stationary phase film thick-
ness of 0.25 μm. The column flow was 2.0 mL/min, constant
current, and the carrier gas was high purity nitrogen. The
column temperature program was initiated at 50 °C for 2.0
min, increased to 200 °C at a rate of 25 °C/min, held for 2.0
min, and finally at 40 °C /min ramped up to 280 °C and held
for 5.0 min. The inlet and detector temperatures were 280 °C
and 300 °C, respectively. The extracts (1.0 μL) were injected
onto the gas chromatograph in a constant current splitless
mode (Wang et al. 2005).

The standard solutions that were prepared for the 14
different phthalates were detected by the gas chromato-
graph. The concentration of each standard was plotted
on the abscissa and the peak area was plotted on the
ordinate. The peak area external standard method was
used to obtain the regression equation and the coefficient
of determination (R2 > 0.99) and retention time.
Chromatograms for each of the 14 different PAEs are
shown in Fig. S1.

Quality assurance and quality control

All samples were collected as replicates and analyzed in
triplicate. The data were subject to strict quality control
procedures. For each batch of 10 field samples, analyzed,
a procedural blank, a spiked blank, a spiked matrix sample,
a spiked matrix duplicate, and a sample duplicate were run
to check for the interference, contamination, and quantifi-
cation (in Table S2). The instruments were calibrated daily
with calibration standards. Each sample was repeatedly
tested five times to calculate the average recovery of each
PAE.

The average recovery of the 14 PAEs in Table S3, in
the water samples, ranged from 75.4% ± 4.9% to 121.5 ±
8.9%, and the method detection limit ranged from 0.10
to 75.00 ng/L. In sediments, the percent recovery ranged
from 79.6% ± 5.1% to 116.5% ± 6.9%, the method de-
tection limit from 0.1 to 75.00 ng/g-dw. A five-point
standard curve was used to quantitatively determine the
PAE content in the samples (R2 > 0.99). A quality con-
trol sample was included in each batch of samples, and
the standard curve was corrected to reduce the experimental
error.

Statistical treatment

Statistical analysis was performed using Origin Pro 9.0
software for Windows (Origin Lab Northampton, MA,
USA). One-way analysis of variance, the significant level
was set to α = 0.05, the significant difference was considered
when p < 0.05.

Results and discussion

PAE concentrations in water and sediment
from the Pearl River Delta

Comparison of PAE concentrations in different water types

Over the past few decades, PAE pollution has attracted much
attention and many investigations on the contamination of
plasticizers in different water environments such as rivers,
lakes, drinking water, and bottled water have been conducted.
Individual concentrations of the 14 PAEs that were measured
in river water samples are shown in Table S4. The results
indicated that PAEs are ubiquitous environmental pollutants,
and the concentrations of Σ14PAEs in water samples ranged
from 465.53 ± 52.61 (W6) to 2825.35 ± 144.31 ng/L (W2).
The concentrations of DEHP in the W2 were 1700.71 ± 78.11
ng/L. The distribution and concentrations of PAEs in the en-
vironment have been well documented in many regions such
as the Klang River Basin, Malaysia, the Rieti District, Italy,
the Urdaibai Estuary of Gernika, Spain, and the False Creek
Harbor of Vancouver, Canada (Bartolomé et al. 2005;
Mackintosh et al. 2006; Tan 1995; Vitali et al. 1997). Also,
the Environmental Protection Agency of Japan surveyed 45
major domestic rivers that were part of a monitoring network,
EPAJ (1993). Around the world, the majority of detected con-
centrations have ranged from 100 to 300,000 ng/L in waters
(Fatoki and Noma 2010; Giam et al. 1984; Hashizume et al.
2002). As the Xijiang River is a major tributary of the Pearl
River, cities such as Zhaoqing and Deqing are distributed
along the river while some small tributaries flow into the
Xijiang River, resulting in a high concentration of Σ14PAEs
in the water. Although the Estuaries area contains many pol-
luted water bodies, the influence of ocean tides on these water
bodies has diluted the PAE concentrations to a certain extent,
so that PAE levels are slightly lower than in the Xijiang River.
The environment surrounding the Reservoirs of the nature
reserve is less disturbed by humans and less polluted, so the
concentration of Σ14PAEs in this area is also the lowest.

The detection rate of Σ14PAEs in the above three types of
water bodies was 100%. The detection rates of DBP and BBP
in the Xijiang River and the Estuaries were 100%, while
DPRP and DnHP were only detected in the Estuaries, and
DPP was only detected in the Xijiang River. Among the
monomers detected, the DPP concentration was the lowest
due to the limited use of this substance and its low solubility
(Table S3). The highest concentration of Σ14PAEs in water
was measured at W2 (6717.29 ± 112.37 ng/L, date
May 2014). At the time of measurement, several cargo ships
were parked on the water near the W2 site for maintenance.
The paint, leather, ceramic tiles, synthetic materials, and other
materials used in ship maintenance contain plasticizers (Chen
et al. 2013; Horn et al. 2004; Kavlock et al. 2002), which

