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• The ∑12OPEs concentrations in spring
and summer were higher than those in
autumn and winter.

• Outdoor TSPwas themain factor that af-
fected the OPE concentration variation
in PM samples.

• The absorption mechanism dominates
the G/P partitioning and the D-E model
estimates were more reliable.

• EDIs and CRs posed by OPEs via indoor
air and dust were low, indicating a safe
threshold.
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To investigate the seasonal variation of organophosphate esters (OPEs) in air particulate matter (PM) and the
corresponding influence factors in indoor environment, 104 indoor PM samples were collected in a test home,
Harbin, China, from March 2017 to March 2018. The Σ12OPEs concentrations ranged from 0.41 ng/m3 to
940 ng/m3. Tris(1-chloro-2-propyl) phosphate (TCIPP) was the most abundant OPE and accounted for 83.2% of
the total OPEs. The Σ12OPEs concentrations in spring and summerwere higher than those in autumn andwinter.
Outdoor total suspended particles (TSP)were themain factor that affected the concentration variation of OPEs in
PM samples in the test home. Comparisons of the gas/particle (G/P) partitioning equilibrium models indicated
that the Dachs-Eisenreich (D-E)model estimatesweremore reliable than the othermodels in this study. The par-
ticle fractions ofOPEswith logKOA N 10.51 that predicted by all fourmodels generallywellmatched themeasured
OPE particle fractions in the literatures. To OPEswith lowermolecular weight, inhalation was themain exposure
route and ingestion contributed mostly to OPEs with higher molecular weight. In addition, the estimated daily
intakes (EDIs) and carcinogenic risks (CRs) posed by OPEs were all below the recommended values, indicating
that the current OPE levels in the test home were within the safe thresholds.
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1. Introduction

Organophosphate esters (OPEs) are widely applied as flame retar-
dants (FRs) and/or plasticizers in consumer products and building ma-
terials (Van der Veen and de Boer, 2012). With the gradual phase-out
or restriction of brominated flame retardants (BFRs), OPEs as substi-
tutes, the worldwide production is expected to increase from 500,000
tons in 2011 to 680,000 tons in 2015 (Wang et al., 2015; Wei et al.,
2015). In China, the OPE annual yield reached approximately 70,000
tons in 2007 and is expected to reach 400,000 tons in 2020 (Wei et al.,
2015). OPEs can be slowly released to the surrounding environment
via abrasion, volatilization, and leaching sincemost OPEs are used as ad-
ditives in products (Wensing et al., 2005), resulting in their universally
detections in indoor environments (Yang et al., 2014; Mizouchi et al.,
2015; Zheng et al., 2015; Kim et al., 2019; Li et al., 2019), as well as air
(Li et al., 2018; Cao et al., 2019b), waters (Lai et al., 2019), sediments
(Tan et al., 2016), and soils (Wan et al., 2016) in outdoor environments.
Some OPEs, such as tri-n-butyl phosphate (TNBP), tris(2-chloroethyl)
phosphate (TCEP), tris(1,3-dichloroisopropyl) phosphate (TDCIPP),
and tris(2-ethylhexyl) phosphate (TEHP), are suspected to be carcino-
genic (Van der Veen and de Boer, 2012; Wei et al., 2015; USEPA,
2020). Considering the carcinogenicity and the increasing application
in indoors, health risks to OPEs in indoor environments where people
spend N20 h of their time, have received significant attention from the
scientific community (Abdallah and Covaci, 2014; Araki et al., 2014;
Hou et al., 2016).

Oncemigrated to the indoor air, OPEs are not easy to degrade due to
the relatively closed nature of the indoor environments (e.g., low light
and poor air circulation) andwill be persistent in indoors and be inhaled
by human eventually. Hence, indoor air is an important source of
human exposure to OPEs. Currently, studies on OPE contamination in
indoor air have been conducted in a variety of microenvironments, in-
cluding homes (Zhou et al., 2017; Kim et al., 2019), offices (Yang et al.,
2014; Tao et al., 2019), dormitories (Cao et al., 2019a) and so on. How-
ever, most of these published studies have focused on a one-time sam-
pling to explore the differences among various microenvironments,
which is hard to reflect the temporal variations that have been con-
firmed in the outdoor atmosphere (Li et al., 2018; Pang et al., 2019;
Zhang et al., 2019). In addition, for the outdoor environments, the influ-
ence factors are complex and changeable, such as the large difference of
the temperature, total suspended particles (TSP), wind speed, rainfall
and snow, and the introduction of pollution sources, etc. Field measure-
ments conducted in a test home show big advantages in investigating
the influence factors of OPE concentrations due to the relative stability
in indoor environments.

