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� Emission, sorption, and migration of
OPFRs from sources to dust were
studied.

� The dust-air and dust-material
partition coefficients were
determined.

� The airborne particle-gas equilibrium
partition coefficients were calculated.

� Dust with less organic content and
smaller size tended to absorb more
OPFRs.

� Volatility had less effect on dust-
source partitioning than dust-air
partitioning.
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Dust serves as a strong sink for indoor pollutants, such as organophosphorus flame retardants (OPFRs).
OPFRs are semivolatile chemicals that are slow in emissions but have long-term effects in indoor en-
vironments. This research studied the emission, sorption, and migration of OPFRs tris(2-chloroethyl)
phosphate, tris(1-chloro-2-propyl) phosphate, and tris(1,3-dichloro-2-propyl) phosphate, from different
sources to settled dust on OPFR source surfaces and OPFR-free surfaces. Four sink effect tests and six
dust-source migration tests, including direct contact and sorption tests were conducted in 53 L stainless
steel small chambers at 23 �C and 50% relative humidity. OPFR emission concentrations, and sorption and
migration rates were determined. The dust-air and dust-material partition coefficients were estimated
based on the experimental data and compared with those from the literature obtained by empirical
equations. They are in the range of 1.4 � 107 to 2.6 � 108 (dimensionless) for the dust-air equilibrium
partition coefficients and 2.38 � 10�3 to 0.8 (dimensionless) for the dust-material equilibrium partition
coefficients. It was observed that the dust with less organic content and smaller size tended to absorb
more OPFRs, but different dust did not significantly affect OPFRs emission from the same source to the
chamber air. The dust-air partition favored the less volatile OPFRs in the house dust, whereas the
emission from the source favored the volatile chemicals. Volatility of the chemicals had much less effect
on dust-source partitioning than on dust-air partitioning. The results from this work improve our
understating of the fate and mass transfer mechanisms between OPFRs sources, indoor air, surface, and
dust.
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1. Introduction

Many of the pollutants, including flame retardants, are semi-
volatile organic compounds (SVOCs) that are released from a vast
number of building materials and consumer products. Due to their
adverse health effects (ATSDR, 2019), on August 13, 2015, the
United States Environmental Protection Agency (US EPA) released a
problem formulation for chlorinated phosphate esters used as
flame retardants in furniture foams and textiles (US EPA, 2015).
These chemicals are also called organophosphorus flame retardants
(OPFRs), which include tris(2-chloroethyl) phosphate (TCEP, CAS#
115-96-8), tris(1-chloro-2-propyl) phosphate (TCPP, CAS# 13,674-
84-5), and tris(1,3-dichloro-2-propyl) phosphate (TDCPP, CAS#
13,674-87-8). In December 2019, EPA designated TCEP as one of the
twenty high-priority substances for risk evaluation under the Toxic
Substances Control Act (TSCA) amended by the Frank R. Lautenberg
Chemical Safety for the 21st Century Act (US EPA, 2019). On
September 20, 2017, the US Consumer Product Safety Commission
(CPSC) also initiated efforts to assess and issue a report on the risks
to consumers’ health and safety from the use of additive OPFRs in
certain consumer products under the Federal Hazardous Sub-
stances Act and the Consumer Product Safety Act. (US CPSC, 2017).

OPFRs are added into manufactured products as additives for a
variety of purposes (Wei et al., 2015; Lucattini et al., 2018; Moschet
et al., 2018). Elevated OPFR concentrations in indoor dust have been
reported by many researchers worldwide (Fan et al., 2014; Tajima
et al., 2014; Langer et al., 2016). They were also measured in
other microenvironments such as building material markets, pri-
vate cars, floor/carpet stores, offices, bedrooms, and schools (Zhou
et al., 2017; Zheng et al., 2017). Human exposure assessment by
Zhou et al. (2017) concluded that dust ingestion constituted the
major exposure pathway to OPFRs for toddlers and air inhalation
was the major pathway for adults, while assessment by Zheng et al.
(2017) indicated that the dermal contact with beddings and
furniture would bring significant exposure risks for TCPP and
TDCPP. Stapleton et al. (2014) also observed significant associations
between OPFRs residue on children’s handwipes and levels
measured in house dust.

