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a b s t r a c t

High volume air samples were collected from April 2016 to March 2017 at five locations across the
Beijing-Tianjin-Hebei (BTH) region, to investigate the atmospheric occurrence of organophosphate esters
(OPEs). The mean atmospheric concentrations of

P
8OPEs (gas and particle phases) varied from

531± 393 pg/m3 to 2180± 1490 pg/m3 with the highest level observed at the urban sampling site in
Tianjin City.

P
8OPEs were predominated by the chlorinated OPEs (TCEP, TCPP, and TDCIPP), which

accounted for 60%± 16% of the OPE concentrations across the BTH region. Generally, higher levels of
gaseous OPEs were found in summer, while higher levels of particle-bound OPEs were observed in
winter. The concentrations of gaseous OPEs were positively and significantly correlated with local
temperatures (p< 0.05) and relative humidity (p< 0.01), while significantly positive correlations were
found between concentrations of particle-bound OPEs and total suspended particulates (TSP) (p< 0.01).
These findings confirmed that temperatures, relative humidity and levels of TSP are the main drivers for
OPE distributions in different seasons and areas. Gas/particle partitioning of OPEs was also investigated
based on the absorption-partitioning model (octanoleair partitioning coefficient (Koa) -based model) and
JungeePankow adsorption-partitioning model (J-P model). Koa-based model generally showed a better
performance in comparison with the measured results. The assessment of inhalation exposure risks
indicated that relatively higher exposure risks were found in the urban areas, in particular, in Tianjin City
(a median value of the estimated daily intake (EDI) of 106 pg/kg body weight/day), suggesting that more
attention should be drawn to OPE distributions in the heavily industrialized megacities.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Organophosphate esters (OPEs) are synthetically made chem-
icals that are commonly used as flame retardants and plasticizers
(Marklund et al., 2003). They are normally added to consumer
products, such as plastics, electronic equipment, furniture, textiles
and building materials to prevent combustion and slow the spread
of fire after ignition (Hammel et al., 2016). OPEs have been widely
used around the world to comply with the requirements of flame
e by Haidong Kan.
nvironmental Chemistry and
l Sciences, Chinese Academy
prevention. In a span of 15 years, the worldwide production and
usage of OPEs increased from 100,000 (1992) to 341,000 tonnes
(2007) per annum (Greaves and Letcher, 2017). In 2007, OPEs
production increased by 15% per annum, and the annual yield
reached about 70,000 tons in China (Ou, 2011). Since OPEs are used
as additives by mixing them into the materials, rather than being
chemically bonded (Carlsson et al., 2000), they could be leached out
of the materials into ambient air via volatilization, dissolution, and
abrasion (Marklund et al., 2005).

Previous studies have revealed that OPEs may exhibit some
characteristics of persistent organic pollutants in the environment,
e.g., persistence (European Chemical Agency , 2008), bio-
accumulation in the food chain (van der Veen and de Boer, 2012),
and show adverse effects to human body (Chapin et al., 1997). For
instance, tris (2-chloroethyl) phosphate (TCEP) is toxic to aquatic
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Fig. 1. Map showing the sampling sites in BTH region, China.
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organisms and has adverse effects on human health, such as he-
molytic and reproductive effects (van der Veen and de Boer, 2012).
Tris (1-chloro-2-propyl) phosphate (TCPP) was also found to be
potentially carcinogenic and accumulative in human livers and
kidneys (Reemtsma et al., 2008).

