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Temporal trends of
organophosphate esters
in a sediment core from
the tidal flat of Liao River
estuary, Northeast China

Qing Luo*, Congcong Wang, Leiyan Gu, Zhongping Wu
and Yujie Li

Key Laboratory of Regional Environment and Eco-Remediation of Ministry of Education, College of
Environment, Shenyang University, Shenyang, China

The historical trends and inventory of organophosphate esters (OPEs) were
investigated based on depth profiles of OPEs in sediment core collected from
the tidal flat of the Liao River estuary in northeastern China. The concentration of
>130PEs in sediment core has increased continuously since records began,
reaching a peak of 10.8 ng g% dry weight (dw) in the 1960s, then began to decline
and fall to a low of 3.91 ng g™ dw in the 1980s, before rising again and increasing
to 20.4 ng g™* dw in the 2000s. After a brief decline, It started to increase again
and reached a peak of 27.0 ng g™ dw in 2018. Tributyl-n-phosphate was found in
each layer of the sediment core, accounting for 31.9 - 100% of Y';3OPEs. The
fluxes of OPEs ranged from 46.5 to 105 ng cm™ y* in the sediment layers
deposited between 2007 and 2018. The inventory of OPEs in the sediment core
was estimated to be 1541 ng cm™. This work reports for the first time the
historical contamination trends of OPEs in Chinese sediments, which is
important for assessing the environmental risk of OPEs.
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1 Introduction

Organophosphate esters (OPEs) were widely used in a variety of commercial items,
including electronics, plastics, home decorations, and textiles, due to their outstanding
flame retardant and plasticizing qualities and comparatively low cost (Wang X. et al., 2020).
They were first used in the early 1900s and began to increase rapidly after the 1940s
(USEPA, 1976). After the beginning of the 21st century, the use of OPEs expanded
significantly as a result of the ban on polybrominated diphenyl ethers (PBDEs) (Stapleton
et al,, 2012). In 2018, 1.05 million tons of OPEs were consumed globally, making up more
than 30% of all flame retardant consumption (Li T. Y. et al., 2019; Wang X. et al., 2020).
However, a large body of evidence indicates that OPEs have adverse effects on the nervous
system, reproductive system, immune system, and endocrine system (Noyes et al., 2015;
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Hou et al., 2016; Zhou and Hu, 2017). As a result, environmentalists
around the world are very concerned about OPEs as
emerging contaminants.

OPE:s are readily discharged into the environment because they
are added as additives rather than chemically bound to the final
product (Leisewitz et al.,, 2001). Relatively high concentrations of
OPEs have recently been found in indoor and outdoor air, surface
and ground water, sediment, and soil (Shi et al., 2016; Yadav et al.,
2017; Luo et al., 2018a; Ji et al., 2019; Luo et al., 2021a). However,
studies on the vertical distribution and historical contamination
trends of OPEs in sediments have received little attention. Cao et al.
(2017) investigated the contamination characteristics of OPEs in
Lake Michigan sediment cores and found that OPEs date back to
1635. In sediment cores from the Palos Verdes Shelf off the coast of
Los Angeles, which is heavily impacted by sewage treatment plant
discharges, two peaks in OPEs concentrations occurred in the 1970s
and 2000s (Li J. et al, 2019). In China, a major producer and
consumer of OPEs, only the vertical distribution of OPEs in
sediment cores taken from Taihu Lake (Ye et al, 2021; Zhang
et al, 2022) and the coastal Laizhou Bay of the Bohai Sea (Wang
et al., 2017) have been studied. The historical contamination trends
of OPEs in Chinese sediments have not been reported because these
existing studies did not date the sediment cores. Understanding the
historical trends of contaminants in sediment cores is of great
importance for estimating the inventory of contaminants and
evaluating the risk of contaminants. Therefore, it is urgent to
study the historical trends of OPEs in sediment cores in China.