The partitioning of OPEs between gas and particle phase air can de-
termine their exposure pathways. Most OPEs are generally considered
as particle-bounded compounds since their mainly detections in parti-
cles, including TNBP, TCEP, TCIPP, TDCIPP, tris(2-butoxyethyl) phos-
phate (TBOEP), triphenyl phosphate (TPHP), and TEHP (Moller et al.,
2011; Salamova et al., 2014). However, Wolschke et al. and Sühring
et al. believed N75% or even 99% of TCIPP presented in gas phase, rather
than absorbed to atmospheric particles in the atmosphere (Suhring
et al., 2016; Wolschke et al., 2016). Therefore, considering the wide
ranges of OPE physicochemical properties, the OPE gas/particle (G/P)
partitioning still needs further explored. So far, the Junge-Pankow (J-
P) model, Harner-Bidleman (H-B) model, Dachs-Eisenreich (D-E)
model, and poly-parameter liner free energy relationship (pp-LFER)
model for outdoor atmosphere have been introduced to estimate the
G/P partitioning of OPEs in indoor air (Okeme et al., 2018;
Salthammer and Goss, 2019). The J-P model is an adsorption model
based on subcooled vapor pressure (PLo) while the absorption H-B
model is based on the octanol/air partition coefficient (KOA) (Pankow,
1987; Harner and Bidleman, 1998). The D-E model considers both ab-
sorption and adsorption mechanisms whereas the pp-LFER model re-
lates the gas-particle partition coefficients to the Gibb's free energies
(Dachs and Eisenreich, 2000; Goss, 2005). The mechanism affecting
the partitioning needs to be further clarified.

Hence, themain aims of this studywere a) to investigate the concen-
trations, profiles, and seasonal variation of 12 OPEs in a northeastern
Chinese test home; b) to explore the influence factors and potential
sources of these OPEs; c) to predict the OPE particle fractions based on
the four models above and to analyze the possible mechanism that af-
fects the G/P partitioning in indoor air; and d) to estimate human expo-
sure and risk assessment of OPEs via inhalation, ingestion, and dermal
absorption.

2. Materials and methods

2.1. Chemicals and reagents

Twelve OPEs were investigated, including tri-isopropyl phosphate
(TIPP, 95%), tripropyl phosphate (TPP, 99.7%), tri-n-butyl phosphate
(TNBP, 100%), tris(2-chloroethyl) phosphate (TCEP, 100%), tris(1-
chloro-2-propyl) phosphate (TCIPP, including three isomers, 96.0%),
tripentyl phosphate (TPeP, 97.2%), tris(1,3-dichloroisopropyl) phos-
phate (TDCIPP, 99.8%), tris(2-butoxyethyl) phosphate (TBOEP, 93.3%),
triphenyl phosphate (TPHP, 99.9%), 2-ethylhexyl diphenyl phosphate
(EHDPP, 91.0%), tris(2-ethylhexyl) phosphate (TEHP, 97.0%) purchased
fromAccuStandard (NewHaven, CT, USA), tri-isobutyl phosphate (TIBP,
99.8%), tri-n-butyl phosphate-d27 (TNBP-d27, 99.1%), triphenyl
phosphate-d15 (TPHP-d15, 99.1%) purchased from Chiron AS (Trond-
heim, Norway). All solvents used for this study were pesticide residue
analysis grade and purchased from J.T. Baker (Phillipsburg, NJ, USA).

2.2. Sample collection

The test home (built in 1994, Fig. S1) is a three-bedroom, one-living
room, one-kitchen, two-bathroom 90 m2 decorated home on the fifth
floor (a total of seven floors) in Harbin, northeastern China. The details
of the test home are described in supplementary material (SM) S1.1. In
this study, 104 indoor air samples were collected from March 2017 to
March 2018. The sampling devices were placed near the center of two
bedroomswith different orientations (dayside and nightside), and sam-
pling took place at 1.5 m above the ground. Air samples were also col-
lected from the living room since September when haze usually
occurred to investigate the effect of TSP. All adjacent doors were closed
while thewindowswere open occasionally during the non-heating sea-
son to simulate common conditions during home hours. A low volume
air sampling pump (OMINI5000, Connal Environmental., Shanghai,
China) was connected to a quartz fiber filter (QFF, Ф25 mm, Whatman,
UK) to collect suspended particulate matter (PM) every eight days at a
flow rate of 2 L/min, avoiding a big interference on airflow. Prior to sam-
pling, QFF filters were baked at 450 °C for 6 h to remove any residual or-
ganicmatter. QFF filterswere equilibrated in a desiccator for 24 h before
weighing in both pre- and post- sample collection to obtain total
suspended particles mass. Gravimetric measurements were conducted
with a high precision (0.00001 g) balance. The PM was sampled for a
continuous 48 h to obtain sufficient PMmass. The total sampling air vol-
umewas 5.76m3. After weighing, filters were folded to avoid the parti-
cle loss and were wrapped in aluminum foil, followed by storage in a
refrigerator at−20 °C before analysis. The temperature, relative humid-
ity (RH), and TSP in the test home are provided in Table S1. Meteorolog-
ical data including air quality index (AQI), PM10, and PM2.5 from the
outdoors were recorded during the sampling process.