A plenty of studies have reported the presence of OPEs in the
environment. In the 1970s, OPEs were first detected in various
environmental matrices such as river water, seawater, and sedi-
ments (Meijers, 1976; Sheldon and Hites, 1978; Tachikawa and
Okada, 1975). Thereafter, a growing number of studies have
revealed the occurrence of these compounds in human serum (Li
et al., 2017c), urine (Carignan et al., 2017), hair and nails (Liu
et al., 2016b). In addition, there are many studies on OPEs in the
Chinese environment. For instance, OPEs were detected at a con-
centration of 280 pg/m3 in the atmosphere of the Bohai and Yellow
seas in 2016 (Li et al., 2018). High levels of OPEs were also found in
urban soil from Guangzhou, China (0.24 mg/kg-dw) (Cui et al.,
2017), farmland (266 ng/g) and riparian regions (499 ng/g) in
southwest China (He et al., 2018), total suspended particulates of an
urban city in East China (16600 pg/m3) (Ren et al., 2016), and at-
mospheric fine particles across Chinese cities (mean: 680 pg/m3)
(Liu et al., 2016a). OPEs were also found in indoor and road dust
(Wu et al., 2016; He et al., 2017; Li et al., 2018b) in cities, and
sediment from lakes (Chen et al., 2018). Furthermore, a few studies
reported the occurrence of OPEs in surface water (Shi et al., 2016)
and dust in indoor and outdoor (Cao et al., 2014) environments in
the Beijing-Tianjin-Hebei (BTH) region. However, to our knowledge,
there is no research that has been specifically conducted to inves-
tigate the temporal and spatial distribution of OPEs in the atmo-
sphere of China, particularly in the BTH region.

The BTH region is one of themost important city agglomerations
in China, having 8.1% of the national population and yielding 10.4%
of the national Gross Domestic Production in 2014 (Yang et al.,
2017). However in this region, rapid economic development and
industrialization in the last several decades lead to serious envi-
ronmental problems, such as air pollution. Adverse effects to resi-
dents via inhalation exposure of contaminated air have raised great
public concerns.

In this study, atmospheric samples (including gas and particle
phases) were collected at five locations across the BTH region, to
investigate the spatial and temporal distribution of OPEs in this
metropolitan area. The gas/particle partitioning of OPEs was further
explored and the inhalation exposure risk was also estimated based
on the detected OPE levels in the BTH region. The results of the
present study could enhance the understanding of environmental
behaviors of OPEs and their potential impact on human health in
Chinese megacities.

2. Materials and methods

2.1. Sampling information

The sampling campaign was conducted over a whole year be-
tween April 2016 and March 2017 in three typical urban cities
including Beijing, Tianjin and Shijiazhuang (Fig. 1). Air samples
(including gas and particle phases) were collected using high-
volume air samplers (ECHO HiVol PUF, TCR TECORA, Italy) at five
locations including four urban sites in Beijing (BJ1, BJ2), Tianjin (TJ)
and Shijiazhuang (SJZ), and one rural site in the northeast of Beijing
(RS). The samplers were situated on rooftops approximately
15e20m above the ground level and operated at 200 L/min for 24 h
giving a total sample volume of ~288m3. The particle phase was
collected on quartz fiber filter (QFF, diameter 102mm) which was
prebaked at 550 �C for 6 h. The gaseous OPEs were trapped using
polyurethane foam (PUF) which was precleaned using n-Hexane/
Dichloromethane (v/v, 1:1) and Acetone, respectively. The QFF and
PUF plug were wrapped with clean aluminum foil and sealed in
ziplock bags after sampling. Since the sampling site at RS was not
available in August 2016 because of local construction, and three
samples were broken during the sampling event at TJ site in
January 2017 and SJZ and RS sites in February 2017. Therefore, a
total of 56 paired samples were finally obtained and stored in the
freezer at �20 �C. The QFF was weighed before and after sampling
to obtain the amount of total suspended particulates (TSP).
2.2. Chemicals and materials