To accurately understand the historical contamination trend of
pollutants, the sampling locations of sediment cores must be chosen
reasonably. The Liao River estuary is located at the top of Liaodong
Bay, which is influenced by the Bohai Sea and the Liao River. The
Bohai Rim has historically been a significant industrial hub and
highly populated region of China, and there may be long-term
emissions of OPEs. In addition, considerable concentrations of
OPEs have been found in seawater and sediments of the Bohai
Sea (Qi et al., 2021) and in water and sediment of the Liao River and
Liao River estuary (Wang et al., 2015; Luo et al., 2020; Luo et al,,
2021b). Therefore, it may be reasonable to collect sediment cores
from the Liao River estuary and study the historical contamination
trend of OPEs. Meanwhile, the Liao River estuary is often used as a
study site for historical sedimentary patterns of geochemical
components (Zhang et al., 2018; Chi et al., 2021).

In this study, 13 target OPEs were analyzed in sediment core
layers obtained from the tidal flat of the Liao River estuary, and the
deposition time of each layer was dated. The purposes of this study
were to elucidate the historical contamination trend of OPEs and to
estimate the deposition fluxes and inventory of OPEs.

2 Materials and methods

2.1 Sampling location and
sample collection

The tidal flat of the Liao River estuary is a typical muddy tidal
flat, which is located at the top of Liaodong Bay in China. It is
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formed by the steady accumulation of a large amount of silt brought
into the estuary by the Liao River with the assistance of ocean
currents and tidal currents. With the help of this continuous
deposition, the temporal evolution of the contaminants can be
studied. Therefore, a sediment core was obtained from the intertidal
zone of the Liao River estuary on July 10, 2019, using a 150-cm-long
manual coring tool (Figure 1). The length of this sediment core was
108 cm. The sediment core was cut into 2 cm layers using a stainless
steel cutter, and a total of 54 samples were obtained. The samples
were then brought to the laboratory in an ice bath, freeze-dried,
homogenized, and stored at -20°C until further analysis
was performed.

2.2 Dating of sediment core

The sediment core was delivered to the Public Technology
Service Center of the Northeast Institute of Geography and
Agroecology, Chinese Academy of Sciences, where they were age-
dated by >'°Pb method utilizing a low-background g-ray
spectrometer with a high pure Ge semiconductor (GWL-120-15-
LB-AWT, ORTEC Instruments Ltd., Oak Ridge, TN, USA). The dry
sediment samples were weighed and sealed in covered plastic test
tubes before being tested for 2'°Pb activity using 46.5 keV gamma
emissions. After establishing the radioactive equilibrium (3 weeks),
the emissions of ***Ra with the 295 keV and 352 keV y-rays radiated

by its daughter nuclide *'*

Pb were detected. The absolute efficiency
of the detector was calibrated using standard sources and sediment
samples of known radioactivity, both of which were obtained from
the National Institute of Metrology in China. The counting time of
210ph was 16.7 h, with a measurement accuracy of 5 - 10% at the
95% confidence level. Assuming that in each sample, the supported
219pb and in-situ ***Ra were in equilibrium, it is possible to calculate
the unsupported *'°Pb activities (*'°Pbex) using the difference
between total *'°Pb and supported *'°Pb activity. The
approximate ages of the sediments were then determined using
the >'°Pbex and the constant rate of supply (CRS) model (Appleby
and Oldfield, 1978). Sedimentation rates and sediment mass
accumulation rates were calculated using the estimated ages,
volume weights, and layer depths of sediments (Pratte et al., 2019).

2.3 Determination of OPEs concentrations

Using the method suggested in our previous studies (Luo et al.,
2018b; Luo et al, 2018c), 13 OPEs were analyzed in sediment
samples, including triethyl phosphate (TEP), tripropyl phosphate
(TPP), tri-iso-butyl phosphate (TIBP), tributyl-n-phosphate
(TNBP), tri(2-ethylhexyl) phosphate (TEHP), tri-butoxyethyl
phosphate (TBOEP), tris-(2-chloroethyl) phosphate (TCEP), tris-
(1-chloro-2-propyl) phosphate (TCIPP), tris[2-chloro-1-
(chloromethyl) ethyl] phosphate (TDCPP), triphenyl phosphate
(TPHP), 2-ethylhexyl diphenyl phosphate (EHDPP), tricresyl
phosphate (TMPP), and triphenylphosphine oxide (TPPO).
Briefly, 10 g of freeze-dried sediment sample was weighed and
mixed with 20 ng of internal standards (TNBP-d,, and TPHP-d;5).
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The mixture was then transferred to an extraction cell preloaded
with 2 g of copper granules activated by diluted HCl and 2 g of silica
gel activated by heat. The extraction cell was loaded into the ASE
300 (Dionex, USA) and run under the following conditions: the
extractant was the 1:1 mixture of n-hexane and acetone; the
extraction temperature, pressure, and time were set to 100°C,
1500 psi, and 10 min, respectively; the flush volume was set at
60% of the cell volume; the number of static extraction cycles was
set to 2. The extract obtained by accelerated solvent extraction was
then blown almost dry with nitrogen and redissolved with 1 mL of
n-hexane for GC-MS/MS (Trace 1300 - TSQ 8000 Evo, Thermo
Fisher, USA) analysis.

