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ABSTRACT: Nine organophosphate esters (OPEs) were investigated in air samples collected over the Bohai and Yellow Seas (East 
Asia) during a research cruise between June 28 and July 13, 2016. 
These same OPEs were quantified at a research site (North Huangcheng Island, NHI) in the middle of the Bohai Strait from May 
16, 2015, to March 21, 2016. The median total OPE (ΣOPE) concentration over the Bohai and Yellow Seas was 280 pg/m3. 
Tris(1-chloro-2-propyl)(TCPP) was the most abundant OPE, followed by tris(2-chloroethyl) phosphate (TCEP), tri-iso-butyl 
phosphate (TiBP), and tri-n-butyl phosphate (TnBP). Particle-bound OPEs accounted for 51 ± 
21% of the total OPEs. On NHI, the median ΣOPE concentration was 210 pg/m3, and the average 
particle-bound fraction was 82 ± 17%. For samples collected on NHI, significant negative linear correlations were found between 
the gaseous OPEs and 1/T (T: temperature (K)) (except TDCP, 
TPeP,  and  TCP).  Among  the  79  investigated  samples,  significant  correlations  between  ◦the 
measured OPE gas/particle partitioning coefficients (Kp,m) and subcooled liquid pressure (PL) (p < 0.05) were found for only 14 
samples, suggesting that OPEs have low potential to achieve 
equilibrium or ascribe to the artificial sampling. The annual dry deposition input of OPEs into the Bohai and Yellow Seas is 
estimated to be 12 tons/year. 

INTRODUCTION 
Organophosphate esters (OPEs) are commonly used as flame 
retardants and plasticizers.1,2 In recent years, global production 
and usage of OPEs has increased sharply, and from 1992 to 
2013, the volume of worldwide OPE consumption increased 
from 102,000 to 370,000 tons.3,4 In China, the price of the 
brominated intermediates has risen continuously since 2005 
due to limitations in the supply of bromate.4 As a result, the 
market prices for brominated flame retardants (BFRs) are 
higher than those of flame retardants (FRs) from OPEs.4 
Consequently, the consumption of OPEs increased from 
11,000 tons in 1995 to 70,000 tons in 2007 and to 179,000 
tons in 2012. Aside from the high OPE consumption, China is 
also the largest global e-waste importer and recycler.5 If such 
recycling is performed improperly (i.e., direct burning), it 
contributes to the release of chemicals, including OPEs.6 

The occurrence of atmospheric OPEs has been reported 
above the European seas,7,8 the open oceans,9−11 and the polar 

However, no data are available over the Bohai and Yellow 
Seas, which are influenced by East Asian continental air masses, 
especially from the east coast of China. 

Previous studies focused mainly on OPE in the particulate 
phase, and only a few papers reported OPE in the gaseous 
phase. Recently, Wolschke et al. reported that on average 55% 
of OPEs could be detected in the gaseous phase.14 Li et al. 
detected gaseous OPEs in air over the North Atlantic and 
Arctic (mean fraction of gaseous OPEs: 33 ± 17%).9 These 
studies highlighted the importance of the research on OPE gas/ 
particle partitioning, which determines the environmental fate 
and long-range transport mechanisms of OPEs. 

The Bohai Sea is a nearly enclosed interior sea with an area 
of approximately 78,000 km2, length of coastline of 3,784 km, 
and average depth of 18 m.15 The Yellow Sea, which is nearly 
surrounded by mainland China and the Korean Peninsula, is at 
the margin of the western Pacific Ocean and is connected with 
the Bohai Sea via the Bohai Strait (Figure 1).16 The Bohai and 

regions.9,12 In East Asia, OPEs have been detected over the         
South China Sea (nine OPEs; median of total OPEs: 91 pg/ 
m3),13 over the East China Sea (four OPEs in one sample; 1066 
pg/m3 in total),12 and over the Japan Sea (eight OPEs in two 
samples; 450 and 2900 pg/m3 in total, respectively).11 



 

 

 

 
 

Figure 1. Map of the research area showing the sampling cruise route (gray arrows) and the location of the long-term sampling station at North 
Huangcheng Island (NHI). 