Tri-n-butyl phosphate (TBP), Tris (2-chloroethyl) phosphate
(TCEP), Tri[(2R)-1-chloro-2-propyl] phosphate (TCPP), Tris (1,3-
dichloro-2-propyl) phosphate (TDCIPP), Tris (2-ethylhexyl) phos-
phate (TEHP), Tris (2-butoxyethyl) phosphate (TBEP), Triphenyl
phosphate (TPP), 2-Ethylhexyl diphenyl phosphate (EHDP), Tri-n-
butyl phosphate-d27 (TBP-d27), Triphenyl phosphate-d15 (TPP-d15)
were purchased from Wellington Laboratories (Guelph, ON, Can-
ada). Table S1 summarizes the detailed informations of target
compounds. 2,20,3,30,4,40,5,50,6,60-Decachlorobiphenyl (PCB-209)
was purchased from AccuStandard, Inc. (USA). Pesticide analysis
grade acetone and ethyl acetate were purchased from fisher sci-
entific (Waltham, USA). Dichloromethane (DCM) and n-Hexane (n-
Hex) were also pesticide grade and purchased from J. T. Baker
(Phillipsburg, NJ, USA).
2.3. Extraction, cleanup and instrumental analysis

The QFFs and the PUFs were extracted separately. Prior to
extraction, they were spiked with 10 ng TBP-d27 and 10 ng TPP-d15
as internal standards. Both QFFs and PUFs were extracted using n-
Hex/DCM (v:v, 1:1) by accelerated solvent extraction (ASE 300,
Dionex, USA). All extracts were concentrated up to 1mL by rotary
evaporation. ENVI™-Florisil cartridges (1 g, 6mL, Supleco, Belle-
fonte, PA, USA) were used for cleanup and fractionation: the first
fraction was eluted with 20mL n-Hex and the second fraction was
eluted with 20mL ethyl acetate. The second fraction containing
OPEs was concentrated to dryness using nitrogen, reconstituted in
20 mL n-Hex and 20 ng of the injection standard (PCB-209) was
added prior to instrumental analysis.

Instrumental analysis was performed on a SHIMAZU gas chro-
matograph coupled with electron impact mass spectrometer (GC-
EI-MS, SHIMADZU 2010 Ultra, Japan). The GC oven was equipped
with a DB-5MS column (30m� 0.25mm� 0.25 mm, J&WScientific,
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USA). The GC oven temperature programwas as follows: the initial
oven temperature was held at 90 �C for 1.25min, and increased to
240 �C at 10 �C/min, then ramped to 310 �C at 20 �C/min holding
10min. The temperatures of the injector and transfer line were
kept at 290 �C and 280 �C, respectively. The injection volume was
1 mL and the carrier gas (helium) flow was 1.2mL/min. The MS
source temperature was held at 230 �C. The MS system was
operated in selected ion monitoring mode. Samples were
analyzed for the following OPEs: TBP, TCEP, TCPP, TDCIPP, TBEP,
TPP, EHDP and TEHP.

2.4. Quality assurance and quality control (QA/QC)

Prior to extraction, the samples were spiked with a known
amount of TBP-d27 and TPP-d15 for quantification, while PCB-209
was added prior to instrumental analysis for recovery calculation.
The average recoveries of TBP-d27 and TPP-d15 ranged from 48% to
119% and 77%e116%, respectively. Mean percent recoveries of
spiked blanks for eight target compounds ranged from 63% to
116%. The limit of detection (LOD) was defined as the signal-to-
noise ratio (S/N)¼ 3:1. LOD for seven OPE congeners (TBP, TCEP,
TDCIPP, TBEP, TPP, EHDP, TEHP) ranged from 0.01 pg/m3 to 1.58 pg/
m3 and for TCPP, LOD was 1.48 pg/m3 in the air samples. LOD for
the eight target OPE individuals in particle samples ranged from
0.02 pg/m3 to 0.21 pg/m3. The recoveries of eight target com-
pounds spiked matrices (PUF and QFF) ranged from 85% to 110%
and 95%e105% for PUF and QFF, respectively. The breakthrough of
gas phase OPEs was tested three times at each sampling site using
a second PUF plug (2.5 cm thick) in serious with the first one (the
temperature was 30 �C, 26 �C, 27 �C, 26 �C and 26 �C at RS, SJZ, TJ,
BJ1 and BJ2). This was also confirmed by the experimental
assessment on sampling artifacts in active sampling of semi-
volatile organic contaminants (Melymuk et al., 2016). Field
blanks (n¼ 15) were processed in parallel to the real samples.
TCEP, TCPP and TPP were found in the field blanks, but their
amounts were less than 15% of those in the real samples. More-
over, there was no target compounds detected in the laboratory
blanks. The reported results were therefore not corrected with the
blanks.

