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GRAPHICAL ABSTRACT

« TCEP was the predominant OPE
compound found in the marine
aerosol particles.

« Air mass transport plays an important
role for varying OPE concentrations.

« The dry deposition input of the total
OPEs is estimated.
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Nine organophosphate esters (OPEs) in airborne particles were measured during a cruise campaign over
the northern South China Sea (SCS) from September to October 2013. The concentration of the total OPEs
(S_OPEs) was 47.1-160.9 pg m 3, which are lower than previous measurements in marine atmosphere
environments. Higher OPE concentrations were observed in terrestrially influenced samples, suggesting
that OPE concentrations were significantly influenced by air mass transport. Chlorinated OPEs were the
dominant OPEs, accounting for 65.8-83.7% of the Y OPEs. Tris-(2-chloroethyl) phosphate (TCEP) was
the predominant OPE compound in the samples (45.0 + 12.1%), followed by tris-(1-chloro-2-propyl) phos-
phates (TCPPs) (28.8 + 8.9%). Dry particle-bound deposition fluxes ranged from 8.2 to 27.8 ng m~2d~"! for
the S"OPEs. Moreover, the dry deposition input of the S-OPEs was estimated to be 4.98 tony !in 2013 ina
vast area of northern SCS. About half of the input was found to relate to air masses originating from China.
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1. Introduction

Organophosphate esters (OPEs) is a group of man-made chemi-
cals widely applied as flame-retardants, plasticizer, antifoaming
agents, and additives in hydraulic fluids, lacquers, and floor polishes
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(Reemtsma et al., 2008). OPEs can also be used as extractants in
other processes such as hydrometallurgy and nuclear energy
(Reemtsma et al., 2008). Measurements of OPE biodegradability
and bioaccumulation in the environment date back to the 1970s
and 1980s (Sheldon and Hites, 1978; Saeger et al., 1979). Fewer
studies followed until concern re-emerged surrounding high envi-
ronmental concentrations and the health risks from their use in
indoor environments (Carlsson et al., 1997). OPEs are mostly used
as flame-retardants, and the production has increased rapidly in
the last decade due to the continuous phase-out of brominated
flame-retardants such as polybrominated diphenyl ethers (PBDEs)
(Stapleton et al., 2009). However, the environmental and health
risks of OPEs are still not fully understood. Some halogenated OPEs
have been found to exhibit various toxic effects (van der Veen and
de Boer, 2012). For instance, tris-(2-chloroethyl) phosphate (TCEP)
is toxic to aquatic organisms and is carcinogenic for animals. The
adverse effects related to human health such as hemolytic and
reproductive effects were also considered (van der Veen and de
Boer, 2012). Discovery of these adverse effects caused the replace-
ment of TCEP by tris-(1-chloro-2-propyl) phosphate (TCPPs) in Eur-
ope, but TCEP production is still not prohibited worldwide, and TCPP
is also suggested to be potentially carcinogenic with low degrad-
ability in the environment (van der Veen and de Boer, 2012).

The existence of OPEs globally has been observed in the hydro-
sphere (Regnery et al., 2011; Bollmann et al., 2012), atmosphere
(Regnery and Piittmann, 2009, 2010; Méller et al., 2012; Salamova
et al., 2014b), and biosphere (Shah et al., 2006; Sundkvist et al.,
2010). In the marine environment, OPEs were measured in seawater
(Bollmann et al., 2012), biota (Sundkvist et al., 2010), and atmo-
spheric particles (Moller et al., 2011, 2012; Castro-Jiménez et al.,
2014; Salamova et al., 2014a). Riverine discharge as well as dry
and wet deposition of particles is suggested to be the sources of
OPEs in sea water (Regnery and Piittmann, 2009, 2010; Méller
et al., 2011). Additionally, OPEs in marine aerosol particles can be
influenced by long-range transport from continental regions
(Aston et al., 1996). Currently the source influence, spatial distribu-
tion, and geochemical behaviors are not well investigated in marine
environments due to limited studies as well as very variable concen-
trations (ranging from several pg m~3 to several thousand pg m—3)
(Moller et al., 2011, 2012; Cheng et al., 2013; Castro-Jiménez
et al., 2014; Harino et al., 2014).