Environ Sci Pollut Res (2020) 27:12550–1256512554

https://fanyi.so.com/#date


increased the concentration of plasticizers in the water. The
Σ14PAEs had the same high solubility at W12 (2224.66 ± 93.
13 ng/L, date May 2014), which is surrounded by hospitals,
restaurants, and commercial streets, and where residential
sewage flows into the river and where a lot of garbage
occur, including plastic bags, packaging materials, and used
clothing. These substances contain PAEs (Net et al. 2015;
Shea 2003; Shore 1995); the PAEs are constantly being
leached from the matrix and emitted to the environment
through migration resulting in relatively high concentrations
ofΣ14PAEs (Fromme et al. 2002; Wang et al. 2006; Zota et al.
2014).W9 (2190.38 ± 102.01 ng/L, dateMay 2014) is located
near the Zhaoqing Fishery Wharf, where dense residential
areas occur on the side of the river bank. W8 (2028.73 ± 78.
99 ng/L, date August 2013) has a higher concentration of
PAEs during the rainy periods. Studies have shown that
PAEs can distribute in rainwater (Liu et al. 2014; Martine
et al. 2013), automobile tires (Serrano et al. 2014; Sears and
Darby 1982), the dust generated by automobile tires wear on
the highways which will be washed into the water, result a
higher concentration of PAEs. The concentrations ofΣ14PAEs
atW13 (12.95 ± 1.97 ng/L, dateMay 2014) andW14 (14.26 ±
2.45 ng/L, date May 2014) were relatively low. These sites are
located in the nature reserve, surrounded by mountains on
three sides, with few residents nearby and limited human
activities. As shown in Table 1, the PAE concentrations that
were measured in water in the current study area are moderate
when compared to data from the Ronnebyan Svartan River in

Canada (Mackintosh et al. 2006), Klang River in Germany,
Ogun River in Nigeria, (Adeniyi et al. 2011), and Yongding
River in Beijing (Wang et al. 2006).

Table S5 shows the spatial distribution of 14 PAEs in
surface sediments that were detected in 110 samples from
17 stations, in areas that included the Estuaries, Xijiang
River, River Network, and Reservoirs. The detection rate
of Σ14PAEs in these areas was 100%, which indicates that
PAEs are ubiquitous in the sediments. The concentration
of Σ14PAEs ranged from 330.72 ± 41.07 to 7315.38 ±
140.69 ng/g-dw. The concentration ranges of Σ14PAEs
in the Estuaries, Xijiang River, Reservoirs, and River
Network were 971.25 ± 70.49 to 3190.43 ± 224.79 ng/
g-dw, 771.79 ± 76.03 to 1146.67 ± 84.01 ng/g-dw, 330.72
± 41.07 to 716.38 ± 38.55 ng/g-dw, and 801.43 ± 34.5 to
3844.82 ± 301.86 ng/g-dw, respectively. Around the
world, the majority of detected concentrations have
ranged from 100 to 100,000 ng/g-dw in sediment
(Peijnenburg and Struijs 2006; Serôdio P 2006; Staples
et al. 2000; Sung et al. 2003).

The urban River Network flows into a city where the river
banks are populated with residents, buildings such as shops,
industries, and small workshops (Chen et al. 2013). Domestic
sewage and production wastewater are discharged into the
River Network, and due to the high rate of urban hardening,
the rain washes pollutants from the road into the River
Network (Chen et al. 2016). In addition, urban rivers are with
relatively slow flow rates that conducive to debris deposition

Table 1 Comparison of PAEs in
water (ng/L) and sediment (ng/g-
dw) from this study with
concentrations reported in other
studies

Types Location Number and range of ∑PAEs Reference

Water Kaveri River, India ∑2PAEs: 313–1640 (Selvaraj et al. 2015)

Dutch coast, the Netherlands ∑6PAEs: 0–1153 (Vethaak et al. 2005)

Lake of Guang Zhou, China ∑15PAEs: 1699–4720 (Zeng et al. 2008)

Fresh water, the Netherlands ∑6PAEs: 0–540 (Peijnenburg and Struijs 2006)

Babolrood River, Iran ∑2PAEs: 0–1540 (Hadjmohammadi et al. 2011)

Muga, Fluvia River, Spain ∑3PAEs: 50–5280 (Hadjmohammadi et al. 2011)

Selangor River, Malaysia ∑6PAEs: 129–688 (Santhi and Mustafa 2013)

Yangtze River, China ∑6PAEs: 10–1399 (He et al. 2011)

Pearl River, China ∑14PAEs: 13–6717 This study

Sediment Kaveri River, India ∑2PAEs: 2–1438 (Selvaraj et al. 2015)

Qiantang River, China ∑16PAEs: 590–6740 (Zhang et al. 2013)

False Creek Harbor, Canada ∑13PAEs: 4–2100 (Zhang et al. 2013)

Lake of Guang Zhou, China ∑15PAEs: 2270–74,940 (Zeng et al. 2008)

Yong ding River, China ∑16PAEs: 479–2119 (Wang et al. 2006)

Rieti River, Italy ∑9PAEs: 100–525 (Vitali et al. 1997)

Yellow River, China ∑6PAEs: 6290–142,182 (Sha et al. 2007)

Gomti River, India ∑5PAEs: 0–7472

Kaohsiung Harbor, China ∑10PAEs: 1266–51,944 (Chen et al. 2016)

Pearl River, China ∑14PAEs: 72–17,340 This study

Environ Sci Pollut Res (2020) 27:12550–12565 12555

https://fanyi.so.com/#date
https://fanyi.so.com/#date
https://fanyi.so.com/#date
https://fanyi.so.com/#date


and accumulation of PAEs (Fernandez et al. 2007; Fan et al.
2008).