The SVOCs and dust interaction have received considerable
attention as well. Most of the research has been focused on
phthalate and brominated flame retardants (BFRs) (Clausen et al.,
2004; Schripp et al., 2010; Rauert et al., 2014, 2015, 2016; Rauert
and Harrad, 2015; Jeon et al., 2016; Qian et al., 2019; Kuribara
et al., 2019; Shinohara and Uchino, 2020). Liagkouridis et al.
(2017) and Tokumura et al. (2019) have examined the kinetics of
TCPP and TDCPPmigration from different sources to dust. Although
there is a consensus on the three transport pathways, volatilization
abrasion, and migration via direct contact, between SVOCs sources
and dust from these studies, little is known about their mecha-
nisms, e.g. dust-air partitioning, dust-solid material partitioning,
and particle formation. Those mass transfer mechanisms are gov-
erned by the physicochemical properties of SVOCs, such as vapor
pressure (VP), octanol-air partitioning coefficients (KOA), dust-air
equilibrium partition coefficient (Kda), dust diffusion coefficients
(Dd), and impacted by the properties of materials and dust and
environmental conditions (Weschler and Nazaroff, 2010; Guo,
2014). These parameters can be applied to predict emissions and
concentrations of SVOCs in air and dust in real environments, and
thus as the required inputs for source and exposuremodels. Most of
these data are empirical, widely variable, and inconsistent
(Weschler and Nazaroff, 2010; Zhang et al., 2016; Wei et al., 2016).
As a result, our knowledge of and ability to model the fate and
transport of OPFRs to house dust remain limited and there is a clear
need for experimental measurements and validation of those
theoretically estimated data to reduce the variability and
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uncertainty in the estimates of their exposures via house dust.
From 2013 to 2019, we have conducted research to develop

methods and collect data for characterizing OPFRs and under-
standing the transport mechanisms of these chemicals between
sources, air, house dust, and interior surfaces in the indoor envi-
ronment. (Liu et al., 2016; Liang et al., 2018a, 2018b, 2019). The
generated data reduces uncertainties and variabilities and im-
proves confidence in rapid prediction of chemical exposure. This
research paper is to report our experimental investigation of OPFRs
transferred from air to settled dust and from solid sources to air and
settled dust. It includes (1) settled dust on OPFR-free surfaces as the
sink of constantly dosed gas-phase OPFRs; (2) OPFR emissions from
source materials followed by sorption to settled dust; (3) OPFR
migration from source materials to dust via direct surface contact.
To the best of our knowledge, this is the first time in the literature to
determine dust-air and dust-material partition coefficients of TCEP
and TDCPP and dust diffusion coefficients of TCEP and TCPP when it
was applicable.

2. Materials and methods

2.1. Chemicals

Certified TCEP, TCPP, and TDCPP calibration standards were
purchased from AccuStandard, Inc. (New Haven, CT, USA). An
isotopically labeled compound, tributyl phosphate-d27 (TBP-d27,
99.5% purity, Cambridge Isotope Laboratories, Inc., Andover, MA,
USA), was used as the internal standard on the gas chromatog-
raphy/mass spectrometry (GC/MS) system. Triphenyl phosphate-
d15 (TPP-d15, 98% purity, Sigma-Aldrich, St. Louis, MO, USA) and
tripropyl phosphate-d21 (TPP-d21, 98% purity, Cambridge Isotope
Laboratories, Inc.) were used as the extraction recovery check
standards (RCS).

2.2. Test materials

Three types of dust, house dust #2 (HD2), house dust #6 (HD6)
and Arizona Test Dust (ATD), were used for tests. The OPFR source
materials were OPFRs in polyisocyanurate rigid polyurethane foam
(PIR-PUF), manufactured by ICL Industrial Products America (Gal-
lipolis Ferry, WV, USA), and in dry alkyl paint on release paper (Paul
N. Gardner Company, Inc., Pampano Beach, FL, USA). The details on
test material preparation are available in the Supporting Informa-
tion (SI).

2.3. Sink tests

Four OPFR sorption tests on settled dust with three types of dust
were conducted in a dual chamber system in the temperature-
controlled incubator (Model SCN4-52, Environmental Equipment
Co., Inc., Cincinnati, OH, USA) (Table S1). The 53-Liter electro-
polished stainless-steel chambers conform to the ASTM Standard
Guide D5116-17 (ASTM, 2017). The source chamber with neat TCEP,
TCPP, and TDCPP liquids from ICL in Teflon cups generated constant
emissions. The other chamber that was pre-coated with the OPFRs
on the wall surfaces and worked as the sink chamber was con-
nected to the source chamber. Stainless steel “dust boats” covered
with release paper were used for staging the dust particles inside
the sink chamber. Fig. 1 (a, b, c) and Fig. S1 illustrate the setting of
the dust sorption tests. More details are elaborated in our publi-
cation (Liu et al., 2016) and in the SI.

