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� Fourteen OPEs were measured in
coastal sediment from northern
China.

� ROPEs in surface and core sediments
ranged 1.76–49.9 and 8.58–169 ng/g
dw, respectively.

� TCIPP, TiBP, and TnBP were the
predominant OPEs in sediment.

� OPEs concentrations in sediment core
showed an increasing trend during
the past decade.
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Organophosphate esters (OPEs) are used as flame retardants and plasticizers in many consumer products.
Owing to OPEs’ toxicity, exposure of organisms in aquatic ecosystems is a concern. Information that per-
tains to the occurrence and distribution of OPEs in marine aquatic environment, however, is scarce. In
this study, concentrations and profiles of 14 OPE triesters were determined in sediment collected in
coastal waters (Bohai Sea and East China Sea) of northern China. The total concentrations of OPEs
(ROPEs) in surface sediment were in the range of 1.76–49.9 (median: 9.13) ng/g dry weight (dw), which
were comparable to or lower than the range of concentrations reported for surface sediments worldwide.
Tris(2-chloro-propyl) phosphate (TCIPP), tris(2-chloroethyl) phosphate (TCEP), tri-isobutyl phosphate
(TiBP), and tri-n-butyl phosphate (TnBP) were the predominant OPEs found in surface sediment, collec-
tively accounting for 81% of the total concentrations. ROPE concentrations in sediment core (range: 8.58–
169, median: 31.6 ng/g dw) were generally higher than those found in surface sediment. The vertical dis-
tribution of OPEs in sediment core showed a gradual increasing trend in concentrations during the past
decade.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Organophosphate esters (OPEs) are a group of chemicals with a
central phosphate base unit and heterogeneous substitution of
alkyl, aryl, and halogenated moieties (van der Veen and de Boer,
2012; Wei et al., 2015). Due to the regulations and restrictions
on the use of brominated flame retardants, especially polybromi-
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nated diphenyl ethers (PBDEs), application of OPEs as flame retar-
dants has increased in recent years (Quintana et al., 2007; Rauert
et al., 2018). The global consumption of flame retardants was esti-
mated at 2,530,000 tons in 2017, of which over 30% were
phosphorus-based flame retardants (BCC Research, 2018). Chlori-
nated OPEs, such as tris(2-chloroethyl) phosphate (TCEP), tris(2-
chloro-propyl) phosphate (TCIPP), and tris(1,3-dichloro-2-propyl)
phosphate (TDCIPP), are frequently used as flame retardants,
whereas non-chlorinated OPEs, such as tri-n-butyl phosphate
(TnBP), tris(2-butoxyethyl) phosphate (TBOEP), triphenyl phos-
phate (TPhP), and 2-ethylhexyl diphenyl phosphate (EHDPP), are
used as plasticizers (Andresen et al., 2004). OPEs also are used as
antifoaming stabilizers in industrial processes and as additives in
paints, glues, lubricants, lacquers, floor polishes, and hydraulic flu-
ids (van der Veen and de Boer, 2012; Wei et al., 2015).