In the above sites, the highest concentration of Σ14PAEs
was measured at the Pearl River Bridge, site H3 (17,340.04 ±
227.83 ng/g-dw, dateMay 2012). Near the Pearl River Bridge,
there are many small factories (Zeng et al. 2008). Factories
manufacturing adhesives and other compounds emit large
amounts of PAEs (Zeng et al. 2009). Moreover, the Pearl
River Bridge connects the two sides of the Pearl River, and
the daily traffic volume is huge. The friction between car tires
and the road produces dust. The dust is brought into the water
by rain or wind and transferred to the sediment (Serrano et al.
2014; Sears and Darby 1982). The above factors account for
the higher sediment concentration of Σ14PAEs at H3. Similar
high concentrations ofΣ14PAEs were measured at H12 (5743.
88 ± 219.05 ng/g-dw, dateMay 2012) and H8 (5511.88 ± 177.
83 ng/g-dw, date August 2012), which are also located in the
city center where household garbage such as plastic bags, used
clothing, toys, mineral water bottles, and other items float in
the water. PAEs are leached from household garbage (Fromme
et al. 2002; Wang et al. 2006; Zota et al. 2014). W10 (5741.56
± 203.22 ng/L, date May 2012) is located at the corner of the
river, where sediments are easily accumulated resulting in a
higher Σ14PAEs sediment concentration (Chen et al. 2013).
W13 (71.99 ± 8.72 ng/g-dw, date May 2013) and W14 (106.
34 ± 9.95 ng/g-dw, date May 2012) had the lowest
concentrations. The detection rates of DiBP, DBP, DMEP,
BBP, DnOP, and DNP in sediments were all high, ranging
from 66.67 to 100%. The detection rates of DEHP and
DBEP in the Estuaries, Xijiang River, and River Network
ranged from 95.8 to100%. This suggests that the distribution
of the above PAE monomers is extensive.

Comparison of water and sediment Σ14PAEs in different time
periods

Figure 2a shows the concentrations of Σ14PAEs measured in
the water bodies in May and August. During the low- and
high-water periods, the concentrations in the water samples
ranged from 12.95 ± 1.97 to 6717.29 ± 112.37 ng/L and from
68.64 ± 8.23 to 1477.33 ± 152.31 ng/L, respectively, with
average values of 1159.58 ± 97.22 ng/L and 822.83 ± 53.19
ng/L. In Wuhan section of the Yangtze River, the concentra-
tion ranges of 5 PAEs in water phase were 34.0 to 1259.0 and
54.0 to 1321.2 ng/L in high- and low-water periods, respec-
tively (Fan et al. 2008). The Σ14PAE concentrations at W1-
W3, W5-W7, and W9-W12 were high during the low-water
period. During the high-water period, the volume of water was
larger, and the concentration of Σ14PAEs in the water was
diluted. The pollution contributed by the PAEs was greater
than that contributed by dilution. The concentrations of
Σ14PAEs at W4, W8, W13, and W14 during the high-water
period were higher than those during the low-water period.

Due to the small tributaries associated with W4 and W8 are
mainly surrounded by rural residential areas. In August, when
there was more rain, more pollutants were washed into the
tributaries from terrestrial sources (Zeng et al. 2008), resulting
in more pollution than can be diluted by the increased water
volume. The surrounding environment at W13 and W14
mostly consists of mountains and forest. During the high-
water period, pollutants are mainly contributed from the up-
stream water bodies. Runoff from urban surfaces during rain-
fall will affect the water quality of rivers during both high- and
low-water periods. Similar observations have been reported
for DEHP in the Rieti River in Italy (Vitali et al. 1997) and
the Gomti River in India (Srivastava et al. 2010).

Concentrations of Σ14PAEs measured in sediments during
the low-water period in May and the high-water period in
August are compared in Fig. 2b. The Σ14PAEs concentrations
ranged from 167.55 ± 12.11 to 17,340.04 ± 99.87 ng/g-dw
and 60.32 ± 10.19 to 13,981.54 ± 127.87 ng/g-dw, during the
low- and high-water periods, respectively, with average values
of 2842.50 ± 178.21 ng/g-dw and 1936.42 ± 111.31 ng/g-dw.
In Wuhan section of the Yangtze River, the PAE concentra-
tions in sediment phase ranged from 6300.0 to 478,900.0 ng/g
(Fan et al. 2008). In Qiantang river, the mean concentration in
low flow areas (sites 1–9, 13, n = 10) was 2850.0 ± 20.3 ng/g-
dw, while that in high flow areas (sites 10–12, 14–23, n = 13)
was 1390.0 ± 7.1 ng/g-dw (Sun et al. 2013), while Fromme
et al. (2002) reported concentrations in the range of 210 to
8440 ng/g-dw in sediment of the Klang River estuary in
Germany.