Yellow Seas have a combined total area about 458,000 km2.15,17 
North Huangcheng Island (NHI) is situated in the center of 
the Bohai Strait, where the Bohai Sea and Yellow Sea meet 
(Figure 1).18 Because NHI has a low population density and 
high vegetation coverage and is separated from the mainland by 
65 km, it is suitable for monitoring baseline pollution and the 
seasonal variability of OPEs in the region.18 

This study investigated the annual variability of OPEs in air 
over NHI and the spatial distribution of OPEs over the Bohai 
and Yellow Seas. The data are examined to estimate the gas/ 
particle partitioning of OPEs employing the Junge−Pankow 
adsorption model (J−P model) and the absorption model 
based  on  the  octanol/air  partition  coefficient  (Koa-based 
model). Further, atmospheric particle-bound dry deposition 
of OPEs was calculated with the data measured at the Bohai 
and Yellow Seas. This work improves understanding of the 
occurrence and fate of OPEs in the marine environment. 

 
MATERIALS AND METHODS 
Sampling Campaign. Fifteen air samples were taken over 
the Bohai and Yellow Seas during a research cruise between 
June 28 and July 13, 2016, on the research vessel Dongfanghong 
2 (Figure 1). Eighty-one air samples were collected from NHI 
between May 16, 2015, and March 21, 2016 (Figure 1). A high- 
volume air sampler was used to collect the air samples. The 
details of the sampling procedures were published previously.9 
Briefly, atmospheric particle samples were collected using a 
glass fiber filter (GFF; pore size: 0.7 μm; diameter: 150 mm), 
and gaseous phase samples were collected by follow-up PUF/ 
XAD-2 resin column. Prior to deployment, the PUF/XAD-2 
columns were cleaned with dichloromethane (DCM), hexane/ 
acetone (1:1V:V), and methanol for 16 h each. Prior to 
deployment, the GFF filters were baked at 450 °C for 12 h to 
remove organic residue. All solvents were residue grade. Ten 
field blanks were collected by briefly exposing the columns and 
filters to the atmosphere at the sampling sites (five for the 

 
cruise and five for NHI). Detailed sampling information is 
presented in Tables S1 and S2. 

Sample Analysis. The air sample pretreatment and analysis 
followed the method published by Xie et al.19 Briefly, GFFs and 
PUF/XAD-2 were spiked with 20 ng of d12-TCEP, d15-TPhP, 
and d27-TnBP as surrogates and extracted with MX-Soxhlet for 
16 h using 200 mL of DCM. The GFFs and PUF/XAD-2 were 
extracted separately. Ten mL of hexane was added to all 
extracts, followed by a preconcentration to 1 mL by rotary 
evaporation, and further volume reduction down to 150 μL 
with a nitrogen evaporator (Barkey GmbH, Germany).13C6- 
PCB 208 was used as the injection standard. 

An Agilent 7890A gas chromatograph coupled to an Agilent 
7010A Triple Quadrupole mass spectrometer (GC-MS/MS) 
and equipped with a programmed temperature vaporizer 
(PTV) injector (Agilent, USA) was used  for  analysis.  The 
MS transfer line and the high sensitivity electron impact 
ionization source (HSEI) were held at 280 and 230 °C, 
respectively. The MS/MS was operated in Multiple Reaction 
Monitoring (MRM) mode. Detailed information regarding the 
GC-MS/MS setup was published previously and is presented in 
Text S1.9 

Nine OPEs were analyzed in this work (Table S3): TCPP 
(tris(1-chloro-2-propyl) phosphate, including three isomers), 

TCEP (tris(2-chloroethyl) phosphate), TDCP (tris(1,3-di- 
chloro-2-propyl) phosphate), TnBP (tri-n-butyl phosphate), 
TiBP (tri-iso-butyl phosphate), TPhP (triphenyl phosphate), 
TPeP (tripentyl phosphate), TEHP (tris(2-ethylhexyl) phos- 

phate), and TCP (tricresyl phosphate, including four isomers). 
Quality Assurance/Quality Control (QA/QC). Five blanks 
were collected for the cruise and NHI station, respectively. 

For the gaseous phase, the lowest absolute blank was 
detected for TPeP (cruise: 1.4 ± 1.4 pg; NHI: 1.7 ± 1.0 pg), 
whereas the highest was found for TCPP (cruise: 110 ± 27 pg; 

NHI: 260 ± 130 pg). For the particulate phase, the absolute 
blank ranged from 1.2 ± 0.22 pg for TPeP to 380 ± 48 pg for 
TCP on NHI (cruise: 2.8 ± 1.1 pg for TPeP; 530 ± 88 pg for 

http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
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TCP; Table S4). The concentrations of field blanks were 
obtained through absolute blank divided by the sample volume 

log Kp,m = m log p◦ + b 
 

(3) 

(300 m3 for the gaseous phase and 150 m3 for the particulate 
phase, as only half of each filter was analyzed; Table S5). The 
OPE concentrations in samples are blank corrected. 