Similar to other additive flame retardants, organophosphate
flame retardants (OPFRs) are not chemically bound to polymeric
substrates and, therefore, can leach into the surrounding environ-
ment (EC, 2008; Kemmlein et al., 2003; WHO, 1990). OPEs have
been reported to occur in air, water, dust, soil, sediment, and sew-
age sludge (Ding et al., 2015; Fu et al., 2017; Kim and Kannan,
2018; Kim et al., 2017, 2019; Lee et al., 2016; Marklund et al.,
2005; van der Veen and de Boer, 2012; Wang et al., 2019; Wei
et al., 2015). The reported concentrations of OPEs in sediment vary
by several orders of magnitude, and elevated concentrations were
found in sediment collected near landfill sites (7.46–17.8 lg/g) and
an automobile demolishing site (22.6–33.2 lg/g) (Green et al.,
2008). Lower concentrations of OPEs were reported in sediment
from the North Pacific Ocean and the Arctic Ocean (range: 0.159–
4.66 ng/g; Ma et al., 2017) and Yellow Sea, China (0.083–1.86 ng/
g; Zhong et al., 2018), as well as Lake Superior (0.80–5.80 ng/g)
and Lake Michigan (below detection limit–17.6 ng/g), USA (Cao
et al., 2017). Studies have reported the occurrence of OPEs in the
Pearl River delta in China at concentrations on the order of a few
to a few hundred nanograms per gram (Liu et al., 2016; Pintado-
Herrera et al., 2017; Ruan et al., 2014; Tan et al., 2016). Given
the widespread occurrence and toxicity of OPEs in environmental
matrices, including sediment, exposure to aquatic organisms is a
concern (Wei et al., 2015). Animal exposure studies have shown
neurotoxicity, carcinogenicity, reproductive and developmental
toxicity, and endocrine-disrupting activity of OPEs (Behl et al.,
2015; Carignan et al., 2018; van der Veen and de Boer, 2012;
Wei et al., 2015).

Although several studies have reported the occurrence of OPEs
in the environment, little is knownwith regard to their distribution
in marine sediment. In this study, we determined the concentra-
tions of OPEs in surface and core sediment samples collected from
the northern Chinese coast. The objectives of this study were to (1)
delineate the contamination status and profiles of OPEs in marine
sediment from northern China, (2) examine vertical profiles of
OPEs in sediment core collected from the East China Sea, and (3)
track sources of OPE pollution in the marine environment.
2. Materials and methods

2.1. Study area and sampling

The Bohai Sea and East China Sea are marginal seas of China.
The Bohai Sea is a semi-enclosed inland sea, surrounded by the
Bohai Economic Rim, one of the most urbanized and industrialized
areas in China (Gao et al., 2014; Liu et al., 2015). Discharge of
domestic and industrial wastewater that contains myriad toxic
chemicals has deteriorated the environmental quality of the Bohai
Sea (Liu et al., 2017). The East China Sea receives large inputs of
chemicals emptied from several major Chinese rivers, including
the Yangtze River. The northern parts of the East China Sea coast
(encompassing the Yangtze River delta) are highly urbanized and
industrialized (Wang et al., 2018). The coastal marine ecosystem
of the East China Sea has been influenced by rapid urbanization
and industrialization in recent years.

A total of 48 surface sediment samples were collected from the
Bohai Sea and its vicinity in 2012 and 2016, and a sediment core
was collected from the midsection (126.12�E, 31.73�N) of the
northern East China Sea in 2011 (Fig. S1, Supplementary data).
The details of sample collection have been provided elsewhere
(Wang et al., 2018; Zeng et al., 2013). The sediment core was sliced
at 1-cm intervals. Information on longitude, latitude, and total
organic carbon (TOC) content of sediment samples is shown in
Table S1. Sediment samples were freeze-dried, ground, sieved (80
mesh per inch), and stored at �20� C in darkness until analysis.