3. Results and discussion

3.1. OPE concentrations and spatial distribution

The concentrations of individual OPEs are summarized in
Table 1. OPEs were detected in all the atmospheric samples from
the five sampling locations. The highest concentration of

P
8OPEs

was found in TJ with a median of 1590 pg/m3, followed by SJZ
(median, 1410 pg/m3), BJ2 (1230 pg/m3) and BJ1 (987 pg/m3). The
P

8OPE levels at RS were significantly lower (p< 0.05) than those
at the urban sites, but still higher than those reported in the at-
mosphere of Bohai and Yellow seas (

P
9OPE:100e750 pg/m3,

median: 280 pg/m3) (Li et al., 2018). Local sources may contribute
to the highest levels of

P
8OPEs observed at TJ since there are

some manufactories in this area (Zhang et al., 2012).
Spatial distribution of

P
8OPEs (gas phase and particle phase)

could be affected by air masses. Seven-day backward trajectories
with a starting height of 50m were simulated using HYSPLIT
(http://www.arl.noaa.gov/ready/hysplit4.html) to identify the
origin and pathways of air masses at cities and rural sampling
sites. The air mass back trajectories (6 h steps) for three cities and
rural sites were shown in Figs. S4eS7. It is worth noting that air
masses originating from South China have passed through
developed industrial regions of China with potential high level of
OPE emissions. This may contribute to the high levels of OPEs at TJ

http://www.arl.noaa.gov/ready/hysplit4.html
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sampling site in summer months (June to August) besides the local
emission. Moreover, OPEs transported by the airflow from Tianjin
may contribute to the relatively high level of OPEs at SJZ site in
September, since potential sources of OPEs exist in Tianjin. The
same situation may occur at BJ and RS in July and contribute to the
relatively high concentrations of OPEs. For the rural site, as shown
in Fig. S7, the airflow can transfer OPEs from Beijing to the rural site
in spring (April and May), which may also contribute to the rela-
tively higher levels of

P
8OPEs observed at the rural site in spring

than autumn and winter.
The levels of particle-bound OPEs contributed 80%± 22% of

P
8OPEs and the median levels (in Table S2) followed the

decreasing order: SJZ (1020 pg/m3)> BJ1 (946 pg/m3)> BJ2
(891 pg/m3)> TJ (755 pg/m3)> RS (432 pg/m3). They were gener-
ally comparable to those reported in the atmospheric fine particles
across the Chinese cities (

P
3OPEs: 680± 1000 pg/m3) (Liu et al.,

2016a). However, they were lower than those reported in East
China (median

P
6OPEs: 19400 pg/m3 in Baoshan and 6600 pg/m3

in Xujiahui) (Ren et al., 2016). They were also comparable to the
P

12OPEs observed in the atmospheric particle samples from Chi-
cago and Cleveland (Chicago: 1500± 170 pg/m3 and Cleveland:
2100± 400 pg/m3) (Salamova et al., 2014b). It is worth noting that
the particle-bound OPE levels at the rural site in this study were
generally comparable to those from Sturgeon Point (

P
12OPEs:

340± 85 pg/m3), in the Great Lakes atmosphere (Salamova et al.,
2014b).