The method detection limits (MDLs) were calculated based 
on field blank concentrations plus three times their standard 
deviation (3σ). For the Bohai and Yellow Seas, the MDLs were 
0.02−0.79 pg/m3 in the gaseous phase and 0.04−5.3 pg/m3 in 
the particulate phase (Table S5). On NHI, the MDLs were 
0.02−2.2 pg/m3 for the gaseous phase and 0.01−5.0 pg/m3 for 
the particulate phase (Table S5). For the gaseous phase, mean recovery rates of the spiked 

where the slope m and intercept b are fitting constants. At the 
ideal equilibrium, the slope m should be close to −1. In this 
study, the linear relation between log Kp,m and log P◦ was 
investigated for each sample on NHI. Temperature-dependent 
P◦ values for TCEP, TCPP, TDCP, TPhP, and TEHP were 
estimated according to the equations reported by Brommer et 
al.30 For the other four OPEs, the vapor pressures were 
obtained from EPI Suite 4.1. 

Two prediction models were adopted in this study, the J−P 
model and the Koa-based model. The J−P model, proposed by Pankow in 1987, is based on P◦.31 The particle-bound fraction 

experiments varied between 82 ± 22% (TEHP) and 140 ± 15% 
(TDCP) (n = 5; Table S6). The analytical method for the 

L 

φJ−P of a target compound is estimated by31 
     cθ  

particle phase was validated with reference material NIST SRM 
2585,  which  has  been  suggested  by  several  laboratories, 
although it is not certified for OPEs. NIST SRM 2585 dust 

φJ−P = p◦ + cθ (4) 

was wrapped in the GFF filters and extracted in the same way 
as particle samples (results in Table S8). The OPE levels in 
SRM 2585 were compared with those reported in the literature 
(Table S9), and similar concentrations were determined for all 
OPEs except TCEP.10,20−27 The mean TCEP concentration in 
this study (1.9 ± 0.15 μg/g) was approximately double that of 

where c is a constant that depends on the properties of the 
substance, and θ is the surface area of particle per unit volume 
of air (cm2/cm3). This study assumes c to be 17.2 Pa cm for 
OPEs32 and θ to be 1.0 × 10−6 for rural air.33 

The predicted gas/particle partitioning coefficient Kp,koa 
through the Koa-based model is (details in Text S2)34 

other reports (0.68−0.88 μg/g, Table S9). The TiBP 
concentrations (mean: 0.013 ± 0.005 μg/g) were comparable 

Kp,koa = log Koa + log fOM − 11.9 (5) 

to those reported by Brandsma et al. (on average: 0.017 μg/ 
g)25 and lower than those reported by Ali et al. (1.6 ± 0.39 μg/ 
g).22 TPeP was detected in NIST SRM 2585, with a mean 
concentration of 0.003 ± 0.0001 μg/g. The extraction efficiency 
was tested by extracting NIST SRM 2585 dust samples twice. 
The recoveries in the first extraction ranged from 79 ± 4.1% 
(TEHP) to 99.5 ± 0.15% (TCP; Table S10). 

Air Mass Back Trajectories. Air mass back trajectories for 

where f OM is the fraction of organic matter (OM) phase in the 
aerosol (f OM was assumed as 0.1). The temperature-dependent 

log Koa values were obtained from the report of Wang et al.35 
The field predicted particle-bound fraction based on the Koa- 

based model (φkoa) can be calculated from the following 
equation:31 

φ = Kp,koaCTSP  

the sampling stations were obtained using the NOAA 
HYSPLIT model.28 During the Bohai and Yellow Seas sampling 

koa Kp,koaCTSP + 1 (6) 

cruises, back trajectories were calculated at 10 m above sea level 
in 6 h increments for each sample for a total of 120 h (Figure 
S2). For NHI, the cluster-mean trajectories of the four seasons 
during the sampling period (height: 100 m) are given in Figure 
S1. 