2.2. Standards and reagents

Fourteen OPE triesters, namely, tris(methylphenyl) phosphate
(TMPP), TPhP, triethyl phosphate (TEP), TnBP, tri-isobutyl phos-
phate (TiBP), TPP, TCEP, TCIPP, TDCIPP, TBOEP, tris(2,3-
dibromopropyl) phosphate (TDBPP), tris(4-butylphenyl) phosphate
(TBPhP), EHDPP, and p,p0-1,3-phenylene p,p,p0,p0-tetraphenyl ester
phosphate (PBDPP), were analyzed in this study. Analytical stan-
dards of TMPP, TPhP, TEP, TnBP, TPP, TCEP, TCIPP, TDCIPP, TBOEP,
TDBPP, and PBDPP were purchased from AccuStandard (New
Haven, CT, USA); TiBP and EHDPP were purchased from Sigma-
Aldrich (St. Louis, MO, USA); and TBPhP was from Toronto Research
Chemicals (North York, ON, Canada). Isotopically labeled internal
standards, TPhP-d15, TPP-d21, TnBP-d27, TCEP-d12, TCIPP-d18, and
TDCIPP-d15, were purchased from Cambridge Isotope Laboratories
(Andover, MA, USA); TEP-d15 was purchased from Sigma-Aldrich.
High-performance liquid chromatography (HPLC)-grade acetoni-
trile, acetone, and water as well as pesticide-grade hexane were
purchased from Mallinckrodt Baker (Phillipsburg, NJ, USA). Metha-
nol (HPLC grade) and dichloromethane (pesticide grade) were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA) and
Macron Fine Chemicals (Phillipsburg, NJ, USA), respectively. All
standard solutions were prepared in acetonitrile or a mixture of
acetonitrile:methanol (1:1, v/v).

2.3. Sample preparation and analysis

The sediment sample was extracted by following the method
described elsewhere, with minor modifications (Kim et al., 2017,
2019). Approximately 0.5 g of dry sediment was placed in a 15-
mL pre-cleaned polypropylene conical tube (PP tube). After the
addition of 20 mL of internal standard mixture (seven deuterated
OPEs at 500 ng/mL; 10 ng each), the sample was extracted with
10 mL of methanol by shaking in a mechanical shaker for 15 min
and then by ultrasonication for 60 min. The PP tube was cen-
trifuged at 4000 rpm for 1 min (Eppendorf Centrifuge 5804, Ham-
burg, Germany), and the supernatant was transferred into a new PP
tube. The extraction was repeated using 10 mL of 10% dichloro-
methane in hexane. The supernatants were combined and concen-
trated to ~ 5 mL under a nitrogen stream. The sample extract was
loaded onto an Oasis HLB solid phase extraction (SPE) cartridge
(60 mg/3 mL; Waters, Milford, MA, USA) that was initially condi-
tioned with methanol (5 mL), followed by water (5 mL). The car-
tridge was rinsed with 2.5 mL of water, dried under a vacuum
for 20 min, and then eluted with methanol (3 mL, thrice). The elu-
ate was combined, concentrated under nitrogen to ~ 300 mL, and
micro-centrifuged (0.2 lm nylon filter, Spin-X, Costar; Corning
Inc., Corning, NY, USA). The supernatant was concentrated to
200 mL prior to analysis using HPLC coupled with tandem mass
spectrometry (HPLC-MS/MS).
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Details of instrumental analysis have been described elsewhere
(Kim et al., 2017, 2019). The mass spectrometric analysis was con-
ducted using a triple-quadrupole mass spectrometer (API 2000;
Applied Biosystems, Foster City, CA, USA). Electrospray positive
ionization (ESI+) and multiple reaction monitoring (MRM) modes
were used for the analysis of OPEs. Detailed information with
regard to MS/MS parameters and MRM transitions are shown in
Tables S2 and S3. Data were acquired with Analyst software
(Applied Biosystems). The HPLC analysis was conducted on an Agi-
lent 1100 Series HPLC system (Agilent Technologies Inc., Santa
Clara, CA, USA) that consists of a binary pump and an autosampler.
The chromatographic separation was accomplished on a Luna C18

column (4.6 mm i.d. � 150 mm length, 3 mm particle size; Phenom-
enex, Torrance, CA, USA). A Betasil C18 guard column (2.1 mm � 20
mm, 5 mm; Thermo) was mounted upstream of the Luna C18 col-
umn. Mobile phase A consisted of 10% methanol in water that con-
tained 0.15% formic acid, and mobile phase B consisted of
methanol that contained 0.2% formic acid. The mobile phase flow
was set at an initial ratio of 45% A and 55% B. The proportion of
B was linearly increased to 70% within 1 min, then to 100% within
7 min and held for 8 min. After that, the mobile phase gradient was
reverted to the original ratio within 4 min. The total run time was
28 min. The mobile phase flow rate was 0.3 mL/min, the sample
injection volume was 10 mL, and the column temperature was
maintained at 45�C.
2.4. Quality assurance and quality control (QA/QC)