In East Asia, the occurrence of OPEs in marine environments
was only reported in a few studies (Kim et al., 2011; Moller
et al., 2012; Cheng et al., 2013; Harino et al., 2014). The South Chi-
na Sea (SCS) is a marginal sea surrounded by fast-developing
regions leading to rapid increases in the production and consump-
tion of industrial chemicals, including OPEs. Due to non-chemical
bonding in materials, the release of OPEs from the surrounded
regions into the SCS is highly likely during production and con-
sumption. Here, we present a study on OPEs in marine atmospheric
particles during a cruise campaign in the northern SCS from
September to October 2013. It expands the current database of
OPEs and helps to clarify the sources, behaviors, and environmen-
tal risks of OPEs in the marine environment.

2. Experimental
2.1. Sampling information

Air samples were taken during a 20-d cruise campaign in the
north part of the SCS during the period of September to October
2013. The map is shown in Fig. 1 (prepared by the software of
Ocean Data View) (Schlitzer, 2004).

Airborne particulate and gas samples were taken simultaneous-
ly. An integrated air sampler was placed in the upper deck of the

vessel of Experiment IIl. A glass fiber filter (GFF, pore size 0.7 m)
and a self-made column containing XAD-2 resin were loaded to
collect airborne particles and gaseous substances, respectively.
The sampling volume of each air sample set was ~300 m>. A total
of 10 sets of air samples were collected during the campaign. The
samples were stored at —20 °C after sampling and before analysis.

2.2. Analysis

The detailed description of sample pretreatment and analysis
has been presented elsewhere (Moéller et al., 2011; Bollmann et al.,
2012). Briefly, the GFFs and the column were extracted separately.
[D27]-TnBP and [D;5]-TPP were spiked as internal standards (SI)
before a Soxhlet extraction for 16 h using dichloromethane was per-
formed. The extracts were roti-evaporated to 2 mL and purified on a
2.5 g 10% water deactivated silica gel column topped with 3 g of
anhydrous granulated sodium sulfate. Analysis was then performed
using an Agilent 6890 gas chromatograph coupled to an Agilent
5973 mass spectrometer (GC-MS) equipped with a programmed
temperature vaporizer (PTV) injector. The GC was fitted with an
HP-5MS column (30 m 0.25 mm i.d. 0.25 mm film thickness, J&W
Scientific) and was operated in electron impact mode. The informa-
tion of the detected OPEs is shown in Table A1.

2.3. Quality Assurance/Quality Control (QA/QC)

The mean recovery rates of spiked experiments were from
107 + 4% (TCPP) to 139+ 12% (TEHP) for GFF filters (n=3). The
method detection limits (MDLs) were derived from the mean field
blank concentrations plus three times the standard deviation (3¢)
of the field blanks, which were within 0.3-6.8 pg m > for particle
phase. The concentrations of OPEs are corrected with the recover-
ies of internal standards.

2.4. Air mass back-trajectory analyses

Air mass back-trajectories were calculated along the sampling
route using NOAA’s HYSPLIT model and were traced back 72 h at
a height of 200 m.

3. Results and discussion
3.1. OPEs in the atmosphere

We collected both particle and gas samples during the cruise to
investigate the occurrence of OPEs in the atmosphere over the
northern SCS. Nine OPEs were measured in airborne particulate
samples including three chlorinated OPEs (TCEP, TCPPs, Tris-
(dichlorisopropyl)phosphate (TDCPP)), three alkyl phosphates
(Tri-iso-butyl phosphate (TiBP), Tri-n-butyl phosphate (TnBP),
Tris-(2-ethylhexyl) phosphate (TEHP)), and three aryl phosphates
(Triphenyl phosphate (TPP), Triphenylphosphine oxide (TPPO) and
Tricresyl phosphates (TCPs)). However, OPEs were not detected in
the gas samples. Similar results have been reported in previous
studies showing that OPE partitioning is limited to atmospheric par-
ticles (Molleretal.,2011,2012; Salamova et al., 2014b). The concen-
trations of the detected OPEs in the particle samples and the box
plot of the data are shown in Table A2 and Fig. A1, respectively.

Because TPP and TnBP are used in hydraulic fluids, we used the
two species to check the possibility of contamination from ship
exhaust (Marklund et al., 2005). The sampler was placed in the
uppermost deck of the ship, which has the possibility to be influ-
enced by the diffusion of ship emission. Therefore, we managed to
collect samples mostly during ship cruising to avoid backwind
contamination. The concentrations of TPP and TnBP were
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Fig. 1. Spatial distribution of OPEs in the atmosphere over the northern South China Sea.