Gas/Particle Partitioning Methods. The particle-bound 
fractions measured in this study (φm) were calculated from the 
following equation based on Cp (OPE concentration in the 
particulate phase, pg/m3) and Cg (OPE concentration in the 
gaseous phase, pg/m3): 

φ  =  Cp  
m Cp + Cg (1) 

The measured partitioning coefficient Kp,m can be calculated 
by29 

Cp/CTSP 

Statistical Analysis. The Spearman’s correlation coefficient 
was used to evaluate the correlations (by SPSS 20), because the 
data set was not normally distributed. Linear regression was 
performed with Excel 2016. The nonparametric ANOVA test 
(Kruskal−Wallis Test) coupled with the Dunn posthoc test (by 
GraphPad  InStat  3.10)  were  adopted  to  analyze significant 
differences of OPE levels between the four seasons. The value 
of 0.05 was used as the p-value to determine statistical 
significance. Concentrations below the MDLs were replaced by 
2/3 of the MDL for the statistical analysis. As a nonparametric 
test was conducted in this study, outliers were included. The 
outliers that were excluded for the regression are explained in 
the corresponding text. 

RESULTS AND DISCUSSION 
OPE Concentrations over the Bohai and Yellow Seas. 
All targeted OPEs except TEHP (93%) and TCP (73%) were 

Kp,m = 
 

 

Cg (2) 

detected in all air samples (gaseous and particulate phases). 
The sum of the nine OPE concentrations (ΣOPE) ranged from 
100 to 750 pg/m3 (median: 280 pg/m3). The three chlorinated 

where CTSP is the total suspended particle concentration (μg/ 
m3). 

The subcooled vapor pressure P◦ is an important factor for 
the gas/particle partitioning of organic compounds. Generally, 
a highly correlated linear regression can be obtained between 
log Kp,m and log P◦ for given samples for a group of 

OPEs accounted for 66 ± 15% of the total OPEs, and the 
remainder was composed of the six nonchlorinated OPEs (34 
± 15%). TCPP was the most abundant OPE (range: 43−530 
pg/m3; median: 100 pg/m3), followed by TCEP (range: 27− 
150 pg/m3; median: 71 pg/m3), TiBP (range: 19−210 pg/m3; median: 57 pg/m3), and TnBP (range: 3.0−37 pg/m3; median: 

L 
compounds29 13 pg/m3). The details of the individual OPE concentrations 

http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03807/suppl_file/es7b03807_si_001.pdf
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are summarized in Table 1. The composition profiles of the 
OPEs are shown in Figure S3. 

In the gaseous phase, the ΣOPE concentrations ranged from 
2.3 to 270 pg/m3 (median: 170 pg/m3), and these were 
dominated by three OPEs, TiBP, TCPP, and TCEP, which 
contributed 32 ± 18%, 27 ± 15%, and 25 ± 11% to ΣOPEs, 
respectively. In the particulate phase, the ΣOPE concentrations 
ranged from 44 to 520 pg/m3 (median: 150 pg/m3), with a 
predominance of TCPP (50 ± 11% of ΣOPEs), followed by 
TCEP (25 ± 7%) and TiBP (14 ± 12%). 

OPE Concentrations on NHI. Most of the nine OPEs were 
detected in all samples, but TDCP and TCP were detected in 
98% and 75% of the total samples, respectively. The ΣOPE 
concentrations ranged from 36 to 1600 pg/m3 (median: 210 
pg/m3) which is comparable to the values measured in marine 
air above the Bohai and Yellow Seas detected during the ship 
expedition. The mean concentrations of the major OPEs 
detected on NHI were (in decreasing order): TCEP (median: 
77 pg/m3) > TCPP (29 pg/m3) ≈  TiBP (28 pg/m3) > TPhP 
(18 pg/m3) > TnBP (12 pg/m3; Table 1). The chlorinated 
OPEs accounted for 55 ± 16% of the total OPEs. 

In the gaseous phase, the ΣOPE concentrations ranged from 
1.2 to 360 pg/m3 (median: 31 pg/m3), which is lower than 
ΣOPE levels in the particulate phase (range: 5.0 to 1500 pg/m3, 
median: 170 pg/m3). Similar patterns were found for OPEs 
between the gaseous and the particle phases, with TCEP being 
the most abundant OPE (gaseous phase: 31%; particulate 
phase: 38%), followed by TiBP, TCPP, TPhP, and TnBP. 