Sediments from W1, W4, W7, W8, and W10-W12 had
higher Σ14PAE concentrations in May. In August, the rapid
water flow washes and disturbs surface sediments resulting in
lower sediment concentrations. The Σ14PAE sediment con-
centrations were higher at W2, W3, W5, W6, and W9 in
August because of the increased rainwater, which introduced
more PAE pollution into the upstream water bodies. When the
water flow slows down, the PAEs precipitate with the
suspended matter in the water into the sediment, resulting in
a higher concentration of Σ14PAEs in the sediment. Owing to
the deep water in the Reservoir, environmental factors such as
the bottom temperature and pH are stable, and the sediment is
less influenced by the surface water. Therefore, W13 andW14
have little change between the low-water and high-water pe-
riods. In the urban River Network, H2, H8, and H9 had high
Σ14PAE concentrations during the high-water period. There
are many villages near H2 such as Jiangmei Village, where the
infrastructure is relatively primitive, and the rainwater during
the high-water period flushes more domestic sewage into the
water body. Companies such as Xiadonghua Industrial Zone,
Yuanfeng Chuangzhan Hardware Furniture, Yuanchao
Furniture Co., Ltd., Xiadong Garment Factory are located
near H8. H9 is surrounded by companies such as Lianbai
Steel Structure Factory, Xinyong Industrial Zone, Shanyou
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Shopping Mall, Lam Nuclear Retirement Home, Fengyi
Electronics Co., Ltd., and Ruiying Electronic Processing
Factory. Rainwater washes away dust on the ground in
industrial areas (Zeng et al. 2008), resulting in more pol-
lutants entering H8 and H9 during the high-water period,
which then deposit into the sediment. H10 is located near
Lianxi Fengshan Park, and a small tributary with good
water quality from the upstream park is combined to dilute
the concentration of pollutants entering the mainstream
river. This results in a small change in the Σ14PAE concen-
tration at H10. Other locations are characterized by high
levels of Σ14PAEs during the low-water period. In sedi-
ment from the Kaohsiung Harbor in Taiwan, the total con-
centration of 10 PAEs ranged from 8713.0 to 11,454.0 ng/
g-dw (Chen et al. 2016). Municipal sludge from Beijing
was found to contain DMP, DEP, di-n-octyl phthalate
(DOP), DBP, DEHP, and BBP with a total concentration
of 114,166.0 ng/ g-dw (Mo et al. 2001).

The measured concentrations of Σ14PAEs in water are com-
pared between years in Fig. 4c. The concentrations in 2013 and
2014 ranged from 23.79 ± 3.66 to 2028.73 ± 112.07 ng/L and
63.77 ± 10.21 to 3577.36 ± 117.23 ng/L, respectively, with

average values of 1119.52 ± 99.87 ng/L and 1060.85 ±
109.87 ng/L. Based on data from the Guangdong Provincial
Meteorological Yearbook, the average precipitation recorded
in the province in 2013 and 2014 was 2124.5 mm and 1652.5
mm, respectively. The volume of water entering the river sys-
tem has a direct effect on the overall concentration of Σ14PAEs
in the water. When the increase of pollutants is greater than the
dilution capacity of the water, the concentration as in 2013 is
high, otherwise the concentration is low.

The concentrations ofΣ14PAEs that were measured in sed-
iments in different years are shown in Fig. 4d. The concentra-
tions from 2012, 2013, and 2014 ranged from 91.39 ± 11.38 to
3837.69 ± 122.31 ng/g-dw, 136.65 ± 12.17 to 3214.01 ± 39.97
ng/g-dw, and 228.13 ± 12.89 to 5040.70 ± 145.76 ng/g-dw,
respectively, with average values of 990.10 ± 23.33 ng/g-dw,
1084.20 ± 112.12 ng/g-dw, and 1816.89 ± 79.97 ng/g-dw. The
Σ14PAE concentrations in the sediments showed an upward
trend as they increased each year from 2012 to 2014. The low
solubility and slow degradation of PAEs (Table S1), for ex-
ample, the solubility of DnOP is only 3,000,000 ng/L and the
long half-life of water of 107 years make it easy for PAEs to
accumulate in surface sediments from settling suspended
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matter. Sediments are more stable than water, therefore, the
concentration of PAEs in sediments is a better indicator of the
overall PAE status and pollution trends in the region’s water
systems. The change in the PAE sediment concentrations is
related to the specific location of the sampling site and the
local conditions including water flow, depth, and water vol-
ume. If the water is deep and hot with a small volume, con-
taminant levels in the sediment are relatively low and vice
versa.