In the gas phase, the highest
P

8OPEs concentration was found
in TJ with a median of 931 pg/m3, followed by SJZ (181 pg/m3), BJ2
(81 pg/m3), BJ1 (50 pg/m3) and rural site (28 pg/m3) (Table S3). This
distribution pattern was different from that in the particle phase.
The levels at rural site were generally comparable with those
observed in gas phase samples collected from the North Huang-
cheng Island (median

P
9OPEs: 31 pg/m3) (Li et al., 2017b).

3.2. Distribution profiles of individual OPEs

The concentrations of individual OPEs (gas and particle phases)
at each site are displayed in Fig. 2. OPEs were dominated by TCPP
(34% on average), followed by TCEP (16%), TEHP (8.8%) and TPP
(8.5%) (Fig. S1). The three chlorinated OPEs (TCEP, TCPP and TDCIPP)
accounted for 60%± 16% of the

P
8OPEs across the BTH region. The

fractions of individual chlorinated OPEs to
P

8OPEs in particle
phase were found in the order of TCPP (33%)> TCEP (19%)> TDCIPP
(5.5%), which was consistent with those reported in particle phase
Fig. 2. Box-whisker-symbol plots representing the lower and upper values of the OPEs
in air samples (particle and gas phases) during 2016e2017. The lower and upper ends
of the box are the 25th and 75th percentiles and the median is shown as the middle
line, and the average value is shown as the square. The stars represent the extreme
values.
in Houston (Clark et al., 2017) and fine particles in China (Liu et al.,
2016a). This may confirm TCPP as a worldwide replacement for the
more toxic TCEP in recent years (Liu et al., 2016a).

Among the five non-chlorinated OPEs, TPP and TEHP were the
main contributors (25% and 23%). The composition of individual
non-chlorinated OPEs in particle phase was generally consistent at
all the sampling locations except BJ2, where EHDP was relatively
higher (16% of

P
5nonCl-OPEs). A higher percentage of EHDP was

also generally measured in the remote areas, such as western
Mediterranean (Castro-Jimenez et al., 2014) and European Arctic
(Salamova et al., 2014a). The high contribution of EHDP in BJ2
probably suggested a specific emission source nearby the site.

Additionally, principal component analysis (PCA) was applied
for gaseous and particle-bound OPE congeners, respectively, to
identify differences in composition of OPEs among different sam-
pling sites. The loading plot revealed a separation of two clusters of
both gas and particle phases, respectively, indicating that different
cluster OPEs might originate from different sources or have
different fate (Liu et al., 2016a). Relatively high scores of PC1
(Fig. S8b) were found in more samples collected from Tianjin,
indicating TCEP, TCPP and TBP (Fig. S8a) were the predominant
OPEs in gaseous phase during the sampling periods at TJ sampling
site. This was consistent with the observation of Chen et al. (2018).
However, all samples generally had low scores in particle phase,
and no obvious spatial and seasonal separation was observed from
the PCA score plot (Fig. S9).

3.3. Seasonal variations of OPEs

The seasonal variations of OPEs over the sampling period are
shown in Fig. 3. Generally, the concentrations were higher in both
summer (July and August) andwinter (November and December) at
the sites of BJ1, BJ2 and TJ, while they were in a comparable level
with each other during spring and autumn. However, higher levels
of OPEs were observed in autumn (September and October) at SJZ
than other two cities, which was similar to the observation in the
atmosphere of Chicago (Salamova et al., 2014b). A significantly
higher level of

P
8OPEs was observed in summer than that in

winter (one-way ANOVA, p< 0.05) at RS, which was also similar to
the results reported at Sturgeon Point in the Great Lakes region
(Salamova et al., 2014b). These seasonal variations could be related
to the environmental and meteorological conditions in the local
areas, such as temperature, relative humidity (RH), and concen-
tration of TSP (CTSP).