2.3. Sample preparation and analysis

A circle with a diameter of 8 mmwas cut down from the QFF filter
for organic carbon (OC) and elemental carbon (EC) determination.
The rest filter was spiked with 100 ng of TnBP-d27 and TPHP-d15 in
10 mL glass centrifuge tube and equilibrated for 3 h at room
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temperature. The samples were extracted by shaking for 30minwith
10 mL dichloromethane/hexane (3:1, v/v), followed by centrifuga-
tion at 4000 rpm for 5 min. The upper layer was transferred to a
new tube. The extraction was repeated for three times and all the ex-
traction solvents were combined. Finally, the solvent was concen-
trated to 1 mL for instrumental analysis at room temperature under
a gentle stream of N2 (Ultrahigh purity grade, 99.999%) with Auto-
mated Evaporation System (TurboVap II, Biotage, Charlotte, NC,
USA) to reduce air exposure.

OC and ECwere analyzedwith the Thermal/Optical Carbon Analyzer
(2001 A, Desert Research Institute, Las Vegas, NV, USA). OPEs were an-
alyzed on an Agilent 7890 gas chromatography system coupled to an
Agilent 5977A mass spectrometry, operated in electron impact ioniza-
tion (EI)modewith a DB-5MS column (30m× 0.25mm× 0.25 μm) ac-
cording to themethod previously published (Van den Eede et al., 2012).
Briefly, 1 μl of thefinal extract was injected using cold splitless injection.
The GC temperature program was 90 °C initially, hold 1.25 min, ramp
10 °C/min to 240 °C, ramp 20 °C/min to 310 °C, hold 16 min. Helium
was used as a carrier gaswith a flow rate of 1.0mL/min. The detail infor-
mation is presented in Table S3.
2.4. QA/QC and statistical analysis

Only TCIPP was detected at low level (1.41 ± 0.83 ng) in blank QFF
filters, and it was subtracted from that in real samples. Other OPEs
were below the detection limits. All the samples were spiked with
TNBP-d27 and TPHP-d15 to monitor the recoveries. The mean recoveries
were 122 ± 12% and 123 ± 6.2% for TNBP-d27 and TPHP-d15, respec-
tively. For each 20 samples, 3 field blanks and 3 method spikes were
processed. The mean recoveries of target compounds in spiked samples
ranged from 76.0±9.3% to 115±19%. All the OPE concentrations in fil-
ter samples were corrected with blank values and recoveries. The limits
of quantification (LOQ) were calculated from the lowest concentration
of the calibration curve with a nominal sampling volume of 5.76 m3.
The LOQs of 12OPEs ranged from0.17 ng/m3 to 3.1 ng/m3. For statistical
analysis, the concentrationsmeasured in real samples below LOQswere
replaced by LOQ/2 values. All the statistical analysis was performed by
SPSS software (Version 24). The detail information and the parameters
used of four equilibriummodels (J-Pmodel, H-B model, D-Emodel, and
pp-LFER model), human exposure, and risk assessment are shown in
SM S2-S3.
Table 1
Summary of the detected frequency (DF), range,mean± standard deviation (SD), median conc
test home in Harbin, China, and ratio of chlorinated OPEs (%).

OPEs Dayside bedroom (n = 36) Nightside bedroom

DF Range Mean ± SD Median DF Range

TIPP 77.8 nd-0.32 0.05 ± 0.06 0.03 68.4 nd-0.42
TPP 97.2 nd-0.36 0.09 ± 0.09 0.05 92.1 nd-0.26
TIBP 100 0.11–5.6 1.9 ± 1.4 1.8 97.4 nd-3.4
TNBP 100 0.06–0.96 0.47 ± 0.26 0.49 100 0.01–1.4
TCEP 100 0.16–60 5.2 ± 14 0.89 94.7 nd-7.8
TCIPP 97.2 nd-390 24 ± 80 3.9 97.4 nd-80
TPeP 100 0.03–0.96 0.30 ± 0.25 0.23 63.2 nd-1.1
TDCIPP 77.8 nd-2.66 0.48 ± 0.64 0.25 84.2 nd-1.6
TBOEP 13.9 nd-62 2.1 ± 10 nd 13.2 nd-70
TPHP 100 0.01–7.3 0.28 ± 1.2 0.06 97.4 nd-138
EHDPP 19.4 nd-0.12 0.02 ± 0.04 nd 23.7 nd-0.05
TEHP 91.7 nd-0.51 0.15 ± 0.13 0.11 71.1 nd-2.9
ΣClOPEsa 100 0.27–450 29 ± 93 5.5 97.4 nd-89
Σ12OPEs 100 1.8–460 35 ± 93 9.1 100 0.41–160
ΣCl/12OPEs 14.7–99.5 62.2 ± 18.7 62.8 0–97.3

a Sum of the chlorinated OPEs, including TCEP, TCIPP and TDCIPP.
3. Results and discussion