8.1 £+4.3 pgm >and2.7 + 1.2 pg m 3, respectively. Compared to the
results from other ship-based campaigns, the concentrations of TPP
and TnBP were both lower in this study, showing the contamination
from the ship exhaust is negligible (Moller et al., 2011, 2012; Castro-
Jiménez et al., 2014).

The concentrations of the total OPEs (>"OPEs) measured from
the particle samples were in the range of 47.1-160.9 pg m—> over
the northern SCS. The profiles of the OPEs in the particle samples
were investigated (see Fig. A2). Chlorinated OPEs were the most
abundant OPEs measured in the airborne particles. The sum of
the three chlorinated OPEs accounted for 76.8 + 6.5% of the > OPEs,
while alkyl- and aryl-OPEs comprised 11.4 +3.6% and 11.9 +3.8%
of the > OPEs, respectively. Among the chlorinated OPEs, TCEP
and TCPPs were much more abundant than TDCPP in the particle
samples. TCEP, the most dominant species in 9 of the 10 samples,
was detected in the range of 18.6-106.7 pg m >, accounting for
45.0+12.1% of the > OPEs. TCPPs, the sum of three isomers,
accounted for 28.8 + 8.9% of the > OPEs. These chlorinated OPEs
originate from the usage of flame retardants and have been found
to exhibit various toxic effects (van der Veen and de Boer, 2012).
TCEP is toxic to aquatic organisms and carcinogenic for animals
and may cause other chronic adverse effects. The toxicity of TCPPs
is lower than that of TCEP, but it is still considered potentially car-
cinogenic and exhibits low degradability (Ni et al., 2007). TPP and
TEHP follow, making up 8.0 + 2.0% and 5.2 + 2.6% in the > OPEs,
respectively. The other OPE species are each found to comprise less
than 5% in the > OPEs.

The predominance of TCEP in the SCS differs from results
reported for the Mediterranean, Black, and North Seas, where
TCPPs were measured as the most dominant OPE (Modller et al.,
2011; Castro-Jiménez et al., 2014). The difference could be the con-
tinue use of TCEP in the adjacent places around the SCS, while TCEP
has been replaced by the lower toxic substitute TCPP in the Euro-
pean Union. The observed profiles of the OPEs in the particle sam-
ples are also very similar to those from a long-range cruise
campaign conducted from Shanghai, China to the Arctic region,
and in the southern hemisphere, from 30°S to the Antarctic region
(Moller et al., 2012). The concentrations of the major OPE com-

pounds, i.e., TCEP, TCPPs, TPP and TEHP, are much lower than those
reported in urban and marine areas with high anthropogenic influ-
ences such as the North Sea (Moller et al., 2011), the Mediter-
ranean Sea, the Black Sea (Castro-Jiménez et al., 2014), and
coastal Japan (Harino et al., 2014). The levels are quite similar to
the range of values measured in open and remote oceanic environ-
ments such as the Northern Pacific Ocean, Southern Ocean, and
even in polar regions (Fig. 2) (Moller et al., 2012; Salamova et al.,
2014a,b).

3.2. Spatial variation of OPEs in atmospheric particles

Higher concentrations of the > "OPEs were measured at a site near
Hainan Island (samples A3 and A4) and during cruising along the
coastal area of southern China (samples A9 and A10). When the ship
was heading to and leaving from Hainan Island, much lower concen-
trations of the > OPEs were measured (47.7pgm > and
45.0 pg m—3). The variation of the OPE concentration can be influ-
enced by many factors such as source region, air mass transport,
and meteorological conditions (Cheng et al., 2013; Thouzeau et al,,
2013; Liu et al., 2014). Because industrial production and usage of
OPEs are so widespread, oceanic emissions are not expected to be
a major contributor in the northern SCS. Nevertheless, this area is
surrounded by many fast-developing regions, i.e., southern China,
Taiwan, Vietnam, and the Philippines. Transport of anthropogenic
air masses from the aforementioned regions may play an important
role in the concentration variation (Moéller et al., 2012; Cheng et al.,
2013). Three-day back-trajectories along the sampling routes were
calculated. Based on the majority of the air mass origins, the samples
are partitioned into three groups: China origin, ocean origin, and mix
origin (Fig. A3). The samples that collected mainly oceanic air mass-
es (samples A2 and A5) had very low concentration for the Y OPEs
(48.5+1.9 pgm3) with especially low levels of TCEP (18.3 %
0.4 pg m>) and TCPPs (15.5 £ 0.7 pg m>). The samples considered
to be from mixed source regions had moderate levels of > OPEs
(83.6 +24.8 pg m>) compared to the other two groups. The back-
trajectories showed that the mixed air masses were traveling
through both oceanic and terrestrial areas (including China, Taiwan,
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Fig. 2. Concentrations (minimum, maximum) of 6 OPE compounds in atmospheric particles of different marine environments ((a) Salamova et al., 2014b, (b) Mdller et al.,
2011, (c) Castro-Jiménez et al., 2014, (d) Maéller et al., 2012, (e) Cheng et al., 2013, and (f) Salamova et al., 2014a).