2.4. Migration tests

Six dust migration tests were conducted in standard 53-L
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chambers placed in an incubator under different air change rates
(ACRs), OPFR source materials, dust loadings, and dust types
(Table S1). In these tests, 0.1e0.5 g of dust was loaded onto a PIR-
PUF piece or dry alkyl paint on a release paper strip with and
without OPFRs in the materials.

Test materials with dust were loaded into the chamber by
opening the chamber faceplate and carefully seating the foam or
paint strips containing the dust onto the floor of the chamber. After
all test strips had been placed into the chamber, which included
dust with OPFR materials and dust with OPFR-free materials, the
chamber faceplate was closed and sealed. Inlet air flow was then
reconnected, which was set to be the test start time. The chamber
outlet flows were measured to verify leakage. Fig. S2 is the sche-
matic of the dust migration test. Fig. 1d shows an example of dust-
material sample layout inside the chamber.

The dust sampling took place by removing one OPFR-material
strip with dust and one OPFR-free material strip with dust in a
pair from the chamber after the dust was exposed to the test
conditions for a specified time. The test dust was then removed
from materials and solvent extracted. It is to note that we did not
attempt to collect 100% of the dust from the test strips in order to
minimize foam or paint into the dust sample because the chemical
content in the dust was determined on a weight per weight basis
(e.g., mg chemical/g dust). OPFR air concentrations inside the
chamber were monitored prior to and throughout tests by col-
lecting samples using PUF cartridge only (pre-cleaned, certified,
Supelco, St. Louis, MO, USA) and polytetrafluoroethylene (PTFE)
filter in the filter holder (Pall Corporation, Port Washington, NY) in
front of a PUF cartridge at about 600 mL/min for 1e4 h from the
Fig. 1. Pictures showing the dust samples and test chambers for the sorption and migration
chamber; b: front view of the sink chamber with 10 ports used to load and remove the dust
material chamber lid with rails to place the rods; d: dust-material sample layout inside the
material next to one dust-OPFR free material.
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faceplate. Test durations were between 479 and 913 h.

2.5. Sample extraction and analysis

The dust, foam, release paper, and paint samples removed from
the test chamber and PUF cartridges and PTFE filters were extracted
and analyzed on Gas chromatography (GC)/mass spectrometry MS.
The details are narrated in the SI.

2.6. Quality assurance and control

A preapproved EPA quality assurance project plan, which de-
scribes the project objectives, scientific approaches, measurement
procedures, and QA/QC activities, was followed for the work. Sol-
vent blank, extraction method blank, and field blank samples were
prepared and analyzed. Recovery check standards were spiked in
each of the samples to be extracted prior to extraction. Acceptance
criteria for the extraction and analysis were that the recovery check
standards had to be within 100 ± 25% recovery, and the precision of
the duplicate samples bewithin±25%. More details are described in
Liu et al. (2016).

3. Results and discussion

3.1. Test materials

Properties and scanning electronmicroscope images of dust and
PIR-PUF are shown in Table S2 and Fig. S3. The particle size, shape,
density, and organic carbon content (fom) in the dust are
tests. a: Dust on release paper, dust boats, and rods prior to placement in the sink test
exposed to gas phase OPFRs without opening the chamber; c: the inside portion of the
test chamber prior to the migration test, the strips were placed with one dust-OPFR
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significantly different among the three types of dust. GC/MS anal-
ysis results of the total concentration of OPFRs in the OPFR-foam
were in the range of 14.9%e15.9% by weight, and in the OPFR-
paint it was 0.5% by weight (Table S1).

3.2. Dust as the sink of OPFRs

3.2.1. Gas-phase OPFRs
The OPFR source chamber generated constants emissions of

OPFRs that were dosed continuously to the sink chamber during
each test. The average concentration of TCEP, TCPP, and TDCPP
(n¼ 79) with % RSD (percent relative standard deviation) measured
at the outlet of the source chamber was 2.28 mg/m3 ± 26%, 8.40 mg/
m3 ± 16%, and 0.78 mg/m3 ± 26%, respectively. The concentration of
OPFR in the sink chamber air was measured at the chamber face-
plate during each test and presented in Fig. S4. One advantage of
this dual chamber sink test method is that only OPFR concentra-
tions in the test chamber air were to be used for estimating parti-
tion and diffusion coefficients (Liu et al., 2016). It was observed that
the concentrations in the chamber were dropped at the beginning
of the test when the dust was placed inside the chamber and then
gradually stabilized. No quantifiable resuspension of the settled
dust was measured from the PTFE filter.