3.1. Concentrations, profiles, and seasonal variation of OPEs in test home

3.1.1. Concentrations, profiles, and seasonal variation of OPEs in two
bedrooms

OPEswere found in all air PM samples from the two bedrooms. Eight
of twelve target OPEs (TPP, TIBP, TNBP, TCEP, TCIPP, TDCIPP, TPHP, and
TEHP) were found in N75% of samples while TBOEP and EHDPP were
found in b30% in both dayside and nightside bedrooms (Table 1). The
median Σ12OPEs concentrations were 9.1 ng/m3 (ranging: 1.8–460 ng/
m3; mean: 35 ± 93 ng/m3) and 15 ng/m3 (ranging: 0.41–160 ng/m3;
mean: 27±33 ng/m3) in dayside and nightside bedrooms, respectively.
As far as we know, the concentration of OPEs in air varies with the type
of samples, such as gas phase, particle phase or both. Therefore, it is nec-
essary to point out the type of air samples when comparing with other
studies (Table S4). The Σ7OPEs concentrations in gas phase samples
from bedrooms in Canada, the USA, and the Czech Republic were de-
tected at levels of 12.3–4870 ng/m3 (median: 89.2 ng/m3),
0.28–356 ng/m3 (median: 41.5 ng/m3), and 5.59–211 ng/m3 (median:
23.0 ng/m3), respectively (Vykoukalova et al., 2017). In bedrooms in
Japan, the Σ8OPEs concentrations ranged from 55 to 415 ng/m3 (me-
dian: 222 ng/m3), and the air samples included both gas and particle
phases (Takeuchi et al., 2014). The concentration of Σ8OPEs, including
both gas and particle phases, in a bedroom from Sweden was found to
be 162 ng/m3 (Marklund et al., 2005). Therefore, the Σ12OPEs concen-
trations in bedrooms in Harbin test home were much lower than
those in Canada, the USA, and the Czech Republic since only gas phase
was considered in these reported concentrations while OPEs in particle
phase contributed more (Carlsson et al., 1997). And the concentrations
of Σ12OPEs in this study were similar to those in Japan and Sweden.

For both dayside and nightside bedrooms samples, TCIPP was the
dominant OPE, followed by TCEP, TIBP, and TNBP. Similar results have
been reported on both indoor (Luongo and Ostman, 2016; He et al.,
2018; Wang et al., 2019) and outdoor atmosphere (Li et al., 2018). The
median TCIPP concentrations were 3.9 ng/m3 (ranging: nd-390 ng/m3;
mean: 24 ± 80 ng/m3) and 12 ng/m3 (ranging: nd-80 ng/m3; mean:
15 ± 13 ng/m3) in dayside and nightside bedrooms, respectively. As
well, all air PM samples were dominated by ΣClOPEs (sumof three chlo-
rinated OPEs; TCEP, TCIPP, and TDCIPP), accounting for 62.2 ± 18.7%
and 79.5±26.0% of theΣ12OPEs in dayside and nightside bedrooms, re-
spectively. The abundance of chlorinated OPEs especially TCIPP can be
attributed to the more widely commercial use (Andresen et al., 2004;
Van der Veen and de Boer, 2012), more persistent properties (Liang
entrations of 12OPEs (in ng/m3) in air particulatematter collected from three rooms in the

(n = 38) Living room (n = 30)

Mean ± SD Median DF Range Mean ± SD Median

0.06 ± 0.09 0.04 56.7 nd-0.12 0.02 ± 0.03 0.01
0.07 ± 0.07 0.06 86.7 nd-0.27 0.06 ± 0.08 0.03
0.97 ± 0.90 0.58 100 0.02–1.8 0.45 ± 0.38 0.34
0.44 ± 0.28 0.40 100 nd-5.3 0.51 ± 1.0 0.21
1.0 ± 1.3 0.75 96.7 nd-15 3.7 ± 3.6 2.9
15 ± 13 12 100 3.4–930 120 ± 180 54
0.14 ± 0.20 0.08 40.0 nd-1.1 0.09 ± 0.23 nd
0.38 ± 0.37 0.25 80.0 nd-2.6 0.60 ± 0.54 0.55
3.8 ± 16 nd 6.7 nd-9.7 0.37 ± 1.8 nd
4.6 ± 23 0.04 100 0.01–1.1 0.20 ± 0.23 0.12
0.01 ± 0.01 nd 30.0 nd-0.07 0.01 ± 0.02 nd
0.17 ± 0.48 0.04 93.3 nd-0.31 0.08 ± 0.08 0.05
16 ± 15 13 100 5.0–940 130 ± 190 57
27 ± 33 15 100 6.8–940 130 ± 190 59
79.5 ± 26.0 88.8 29.0–99.9 91.8 ± 16.2 97.9
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and Liu, 2016), and relatively higher vapor pressure (except TDCIPP)
than most non-chlorinated OPEs (Van der Veen and de Boer, 2012).

Statistical analysis revealed that the Σ12OPEs levels (especially
TCIPP) in nightside bedroom were significantly higher than those con-
centrations found in dayside bedroom (paired-samples t-test,
p b 0.01) when the influence of haze was not taken into account (Ta-
ble S6). Direct photodegradation has a limited contribution on most
OPE natural transformations due to their low absorption within the
solar spectrum radiation (Cristale et al., 2017), indirect
photodegradation caused by sunlight cannot be ignored between the
two different orientation bedrooms. The significant difference between
dayside and nightside bedrooms may be also a result of different loca-
tions (discussed below). However, the strong correlations for individual
OPE concentrations between dayside and nightside bedrooms may be
explained for the indoor air circulation (Table S7).