Most previous studies analyzed particle-bound OPEs. 
Therefore, the OPE levels in the particulate and gaseous 
phases were compared separately with those reported in the 
literature. The total and individual OPE concentrations in the 
particulate phase were generally in the low range of OPE levels 
reported for most oceanic atmosphere and remote sites (Table 
S11). Concentration of total OPE reported for one sample 
collected over the East China Sea in October 2009 was 1100 
pg/m3 (four OPEs)12 and thus approximately six times higher 
than in this study (nine OPEs; median: 150 pg/m3). The 
higher OPE levels in the East China Sea likely reflect the 
influence of the Yangzi River Delta region (Figure 1), a major 
production region for OPEs.4 Two samples taken over the Sea 
of Japan had total OPE levels (eight OPEs) of 450 pg/m3 and 
2900 pg/m3, respectively.11 The author argued that the high 
concentration (2900 pg/m3) signals continental air from Asia. 
In the South China Sea, lower concentrations (eight OPEs; 
median: 91 pg/m3)13 were found than in this work. 
Furthermore, the median of the ΣOPE levels in this study 
(150 pg/m3) was two times higher than that reported from the 
North Atlantic and Arctic (eight OPEs; median: 48 pg/m3)9 
but similar to that measured near the Antarctic Peninsula (four 
OPEs; median: 141 pg/m3; Table S11).12 It was lower than 
that reported from the North Sea (eight OPEs; median: 281 
pg/m3)7, the Canadian Arctic (median ship-based: 237 pg/ 
m3);36 and in Longyearbyen (334 pg/m3).37 Compared to the 
Mediterranean Sea (14 OPEs; median: ∼1,455 pg/m3; Table 
S11),8 the Black Sea (14 OPEs; median: 2,006 pg/m3),8 and 
concentrations reported from open oceans as reported by 
Castro-Jimenez et al. (nine OPEs; median range: 1,500−2,200 
pg/m3),10 the median found in Bohai and Yellow Sea is 1 order 
of magnitude lower (Table S11). 

Several papers have reported OPE levels in the gaseous 
phase, such as OPEs in the North Sea (eight OPEs; median: 54 
pg/m3) and the North Atlantic and Arctic (eight OPEs; T
ab
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median: 17 pg/m3; Table S12), which are both lower than 
those of the Bohai and Yellow Seas (eight OPEs; median: 170 
pg/m3). However, the concentrations found at NHI (median: 
31 pg/m3) are similar to those from the literature. The 
difference of OPE levels between samples from the NHI and 
the Bohai and Yellow Seas is caused by the variance of 
distribution in the gaseous and particulate phases, as discussed 
in the section Measured Particle-Bound Fractions below. 

To provide an overall perspective of particle-bound OPE 
levels in global oceanic and remote regions, seven widely 
measured OPEs, including three chlorinated OPEs (TCEP, 
TCPP, TDCP) and four nonchlorinated OPEs (TiBP, TnBP, 
TEHP, TPhP), were chosen for a statistical evaluation (data 
sourced from the literature and this study). From the 27 
regions listed in Table S11, 21 regions, in which at least five of 
the seven OPEs were detected, were selected for the analysis. 
Data for the Canadian Arctic (land-based) were not included, 
because TnBP was only analyzed at Resolute Bay and showed 
quite high concentrations (median: 416 pg/m3) compared with 
other OPEs. According to the statistical results, the chlorinated 
OPEs accounted for 50% to 96% of the total seven OPEs 
(median: 76%, Table S13), and the four nonchlorinated OPEs 
contributed 3.7% to 50% of the total OPEs (median: 24%, 
Table S13). Among the chlorinated OPEs, the fractions of 
TCPP (median: 39%, Table S13) and TCEP (median: 24%, 
Table S13) were higher than the fraction of TDCP (median: 
4.2%, Table S13); however, the contributions of the four 
nonchlorinated OPEs were similar (median: TnBP: 7.6%, 
TiBP: 4.7%, TEHP: 3.7%, TPhP: 3.0%; Table S13). 

Spatial   Distribution   of   OPEs.   The   highest ∑OPE 
concentration was observed in Sample A1, which was 
influenced by air masses that originated from the southern 
Yellow Sea and passed through the coast of Jiangsu before 
being collected (Figures 2 and S2). The lowest ∑OPE 
concentration was found in Sample A9, and the source of the 
air masses was tracked to the Pacific Ocean (Figures 2 and S2). 
FRs production in China is generally distributed in the Yangtze 
River and Pearl River Deltas (Figure 1), where the Jiangsu and 
Zhejiang regions mainly produce OPE-based FRs.4 Therefore, 
it is likely that Jiangsu was the primary source of the OPEs 
measured in Sample A1. 