Due to the ubiquitous occurrence, background contamination is
a concern in the analysis of OPEs (Liang et al., 2015). To remove any
background contamination, PP tubes, SPE vacuum manifold, vial
insert, and other materials that came into contact with the samples
were rinsed with hexane, acetone, and methanol, in sequence. Low
levels of TPhP (7.62 ng/mL), TEP (0.415 ng/mL), TnBP (0.100 ng/
mL), TiBP (1.16 ng/mL), TPP (0.088 ng/mL), TCIPP (11.9 ng/mL),
TDCIPP (0.593 ng/mL), TBOEP (1.39 ng/mL), EHDPP (0.301 ng/
mL), and PBDPP (0.454 ng/mL) were found in procedural blanks,
and background subtraction was performed for these analytes.
The calibration curve was constructed from a mixture of target
analytes, encompassing concentrations that ranged from 0.1 to
400 ng/mL, and the correlation coefficients (r) were > 0.99 for all
OPEs. The limits of quantitation (LOQs) were set at a signal-to-
noise ratio of 10, which were determined to range from 0.20 to
Table 1
Concentrations (ng/g dw) of organophosphate esters in sediment collected from the Chine

TMPP TPhP TEP TnBP TiBP TPP

Surface (n = 48)
Mean 2.46 1.74 0.303 2.39 1.74
SD 3.14 0.792 0.080 2.50 1.05
Median 0.842 1.64 0.295 1.78 1.47
Range nd-7.77 nd-3.33 nd-0.512 nd-13.1 nd-5.69
DR (%) 12.5 16.7 56.3 60.4 81.3
Core (n = 43)
Mean 0.474 4.61 0.711 5.51 22.7 0.93
SD 0.280 6.53 0.615 4.29 20.8 0.99
Median 0.397 2.58 0.539 4.54 16.7 0.45
Range nd-0.967 nd-34.5 0.207–3.59 nd-25.7 3.60–125 nd-2
DR (%) 18.6 62.8 100 95.3 100 9.30
All (n = 91)
Mean 1.33 3.95 0.553 4.21 12.7 0.93
SD 2.21 5.85 0.522 3.95 18.3 0.99
Median 0.461 2.30 0.393 3.22 5.50 0.45
Range nd-7.77 nd-34.5 nd-3.59 nd-25.7 nd-125 nd-2
DR (%) 15.4 38.5 76.9 76.9 90.1 4.40

nd = not detected; DR (%) = detection rate (%). a Only detected in one sample. TDBPP, T
displayed in this table.
12 ng/g (Table S3). Isotope-labeled internal standards were spiked
into samples to determine the accuracy and precision of the ana-
lytical method. Reported concentrations were corrected for by
the recoveries of corresponding internal standards: TEP-d15 for
TEP; TPhP-d15 for TPhP and TBPhP; TPP-d21 for TPP, EHDPP, and
PBDPP; TnBP-d27 for TMPP, TnBP, TiBP, and TBOEP; TCEP-d12 for
TCEP, TCIPP-d18 for TCIPP; and TDCIPP-d15 for TDCIPP and TDBPP.
The average recoveries of target analytes spiked into the sample
matrix ranged from 54.6% (TEP) to 141% (TBPhP) (Table S3). A cal-
ibration check standard and HPLC-grade water were injected after
every 10–20 samples as a check for drift in instrumental sensitivity
and carry-over of analytes between samples, respectively.
2.5. Data analysis

Origin 8.0 and SPSS 18.0 were used for statistical analysis. Con-
centrations between groups were compared by one-way ANOVA
with a Tukey test. Correlation analysis was performed by Spear-
man’s correlation analysis. A p-value of < 0.05 indicated statistical
significance. All of the reported concentrations are presented on a
dry weight (dw) basis.
3. Results and discussion