PAE congener profiles in water and sediments
of the Pearl River Delta

The concentrations of PAEs that were measured in surface
water are shown in Fig. S2A. The concentrations of several
monomers, namely DMP, DiBP, DBP, DMEP, DEHP, DnOP,
and DNP, were relatively higher with average values of
224.20 ± 20.11 ng/L, 76.87 ± 10.71 ng/L, 144.36 ± 11.42
ng/L, 60.03 ± 5.36 ng/L, 328.74 ± 18.69 ng/L, 118.88 ±
9.17 ng/L, and 61.64 ± 5.66 ng/L, respectively. Of all the
monomers, DEHP had the highest concentration. This result
is consistent with other studies where DiBP and DEHP have
been commonly reported as the major components of PAEs in
water (Fernandez et al. 2007; Fromme et al. 2002; Peijnenburg
and Struijs 2006; Xie et al. 2005; Yuan et al. 2002). DEHP has
a wide range of uses and is characterized by strong adsorption
and low degradation in sediments. Its solubility is higher than
the solubility of the other PAEs in the study (Table S1), while
its density is lower than that of water (0.985 g/cm3), resulting
in higher PAE concentrations in water. The highest DEHP
level was measured at W2 (1700.71 ± 107.52 ng/L). In
Malaysia, Tan (1995) reported sediment concentrations of
DEHP in the range of 490 to 15,000 ng/g-dw. Huang et al.
(2005) analyzed 35 different river sediments from northern
Taiwan and found the DEHP concentration to range from
nondetectable levels to 8970 ng/g-dw. Over the last decade
in China, DEHP levels in drinking water source have been
measured with a median value of 1300 ng/L (Wang et al.
2015). In Guangzhou, (Zeng et al. 2008), Taiwan, (Chen
et al. 2013), and China’s Yellow River (Xie et al. 2005; Sha
et al. 2007), environmental samples also contained high con-
centrations of DiBP and DnOP. Maximum levels of DBP and
DEHP were found to range from 17,000 to 76,000 ng/L in
water samples from water treatment plants in Hangzhou,
China (Ling L et al. 2010). In rivers and dams of the Venda
region, South Africa, PAEs were reported in the range of
160.0 to 10,170.0 ng/L in water samples and 20.0 to 890.0
ng/g-dw in sediment samples (Fatoki et al. 2010). In addition,
high concentrations of DEHP, DnBP, and DiBP were also
detected in the Yongding River (Peijnenburg and Struijs
2006) and Taihu Lake (Mai et al. 2005).

The measured concentrations of PAEs in sediment are
shown in Fig. S2B. The concentrations of DMP, DEP, DiBP,

DBP, DMEP, DPP, and DNP were relatively high, with aver-
age values of 277.72 ± 19.01 ng/g-dw, 168.64 ± 12.56 ng/g-
dw, 449.33 ± 23.17 ng/g-dw, 178.55 ± 11.37 ng/g-dw, 658.55
± 28.99 ng/g-dw, 178.55 ± 12.33 ng/g-dw, and 165.96 ± 11.69
ng/g-dw, respectively. The highest concentration was mea-
sured for DMEP (9587.68 ± 139.91 ng/g-dw), which is con-
sistent with observations reported in other studies (Klamer
et al. 2005; Lin et al. 2003; Yuan et al. 2002). The applications
of EMEP include toughening agent, solvent, rubber, and poly-
urethane plasticizer. Three factories producing oil-resistant
plastics and rubber are distributed near H3. In addition, the
vehicular tire debris on the Pearl River Bridge contains
DMEP. The solubility of DMEP is also relatively high among
the 14 PAEs that were studied allowing it to easily dissolve in
river water, while the density of DMEP is greater than the
density of water (1.264 g/cm3). It is thus easily transferred to
sediments when the external conditions such as temperature
and suspended matter content change.

The composition of PAEs in the various water samples is
shown in Fig. 3a. The main PAEs that were measured in water
at W1 were DEHP, DnOP, and DBP; DEHP at W2; DMP and
DEHP at W3; DMP and DEHP at W4; DEHP at W5; DEHP
andDBP atW6; DEHP atW7; DnOP atW8; DMP and DEHP
at W9; DMP at W10; DMP and DEHP at W11; DMP and
DnOP at W12; DMP, DnOP, and DEHP at W13; and, DiBP,
DnOP, and DEHP atW14. DEHP has a proportionately higher
fraction of up to 60%, which is consistent with the proportion
of about 50% reported in other studies (Chen et al. 2016).

The composition of PAEs in the various sediment samples
is shown in Fig. 3b. The main PAEs that were measured in
sediment at W1 were DEP and DEEP; DiBP and DBP at W2;
DPP, DnOP, and DEP at W3; DMEP and DiBP at W4; DEP
and DMEP at W5; DiBP at W6; DiBP and DBP at W7; DiBP
and DPRP at W8; DiBP at W9; DMP at W10; DMP and DBP
at W11; DMP and DPP at W12; DEEP, DiBP, and DnOP at
W13; and, DMP, DiBP, and DBP atW14. Sediment at H1 was
mainly composed of DMP, DBP, and DiBP; at H2 DMPand
DBEP; at H3 DMEP and DiBP; at H4 DEEP and DPP; at H5
DBEP, DnOP, and DNP; at H6 DMEP; at H7 DMEP and
DPP; at H8 DMEP; at H9 DEEP; at H10 DEP and DPP; at
H11 DMP and DBEP; at H12 DEEP and DiBP; and, at H13
DMEP and DMP. The concentrations of DMP, DiBP, DnOP,
and DMEP in the sediment are relatively high, indicating that
among the 14 PAEs, these monomeric substances are more
widespread.