3.2.2. Sorption of OPFR on dust
SVOCs have strong adhesion to dust and the dust exists as a sink

in the mass transfer process. The sink test in this study was to
investigate OPFRs’ interaction with dust settled on a “clean sur-
face”. Sorption of OPFRs on settled dust was a result of the dust/air
partition. The dust sorption concentration (Cds, mg/g) was deter-
mined experimentally and calculated by the absorbed OPFRmass in
dust divided by the mass of the total sorption dust. The time-
Fig. 2. OPFR (a) sorption concentrations, (b) sorption rates, (c) normalized sorption concent
in HD2 in Test ST2.
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averaged sorption rate (Rds, mg/g/h) was calculated by Cds divided
by the exposure duration, t (h). To compare sorption behavior be-
tween different OPFRs, the normalized sorption concentration of
OPFR (Cnds, (mg/g)dust/(mg/m3)air) and normalized sorption rate (Rnds,
(mg/g/h)dust/(mg/m3)air) are defined as the sorption concentration
and sorption rate divided by the time-averaged OPFR concentration
in the chamber air during exposure period, t. The results are pre-
sented in Fig. 2 and Figs. S5 to S7.

Our results show that OPFR sorption concentrations kept
increasing in all tests with TCPP being the highest and TDCPP the
lowest. This was because concentrations of OPFRs in the chamber
air were in the decremental order of TCPP, TCEP, and TDCPP.
However, the normalized sorption concentrations and normalized
sorption rates were in different orders. For house dust, HD2 and
HD6, TDCPP had the highest normalized concentration and rate
over time while TCEP and TCPP in both types of house dust were
very close to each other, with TCEP slightly higher than TCPP.
Clearly, the dust-air partition favored the less volatile OPFRs in the
house dust. We observed different normalized sorption patterns for
ATD, which was in the decremental order of TCPP, TDCPP, and TCEP
for both ST1 and ST3. It is likely that ATD is an inorganic dust and its
sorption capacity of OPFRs could be impacted by the chemical
structures and properties, e.g. TDCPP contains more electronega-
tive atoms, thus it is easier to be absorbed by inorganic dust than
TCEP. Other noteworthy observation is that even after 412e888 h of
exposure, the dust sorption rates of OPFRs are much slower than
those at the beginning of the exposure but still far away from
reaching to zero. This indicates that dust is a very strong sink.
3.2.3. Estimation of partition and diffusion coefficients
The dust-air equilibrium partition coefficient (Kda) and dust

phase diffusion coefficient (Dd) are two of the key parameters that
rations ((mg/g)dust/(mg/m3)air), and (d) normalized sorption rates (mg/g/h)dust/(mg/m3)air)
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affect the interactions of air and dust. Kda is dimensionless, it is the
ratio of OPFR concentration in the dust, Cd (mg/m3) to its concen-
tration in the air, Ca (mg/m3) at equilibrium as shown in Equation
(1). Kda can be converted to K’da, which is the dust-air partition
coefficient in unit of m3/g, using Equation (2). The dust-air equi-
librium partition coefficient is a measure of the sorption capacity of
the dust to a specific chemical. Dd (m2/h) characterizes the intra-
particle diffusion process.

Kda ¼Cd=Ca (1)

K 0
da ¼Kda

.
ðr�10�6Þ (2)

where r is the density of the dust in g/cm3.
In our previous study, we applied the degree of sorption satu-

ration (DSS) model (Deng et al., 2010) to the experimentally
determined sorption concentrations to estimate the material-air
partition coefficient and material-phase diffusion coefficient for
building materials and consumer products (Liu et al., 2014, 2016).
We attempted to treat the settled dust as a solid material and use
the same method to estimate Kda and Dd. Due to the complexity of
the dust, such as size, shape, morphology, porosity, fugacity ca-
pacity, etc, and the varied values of VPs of OPFRs in the literature
(Brommer et al., 2014), the method was not successful. Then, we
applied iSVOC (Guo, 2013), a computer program for the dynamic
modeling of the emission, transport, and sorption of SVOCs in the
indoor environment to simulate the test scenarios. We input
measured data, such as test environmental conditions, dust prop-
erties, and concentrations of OPFRs and estimated parameters such
as Kda, Dd, and gas-phase mass transfer coefficient to simulate the
OPFR concentration-time profile measured in the dust and air
(Table S3). The simulation results were compared with experi-
mentally determined concentration-time profiles and then applied
to roughly estimate the range of Kda and Dd. The value of Kda for
TCEP and TCPP in ATD was about 2 � 107 and 5 � 107, respectively,
and that of Dd for TCEP and TCPP in ATD was about 2 � 10�14 and
3 � 10�12 m2/h, respectively. We were not able to obtain a good
data fit of Kda and Dd for any other OPFR and dust combinations.
Those concentrations of OPFRs in dust simulated using the pa-
rameters in Table S3 were much lower than those from the
experimental data. It is to point out that the interactions of the dust
with the release paper surface through direct contact was neglec-
ted in the iSVOC simulations. More work is underway to develop a
dust sorption model based on the experimental data scenario
reported.