Regarding the meteorological conditions, a positive and signif-
icant correlation (p< 0.05) was found between concentrations of
gaseous OPEs and temperatures. This suggested that the
temperature-driving volatilization from surface (i.e. volatilization
from reservoirs/surfaces such as soil, water, vegetation and urban
films) (Shoeib et al., 2014) might dominate the gaseous concen-
trations of OPEs, as well as their primary application in many in-
dustry products. However, temperature had little effect on the
seasonal variance of particle-bound

P
8OPEs (p> 0.05). Excep-

tionally for TCPP, a main contributor to
P

8OPEs, the concentrations
in particle phase were still significantly correlated with tempera-
tures (p< 0.01, Table S5), which suggested temperature as an
important factor affecting the distribution of OPEs in atmosphere.

Furthermore, a positive and significant correlation (p< 0.01)
was obtained between the concentrations of gaseous

P
8OPEs and

RH (average RH values during each sampling event) (Fig. 4). This is
consistent with previous study which suggested a probable hin-
drance of airborne OPE's degradation by atmospheric water (Li
et al., 2017a). The relatively higher temperature and humidity in
summer in north China were suggested by the findings in the
present study as important drivers for higher levels of OPEs,



Fig. 3. Seasonal variation of the OPE concentrations in atmosphere at the five sampling
locations in the BTH region.

Fig. 4. Correlations between (a) logarithms of concentration of
P

8OPEs (pg/m3) in
particle phase and TSP, (b) logarithms of concentration of

P
8OPEs (pg/m3)in gas phase

and relative humidity, (c) logarithms of concentration of
P

8OPEs (pg/m3) in gas phase
and temperature.
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especially gaseous OPEs in summer.
On the other hand, relatively higher levels of TSP were found in

winter (TJ: mean 192 mg/m3, BJ1: 160 mg/m3, BJ2: 297 mg/m3) and
autumn (SJZ: 320 mg/m3), and CTSP were found to be significantly
(p< 0.01) correlated with the particle phase concentrations of
P

8OPEs in this study. Considering that particle-bound OPEs
accounted for 80% of

P
8OPEs, the relationship between the con-

centrations of TSP and particle-bound OPEs suggested that TSP is a
main carrier of airborne OPEs in atmosphere (Wang et al., 2017a),
which resulted in the relatively higher levels of OPEs in winter at
BJ1, BJ2 and TJ. The discrepancy of the temporal distributions of
OPEs between SJZ and other sites could also be explained by the fact
that higher levels of TSP were generally observed in autumn in SJZ,
which was different from the other sites.

Multiple linear regression was adapted to explore the relation-
ship between levels of

P
8OPEs (gas and particle phases) and TSP,

temperatures and RH in all sampling sites. The results suggested
that variation of TSP was the dominant factor to affect seasonal
variation across the sampling locations (except Tianjin city)
(Table S10).
3.4. Particle-bound fractions of OPEs

The particle-bound fractions (4m) were calculated in this study
according to equation (1) below, based on Cp (OPE concentration in



Fig. 5. Comparison of predicted and measured particle-bound fractions of OPEs.
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the particle phase, pg/m3) and Cg (OPE concentration in the gaseous
phase, pg/m3):

4m ¼ Cp
Cp þ Cg

(1)

In the BTH region, the particle-bound OPEs composed on
average 80%± 22% of

P
8OPEs, which was higher than that in the

German coast (Wolschke et al., 2016) reported by Wolschke et al.
(45%) and comparable to that observed in the North Sea reported by
M€oller et al. (mean, 86%± 25%) (Moller et al., 2011). The particle-
bound fractions of the four major OPEs were in the order: TPP
(88%± 18%)> TEHP (87% ± 13%)> TCEP (86%± 25%)> TCPP
(77%± 32%). This was different from that reported in the North
Huangcheng Island, where the particle-bound fractions of the four
major OPEs were in the order of TCPP (83%± 17%)z TCEP
(83%± 16%)> TIP (82%± 16%)> TBP (72%± 24%) (Li et al., 2017b).
The differences were probably related to their applications (flame
retardants, plasticizer, OPE production) in the sampling areas.