By comparing the composition of PAE in analogous water
and sediment samples, the results showed that there were dif-
ferences in the types and contents of PAEs in different loca-
tions and matrices. The variability in PAE concentrations is
caused by factors such as the characteristics of the local envi-
ronment, water quantity, temperature, pH, and other condi-
tions, as well as the composition of pollutants, sedimentation
dispersion/accumulation processes, environmental
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degradation, or metabolism of aquatic organisms. This has
resulted in the prevalence of PAEs in this basin and a wide
range of pollution. Phthalate esters are prevalent because they
are important part of our lives and are widely used. Small-
molecular weight PAEs such as DMP, DiBP, DEP, and
DPRP are commonly used in cosmetics and personal care
products. Moreover, DiBP is used in epoxy resins, cellulose
esters, and special adhesive formulations. Some PAEs with
high-molecular weights or longer alkyl groups such as BBP,
DNP, DnOP, DEHP, and DMEP are widely used as plasti-
cizers in the polymer industry to improve flexibility (Chen
et al. 2013; Gao and Wen 2016; Net et al. 2015).

It has been suggested that lower pH could reduce anoxic
degradation rates and contribute to organic matter accumu-
lation in sediment (Enríquez et al. 1993; Shi et al. 2007).
The pH in the study area ranged from 6.87 to 8.37 with an
average pH of 7.65 in water and from 6.89 to 8.85 with an
average pH of 7.88 in sediment. Moreover, dissolved aque-
ous and sediment Σ14PAEs concentrations were also neg-
atively correlated with water pH and sediment pH, respec-
tively (Fig. 4). pH was not a significant parameter

controlling the behavior of dissolved and sediment-
associated PAEs in this study. This area of PAE pollution
may be more prone to local input. Owing to the physical
and chemical properties of PAEs, namely low-water
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solubility, high organic carbon–water partition coefficients
(Koc), and hydrophobicity (Table S1), PAEs tend to adsorb
onto suspended particles and eventually accumulate in the
sediment as particles settle out of solution.

Factors affecting the concentration and distribution of differ-
ent forms of PAEs in water and sediment include adsorption,
particle aggregation, degradation, dilution, and dissolution (Shi
et al. 2005). As PAEs are hydrophobic with low water solubil-
ities and high Koc values (e.g., DEHP), they tend to adsorb to
particles and dissolved materials at low flow rates (Chen and
Zhu 1999). Low flow rates also promote finer suspended par-
ticles to bind organic contaminants (Chen et al. 2006). High
flow rates not only have greater dilution effects but also disturb
surface deposits, resulting in reduced PAE contaminants in sed-
iments (Fan et al. 2008). Phthalate esters have longer degrada-
tion half-lives in sediment than in water, resulting in slower
degradation, longer residence times, and higher concentrations
in sediments (Doong and Lin 2004).

Figure 5 shows that PAEs in both water and sediment are
normally distributed. TheΣ14PAE concentrations in water and
sediment are mainly distributed between 1000 and 2000 ng/L
and 0 and 5000 ng/g-dw, respectively. PAE monomers and
concentrations vary widely between different places and

different water types. This is influenced by many factors such
as the population of the region, the development model, the
industrial level, and the type of industry.

Potential risk assessment of water ecological

Increases in pollutant emissions can have a significant impact
on the local water environment, whichmay increase the risk of
PAE contamination in the regional food chain. Continuous
exposure of resident aquatic organisms to low doses of
endocrine-disrupting compounds (EDCs) is unavoidable
(Ramaswamy et al. 2011). Although PAEs are present at
levels ranging from ng toμg, theymay pose a threat to aquatic
organisms. Studies have shown that some PAEs (such as
DMP, DEP, BBP, DnBP, and DEHP) have bioaccumulation,
toxicity, and estrogen effects on aquatic organisms, which in
turn affect biological reproduction and induce genetic aberra-
tions (Kambia et al. 2001; Oehlmann et al. 2009; Ye et al.
2016). It has been reported that PAEs (such as DEHP and
DBP) at concentrations above 100,000 ng/L can damage
blood cells and affect the defense mechanism of
Macrobrachium rosenbergii (Sun et al. 2013; Sung et al.
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Table 2 Comparison of PAE congener profile concentrations (times) with their ERLs

DEHP (water 190 ng/L, sediment 1000 ng/g-dw) DnBP (water 10,000 ng/L, sediment 700 ng/g-dw)

Times DEHP DMEP DEEP DPP DNHP BBP DBEP DnOP DNP DMP DEP DPRP DiBP DBP

W1 Water 1.42a 0.20 0.06 0.00 0.01 0.03 0.32 1.39a 0.24 0.00 0.01 0.00 0.07 0.20

Sediment 0.02 0.06 0.25 0.03 0.00 0.00 0.01 0.05 0.05 0.26 0.16 0.00 0.13 0.31

W2 Water 8.95b 0.38 0.00 0.00 0.01 0.02 0.24 0.35 1.87a 0.32 0.00 0.00 0.08 0.18

Sediment 0.05 0.13 0.02 0.01 0.00 0.00 0.03 0.03 0.07 0.12 0.15 0.02 0.32 0.39

W3 Water 1.49a 0.12 0.00 0.00 0.01 0.04 0.22 0.52 0.00 0.41 0.00 0.00 0.10 0.16

Sediment 0.01 0.05 0.35 0.49 0.02 0.00 0.01 0.06 0.10 0.02 0.30 0.00 0.21 0.34

W4 Water 1.09a 0.10 0.01 0.06 0.01 0.04 0.20 1.25a 1.93a 0.20 0.02 0.00 0.10 0.14