3.3. OPFR migration from source to dust

Two types of tests were conducted simultaneously. One was
dust on OPFR sourcematerials, and the other was dust on OPFR-free
materials. Three OPFR mass transfer processes occurred under the
test conditions e emissions from sources covered with dust,
migration from source to dust via direct contact, and sorption from
air into dust. The data from dust on OPFR-free materials enabled us
to investigate dust sorption from another perspective other than
the sink tests reported above. The tests compared different types of
dust, materials, dust loadings, and ACRs. OPFR concentrations in the
original source materials were determined by solvent extraction
(Table S1). Due to very low concentrations of source OPFRs in the
PIR-PUF in the first test (MT1), most of the experimental data was
below our quantification limits and thus not reported in this paper.

3.3.1. OPFR emissions from source materials
The OPFR concentrations in the chamber air were measured by
5

PTFE filter-PUF cartridge and PUF cartridge only sampling followed
by solvent extraction. Since only zero air was introduced to the
chamber and the ACRs were not greater than 1 h�1 for all tests, it is
assumed that the chamber air was particle-free. The PTFE filter data
also demonstrated that there was no quantifiable resuspension of
the settled dust. The OPFR emissions from PIR-PUF were very low
(below the lowest calibration concentrations, but above the in-
strument detection limits) and their emissions from dry alkyl paint
were much higher even though the OPFR contents in the PIF-PUF
was 15%, whereas in the paint was 0.5% (Fig. S8). This elucidates
that the OPFR emissions frommaterials were dependent upon how
chemicals were infused into the materials. The emission concen-
trations initially increased, became stable, and then gradually
decreased. The reason was that during the test, the emission
sources were reduced by being taken out at sampling intervals.
Note that the chamber for the migration test was not pre-coated
with OPFRs on the chamber wall. There is a potential possibility
that the wall acts as another sink of OPFRs, but it should not sig-
nificant in this circumstance according to the data shown in Fig. S8.
The emission concentrations in all tests were in the decrement
order of TCPP, TCEP, and TDCPP, which are in the same order as their
volatility, even though their concentrations in the sources were in
the reverse order. The emissions from the source favored volatile
chemicals.

3.3.2. OPFR migration via direct contact
Themigration concentration (Cdm, mg/g) at the exposure time t is

the OPFR concentration in settled dust as a result of direct contact
with a source. The experimentally determined migration concen-
trations for OPFRs are presented in Fig. 3 and Figs. S9 to S12. As
shown in the figures, when the dust was in direct contact with a
primary source, OPFRs migrated into the dust via dust-material
partition at a much faster rate than the OPFR emissions from the
sources due to the dust-air partition. Mass transfer through direct
contact is highly effective. For all tests, TDCPP had the highest
migration concentrations, while TCEP and TCPP were close to each
other with TCEP being slightly higher. This corresponded to the %wt
value of individual OPFR in the sources. The migration concentra-
tion initially increased, kept relatively stable for MT2 and MT6, and
then decreased after 400 h for MT3, MT4, and MT5. The data im-
plies that there were two dynamic processes undergoinge OPFRs
migration from the sourcematerial to dust and then emission to the
air from dust. A plausible explanation for the concentration varia-
tion may be that part of OPFRs that had accumulated in the dust
was re-emitted because of the decrease in the concentration in the
air due to the removal of the source materials. This is more
apparent when the original air emission concentrations were low
in the chamber. This “escape” phenomenon has been observed by
other studies (Clausen et al., 2004).

If we assumed that the OPFR concentration change in the source
material was negligible during the tests and normalize migration
concentration with the OPFR concentration (mg/g) in the source
(Cndm, Cdm (mg/g)dust/Cs (mg/g)source), TCPP tended to have the highest
normalized migration concentration and TDCPP had the lowest in
MT2 and MT3 at 1 h�1 ACR. The effect of the VP of the chemicals on
the normalized concentration in MT4 andMT5was relatively small,
where ACRs were lower.