For the GC-MS/MS analysis, the pulse splitless injection mode
was used and the injection volume was set to 1iL. Chromatographic
separation was carried out using a TG-5SILMS column (30 m x
0.25pum x 0.25 mm, Thermo Fisher, USA) with the helium flow rate
adjusted to 1 mL min™". The column’s temperature was first set to
50°C and maintained for 1 min, raised to 180°C at 10°C min’,
maintained for 8 min, raised to 240°C at 20°C min "', maintained for
8 min, raised to 255°C at 3°C min’}, and then raised to 300°C at
30°C min™', maintained for 5 min. The temperatures of the injection
port, transmission line, and ion source were set to 250, 280, and
280°C, respectively. The target OPEs were measured using the
multiple reaction monitoring scanning mode, and Table S1 shows
the pertinent characteristics, including the precursor ion, product
ion, and collision energy.

2.4 QA/QC

Brown glass containers were used throughout the analysis to
prevent photolysis of OPEs. To lower the background levels of
OPEs, all brown glass containers were roasted at high temperatures
and cleaned with acetone and n-hexane before use. The internal
standard method was used to calculate the concentration of OPEs in
samples. The method detection limits (MDLs) and quantitation
limits (MQLs) were equal to 3 and 10 times the standard deviation
obtained from the analysis of 8 blank spiked samples, respectively
(USEPA, 1986), and are shown in Table S1.

Table S1 shows, which were determined by evaluating eight blank
spiked samples and were, respectively, 3 and 10 times the standard
deviation (USEPA, 1986). A procedural blank sample, a blank spiked
sample, and a matrix spiked sample were included in the analytical
process for every 10 real samples. Some OPEs were detected in the
procedural blank samples, but their concentrations were lower than
MDLs or MQLs. The concentrations of OPEs in the real samples were
corrected by subtracting the blank values to eliminate the interference
of background pollution. The spiked recoveries of OPEs ranged from
82.5% to 104%, and the RSDs were less than 12%.

2.5 Calculation of deposition flux
and inventory

The deposition flux (ng cm™ y™') and inventory (ng cm™) of
OPEs in the sediment core were computed as follows:
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Flu.xi = Ci X p; X Ri (1)

Inventory = > C; x p; x h; (2)

where C; is the pollutant concentration in the sediment core
layer i (ng g™ dw), p; is the dry bulk density of core layer i (g cm™),
R; is the sedimentary rate of core layer i (cm y’l), h; is the thickness
of core layer i (cm).

2.6 Statistical analysis

The statistical analyses for this investigation were conducted
using SPSS Statistics (IBM, version 18) and Microsoft Excel
(Microsoft Office, 2010). The concentrations of individual OPE
with concentrations below the MDLs are specified as zero in the
figures and the calculation of ¥;30PEs.