Sediment 0.01 0.24 0.03 0.09 0.00 0.00 0.01 0.08 0.19 0.03 0.10 0.01 0.25 0.08

W5 Water 2.72b 0.14 0.10 0.00 0.01 0.03 0.21 0.28 0.98 0.02 0.02 0.00 0.14 0.19

Sediment 0.68 0.04 0.03 0.00 0.00 0.01 0.14 0.10 0.47 0.04 0.08 0.01 0.39 0.34

W6 Water 0.73 0.03 0.00 0.00 0.01 0.03 0.14 0.45 0.23 0.00 0.00 0.00 0.06 0.10

Sediment 0.10 0.09 0.09 0.03 0.00 0.00 0.08 0.03 0.04 0.15 0.02 0.01 0.69 0.15

W7 Water 2.59 0.12 0.54 0.00 0.01 0.04 0.18 0.24 0.32 0.03 0.00 0.03 0.10 0.16

Sediment 0.02 0.02 0.06 0.03 0.00 0.02 0.07 0.13 0.25 0.13 0.09 0.02 0.95 0.53

W8 Water 0.67 0.20 0.00 0.00 0.01 0.03 0.10 2.65b 0.00 0.16 0.04 0.00 0.09 0.17

Sediment 0.19 0.01 0.03 0.11 0.00 0.00 0.21 0.15 0.26 0.32 0.29 0.92 1.62a 0.04

W9 Water 0.99 1.99a 0.03 0.00 0.01 0.02 0.06 0.81 0.27 0.40 0.01 0.00 0.13 0.17

Sediment 0.01 0.04 0.17 0.26 0.00 0.00 0.02 0.07 0.22 0.27 0.01 0.01 0.12 0.11

W10 Water 1.45a 0.65 0.13 0.00 0.01 0.03 0.18 1.35a 1.06a 0.32 0.02 0.00 0.09 0.18

Sediment 0.03 0.05 0.02 0.07 0.00 0.00 0.02 0.07 0.14 0.14 0.02 0.03 0.13 0.21

W11 Water 2.30b 0.22 0.14 0.00 0.01 0.03 0.23 0.08 0.29 0.60 0.00 0.00 0.08 0.21

Sediment 0.05 0.03 0.01 0.15 0.00 0.00 0.03 0.04 0.09 0.43 0.01 0.00 0.25 0.13

W12 Water 0.64 0.08 0.00 0.00 0.01 0.03 0.15 0.11 0.12 0.53 0.01 0.00 0.12 0.15

Sediment 0.17 0.05 0.04 0.02 0.01 0.01 0.08 0.09 0.11 2.45b 0.36 0.01 0.39 0.49

W13 Water 1.99a 0.24 0.03 0.00 0.39 0.04 0.24 0.66 0.05 0.00 0.00 0.00 0.09 0.18

Sediment 0.03 0.11 0.10 0.04 0.00 0.00 0.01 0.05 0.15 0.00 0.19 0.00 0.12 0.07

W14 Water 1.77a 0.08 0.00 0.00 0.01 0.05 0.23 0.14 0.15 0.34 0.00 0.00 0.04 0.16

Sediment 0.02 0.00 0.00 0.01 0.00 0.10 0.34 0.24 0.41 0.04 0.04 0.00 0.02 0.01

H1 Sediment 0.07 0.08 0.00 0.07 0.00 0.05 0.03 0.05 0.02 0.93 0.06 0.00 0.26 0.29

H2 Sediment 0.05 0.02 0.19 0.16 0.00 0.02 0.04 0.04 0.09 0.32 0.03 0.00 0.09 0.08

H3 Sediment 0.23 4.50b 0.00 0.00 0.00 0.04 0.15 0.12 0.22 0.10 0.00 0.55 2.03 0.00

H4 Sediment 0.27 0.03 0.00 0.04 0.00 0.02 0.14 0.47 0.94 2.15b 0.11 0.00 0.27 0.25

H5 Sediment 0.12 0.57 0.05 0.02 0.00 0.02 0.03 0.04 0.13 0.21 0.17 0.03 0.32 0.02

H6 Sediment 0.04 0.66 0.11 0.21 0.01 0.02 0.03 0.06 0.21 0.00 0.12 0.02 0.12 0.22

H7 Sediment 0.05 0.00 0.68 0.03 0.00 0.02 0.14 0.05 0.15 0.48 0.30 0.08 0.43 0.31

H8 Sediment 0.04 0.22 0.00 0.02 0.00 0.03 0.03 0.05 0.07 0.14 0.04 0.00 0.08 0.12

H9 Sediment 0.06 0.02 0.00 0.02 0.00 0.02 0.12 0.00 0.00 0.04 0.00 0.01 0.03 0.04

H10 Sediment 0.04 0.04 0.00 0.02 0.00 0.02 0.28 0.02 0.00 0.55 0.01 0.00 0.07 0.07

H11 Sediment 0.04 1.41a 0.04 0.52 0.00 0.04 0.03 0.04 0.05 0.45 0.18 0.05 0.15 0.02

H12 Sediment 0.09 0.05 0.19 0.10 0.00 0.02 0.03 0.02 0.00 0.18 0.05 0.00 0.16 0.04

H13 Sediment 0.08 0.06 0.00 0.21 0.00 0.02 0.02 0.09 0.15 0.47 0.32 0.00 0.07 0.26

Note: Times ¼ Vi
ERLs DEHPð Þ or

Vi
ERLs DnBPð Þ; Vi is the content of each plasticizer; times < 1 is below ERLs value

a Above ERL value
b Two times and above at ERL value
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2003). Therefore, risk assessment studies are needed to assess
the health of rivers.