Due to the particularity of climate in Harbin, the seasons are divided
as follows: spring (from April to May); summer (from July to August);
autumn (from September to October); winter (from November to
March). The concentrations of individual and total OPEs associated
with airborne PM are illustrated in Fig. 2. The median OPE concentra-
tions for four seasons in nightside bedroom (spring: 19.0 ng/m3; sum-
mer: 19.6 ng/m3; autumn: 9.98 ng/m3; winter: 10.6 ng/m3) were
significantly higher than those in dayside bedroom (spring: 12.4 ng/
m3; summer: 10.2 ng/m3; autumn: 4.41 ng/m3; winter: 5.70 ng/m3).
However, the overall trends of seasonal variation for bedroomswith dif-
ferent orientationswere basically the same. TheΣ12OPEs concentrations
in spring and summer were higher than those in autumn and winter.
The significant positive correlation between the Σ12OPEs concentration
and the temperature may explain the phenomenon (Table S9). Wang
et al. have reported that the indoor PM2.5-bound Σ9OPEs concentrations
generally increased in summer (June to August 2016) and heating sea-
sons (November 2016 to February 2017) (Wang et al., 2019). However,
no elevated OPE concentrations in heating seasons were observed here
due to the low TSP concentrations in bedrooms (Table S8). In addition,
few studies on theOPE seasonal variation in indoor air and various liter-
atures on the positive correlation of OPEs between indoor air and dust
(Xu et al., 2016; Vykoukalova et al., 2017; Tao et al., 2019), the results
were compared with literature on OPE seasonal variation in indoor
dust. The OPE concentrations in office dust were higher in spring
(March to April 2012), and they were the lowest in summer (July and
August 2012) (Cao et al., 2014). However, these results were contrary
to the high OPE concentrations in PM in summer in this study. The
main reason for this difference may be that the more frequent ventila-
tion accelerated the OPEmigration from dust into air in offices, whereas
lower ventilation effectively prevented the dilution effect of outdoor air
and ensured the retention of OPEs in PM in the test home.
3.1.2. Concentrations and profiles of OPEs in living room
Similar to bedrooms, most OPEs were also found in air PM samples

in the living room (Table 1). The median Σ12OPEs concentration was
59 ng/m3 (ranging: 6.8–940 ng/m3; mean: 130 ± 190 ng/m3) in living
room. TCIPP was the most abundant OPE and accounted for 83.7 ±
18.7% of the total concentration. ΣClOPEs accounted for 91.8 ± 16.2%
of the Σ12OPEs concentration in living room and its percentage was
much higher than that in bedrooms (Table 1). The higher TSP
(Table S1) and the corresponding higher concentrations of TCEP and
TCIPP in PM in the living room, resulting in an increasing percentage
of chlorinated OPEs, indicated that chlorinated OPEs were more easily
accumulated in PM than non-chlorinated OPEs. Most previous studies
have analyzed the OPEs in both gas and particle phases in living
rooms (Table S5). The median Σ12OPEs concentrations in living room
in Harbin test home were similar to those in Japan (Saito et al., 2007;
Kanazawa et al., 2010; Takeuchi et al., 2014; Takeuchi et al., 2018),
Germany (Zhou et al., 2017), Sweden (Marklund et al., 2005; Bergh
et al., 2010), and Norway (Cequier et al., 2014; Xu et al., 2016).
Only the concentrations of bedrooms and living room for the same
sampling period (from September 11th, 2017 to March 29th, 2018)
were compared. Statistical analysis of Σ12OPEs levels revealed signifi-
cant difference (Mann-Whitney U test, p b 0.01) between bedrooms
and living room (Table S8). As mentioned above, the main components
that cause this difference were the higher concentrations of TCIPP
(p b 0.01) and TCEP (p b 0.05) in living room. And the significantly
higher Σ12OPEs concentration in living room might be a result of a
higher TSP in PM (p b 0.05, discussed below).

3.2. Influence factors of OPEs in different rooms and possible sources

3.2.1. Temperature and relative humidity
In this study, significant (p b 0.05) positive correlations between

Σ12OPEs, TIBP, TCEP, TDCIPP concentrations and temperature were
found. Since OPEs, especially with lower molecular weight, are semi-
volatile compounds and not chemically bonded to the original mate-
rials, OPEs can be slowly released into the environment with the in-
crease in the temperature, resulting in higher OPE concentrations
during warmer months (including spring and summer) (Fig. 1).

Water (i.e., RH) can influence theOH-initiated heterogeneous oxida-
tion of TBOEP via influencing the phase of particles, subsequently influ-
ence the mixing state and reactivity (Liu et al., 2014a; Liu et al., 2019).
Furthermore, Li et al. have revealed that RH could retard the reaction
rate of ·OH initiated heterogeneous oxidation of gaseous TCIPP and sub-
sequently hindered the gaseous TCIPP degradation, implying the varied
concentrations upon different humidity conditions (Li et al., 2017a). A
significant negative correlation was observed between RH and particu-
late TBOEP (p b 0.05, Table S9), which is consistentwith the finding that
increased RH promotes TBOEP degradation via decreasing the viscosity
of particle (Liu et al., 2014a; Liu et al., 2019). However, other hydrophilic
OPEs including TCIPP and TCEP, the two important chlorinated OPEs
with higher detection rates and measured concentrations in this
study, did not possess a similar trend, indicating that the effect of RH
may be obscured by other influence factors such as a more significant
positive correlation with temperature of TCEP. Moreover, humidity
had a negative influence on the particle concentration (r = −0.31,
p b 0.01, Table S10), thereby affecting the OPE concentrations in PM.