Similarly, we defined the time-averaged migration rate (Rdm, mg/
g/h) as the experimentally determined migration concentration
divided by the exposure time and the normalized dust migration
rate (Rndm, (mg/g/h)dust/(mg/g)source) as Rdm divided by the OPFR
concentration in the source. Both migration rates and normalized
migration rates decreased over time. The normalized migration
rates for different OPFRs had similar values, indicating that the
volatility of the chemicals had much less effect on dust-source



Fig. 3. OPFR (a) migration concentrations, (b) migration rates, (c) normalized migration concentrations ((mg/g)dust/(mg/g)source), (d), normalized migration rates (mg/g/h)dust/(mg/
g)source) in HD2 in Test MT4.

Table 1
Comparison of K’da and Kpa values in the literature with this studya.

Chemical logKOA K’da (m3/g) Kda (dimensionless) Kpa (m3/g) Reference

TCEP 7.6 8.5 8.0 � 106 70.6 Zhang et al. (2016) (EPI Suite value)
7.0 2.1 2.0 � 106 17.7 Zhang et al. (2016) (SPARC value)
8.9 169.4 1.6 � 108 1.4 � 103 Zhang et al. (2016) (Absolv value)
8.0b 22.6 2.1 � 107 188.3 EC (2009)

85.5 6.3 � 107 711.0 This study e ATD on PIR foam
20.75 2.0 � 107 172.6 This study e Average of HD2 on PIR foam (n ¼ 3)
5.21 4.9 � 106 43.3 This study e HD2 on dry alkyl paint

TCPP 8.5 67.4 6.3 � 107 561.0 Zhang et al. (2016) (EPI Suite value)
7.6 8.5 8.0 � 106 70.6 Zhang et al. (2016) (SPARC value)
10.0 2.1 � 103 2.0 � 109 1.8 � 104 Zhang et al. (2016) (Absolv value)
7.2b 3.6 3.4 � 106 30.0 EC (2008a)

29 Liagkouridis et al. (2017) (7-day’s experimental value)
224.4 1.6 � 108 1.9 � 103 This studye ATD on PIR foam
14.8 1.4 � 107 122.9 This study e Average of HD2 on PIR foam (n ¼ 3)
3.4 3.2 � 106 28.5 This study e HD2 on alkyl paint

TDCPP 10.6 8.5 � 103 8.0 � 109 7.1 � 104 Zhang et al. (2016) (EPI Suite value)
10.8 1.4 � 104 1.3 � 1010 1.1 � 105 Zhang et al. (2016) (SPARC value)
13.0 2.1 � 106 2.0 � 1012 1.8 � 107 Zhang et al. (2016) (Absolv value)
7.9b 15.72 1.5 � 107 130.8 EC (2008b)

13.7 1.0 � 107 114.1 This studye ATD on PIR foam
273.8 2.6 � 108 2.3 � 103 This study e Average of HD2 on PIR foam (n ¼ 3)
42.8 4.0 � 107 355.8 This study e HD2 on alkyl paint

a Unless otherwise noted, for all literature data in this table, logKOA data was from the cited literature; K’da was calculated using Equation (4) with HD2 data fom ¼ 0.2,
r ¼ 0.938 g/m3; Kda was calculated using Equation (2); Kpa was calculated using Equation (6).

b KOA was calculated using Equation (5) at T ¼ 25 �C (298 K) with Kow and H data from European Union risk assessment reports.
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partitioning than on dust-air partitioning. This hypothesis is sup-
ported by previous studies (Clausen et al., 2004; Rauert et al., 2016;
Sukiene et al., 2017). Tokumura et al. (2019), who compared the
direct migration rates of TDCPP from polyester curtains to indoor
dust, concluded that VP was not the predominant physicochemical
property for the direct migration pathway, and that Kow/log Kow

(dimensionless) played a role with higher log Kow having higher
6

affinity for hydrophobic materials such as indoor dust.

3.3.3. OPFR sorption to settled dust
The settled dust on OPFR-free materials absorbed the gas-phase

OPFRs that emitted from the OPFR source materials covered with
dust in the chamber. These sorption concentrations were much
lower than the migration concentrations via direct contact for all
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tests. The results are shown in Fig. S13.
Since the migration tests lasted about 900 h, and the air con-

centrations in the chamber and in the settled dust on OPFR-free
materials tended to be stablized, we calculated Kda and K’da using
Equations (1) and (2) and listed their results in Table 1. These data
are estimated values because (1) it was assumed that the test
conditions were equilibrium at the end, but in reality, it may have
not been reached yet; (2) sink effect of the chamber wall was not
taken into account; (3) due to the low emissions of OPFR in the
migration tests, the values of Ca and Cd in the calculation of Kda from
migration tests may have caused some experimental errors. We
could not tell what the “true value” is without further study, but the
significance of this work is that it provided a particle range of Kda

and K’da for different types of indoor dust on different source ma-
terials through experimental data rather than theoretical calcula-
tions that treat all the materials the same.