For Samples A1 to A10, transported by air masses that came 
mainly from the Pacific Ocean and passed partly though the 
coastal region of China (Yangzi River Delta and Jiangsu 
Provinces), the dominant OPE was TCPP (mean: 45 ± 10% of 
total OPEs). For Samples A11 to A14, for which the air masses 
passed  through  the  west  coast  of  South  Korea  and  the 
continent   (Samples   A12−14)   or  coast  (Sample  A11)  of 
Shandong Province (Figure S2) before collection, TiBP was 
the most abundant OPE (mean: 42 ± 3% of total OPEs). For 
Sample A15, the dominant OPEs were TiBP and TCPP, which 
accounted for 42% and 39% of the total OPEs, respectively. All 
air masses of Sample A15 had finally passed over the northern 
Bohai Sea region, although they were of different origin (Russia, 
Mongolia, and China), indicating that this area may be a source 
region of OPEs. 

Seasonal Variation of OPEs. There was no significant 
difference of ∑OPE concentrations (gaseous and particulate 
phases) between the different seasons. The median levels were 
approximately 200 pg/m3 (summer: 220 pg/m3; winter: 190 
pg/m3; autumn: 210 pg/m3; spring: 200 pg/m3; Figure 3). This 
phenomenon is a result of the similar particle-bound ∑OPE 
levels in the four seasons, because the particle-bound OPEs 

 

 

Figure 2. Spatial distribution of OPEs over the Bohai and Yellow Seas 
and median OPE concentrations at North Huangcheng Island (NHI). 

 
 

 

Figure 3. Seasonal variation of individual OPE and ∑OPE 
concentrations in air at North Huangcheng Island (NHI). The figure 
shows median values. 

 
 

accounted for 82 ± 17% of the total OPEs in air (gaseous and 
particulate phases). In only the gaseous phase, significantly 
higher concentrations of ∑OPEs and individual OPEs (p < 
0.05) were measured in summer than in winter (TDCP and 
TCP were not included because these have low detectability in 
the gaseous phase, ∼30%). A significantly negative correlation 
(p  < 0.02) exists between  Cg and 1/T  of most  OPEs except 
TDCP, TPeP, and TCP (Table S14, Figure S4). Relative 
humidity (RH) had a positive influence on the gaseous OPEs 
(p < 0.05, Table S15), which is consistent with the finding that 
water hinders degradation of OPEs in air.38 For the particulate 
phase, higher concentrations of TCPP and TiBP were observed 
in summer than in winter, opposite to TPhP and TEHP (p < 
0.05).  CTSP,  RH,  and  temperature  had  little  effect  on  the 
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seasonal variance of particle-bound OPEs according to the 
correlation analysis (Table S16). This result suggests that the 
seasonal variation patterns of particle-bound OPEs are more 
indicative of varying air mass origin than the ambient 
environmental conditions. In winter, the air masses originated 
mainly from northern China (65% from Mongolia and Russia, 
35% from the Hebei and Shandong Provinces), but in summer, 
oceanic air masses were the dominant source (64% from the 
Yellow Sea, 19% from the Hebei and Tianjin Provinces; Figure 
S1). As for spring and autumn, no clear distinction between air 
mass origins was evident, and both continental and oceanic air 
masses were main sources. The air masses that originated from 
the ocean may have passed by the industrial region of the 
Yangzi River Delta region (Figure 1), which accounts for the 
high levels of particle-bound TiBP and TCPP as well as the 
gaseous OPEs in summer. 

Measured Particle-Bound Fractions of OPEs. Over the 
Bohai and Yellow Seas, particle-bound OPEs composed on 
average 51 ± 21% of the total OPEs. The mean particle-bound 
fractions of the four major OPEs were in the order of TCPP 
(63 ± 19%) > TCEP (51 ± 19%) > TnBP (47 ± 23%) > TiBP 
(30 ± 25%; Figure S4). 

On NHI, particle-bound OPEs composed an average 82 ± 
17% of the total OPEs, with four major OPEs in the order of 
TCPP (83 ± 17%) ≈ TCEP (83 ± 16%) > TiBP (82 ± 16%) > 
TnBP (72 ± 24%; Figure S5). 