3.1. Concentrations of OPEs in surface sediment

Of the 14 OPEs measured, TDBPP, TBPhP, and PBDPP were not
detected in any samples (either surface or core sediment samples)
and, thus, were not discussed further. TCIPP was found in 92% of
surface sediment samples at a concentration range of not detected
(nd) to 17.9 ng/g, with a median value of 3.82 ng/g (Table 1). TnBP
(detection rate (DR): 60.4%), TiBP (81.3%), TBOEP (60.4%), TCEP
(58.3%), and TEP (56.3%) were found at mean concentrations of
2.39, 1.74, 1.85, 4.36, and 0.303 ng/g, respectively. TMPP, TPhP,
and EHDPP were less frequently detected, at DRs below 17%. TPP
and TDCIPP were not found in any surface sediment samples. The
total concentrations of OPEs (ROPEs; sum of 11 OPE analogues)
in surface sediments ranged from 1.76 to 49.9 ng/g, with a mean
of 12.7 ng/g (Table 1). No significant correlation was found
between TOC and ROPEs concentrations in sediments (Table S1;
Wang et al., 2018), which is in agreement with what was reported
earlier (Zhong et al., 2018).
se Bohai Sea and northern part of the East China Sea.

TCEP TCIPP TDCIPP TBOEP EHDPP
P

OPEs

4.36 5.37 1.85 5.54 12.7
2.38 4.28 2.23 1.22 9.57
3.67 3.82 1.20 5.20 9.13
nd-14.8 nd-17.9 nd-11.9 nd-7.28 1.76–49.9
58.3 91.7 60.4 8.33 100

4 4.99 6.95 4.44 a 1.84 41.6
2 3.34 6.46 1.46 29.6
8 4.17 5.37 4.44 1.53 31.6
.42 nd-14.5 nd-39.8 nd-4.44 nd-8.03 8.58–169

37.2 97.7 2.33 60.5 100

4 4.59 6.14 4.44 a 1.84 5.54 26.3
2 2.75 5.48 1.89 1.22 25.9
8 3.77 4.58 4.44 1.25 5.20 20.3
.42 nd-14.8 nd-39.8 nd-4.44 nd-11.9 nd-7.28 1.76–169

48.4 94.5 1.10 60.4 4.40 100

BPhP, and PBDPP were not detected in any sediment samples and, thus, were not



Table 2
Spearman correlations among the concentrations of organophosphate esters measured in coastal sediments from northern China a.

Surface TEP TnBP TiBP TCEP TCIPP TBOEP ROPEs

TEP 1
TnBP �0.168 1
TiBP 0.357 0.631** 1
TCEP 0.269 0.179 0.208 1
TCIPP 0.517** 0.485* 0.539** 0.614** 1
TBOEP 0.437 �0.087 0.211 0.131 0.335 1
ROPEs 0.449* 0.557** 0.581** 0.745** 0.789** 0.466* 1

Core TPhP TEP TnBP TiBP TCIPP TBOEP ROPEs
TPhP 1
TEP 0.458* 1
TnBP 0.041 0.403** 1
TiBP �0.067 0.232 0.776** 1
TCIPP 0.591** 0.792** 0.344* 0.269 1
TBOEP 0.452* 0.545** 0.299 0.169 0.489* 1
ROPEs 0.409* 0.617** 0.742** 0.756** 0.668** 0.560** 1

All TEP TnBP TiBP TCIPP TBOEP ROPEs
TEP 1
TnBP 0.501** 1
TiBP 0.581** 0.794** 1
TCIPP 0.587** 0.272* 0.271* 1
TBOEP 0.465** 0.207 0.219 0.428** 1
ROPEs 0.746** 0.821** 0.845** 0.641** 0.482** 1