The particle-bound fractions of individual OPEs were not
significantly different among the sampling sites except TCPP. The
particle-bound fraction for TCPP was 41% ± 31% at Tianjin, which
was significantly lower than those in the other four sampling sites
(p< 0.05). The reason is still unknown. Further study is warranted
to explain this observation.
3.5. Gas-particle partitioning

Gas-particle partitioning of SVOC was considered a very
important process that governs their atmospheric fate (Lohmann
et al., 2000). Most of the studies on OPEs suggested that they
were mainly partitioned into particles in the atmosphere (Bergman
et al., 1997; Moller et al., 2011). However, considering the physi-
cochemical properties of OPEs, especially the sub-cooled liquid
vapor pressure (P

�
L) and octanol-air partition coefficient (Koa), it

seems unlikely that all OPEs are particle-sorbed (Bidleman, 1988;
Pankow, 1994).

In this study, the relationship between logKp,m (The measured
partitioning coefficient Kp,m was calculated in Supplementary Ma-
terials text 1) and logP

�
L was first investigated in atmosphere in the

BTH region. Temperature-dependent P
�
L values for OPE congeners

were estimated according to the equations reported by Brommer
et al. (2014), and the details were given in the Supplementary
Materials (Page S3). Significant correlations between logKp,m and
logP

�
L were found for OPEs in both the particle and gas phase

(p< 0.01, Fig. S2). The values of regression slope for logKp,m versus
logP

�
L were > �1 (�0.141), which suggested that OPEs have not yet

reached the gas-particle partitioning equilibrium (Pankow, 1994).
In addition, the slope was shallower than �0.6 indicating that ab-
sorption into organic matter may dominate gas/particle partition-
ing of OPEs in the BTH region (Goss and Schwarzenbach, 1998).

Koa absorption model (Harner and Bidleman, 1998) (Koa-based
model) and JungeePankow adsorption partitioning model (J-P
model) were adopted in this study to evaluate the gas/particle
partitioning of OPEs. The related calculations were given in Sup-
plementary Materials (Page S3). Fig. 5 showed the comparison of
measured and predicted particle-bound fractions (Koa-based
model) of OPEs (except TBP and TCEP) at the urban sites. A signif-
icant correlation was found between the predicted and measured
particle-bound fractions of OPEs (p< 0.01). TBP and TCEP were
predicted to be mainly in the gas phase (>70%), which were con-
trary to the measured fractions. This discrepancy could be attrib-
uted to the hypothesis that TBP might be more strongly partitioned
from gas phase to particulatematter in real environment associated
with lower temperature (Wang et al., 2017b) and TCEPmay bemore
strongly sorbed to particles and/or to glass fiber filters used during
air sampling due to its strong polarity (Brommer et al., 2014). The
prediction of Koa-based model generally matched the measured
OPEs in the particulate phase well when logKoa > 10.7, while
overestimated the particle-bound fraction for OPEs with lower
values of logKoa (<10.7). This model may also overestimate the
sorption of lower chlorinated congeners of PCDD/Fs in our previous
study (Li et al., 2008). Generally, the measured data showed that
OPEs tend to be in the particle phase (4m> 0.5) when logKoa > 10.5.
The different partitioning behaviors of OPEs with similar logKoa
values may be related to different environmental conditions, such
as the variation of RH, CTSP and degradation rates of gaseous OPEs
(Li et al., 2018). Furthermore, the Koa-based model generally per-
formed better than the J-P model, which is shown in Fig. S3.
3.6. Human exposure assessment

Humans can be exposed to OPEs through air inhalation, dust
ingestion, and dermal uptake via contact with dust (Zhou et al.,
2017a). Urinary metabolites of OPEs have been detected in adults
and children (Butt et al., 2014; Hoffman et al., 2015; Hoffman et al.,
2014; Jayatilaka et al., 2017), which suggested human exposure to
those contemporary OPEs. Epidemiological studies (Hoffman et al.,
2017) indicated that urinary concentrations of the metabolites of
commonly used organophosphate compounds have increased
dramatically since 2002. Air inhalation was assumed to be one of
the important pathways for human exposure to OPEs (USEPA,
2011). In this study, the estimated daily intake (EDI) of individual
OPEs through inhalation of particulate matter were assessed based
on equation (2) from U.S. Environmental Protection Agency
(USEPA) Exposure Factors Handbook (USEPA, 2011).