3.2.2. API, PM10, PM2.5 and TSP
In terms of meteorological factors, the outdoor AQI, PM10, and PM2.5

were recorded and the indoor TSP were collected during the sampling
period, finding that the indoor air quality was closely associated with
ambient outdoor atmosphere quality, especially PM2.5 (r = 0.69,
p b 0.01, Table S10) (Fromme et al., 2005). Furthermore, significant pos-
itive correlations were found between particle-bound OPEs, especially
TCEP and TCIPP concentrations, and AQI, PM10, PM2.5, and TSP levels, in-
dicating their ability of massively accumulated in indoor PM as a main
carrier under the heavy pollution condition. Similar results have been
found during outdoor heavy haze pollution condition (Cao et al.,
2019b). Compared with bedrooms, the living room is more vulnerable
to the impact of ambient outdoor atmosphere because of its proximity
to the balcony (Fig. S1), especially during the heavy pollution condition,
resulting in significantly higher TSP (p b 0.05, Table S8) may be an im-
portant reason for higher Σ12OPEs concentration in living room. And
emphasize the importance of avoiding indoor and outdoor air circula-
tion during the heavy pollution period from the perspective of OPE pol-
lution. The temperature, RH, and TSP are all influence factors that affect
the OPE concentrations in the test home, however, the stronger correla-
tion (r=0.44, p b 0.001, Table S9) indicated that the indoor TSP, greatly
affected by outdoor TSP (r N 0.65, p b 0.001, Table S10),was themain in-
fluence factor.

3.2.3. OC and EC
In order to further study which component the OPEs in particles are

bounded to, thereby affecting the gas/particle partitioning, the OC and



Fig. 1. Concentrations and profile of OPEs in air particle matter from dayside bedroom (A) and nightside bedroom (B).
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ECweremeasured. The concentrations of OC and ECwere 2.0–97.8 μg C/
m3 (median: 6.3 μg C/m3) and 0.1–26.9 μg C/m3 (median: 1.0 μg C/m3),
respectively. Significant positive correlations were found between the
concentrations of Σ12OPEs, TCEP, TCIPP, TDCIPP, TBOEP, and TPHP
with OC and EC concentrations (Table S9). In previous studies, it has
been found that substrate effect of black carbon (i.e., EC) on OPEs
might have a negative impact on the OPE degradation rates, leading to
elevated OPE concentrations (Liu et al., 2014b). Also, the correlations
between OPEs and OC were more significant than those between OPEs
and EC, indicating the absorption effect of organicmatter onOPEs. How-
ever, not all OPEs, especially with lower molecular weight (e.g., TIPP,
TIBP), were positively correlated with OC or EC, which might result in
the different partitioning mechanism of OPE gas/particle partitioning
(Shen et al., 2011). Similar results have been reported on phthalates in
outdoor atmosphere (Ma et al., 2014).
Fig. 2.Concentrations of OPEs in PMsamples from twobedrooms in four seasons. Asterisks
indicate significant (p b 0.05 or p b 0.01) higher concentrations in nightside bedroom than
in dayside bedroom.
3.2.4. Principal Component Analysis
Principal Component Analysis (PCA)was applied to explore the pos-

sible sources of OPEs in PM samples from different rooms. As shown in
Fig. S3, three principal components (PC1, PC2, and PC3) were extracted
which accounted for 55.5% of the total variances. PC1 explained 21.4% of
the total variances andwas dominated by lowermolecular weight OPEs
with a loading of 0.80, 0.72, and 0.70 for TIBP, TIPP, and TPeP, respec-
tively (Fig. S3A). The score plot (Fig. S3C) showed that the largest con-
tribution for PC1 happened in bedrooms from spring and summer
samples, corresponding to their more volatile properties at higher tem-
perature. TIBP and TIPP aremostly used as plasticizers in polymers, rub-
ber and plastics (Andresen and Bester, 2006). Thus, loading of OPEs in
PC1 relates to the sources originating from children toys in nightside
bedroom and floor leather in dayside bedroom (Fig. S1). PC2 explained
Fig. 3. Comparisons of predicted particle-bound fractions of individual OPEs on basis of
different partitioning models.
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18.1% of the total variances and was dominated by three chlorinated
OPEs, i.e., TDCIPP (0.83), TCIPP (0.79), and TCEP (0.64) (Fig. S3A). The
score plot (Fig. S3C) showed that the largest contribution for PC2 hap-
pened in living room and dayside bedroom. A main source for chlori-
nated OPEs is from flexible and rigid polyurethane foam (PUFs)
(Marklund et al., 2003; Stapleton et al., 2009; Van der Veen and de
Boer, 2012). This result suggested that emissions from sofa containing
large amount of PUFs between living room and dayside bedroom
might be a significant source of these OPEs (Fig. S1). PC3 explained
16.0% of the total variances and was heavily influenced by TPHP (0.93)
and TEHP (0.96) (Fig. S3B). The score plot (Fig. S3D) showed that the
largest contribution for PC3 happened in nightside bedroom. TPHP
and TEHP can be used as both plasticizers and flame retardants in con-
sumer products. Wang et al. found TPHP and TEHP were the main com-
ponents in PVC materials (Wang et al., 2017). Thus, this result suggests
that abrasion of PVC materials, e.g., window frame, might be main
source of these non-volatile OPEs (Fig. S1).