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
a Only those OPE analogues with detection rates > 50% were included in correlation analysis.
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We examined the relationships among the measured concen-
trations of OPEs in surface sediment, using Spearman’s correlation
analysis (only those OPE analogues with detection rates of > 50%
were included in the analysis; Table 2). A significant positive corre-
lation (r = 0.631, p < 0.01) was found between TnBP and TiBP con-
centrations, which may be due to the fact that these two are
isomeric forms of the same compound and that they may be used
as mixtures. TCIPP was significantly correlated with TEP, TnBP,
TiBP, and TCEP concentrations (r = 0.485–0.614, p < 0.05). The pos-
itive correlations among OPE analogues suggest that there is a
common source of these chemicals in sediment.

The average composition profile of OPEs found in surface sedi-
ment is shown in Fig. 1. TCIPP was the predominant compound,
accounting for 39.9 ± 20.9% (mean ± SD) of ROPEs, followed by
TCEP (19.6 ± 20.4%), TiBP (12.7 ± 9.87%), TnBP (8.89 ± 9.57%), and
TBOEP (8.43 ± 13.6%). In general, the contribution of chlorinated
alkyl OPEs (TCEP, TCIPP, and TDCIPP collectively accounted for
Fig. 1. Composition profiles of organophosphate esters in surface sediment and sedimen
59.4%) to ROPEs was higher than that of non-chlorinated alkyl
OPEs (TEP, TnBP, TiBP, and TPP: 23.3%) and aryl OPEs (TMPP and
TPhP: 6.15%). A greater abundance of chlorinated alkyl OPEs than
non-chlorinated alkyl or aryl OPEs has been reported in wastewa-
ter treatment plant effluents (Kim et al., 2017). The coastal region
surrounding the Bohai Sea (i.e., the Bohai Economic Rim) receives
discharges of industrial and domestic wastewater (Gao et al.,
2014; Liu et al., 2015). Marine sediment is a repository for various
organic contaminants, including OPEs present in wastewater (Kim
et al., 2017).
3.2. Concentrations of OPEs in sediment core

TiBP and TEP were found in all sediment core samples at a con-
centration range of 3.60–125 (median: 16.7) and 0.207–3.59
(0.539) ng/g, respectively (Table 1). TCIPP (DR: 98%), TnBP (95%),
TPhP (63%), and TBOEP (61%) were frequently found at median
t cores collected from the Chinese Bohai Sea and northern part of the East China Sea.



Fig. 2. Vertical profiles in concentrations of organophosphate esters in the
sediment core collected from coastal areas of northern China.
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concentrations of 5.37, 4.54, 2.58, and 1.53 ng/g, respectively.
TCEP, TMPP, and TPP were less frequently detected, with DRs
below 37%. TDCIPP was detected in only one sample (4.44 ng/g),
and EHDPP was not found in any sediment core samples. The con-
centrations ofROPEs in sediment core samples ranged from 8.58 to
169 (median: 31.6) ng/g. In general, the concentrations and detec-
tion rates of individual OPEs in sediment core samples (mean:
0.474–22.7 ng/g, DR: 2.33–100%) were higher than those in surface
sediment (0.303–5.54 ng/g, 8.33–91.7%). The measured concentra-
tions of ROPEs in sediment core (range: 8.58–169, mean: 41.6 ng/
g) were somewhat greater than those reported for two sediment
cores from an intertidal zone in the Chinese Bohai Sea (range:
11.8–102 ng/g in one core and 6.65–41.5 ng/g in the other core)
(Wang et al., 2017). One of the largest OPE producers in China is
located in northern Jiangsu Province, which is in the catchment
of the Yangtze River delta (Fig. S1). The annual production capacity
of OPEs in that factory was reported at 20,000 tons (Zhong et al.,
2017). Relatively higher concentration of OPEs in sediment core
from the East China Sea than those from Bohai Sea is explained
by local emission sources.