3 Results and discussion
3.1 Pollution levels and historical trends

Table 1 and Figure 2 show the concentrations of OPEs in the
sediment core of the tidal flat of the Liao River estuary. TNBP was
found in each layer of this sediment core. TEP, TPP, and TPPO
were only found in the upper layers, and their detection frequencies
were less than 30%. The detection frequencies of TIBP, TEHP,
TBOEP, TCEP, TCIPP, TPHP, and TMPP were more than 87%,
and they were only undetected in some samples in the middle and
deeper layers. The total concentrations of OPEs in the sediment
ranged from 0.45 to 27.0 ng ' dw with an average of 10.3 + 5.32 ng
g‘1 dw. Among them, the alkyl-OPEs consisting of TEP, TPP, TIBP,
TNBP, TEHP, and TBOEP had the highest concentration of 0.45 to
15.6 ng g dw with an average of 7.79 + 3.56 ng g dw, accounting
for 75.6% of ¥,30PEs. The Cl-OPEs consisting of TCEP, TCIPP,
and TDCPP ranked second, accounting for 16.2% of X;30PEs.
Their concentrations ranged from nd to 9.23 ng g dw, with an
average of 1.67 + 1.60 ng g'* dw. TNBP and TCIPP were the most
abundant monomers in alkyl- and Cl-OPEs with average
concentrations of 4.87 + 223 ng g' dw and 0.94 + 1.11 ng g’
dw, respectively.

The pollution levels of OPEs in the sediment core of the tidal
flat of the Liao River estuary were lower than those found in
sediment cores taken from the coastal Laizhou Bay of the Bohai
Sea, China (CA: 11.2 - 102 ng g dw, CB: 6.65 - 41.5 ng g' dw)
(Wang et al., 2017) and the Taihu Lake, China (C1, 34.3 - 332 ng g1
dw; C2, 30.1 - 117 ng g’1 dw) (Zhang et al., 2022). However, the
detection frequencies of various OPEs in these three studies were
comparable. For instance, sediment cores collected from the coastal
Laizhou Bay (Wang et al., 2017) and Taihu Lake (Zhang et al., 2022)
revealed the presence of TNBP, TCEP, TCIPP, and TPHP in all
layers, which is consistent with the detection features of these
compounds in the current study. The OPEs concentrations in this
study were lower than those in the sediment core from southern
Lake Michigan (M009, 1.74 - 41.4 ng g’ dw), but comparable to
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TABLE 1 The concentrations of OPEs in the sediment core (ng g™ dw).

Median (n=54) Mean (n=54)

TEP nd* 073 nd 0.08 0.16 27.8%
TPP nd 1.15 nd 0.07 0.21 222%
TIBP nd 243 0.96 0.91 0.68 92.6%
TNBP 0.45 10.0 476 487 2.23 100%
TEHP nd 1.71 0.64 0.61 0.36 88.9%
TBOEP nd 3.02 1.30 1.26 0.72 90.7%
TCEP nd 1.79 0.58 0.61 0.45 88.9%
TCIPP nd 6.89 0.53 0.94 111 98.1%
TDCPP nd 0.54 nd 0.12 0.18 33.3%
TPHP nd 0.55 0.23 022 0.13 87.0%
EHDPP nd 0.54 nd 0.10 0.14 44.4%
TMPP nd 0.88 0.38 0.40 0.23 87.0%
TPPO nd 1.02 nd 0.10 0.21 24.1%
YAlkyl-OPEs 0.45 15.6 7.45 7.79 3.56

$CI-OPEs nd 9.23 1.30 1.67 1.60

TAryl-OPEs nd 1.36 0.80 0.72 0.36

¥130PEs 0.45 27.0 9.67 10.3 532

*nd: Below the MDLs; Fr: Frequency of detection (%).

those in the sediment cores from central (M024, 1.27 - 19.9 ng g”'
dw) and northern (M047, 0.60 - 20.9 ng g-1 dw) Lake Michigan
(Cao et al, 2017). According to Cao et al. (2017), TIBP, TNBP,
TBOEP, and TCIPP had high detection frequencies in the three
sediment cores from Lake Michigan, which is similar to the present
study. However, TEP and TPP were not detected, even in the
surface layer (Cao et al., 2017). This may be connected to the local
OPEs’ use and emission characteristics. For instance, the
concentrations of OPEs in the sediment cores of the Palos Verdes
Shelf off the coast of Los Angeles (0.68 - 1064 ng g™ dw) were much
greater than elsewhere in this investigation due to the impact of
wastewater treatment plant effluents (Li J. et al., 2019).