IE ¼ C� IR� ED�AF/BW (2)

where IE is the EDI of each OPE through air (gas and particle)
inhalation (pg/kg bw/day), C is the calculated concentration of OPE
in the air (pg/m3), IR is the inhalation rate (m3/day), ED is the
exposure duration per day (h/d), AF is the absorption fraction (the
inhalation fractionwas assumed to be 100% bioavailable) and BW is
the body weight (bw) of human (kg). A mean daily inhalation rate
of 16.0m3/day was employed, and it was assumed that a person
spends 6 h/day in an outdoor environment (Liu et al., 2016a). The
body weight of an average adult was estimated to be 60 kg (Liu
et al., 2016a).
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The results showed that the inhalation of OPEs was in the range
from 5.85 to 350 pg/kg bw/day. The highest level was obtained in TJ
(a median value of 106 pg/kg bw/day), followed by SJZ (94 pg/
kg bw/day), BJ2 (82.2 pg/kg bw/day), BJ1 (65.8 pg/kg bw/day) and
RS (18.9 pg/kg bw/day). Among the individual OPEs, TCPP showed
the highest IE value with median of 27.7 pg/kg bw/day, followed by
TCEP (15.5), TPP (8.03), TEHP (6.98), EHDP (4.54), TBP (4.35),
TDCIPP (3.97) and TBEP (3.17) at the urban sites. A reference dose
(RfDs, Table S13) was calculated for OPE individual to assess the
safety of exposure to the calculated body burdens, using reported
chronic NOAEL or NOEL values divided by a safety factor of 10000 as
described by Hartmann et al. (2004). In this study, the IE values for
TBP, TCEP, TCPP, TBEP, TPP and TDCIPP were much lower than the
values of RfD. The OPEs exposure values via dust ingestion
(
P

10OPEs: 9700 pg/kg bw/day) (Wu et al., 2016) were higher than
those via inhalation (

P
8OPEs: BJ2: 82.2 pg/kg bw/day; BJ1: 65.8 pg/

kg bw/day, this study) in Beijing city. Furthermore, a previous study
(Zhou et al., 2017b) in Germany reported that the IE values in in-
door for TCPP, TCEP, TPP, TEHP, TBP, TDCIPP and TBEP were 3600,
90, 4, 10, 590, 160 and 70 pg/kg bw/day, respectively, of which the
value for TPP was lower than that in the present study. This sug-
gested that special attention should be paid to their potential
adverse effect on human body via inhalation exposure.

4. Conclusions

Spatial and temporal distributions of OPEs were comprehen-
sively investigated in the atmosphere across the BTH region over an
entire year. The results indicated that eight OPEs were ubiquitously
distributed with the highest level in Tianjin City, which is a
megacity with many industries. The spatial and temporal distri-
butions of OPEs were found to be evidently related with variations
in temperatures, relative humidity and TSP concentrations, which
suggested that the local meteorological conditions may affect OPEs
distribution in the urban atmosphere to a large extent, besides the
source emission. The results about the gas/particle partitioning
indicated that OPEs tend to be partitioned into the particle phase,
and the partitioning behavior was preferably estimated by the Koa
absorptionmodel. The EDI of individual OPEs suggested that special
attention should be paid to the potential adverse effect of some
compounds, e.g., TCEP, on human health via inhalation exposure in
the urban environment, especially those with heavily populating
industries (e.g., Tianjin City).
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