and the Indochinese Peninsula). The highest > OPE concentrations
were observed in the samples with air masses originating from Chi-
nawith an average of 128.1 + 28.1 pg m 3, which is as high as nearly
three times that of the oceanic samples. It should be noted that the
highest levels of TCEP were found in the samples with Chinese origin
(samples A3, A8-A10), 71.8 + 25.8 pg m >, and are more than three
and two times higher than those of oceanic and mixed origin, respec-
tively. Another chlorinated OPE, TDCPP, was also found at a higher
level in the samples of Chinese origin (3.9 + 0.8 pg m~>) than in
the mixed origin (2.0+0.3pgm—>) and oceanic samples
(1.5 + 0.2 pg m—3). On the other hand, the level of TCPPs in the sam-
ples of Chinese origin is higher than that of the oceanic samples, and
similar to that of the mixed origin samples. The data indicate that
China is an influential region for the source of OPEs and, specifically,
for TCEP and TDCPP. Although the levels and characteristics of OPEs
are not widely reported in China, some previous studies have out-
lined the large-scale production and usage of organophosphorus
flame-retardants and their ubiquitous existence in the environment
(Zeng et al., 2014). The growth rate of the production of flame retar-
dant in China has continually increased in recent years. The gradual
replacement of TCEP by TCPPs in Europe may be the reason that TCEP
production in Asia has increased leading to the predominance of
TCEP in the OPE profile in this study. However, without reliable
emissions inventories of OPEs globally, especially in fast-developing
areas such as China, the contribution, transport, and environmental
behaviors of OPEs are still uncertain.

3.3. Atmospheric dry deposition of OPEs to the northern South China
Sea

As shown in previous research as well as from the results in this
study, OPEs are found to exist predominantly in the particle phase
(Moller et al., 2011; Salamova et al., 2014b). The sink process of
atmospheric particles, i.e., dry and wet depositions, is the prevail-
ing way to link the occurrence of OPEs in water and in the particle
phases in the oceanic area; wet scavenging is the most efficient

way to remove particles from the atmosphere (Seinfeld and
Spyros, 1998). Previous studies have reported the existence of OPEs
in rain and snow (Regnery and Piittmann, 2009). Nevertheless, dry
deposition remains a continuous mechanism of the input of parti-
cle pollutants into aquatic environments during periods without
precipitation events. During this cruise campaign, all gas and par-
ticle samples were taken during non-precipitation periods. The dry
deposition fluxes of OPEs (F;, ng m 2 d~!) were calculated accord-
ing to Eq. (1), shown as follows:

Fq=V4G, (1)

where V;, is the deposition velocity of atmospheric particles (cm
s7") and C, (ng m~3) is the concentration of OPEs. There was no
direct field measurement conducted to examine the deposition
velocity of OPEs during the cruise. Referring to the estimations of
OPEs in other sea areas, a value of 0.2 cm s~! was adopted for our
estimation (Moller et al., 2011; Castro-Jiménez et al., 2014). This
value of V4 has been used to estimate the dry deposition fluxes of
OPEs in studies over the Mediterranean Sea, the Black Sea
(Castro-Jiménez et al., 2014), and the North Sea (Moller et al.,
2011), and is also within the range of a recent direct measurement
of particle deposition during a dust event over the SCS (0.2-0.6 cm
s~1) (Hsu et al.,, 2013). The estimated dry deposition flux of the
STOPEs was 16.3 +6.7 ngm 2d~! during the cruise and the indi-
vidual dry deposition fluxes were from 0.2 + 0.2 ng m~2 d ! for TCPs
to 7.9 £ 5.0 ng m~2 d~! for TCEP (Fig. 4). The sum of three chlorinat-
ed OPEs had a dry deposition flux of 12.6 +5.7 ngm~2d~!, much
higher than alkyl- and aryl-OPEs. The estimated dry deposition flux
of the 5" OPEs was lower than values reported in other oceanic areas
(Moller et al., 2011; Cheng et al., 2013; Castro-Jiménez et al., 2014).
As discussed above, the concentrations of OPEs in particles varies
with air mass composition, which leads to the differences observed
in the OPE depositions. Correspondingly, the highest dry deposition
was estimated for samples of Chinese origin (22.2 +4.9ngm2d ),
followed by mixed origin samples (14.5+43ngm2d') and
oceanic samples (8.4+0.3ngm2d1).
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Fig. 4. The flux of dry deposition of OPEs over the northern South China Sea.