3.3. Prediction of OPEs particle fraction by gas/particle partitioning model

Once released to the indoor environments, OPEs will be
redistributed between the gas phase and particle phase in indoor air.
In addition, unlike the outdoor environment, the influence factors in in-
door environments are stable, considering the OPE gas/particle
partitioning in the equilibrium state. Four equilibriummodel, including
the J-P model, H-Bmodel, D-Emodel, and pp-LFERmodel, were applied
to estimate the OPE gas phase concentrations using the particle-bound
fraction (φ) or gas/particle partitioning coefficient (KP) in indoor air. De-
tail information of four equilibrium models is shown in SM S2, and the
relevant parameters involved in these models for individual OPEs are
shown in Tables S12–S13.

As shown in Fig. 3, regardless of individual OPEs, the predicted φH-B

andφD-E have positive correlationswith logKOAwhile theφJ-P has a neg-
ative correlationwith log PLo. OPEswith log KOA N 10.51 or log PLo b−3.75,
including TBOEP, EHDPP, and TEHP, have the estimated particle frac-
tions N50%. The median model-based gas fractions of TIPP, TPP, TIBP,
TNBP, and TCEP in four models were nearly 100%, indicating that
these relatively more volatile OPEs exclusively exist in the gas phase.
Meanwhile, the particle fractions of TBOEP, EHDPP, and TEHP ranged
from 65.7% to 97.4% and the results indicated that these OPEs tended
to be in the particle phase. Additionally, TCIPP, TPeP, and TDCIPP were
predicted to be mainly in the gas phase with the gas fractions ranging
from 60.5% to 100% and the gas fractions estimated by the pp-LFER
model were much higher than those estimated by the other three
models. TPHP was evenly distributed between the gas phase and the
particle phase with the particle fraction for the J-P model, H-B model,
and D-E model being 42.1%, 51.1% and 51.7%, respectively. However,
TPHP based on the pp-LFER model is mainly in the gas phase (φ =
6.33%).

Due to the lower air sampling volume in indoor environments, the
current studies of G/P partitioning are mainly concentrated on the out-
door atmosphere. The reported OPE particle fractions in Beijing-Tianjin-
Hebei (BTH, China) region ranged from 77% for TCIPP to 88% for TPHP
(87% for TEHP and 86% for TCEP) (Zhang et al., 2019), whereas in the
North Huangcheng Island (NHI, China), the fractions ranged from 72%
for TNBP to 83% for TCIPP (83% for TCEP and 82% for TIBP) (Li et al.,
2018). Other studies for other countries on outdoor atmosphere and
limited indoor air also showed higher particle fractions (Carlsson
et al., 1997; Moller et al., 2011; Li et al., 2017b). However, the higher in-
door temperature and lower TSP concentrations may lead to elevated
OPE concentration in the gas phase, which has been proven by OPEs
and other SVOCs (Moreau-Guigon et al., 2016; Okeme et al., 2018).
The particle fractions of OPEs with log KOA N 10.51 that predicted by
all four models in this study generally well matched the measured φ
in the literatures above. However, the estimated particle fractions of
OPEs with log KOA b 10.51were underestimate, contrary to the reported
results (Li et al., 2018; Zhang et al., 2019). This difference could be at-
tributed to the strong polarity of these OPEs, leading to the stronger
ability sorbed from gas phase to particles and/or to quartz fiber filters
used during air sampling (Arp et al., 2007; Brommer et al., 2014;
Okeme et al., 2018). As discussed above, the correlations between
OPEs andOCweremore significant than those betweenOPEs and EC, in-
dicating that the dominant absorption effect of organic matter in parti-
cle on OPEs. The absorptionmechanism of organic matter dominates G/
P partitioning of OPEs has also been predicted in the BTH region (Zhang
et al., 2019). Therefore, a single adsorption (J-P) model or absorption
(H-B) model is not accurate for the gas particle partitioning. The pp-
LFER model proposed by Goss (Goss, 2005) was a more complex
model, considering the G/P partitioning at the sorbing phase and mole-
cule level. However, relative to the D-E model optimizing the TSP, fOM,
fEC and other parameters of each sample, the underestimation of TPHP
particle fraction by the pp-LFER model indicated that this model for
OPEs still needed to be further optimized.