Figure 2 shows the vertical distribution and historical trends of
OPEs in the sediment core of the tidal flat of the Liao River estuary.
As can be seen from the figure, OPEs can be detected in the
sediments with a deposition time of 1569, however only TNBP.
TIBP, TNBP, TBOEP, and TCIPP can be found in sediment cores
from central Lake Michigan dating back to 1635 (Cao et al., 2017),
but this does not imply that OPEs were used or released in the
1600s. One reason is the lack of production and usage records of
OPEs before 1900, and another is that a large fraction of OPEs with
log K,c< 3.5 are present in pore water, which facilitates their
migration to deeper sediment (Cao et al., 2017). Therefore, it is
difficult to determine whether those OPEs with log K, less than 3.5
in sediments deposited before 1900 are caused by direct discharge
or vertical migration, such as TNBP in the present study. However,
given that OPEs have been used for more than 150 years (Van der
Veen and De Boer, 2012), the presence of TIBP, TNBP, and TCIPP
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in the sediment with a deposition time of 1905 may be the result of a
combination of direct discharge and vertical migration. After 1905,
more kinds of OPE were detected, and the concentration of
2130PEs likewise increased until it peaked in the 1960s at 10.8 ng
¢! dw. This peak may be attributed to the modest use of OPEs as
flame retardants dating back to the 1960s (Greaves and Letcher,
2017). It should be noted that some OPEs with a log K, greater
than 3.5, including TEHP, TBOEP, TPHP, and TMPP, were
detected in the sediments deposited in the 1960s. The log K.
greater than 3.5 implies that these OPEs are difficult to vertical
migration through the pore water, which indicates that OPEs in the
sediments during this period were mainly derived from direct
discharge. After the 1960s, the concentration of X,;0PEs started
to go downhill and peaked in the 1980s at 3.91 ng g* dw. Following
that, it started to rise and continued to do so until it peaked in the
2000s at 20.4 ng g* dw. This is primarily due to the ban on PBDEs
and the rise in OPE use in the twenty-first century (Stapleton et al.,
2012). After 2007, the concentration of Y;30PEs fluctuated
erratically but overall rose as the deposition time shrunk. The
maximum concentration of ¥;30PEs, 27.0 ng g’1 dw, was found
in the topmost layers. This is connected to the ongoing rise in OPE
consumption over the past few years (Li T. Y. et al,, 2019). The
historical trends of OPEs in this study are similar to previous
findings in sediment cores from Lake Michigan (Cao et al., 2017)
and the Palos Verdes Shelf off the coast of Los Angeles (Li J. et al.,
2019). This indicates that OPEs have been present in the
environment for a long time, but they haven’t gotten enough
attention. Until recent years, the ban on PBDEs has led to a rapid
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Sampling location.

increase in the production and use of OPEs as their primary
substitutes (Stapleton et al., 2012). At the same time, the
concentrations of OPEs in the environment have increased in
tandem (Wang X. et al, 2020). Because of these, OPEs are
currently receiving a lot of attention as emerging pollutants.