The particle-bound fractions of ship samples and NHI 
station samples differed. Over the Bohai and Yellow Seas, OPEs 
distributed evenly in both gaseous and particulate phases, 
whereas on NHI OPEs were mainly in the particulate phase. 
Several factors may be responsible for this different behavior. 
First, RH is an important factor. Li et al. found that water 
inhibits the ·OH-initiated degradation of TCPP, which 
increases the lifetime of gaseous TCPP from the calculated 
1.7 h to 0.5−20.2 days.38 The RH during the ship cruise ranged 
from 81% to 97% (median: 88%), which was in the upper part 
of the range at NHI (range: 30−94%; median: 67%). Second, 
the sampling height on the ship was ∼10 m, which was lower 
than that on NHI (∼100 m). OPEs have the potential to 
volatilize from seawater into the air, as demonstrated for the 
North Atlantic and Arctic.9 Thus, more gaseous OPEs are 
expected closer to the surface of the sea. In addition, different 
air masses also account for the variation of the fractions, as was 
discussed in sections Spatial Distribution of OPEs and Seasonal 
Variation of OPEs above. 

On  NHI,  significantly  higher  particle-bound  fractions of 
∑OPEs and individual OPEs were found in winter than in 
summer. This is likely to reflect low temperature and RH in 
winter, because significant negative correlations were found 
between the fractions and temperature (p < 0.02; Table S17), 
as well as with RH (p < 0.02; Table S17). In addition, 
significant  positive  correlations  were   observed  for  OPE 
fractions and CTSP (p  < 0.002; Table S17) except for TPeP   
(p = 0.94), indicating that CTSP also contributed the variance of 
distribution between gaseous and particulate phases. 

Previous studies have reported OPE particle-bound fractions 
in air. Möller et al. detected a mean fraction of 86 ± 25% for 
the North Sea in 2011.7 Lower levels were found at the German 
coast in 2016 (45% on average), which was ascribed mainly to 
the improved method, as described in the report.9 Over the 
North Atlantic and Arctic (2017), the mean fraction was 67 ± 
17%.9 In our study, particle-bound OPEs contributed to 51 ± 
21% of total OPEs in ship samples and 82 ± 17% in NHI 

samples. According to the data reported in the literature and 
this study, the gas/particle partitioning of OPEs showed a large 
variation in air samples. Many factors might be responsible for 
this result, such as CTSP, temperature, RH, and air mass sources 
as mentioned above, as well as the analytical methodology as 
reported by Wolschke et al.9 

Gas/Particle   Partitioning   Prediction.   OPEs   can be 
detected in both the particulate and gaseous phases, and it is 
important to know how they partition between the two phases 
in the atmosphere, which can affect the fate and long-range 
transport of OPEs in the environment. The 81 samples 
obtained on NHI were used for gas/particle partitioning 
prediction, with the ranges of temperature, RH, and CTSP being 
−4 to 27 °C, 30% to 94%, and 16 to 240 μg/m3, respectively. 
Only the OPEs that were detectable in both the gaseous and 
particulate phases in a given sample were included. 

Significant correlations between log Kp,m and 1/T (K−1) were 
found for TCEP, TiBP, TnBP, TPhP, and TEHP (p < 0.05; 
Table S18, Figure S6). The r2 values for TCEP, TPhP, and 
TEHP were >0.40, but the values for TiBP (0.08) and TnBP 
(0.05) were very low. The regression slopes were positive, 
showing that Kp,m decreased with increasing temperature. 

Among the 79 samples investigated (two samples were 
excluded because of a lack of CTSP data), significant correlations 
between log Kp,m and log P◦ of OPE congeners were found for 
only 14 samples (p < 0.05; Table S19). This result suggests that 
OPEs have low potential to achieve equilibrium or ascribe to 
the artificial sampling, and the gas/particle partitioning of polar 
compounds such as OPEs is more complex than the 
partitioning of nonpolar chemicals. 