The correlations among the concentrations of individual OPEs in
sediment core were determined (only those OPEs with detection
rates of >50% were included in the correlation analysis; Table 2).
TnBP was significantly correlated with its isomer TiBP (r = 0.776,
p < 0.01). Positive correlations were found between TCIPP and TPhP
(r = 0.591, p < 0.01), TCIPP and TEP (r = 0.792, p < 0.01), TCIPP and
TnBP (r = 0.344, p < 0.05), and TCIPP and TBOEP (r = 0.489, p < 0.05)
concentrations as well as between TBOEP and TPhP (r = 0.452,
p < 0.05) and TBOEP and TEP (r = 0.545, p < 0.01) concentrations.
This is similar to the findings reported in an earlier study on OPEs
in sediment cores from the Bohai Sea (Wang et al., 2017).

The composition profile of OPEs in sediment core samples is
presented in Fig. 1. TiBP, TCIPP, and TnBP were the dominant com-
pounds, accounting for 54 ± 15%, 17 ± 8.7%, and 13 ± 5.6% of ROPE
concentrations. Chlorinated alkyl OPEs (TCEP, TCIPP, and TDCIPP)
accounted for 21% of ROPE concentrations, which was less than
that (69.2%) of non-chlorinated alkyl OPEs (TEP, TnBP, TiBP, and
TPP), but higher than that (7.21%) of aryl OPEs (TMPP and TPhP).
This pattern was different from what was found in surface sedi-
ment, suggesting that the sources of OPEs between the two loca-
tions are different (Fig. 1). Non-chlorinated alkyl OPEs were
predominant in a sediment core from the Yellow River estuary
(Wang et al., 2017).

The vertical distribution of individual OPEs in sediment core
presented two different patterns (Fig. 2). From the bottom layer
to 31 cm, TnBP and TiBP concentrations steadily declined. From
the depth of 31 cm to the surficial layer, TnBP and TiBP concentra-
tions remained constant. TCIPP and TPhP concentrations gradually
increased from 31 cm to the top layer, with the highest concentra-
tions found in sediment sections deposited in recent years. Overall,
the total concentration of OPEs declined steadily from the bottom
layer to 31 cm and, afterward, increased gradually toward the top
layers. These results suggest recent input of OPEs, coinciding with
increased production and usage (Zhong et al., 2017). The sedi-
ments, however, were not dated to reflect the time periods that
coincided with the changes in profiles.

3.3. Global comparison of OPEs concentrations in sediment

Studies that report the concentrations of OPEs in sediment are
limited (Table 3). Major OPE analogues, including TPhP, TEP, TCEP,
TnBP, TiBP, TCIPP, and TBOEP, were usually measured in earlier
studies. As these aforementioned OPEs generally contribute to
the majority of the total concentrations, we compared the total
concentrations of OPEs, including TPhP, TEP, TCEP, TnBP, TiBP,
TCIPP, and TBOEP, in sediment, unless mentioned otherwise. Our
results showed that ROPE concentrations in surface sediment col-
lected from the Chinese Bohai Sea and its vicinity (mean: 12.7,
range: 1.76–49.9 ng/g) were comparable to those reported for sur-
face sediments from coasts and rivers of Taiwan (7.38, 1.00–
12.6 ng/g; Chung and Ding, 2009), Lake Ontario, USA (16.6, 1.38–
47.8 ng/g; Cao et al., 2017), Taihu Lake, China (7.88, 3.38–
14.3 ng/g; Cao et al., 2012) and the Evrotas River basin, Greece
(10.4, 0.31–31.0 ng/g; Giulivo et al., 2017) but higher than those
from the North Pacific Ocean and Arctic Ocean (0.878, 0.159–
4.66 ng/g; Ma et al., 2017), and Yellow Sea, China (0.411 (GM),
0.083–1.86 ng/g; Zhong et al., 2018), as well as Lake Superior
(2.16, 0.80–5.80 ng/g) and Lake Michigan (4.65, nd–17.6 ng/g),
USA (Cao et al., 2017). The OPE concentrations measured in our
study were one to two orders of magnitude lower than those
reported for the Pearl River estuary and the northern South China
Sea (104, 58–322 ng/g; Pintado-Herrera et al., 2017), Rivers Nalón,
Arga, and Besòs, Spain (151, 3.8–824 ng/g; Cristale et al., 2013),
shipping canal, Chicago, USA (1380, 470–2800 ng/g; Peverly
et al., 2015), and Kathmandu valley, Nepal (2660, 983–7460 ng/
g; Yadav et al., 2018). Overall, ROPE concentrations in surface sed-
iment from the Chinese Bohai Sea and its vicinity were similar to or
lower than those reported from various locations worldwide (Ma
et al., 2017).
4. Conclusions