3.4. Human exposure and risk assessment of OPEs for indoor air and dust

In this section, the estimated daily intakes (EDIs) of OPEs for differ-
ent age groups from indoor air via inhalation and dust via ingestion
and dermal absorption were determined. The measured concentrations
in PM of OPEs with log KOA b 10.51were regarded as the sum of gas and
particle phases while the gas phase concentrations of OPEs with log
KOA N 10.51 were estimated from the measured particle phase concen-
trations by the D-E model. The dust concentrations were derived from
unpublished data and the details are listed in Table S14. For chemicals
with carcinogenic toxicities, such as TNBP, TCEP, TDCIPP, and TEHP,
the carcinogenic risk (CR) was estimated. The detailed calculation pro-
cess and the values of the parameters for EDI and CR can be found in
SM S3 and Table S15.

3.4.1. Estimated daily intakes
The EDI values of OPEs for different age groups from both indoor air

and dust are summarized in Table S16. The median EDI for toddlers
(48.0 ng/kg-bw/day) from indoor environment was the highest,
followed by infants (42.0 ng/kg-bw/day), children (36.2 ng/kg-bw/
day), teenagers (20.7 ng/kg-bw/day) and adults (11.8.0 ng/kg-bw/
day), suggesting the much more sensitivity to OPE exposure for young
people than adults. The estimated EDIs in this study were comparable
with the EDIs calculated in Beijing (Wu et al., 2016; Cao et al., 2019a;
Wang et al., 2019) and Guangdong (He et al., 2015; Zheng et al., 2015;
Zheng et al., 2017), China. Additionally, TCIPP was the most abundant
OPE for all age group exposure with the EDIs ranging from 4.16 ng/kg-
bw/day to13.1 ng/kg-bw/day. OPEs can enter the human body via air in-
halation, dust ingestion, and dust dermal absorption (Xu et al., 2016). As
illustrated in Fig. S4, in terms of exposure routes, ingestion or inhalation
was the main route to the different molecular weight OPEs. For OPEs
with lowermolecular weight including TIPP, TIBP, and TNBP, inhalation
was the main exposure route whereas ingestion contributed the most
for higher molecular weight OPEs, such as TBOEP, TPHP, EHDPP, and
TEHP. And the EDIs of these OPEs are some orders of magnitude lower
than the oral reference dose (RfD) values.

3.4.2. Carcinogenic risk assessment
The carcinogenic risks were assessed based on the slope factors

(USEPA, 2020). The CR values of TNBP, TCEP, TDCIPP, and TEHP for dif-
ferent age groups from indoor dust are shown in Table S17. People are
considered to have a potential carcinogenic risk if the CR value is
N1×10−6. The CR values of individual OPEs for different age groups
were all within the acceptable level (CR b 1×10−6) even in the worst
scenario (the CRwere calculated on the basis of maximumOPE concen-
trations). The median CR values of OPEs were in the ranges of
3.78×10−8 to 6.26×10−7. These values were less one order of magni-
tude lower than 1×10−6, suggesting a potential deleterious risk



7Y. Sun et al. / Science of the Total Environment 740 (2020) 140048
associatedwith OPE exposure via indoor dust. However, it is worth not-
ing that only the carcinogenic risk of indoor dust via ingestion and der-
mal absorption were considered due to the lack of inhalation slope
factors (SFINH).

4. Conclusion and implication

In this study, 104 indoor PM samples were collected and analyzed
to study the occurrence, influence factors, potential sources, G/P
partitioning, human exposure, and risk assessment of OPEs in indoor
environment. The Σ12OPEs concentrations ranged from 0.41 ng/m3

to 940 ng/m3 in the test home and TCIPP was the most abundant
OPE. The concentration of Σ12OPEs in warmer seasons was higher
than those in autumn and winter. Compared with the temperature
and relative humidity, outdoor TSP was the main factor that affected
the OPE concentration variation in PM samples from indoors. Com-
parisons of different gas/particle partitioning models suggested
that the D-E model estimates were more reliable. The strongly ab-
sorption of gas phase low molecular weight OPEs to filters might ex-
plain their mismatch with the models. For lower molecular weight
OPEs, inhalation was the main exposure route whereas ingestion
contributed the most for higher molecular weight OPEs. The EDIs
and CRs posed by OPEs were all below the recommended values, in-
dicating that the current OPE levels in the test home were within the
safe thresholds.

There are still limitations of this study. First of all, in the case of
good air quality, the sampling volume is small and cannot obtain suf-
ficient TSP to weigh. Exploring sampling method to collect bigger
sample volume and simultaneously avoid a big interference on air
flow in indoor environment is highly required. Secondly, only parti-
cle phase OPEs were collected, this makes it impossible to verify the
OPE concentration in gas phase predicted by the gas particle
partitioning model. Thirdly, only 5 mixed dust samples (a mixture
of dust collected from dayside bedroom, nightside bedroom, and liv-
ing room) were collected during the entire sampling period due to
the lack of human activity and poor ventilation, resulting in a lack
of universality for exposure and risk assessment. In addition, since
the house is not newly built, the EDIs and CRs may be
underestimated for different age groups from air and dust in home.
However, our research has reference value, and provides compre-
hensive results on the seasonal variation and influence factors of
OPEs in indoor PM.
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