The historical trend of OPE monomers exhibits certain specific
features. For instance, TEP and TPP were primarily detected in layers
above 30 cm, with sediments corresponding to deposition periods
from 2012 to 2018, indicating that TEP and TPP emissions had been
present in this area since 2012. TEP and TPP are not found in the
layers below 30 cm, which may be because they were less used and
emitted in this area before 2012, but the more significant reason may
be that they were easy to degrade (Wang Y. et al,, 2020). In 1928,
TCEP was discovered in sediments for the first time. Up to 1986,
there was an overall upward trend in the content of TCEP in
sediments, reaching a peak of 1.12 ng g dw. The concentration
then stayed low, averaging around 0.28 ng g dw on average.
Following the 2000s, the concentration of TCEP in sediments
increased and remained between 1-2 ng g dw. TCIPP first
appeared in sediments in 1905, and after that, its concentration
steadily increased until it peaked in 1960 at 2.01 ng g* dw. Since then,
the concentration of TCIPP in the sediments had been low, with an
average concentration of around 0.39 ng g' dw. After 2000, it started
to increase. The concentration of TCIPP in sediment increased
rapidly to 6.89 ng g dw, especially in the last decade, and at a
faster rate than TCEP. The main reason for the increase in the
concentrations of TCEP and TCIPP in sediments over the last years is
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the widespread production and usage of OPEs (Van der Veen and De
Boer, 2012). In addition, the 1980s showed a considerable increase in
the production of TCIPP as an alternative to TCEP, which is why its
concentration and growth rate are larger than that of TCEP (WHO,
1998). This is further supported by recent environmental monitoring
data; TCIPP is the most frequently found OPE in environmental
samples, with concentrations much greater than TCEP (Shi et al,
2016; Ji et al.,, 2019; Luo et al., 2020). TNBP, as the most predominant
OPE, accounted for 47.3% of Y;30PEs and exhibited a historical
trend comparable to that of ¥,;0PEs. Since TIBP is an isomer of
TNBP and has similar chemical characteristics and applications, its
historical trend is also comparable to that of TNBP. TPPO was only
detected in sediments deposited after 2005. Since TPPO is difficult to
biodegrade (Sternbeck et al., 2012), this suggested that the emission of
TPPO in this region may have occurred after 2005. TEHP, TBOEP,
TPHP, and TMPP were detected in all sediments deposited since the
1960s, but there was no noticeable trend in the variation of their
concentrations. These four chemicals are hydrophobic (log Koc >
3.5), which makes them difficult to move down via pore water (Cao
et al, 2017). This suggests that these four compounds may have been
continuously discharged in this area after the 1960s. TDCPP and
EHDPP were only found in a small number of sediment samples
deposited before the year 2000, suggesting that they may not have
been commonly used chemicals in this region at that time. However,
as time went on, they were found in more sediment samples, and
their concentrations increased, which indicated that TDCPP and
EHDPP were used and released more frequently in the area after
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Historical trends of individual and total OPEs in the sediment core.
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2000. In general, the vertical distribution of OPEs in sediment cores
not only reflects information about their historical emissions but also
relates to their characteristics, such as biodegradation and

longitudinal mobility.

3.2 Composition characteristics

Figure 3 displays the composition profiles of OPEs in the sediment
core of the tidal flat of the Liao River estuary. The majority of OPEs in
the sediment core was alkyl-OPEs, accounting for 57.9 - 100% of
Y130PEs. They were followed by Cl-OPEs and aryl-OPEs with relative
abundances of 0 - 34.2% and 0 - 14.4%, respectively. The relative
abundance of TPPO was the lowest, only ranging from 0 to 3.79%.
The individual OPE with the largest relative abundance was TNBP,
accounting for 31.9 - 100% of X;30PEs. TBOEP ranked second with a
relative abundance of 0 - 41.8%. The relative abundances of TCIPP
and TIBP were comparable, accounting for 0 - 25.5% and 0 - 23.5% of
2130PEs, respectively. The relative abundances of TPP and TEP were
the lowest, accounting for 0 - 4.27% and 0 - 2.82% of X;30PEs,

respectively. The OPE composition profiles in the sediment core and
surface sediments of the Liao River estuary were similar. For instance,
the order of relative contribution, i.e., alkyl-OPEs > CI-OPEs > aryl-
OPEs (Luo et al, 2021b), was consistent with the present study.
However, there were some differences. For example, the relative
abundance of alkyl-OPE was lower than that of the present study,
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and the relative abundance of CI-OPE was higher than that of the
present study (Luo et al., 2021b). The average relative abundance of
TCIPP was 24.8% in the surface sediments collected from the Liao
River estuary, which was the second most abundant OPE (Luo et al.,
2021b). However, in this study, the average relative abundance of
TCIPP was only 8.30%. TBOEP had the second-highest average
relative abundance of OPE in the sediment core (12.7%), but its
abundance in the surface sediments was lower (Luo et al., 2021b). This
may be brought about by the long-term migration and transformation
of OPEs in sediments, as well as the different pollution sources of
OPE:s in the Liao River estuary at various times.
The composition profiles of OPEs with different characteristics
may be observed in sediment cores collected from different study
regions. TMPP and TPHP accounted for 55.3% of ¥,,OPEs in the
sediment core (C1) collected from the Palos Verdes Shelf off the coast
of Los Angeles. The average relative abundances of TEP, TEHP, and
TBOEP ranged from 11.0% to 14.2%. Several other OPEs, like TCIPP
and TIBP, had relative abundances below 3.00% (Li J. et al., 2019).
The relative abundances of TMPP and TBOEP were highest in the
surficial 0 - 9.5 cm layers of sediment core (M024) collected from
Lake Michigan, while TCIPP was the major OPE in the sediment
below 9.5 cm (Cao et al., 2017). TBOEP and TNBP were the two most
common OPEs in sediment core (C1) collected from Taihu Lake;
their average relative abundances were 39.6% and 31.7%, respectively.
TBOEP and TCIPP accounted for 27.0% and 26.8% of YoOPEs,
respectively, and were the most prevalent OPEs in sediment core (C2)
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Profiles of OPEs in the sediment core at different depths.