3.3.4. Estimation of the dust/source partition coefficients
The amount of OPFRs transferred from the source materials to

the dust depends on dust-source partition, diffusivities, and dis-
tributions of OPFRs in dust and source materials. The dust-source
partition coefficient (Kdm) at equilibrium can be calculated by the
ratio of equilibrium concentrations in dust vs. source. Our test re-
sults show that the migration concentrations of OPFRs in dust
became stablized at the end of test. Thus, we calculated Kdm, be-
tween dust and source material, which is dimensionless, using
Equation (3).

Kdm¼C0
d

�
Cm (3)

where C’d is the OPFR concentration in dust in equilibrium with
source material, mg/g, and Cm is the OPFR concentration in the
source material in equilibrium with dust, mg/g. Their estimated
values are shown in Table 2. It was observed from the Table that the
mass transfer strength of the three OPFRs from the PIR-PUF and the
alkyl paint to the dust were very close to each other from the same
sourcematerial. The data evidenced that the migration due to dust-
source partitioning was not significantly affected by the volatilities
of the chemicals.

3.3.5. Effect of dust loading
The effect of dust loading on migration from source to dust and

sorption from air to dust were evaluated in three tests (MT2, MT3,
and MT6). Dust loading at four levels between 0.1 and 0.5 g per
material strip were applied and exposed to the source material and
the OPFRs in the chamber air. They were all taken out within 5 min
at the end of each test. The results of these tests are displayed in
Fig. S15. The migration concentrations and rates were not notably
affected by the HD2 dust loadings but positively decreased with
increasing ATD dust amount. The sorption concentrations and rates
of OPFRs decreased when the ATD and HD2 dust loadings were
increased in PIR-PUF tests. However, the effect of HD2 dust loading
Table 2
Calculated dust-material partition coefficients (Kdm) at the end of migration testsa.

Test ID Dust Material Kdm (dimensionless)

TCEP TCPP TDCPP

MT2 ATD PIR-PUF 1.34 � 10�2 1.80 � 10�2 3.51 � 10�3

MT3 HD2 PIR-PUF 8.55 � 10�3 9.31 � 10�3 8.77 � 10�3

MT4 HD2 PIR-PUF 6.84 � 10�3 7.63 � 10�3 6.53 � 10�3

MT5 HD2 PIR-PUF 2.59 � 10�3 2.69 � 10�3 2.38 � 10�3

MT6 HD2 Alkyl paint 0.80 0.55 0.39

a MT1 is not reported because most of the experimental data was below our
quantification limits.
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on OPFR sorptionwas not significant when the dust was on painted
surfaces. It is possible that the different amount of dust loaded on
the surface materials changed the distribution, thickness of the
dust layer and surface area more for ATD than for house dust
because house dust has much larger sized particles. The finding
from ATD tests that increment of dust loading decreased the
migration rate is consistent with Shinohara and Uchino’s work
(2020) that the transfer rates per dust weight increased with the
decrease of the dust weight on the polyvinyl chloride sheet. It is
explained by Liagkouridis et al. (2017) that an excess amount of
dust might have resulted in a lower surface available for chemical
partitioning. However, our HD2 test data does not support this
hypothesis. The different test conditions of this study and other
factors, such as dust properties, might also contribute to the
different kinetics.

3.3.6. Effect of air change rate
The impact of ventilation on OPFR emission, and migration was

investigated under 0.25 (MT5), 0.5 (MT4), and 1 (MT3) h�1 ACRs in
the migration tests. As mentioned before, the measured air emis-
sion concentrations from the OPFR PIR-PUF covered with HD2 were
all low under the test conditions. However, we still observed the
trends that the air concentrations were considerably higher at 0.25
and 0.5 h�1 than those at 1 h�1 and that the concentrations at 0.25
and 0.5 h�1 were comparable to each other. The impacts of ACR on
migration concentration and migration rate are presented in
Fig. S14. The data shows that the migration concentrations and
rates for all three OPFRs are consistently lower when the ACR was
higher, especially at 1 h�1. These results revealed the role of
ventilation in the mass transfer between OPFR, dust, air, and ma-
terial surfaces.

3.3.7. Effect of source material
HD2 was loaded on PIR-PUF (MT3) and dry alkyl paint (MT6) for

this investigation. The same test procedures were followed in both
tests to compare the emission, migration, and sorption results. As
mentioned before, because of the different conditions of the ma-
terials, e.g. porosity and roughness, surface finishing, and the way
OPFRs were infused into the materials, OPFRs in dry alkyl paint had
much higher emission, migration concentration, and migration
rates, whereas the sorption concentration and sorption rates were
comparable for both materials. This implies that the sorption pro-
cess occurred at the dust surface, not the material surfaces during
the exposure time in those tests.