As log Kp,m was correlated with 1/T (K−1) for TCEP, TPhP, 
and TEHP (p < 0.05; r2 > 0.40), prediction of their gas/particle 
partitioning was conducted using the J−P and the Koa-based 
models. Significant regressed correlations were found between 
the predicted and measured particle-bound fractions for these 
three OPEs (p < 0.01; r2 range: 0.23−0.61, Table S20). 
However, TCEP was predicted to be mainly in the gaseous 
phase (>95%), which was contrary with the measured data. 
This discrepancy might result from TCEP strongly absorbed to 
particles and/or glass fiber filter used for air sampling, which 
was suggested by Brommer et al.30 For TEHP and TPhP, the 
predictions were closer to the measurements than for TCEP 
(Figure 4), with the ratios of measured to predicted fractions 
being close to 1 (Table S20). Both the J−P and Koa-based 
models performed well for TEHP when log Koa > 12 (Figure 
4b), while they were overestimating the particle-bound 
fractions when log Koa < 12 (Figure 4b). TEHP tends to be  
in the particulate phase when log Koa > 13, while it was in the 
gaseous phase when log Koa < 12. For TPhP, both models 
underestimate the particle-bound fractions (Figure 4a). The 
measured data show that approximately 100% of TPhP 
partitions into the particulate phase when log Koa > 12, while 
the variance increased at log Koa < 12 (range: 30% to 99%). 
The varying partitioning behaviors under similar log Koa values 
for TPhP may reflect the different environmental conditions, 
such as the variation of RH, CTSP, and degradation rate of 
gaseous OPEs. In addition, the nonexchangeability might also 
contribute to this result, due to the polarity and low volatility of 
OPEs. 

Dry Deposition  Flux  into the  Bohai  and Yellow Seas. 
The deposition flux Fd (ng/m2/day) is the product of Cp (ng/ 
m3, OPE concentration in particulate phase) and Vd (m/day, 
deposition velocity). As there is no field measured Vd for OPEs 
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Figure 4. a. Comparison of predicted and measured particle-bound 
fractions of TPhP (for each sample). b. Comparison of predicted and 
measured particle-bound fractions of TEHP (for each sample). 

 
 

 
or other families of compounds in the Bohai and Yellow Seas, a 
value of 0.55 cm/s (475.2 m/day) was used for Vd in the 
present work, which was suggested previously for pollutants 
over the Yellow Sea.39 The lack of measured OPE dry 
deposition velocities results in uncertainties in the estimation of 
deposition fluxes. The adsorption, desorption, and temperature 
change during the sampling introduces uncertainties. In 
addition, breakthrough of target compounds to the vapor 
phase would affect the concentrations of gaseous OPEs.9 All of 
these factors may lead to an over- or underestimation of the dry 
deposition fluxes. 

The ΣOPE dry deposition into the Bohai and Yellow Seas 
ranged from 21 to 250 ng/m2/day (median: 70 ng/m2/day) 
and was dominated by TCPP (median: 31 ng/m2/day), 
followed by TCEP (13 ng/m2/day), TiBP (5.6 ng/m2/day), 
and TnBP (2.2 ng/m2/day; Figure 5). 

On NHI, the median deposition flux was estimated as 79 ng/ 
m2/day. The individual fluxes were in the order of TCEP (30 
ng/m2/day) > TCPP (13 ng/m2/day) ≈ TiBP (12 ng/m2/day) 
> TnBP (4.0 ng/m2/day; Figure 5). 

The ΣOPE deposition fluxes into the Bohai and Yellow Seas 
(median: 70 ng/m2/day) were higher than those published for 
the South China Sea (16.3 ± 6.7 ng/m2/day)13 and the North 
Atlantic and Arctic Oceans (5 ± 4 ng/m2/day).9 They were 
similar to those estimated for deposition over in the North Sea 

Figure 5. Dry deposition fluxes of OPEs into the Bohai and Yellow 
Seas at each sample and median fluxes onto North Huangcheng Island 
(NHI). 

 
 

 
(9−240 ng/m2/day),7 much lower than those over the 
Mediterranean Sea (70−880 ng/m2/day),8 and the Black Sea 
(300−1060 ng/m2/day).8 

Considering the combined surface area of 458,000 km2 of the 
Bohai and Yellow Seas, the annual OPE input from dry 
deposition is estimated to be 12 tons/year (median flux: 70 ng/ 
m2/day; Samples A1−A15 and NHI).15,17 This annual OPE 
input is 1 order of magnitude lower than that into the Black Sea 
(∼50−170 tons/year), which has a similar surface area 
(440,000 km2). For only the Bohai Sea, the estimated 
atmospheric flux was 2.2 tons/year (area: 78,000 km2, median 
flux: 79 ng/m2/day; Samples A14, A15, and NHI), which is 
higher than that of the German North Sea (area: 42,000 km2; 
mean flux: 0.71 ± 0.58 tons/year).7 The annual atmospheric 
OPE  input into  the Bohai Sea  was  ∼6 times lower than the 
riverine input (16 ± 3.2 tons/year; 40 major rivers involved).40 
However, atmospheric transport can lead to faster and larger 
spatial distribution of OPEs and transports OPEs to the remote 
ocean. 
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