(Zhang et al., 2022). Consistent with the results of this study, alkyl-
OPEs were also the most prevalent OPEs in sediment cores collected
from Taihu Lake, followed by aryl-OPEs and Cl-OPEs (Zhang et al.,
2022). In the sediment cores of the coastal Laizhou Bay, TCIPP was
the dominating OPE below 20 cm, followed by TCEP and TNBP. In
the layers above 20 cm in the sediment core (CA), TNBP was the
dominant OPE (Wang et al., 2017). However, the two most common
OPE:s in sediment core (CB) were TCIPP and TCEP, accounting for
16 - 40% and 7.6 - 53% of Y3OPEs, respectively (Wang et al., 2017). In
the present study, TNBP was the most abundant OPE, followed by
TBOEP, TCIPP, and TIBP. The differences in the composition
profiles of OPEs were related to the usage and discharge
characteristics of OPEs in different places at different times.
TBOEP is commonly used in floor wax, vinyl plastics, and rubber
stoppers, TCIPP is widely utilized in polyurethane foams, and TNBP
is an important component of hydraulic power oil and fluid oil
(Wang X. et al, 2020). The relatively high abundance of TNBP,
TBOEP, and TCIPP in the sediment core may be due to a large
number of related products discharged into the Liao River estuary.

3.3 Inventory

OPEs fluxes ranged from 46.5 to 105 ng cm ™ y™' in sedimentary
layers deposited between 2007 and 2018, from 13.4 to 66.3 ng cm™
y! in sedimentary layers deposited between 1960 and 2007, and
from 0.16 to 17.6 ng cm™ y ' in sedimentary layers deposited before
1960. The historical trends in the fluxes of OPEs and their

concentrations in the sediment core were similar. This may be
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due to the stable sedimentation process in deep basins with fewer
physical and biological mixing activities (Hoang et al., 2021). The
OPEs inventory in this sediment core was estimated to be 1541 ng
cm™. The OPE inventory in the sediment core from the tidal flat of
the Liaohe River estuary was 9 - 40 times higher than that taken
from Lake Michigan (38 - 178 ng cm™) (Cao et al, 2017). The
deposition fluxes of OPEs in sediment cores collected from Lake
Michigan were 0.01 - 1.23 ng cm™ y™' (Cao et al., 2017), which were
lower than that of this study. The main reason for this may be the
high sedimentation rate of tidal flat sediments in the Liao River
estuary, ranging from 0.24 to 3.78 cm y'' with an average value of
2.50 cm y'. Previous studies have indicated that the average
sedimentation rates of sediments in the Liao River estuary were
between 2.4 and 2.9 cm y' (Yang et al., 1993; Song et al., 1997; Liu
et al., 2017), which is consistent with the results of this study.

4 Conclusions

In the present study, the sedimentary record of OPEs in the tidal
flat of the Liao River estuary in northeast China was investigated.
All sediment core layers included TNBP, however, only the upper
layers had TEP, TPP, and TPPO. The concentrations of OPEs in the
sediment core first increased, then decreased, and finally increased
with the shortening of deposition time, which were related to the
use and discharge of OPEs. The most abundant OPE is TNBP,
followed by TBOEP, TCIPP, and TIBP. The deposition fluxes and
OPE inventory in the sediment core of the tidal flat of the Liao River
estuary are high because of the high sedimentary rate.
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