To achieve an estimation of the input of OPEs via dry deposition
in the studied oceanic area, we first arbitrarily defined an area cov-
ering the ship cruising, i.e., latitudes between 14.77°N and 22.66°N,
and longitudes between 109.48°E and 120.00°E, with an area of
~958450 km?. Due to the observed influence of air mass transport
on dry deposition fluxes, we performed cluster analyses on the 3-d
back-trajectories in 2013 and investigated the air mass transport
using TrajStat software (Wang et al., 2009). There are five clusters
of back-trajectories obtained (Fig. 3). Cluster 1 represents the air
masses transported from China accounting for 21.1%. Cluster 4 is
the influence of pure oceanic air masses (17.5%). Cluster 2 origi-
nates from the southwestern area showing air masses influenced
partly by the ocean and partly by mixed origins (oceanic together
with Southeast Asian air masses). We assumed that half of them
were oceanic (12.6%) and half of them were mixed with oceanic

and Southeast Asian air masses (12.6%). The rest of the air masses
represent the group of mixed origins, including Clusters 3 (16.4%)
and 5 (19.7%). Therefore, we estimated the input of OPEs via dry
deposition into the northern SCS taking into account dry deposi-
tion fluxes as well as the source origin influence. The estimated
dry deposition input of the OPEs in 2013 was 4.98 tony~'. The
dry deposition inputs of chlorinated, alkyl-, and aryl-OPEs were
3.83tony !, 0.57tony ' and 0.58 tony !, respectively; further-
more, dry deposition introduced 2.24tony~! of TCEP and
1.45 ton y~! of TCPPs in the investigated sea area (Fig. A4). Calcu-
lations show that the air masses from China contributed about half
of the dry deposition (49.5 + 14.7%), much higher than for oceanic
transport (17.1 +0.7%). According to previous research, riverine
input is expected to be much larger than atmospheric dry deposi-
tion (Moller et al., 2011). However, without a survey on OPE levels
in major waterways in the adjacent areas, especially in the south-
ern China, we cannot compare the two OPE contributors. Due to
the efficient removal of particles during precipitation, wet deposi-
tion of OPEs should not be neglected. Therefore, to better under-
stand the cycle of OPEs in coastal and open ocean areas, it is
important to further investigate the sources and release pathways
of OPEs in anthropogenic areas and to investigate the transport and
sink processes in varied conditions (e.g., topography, meteorology).

4. Conclusions

The occurrence of OPEs in atmospheric particulates was
observed in a cruise campaign over the northern SCS. The concen-
tration of S_OPEs was 47.1-160.9 pg m>, which is relatively low
compared to many previous observations of off-shore marine aero-
sol particles. Chlorinated OPEs were the dominant OPEs, accounting
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for 65.8-83.7% of the > OPEs. TCEP was the predominant OPE com-
pound found in the samples (45.0 £ 12.1%), followed by TCPPs
(28.8 +8.9%). The observed profile of OPEs is different from those
reported from many other polluted oceanic areas (especially in Eur-
ope), which is likely related to the increase of production and con-
sumption of OPEs (e.g. TCEP) in East Asia. Air mass transport was
found to play an important role in the variation of the measured
OPE concentrations. Higher concentrations of OPEs were observed
in the samples influenced by air mass transport from terrestrial
regions, while oceanic air masses were suggested to be a minor
source of influence. It indicates that the input of OPEs into the
oceanic area via deposition processes is highly influenced by air
mass transport. We estimated the dry particle-bound deposition
fluxes of 8.2-27.8 ngm 2d~! for the S OPEs, leading to the dry
deposition input of 4.98 ton y~! in 2013 in a vast area of northern
SCS. The increasing production and consumption of organophos-
phorus flame-retardants and plasticizers in the surrounding areas
will increase the input of OPEs into the SCS and cause potential
long-term threat of adverse effects on marine environments. Due
to the limited observation in the environments of the SCS, further
research is necessary to investigate the occurrence, source, trans-
port, and cycling of OPEs in the region.
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