In summary, OPEs were frequently found in the Chinese Bohai
Sea surface sediment at ROPE concentrations that ranged from
1.76 to 49.9 ng/g dw, which were comparable to or lower than



Table 3
Global comparison of reported organophosphate ester (OPE) concentrations (ng/g dw) in sediments with those found in this study.

Location Sampling
Year

Na Mean Range DR (%)b Reference

Coast and rivers, Taiwan 2009 5 7.38 1.00–12.6 100 Chung and Ding (2009)
The North Pacific Ocean and the Arctic Ocean 2010 –c 0.878 0.159–4.66 100 Ma et al. (2017)
Bohai Sea, China 2010 23 1.14 (GMd) 0.205–4.55 100 Zhong et al. (2018)
Yellow Sea, China 2010 26 0.411 (GM) 0.083–1.86 100 Zhong et al. (2018)
Lake Superior, USA 2010–2013 24 2.16 0.80–5.80 100 Cao et al. (2017)
Lake Michigan, USA 2010–2013 27 4.65 nde–17.6 93 Cao et al. (2017)
Lake Ontario, USA 2010–2013 37 16.6 1.38–47.8 100 Cao et al. (2017)
Taihu Lake, China 2011 28 7.88 3.38–14.3 100 Cao et al. (2012)
Pearl river estuary and northern South China Sea, China 2012 31 104 58–322 100 Pintado-Herrera et al. (2017)
Rivers Nalón, Arga and Besòs, Spain 2012 21 151 3.8–824 100 Cristale et al. (2013)
Sanitary and ship canal, Chicago, USA 2013 10 1380 470–2800 100 Peverly et al. (2015)
Kathmandu valley, Nepal 2014 20 2660 983–7460 100 Yadav et al. (2018)
Evrotas river basin, Greece 2014,2015 12 10.4 0.31–31.0 100 Giulivo et al. (2017)
Sava river basin, Slovenia 2014,2015 21 50.1 10.5–248 100 Giulivo et al. (2017)
Adige river basin, Italy 2015 20 82.6 11.5–549 100 Giulivo et al. (2017)
Laizhou Bay, Bohai Sea, China 2015 2f 36.3 g, 16.5 g 11.8–102 g, 6.65–41.5 g – Wang et al. (2017)
Pearl river estuary, China 2015 48 – 13.2–377.1 100 Hu et al. (2017)
Bohai Sea, China 2012,2016 48 12.7 1.76–49.9 100 This study
The northern part of the East China Sea, China 2011 1(43)h 41.6 8.58–169 100 This study

a, Number of samples; b, detection rate (%); c, not available; d, geometric mean; e, not detectable; f, two sediment cores; g, values for two sediment cores, respectively; h, one
sediment core with 43 segments.
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those reported elsewhere. ROPE concentrations in sediment core
from the northern part of the East China Sea were generally higher
than those in surface sediment from the Bohai Sea. TCIPP, TCEP,
TiBP, and TnBP were the dominant OPE analogues found in surface
sediment. The ubiquitous occurrence of OPEs in marine sediment
warrants further studies to assess the risks in aquatic ecosystems.
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