ERLs are derived using data on eco-toxicology and envi-
ronmental chemistry and represent the potential risk of the
substances to the ecosystem. ERLs that are derived in
The Netherlands until 1997 are summarized by De Bruijn
et al. (van der Pas et al. 1999). ERLs are determined for
chronic exposure, in which organisms apply ERL to fish
(Hypophthalmichthys molitrix, Ctenopharyngodon idellus,
Carassius auratus, et al.), Misgurnus miolepis, Corbicula
fluminea, Penaeus monodon Fabricius, Zooplankton, and so
on (Van Wezel et al. 2000; Sun et al. 2013; Ye et al. 2016).
They are recommended as a basis for environmental quality
standards: the maximum permissible concentration (MPC)
and negligible concentration (NC = MPC/100), and the de-
rived ERLs are 10,000 and 190 ng/L for DBP and DEHP in
water, respectively, and are 700 and 1000 ng/g-dw in sedi-
ment, respectively. The ERLs of substances such as DMP,
DMEP, DiBP, and DnOP have not been established.
Therefore, in this study, the ERLs of higher molecular weight
(such as DnOP and DNP) and lower molecular weight (such
as DMP, DMEP) PAEs were evaluated by DEHP and DBP,
respectively. The results show that (Table 2) exceeding ERL
value in higher molecular weight plasticizer (DEHP, DMEP,
DNOP, DNP) was mainly distributed in water, for example,
the DEHP in water is W1 (1.42), W2 (8.95), W3 (1.49), W4
(1.09), W5 (2.72), W10 (1.45), W11 (2.30), W12 (1.99), W14
(1.77); DnOP was W1 (1.35), W4 (1.29), W8 (2.65), W10
(1.35); DNP was W2 (1.87), W4 (1.93), W10 (1.06); DMEP
was W9 (1.99). In addition, DMEP was H3 (4.50) and H11
(1.41) in sediment. The lower molecular weight plasticizer
(BMP, DiBP) was mainly distributed in sediment, BMP was
W12 (2.45), H4 (2.15); DiBP was W8 (1.62). Others were
below ERL value.

Owing to the potential impacts on the environment and
human health, environmental risk management standards
and regulations have been established for PAEs, such as the
maximum contaminant level (MCL) for drinking water,
Environmental Quality Standards (EQS) for seawater and
freshwater, ERLs for soil and sediment, and minor adverse
effect concentration (MAEC) for marine sediment (Net et al.
2015). Interestingly, PAE standards for water have been for-
mulated. For example, in China, DEHP limits of 3000 and
8000 ng/L in source water have been recommended by the
Ministry of Environmental Protection (MEP) (Library 2013)
and General Administration of Quality Supervision,
Inspection and Quarantine (GAQSIQ) (Lin 2003), respective-
ly, while the World Health Organization (WHO) has
established a limit for DEHP in drinking water of 8000 ng/L
(WHO 2011).

Conclusion

The purpose of this study was to evaluate the degree of PAE
contamination in the waters of the Pearl River Delta by study-
ing the distribution and assessing the environmental risk of 14
PAEs in surface waters and sediments during different periods
(low and high water) and years. This study provided the first
comprehensive overview of the distribution of PAEs in the
waters of the Pearl River Delta’s eight major estuaries
(Estuaries), upstream tributaries (Xijiang River), urban river
networks (River Networks), and natural reservoirs
(Reservoirs). Phthalate esters were present in all of the sam-
ples that were analyzed, which indicates that PAEs are already
ubiquitous in the above regions. This study showed that the
degree of pollution in the water bodies that were examined
decreased in the order of River Networks > Xijiang River >
Estuaries > Reservoirs. The average concentrations of PAEs in
surface water and sediment during the low-water period were
higher than those measured during the high-water period.
Phthalate ester concentrations in surface water are affected
by regional precipitation. The total concentration of PAEs in
the sediment is increasing year after year.

This study found that the concentration of PAEs is very
high in the vicinity of industrial parks, residential areas, and
roadside drains, which shows that the concentration and dis-
tribution of PAEs in water are more affected by human activ-
ities. The study of the 14 PAEs showed that DEHP, DMEP
DiBP, DNP, DnOP, DBP, and DBEP are abundant. The results
are similar to those reported in other research studies.
Compared to data collected in other studies, although the total
PAE concentration in this area is at a medium to low level,
some places in the study area have been seriously polluted. At
present, we do not have a comprehensive understanding of the
mechanisms by which PAEs enter these water systems or their
pathways of degradation and migration. So, more research is
needed. Furthermore, a better understanding of the ecotoxicity
and fate of PAE compounds within the water bodies is needed
in order to provide a better risk assessment and to establish
standards to control PAEs in the future.
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