3.3.8. Effect of different dust
The comparison of different dusts was conducted through MT2

and MT3 tests as well as in the sink tests. The emission concen-
trations of OPFRs from the same source covered with ATD and HD2
dust respectively, were close to each other, suggesting that the dust
type did not significantly affect the emission of OPFRs to the
chamber air. This is consistent with the recent report by Qian et al.
(2019) for BFRs.

In general, ATD absorbs more gas-phase OPFRs at faster rates
than house dust. In the sink tests, the normalized sorption con-
centrations and sorption rates of OPFRs in dust were in the incre-
mental order HD2, HD6, and ATD, which was in the reverse order of
the wt% value of organic contents in the dust. The sorption rates of
OPFRs in ATD dust kept relatively stable but those in HD2 and HD6
decreased rapidly before 200 h then slowed down thereafter.

In the dust migration tests, the migration concentrations and
normalized migration concentrations were almost three times
higher for ATD than for HD2, and the sorption concentrations and
normalized sorption concentrations were about two times higher
for ATD than for HD2. The fact that enrichment of OPFRs on ATD
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compared to HD2 was consistent with the results from our sink
tests. In contrast to the concentrations, the migration rates,
normalizedmigration rates, sorption rates and normalized sorption
rates are comparable to each other between ATD and HD2 with
similar trends e migration rates decreased over time for both ATD
and HD2 whereas sorption rates decreased for house dust but kept
relatively stable for ATD.

As shown in Table S1, ATD had almost 15 to 19 times smaller
particle size and two times more surface area than HD2 and HD6.
These features usually make pollutant transport easier. Under the
same exposure conditions, ATD can take upmore OPFRs than house
dust and the difference is greater for dust-source partitioning than
for dust-air partitioning. It should also be mentioned that ATD had
much less organic content than house dust. In general, organic
compounds are more lipophilic than most inorganic compounds.
These results suggested that two factors, the particle size and
organic content, could offset each other. Our results are consistent
with those from Rauert et al. (2016) who studied direct contact
between dust and (HBCD)-treated fabrics and concluded that HBCD
transfer was not dominated solely by dust organic content. How-
ever, Schripp et al. (2010) reported that higher di-n-butyl phthalate
concentrations were detected in dust and soil than sand, which had
lower organic content. Another alternative explanation given by
Liagkouridis et al. (2017) is that the presence of dust particles on the
product surface can increase surface “roughness” and thus decrease
the “resistance” for product to air diffusive transfer. Recently,
through their flame retardants’ studies He et al. (2018) and Qian
et al. (2019) concluded that for flame retardants with log Kow < 4,
the property all three tested OPFRs possess, their accumulation in
dust was mainly controlled by dust surface areas instead of organic
carbon contents.
3.4. Comparison with literature data

The research results from our present study were consistent
with literature in that direct transfer between settled dust and
source material surface is an important and effective pathway for
pollutant mass transfer. More detailed discussions were presented
above.

In the literature, empirical Equation (4) was frequently used to
estimate K0

dawhenmeasured data was not available (Weschler and
Nazaroff, 2010).

K 0
da ¼ fom � KOA

�
r (4)

where fom is the fraction of organic matter of settled dust. There are
wide variations in the estimated values of KOA in the literature. For
comparison, we used KOA values estimated using EPISuite, SPARC,
and Absolv in the literature (Zhang et al., 2016) and calculated value
using Equation (5) (Bennett and Furtaw, 2004):

KOA ¼KOW � RT=H (5)

where H is the Henry’s law constant (Pa,m3/mol), R is the ideal gas
constant (8.314 Pa,m3/mol,K), and T is the temperature (K). In the
calculation, Kow and H were obtained from European Union risk
assessment reports (2009, 20,081, 2008b). Equation (6) from liter-
ature (Wei et al., 2016) was used to estimate the airborne particle-
gas equilibrium partition coefficients, Kpa (m3/g).

Kpa ¼8:32� K 0
da (6)

The calculated values and our experimental data are compared
and summarized in Table 1. It is worth mention that the empirical
calculations utilized the HD2 experimental data, fom ¼ 0.2 and
8

r ¼ 0.938 g/m3. From Table 1, the dust-air and airborne particle-air
equilibrium partition coefficients obtained from experimental data
fall into their empirically estimated range for all three OPFRs. These
data are somewhat comparable to each other, generally within 1e2
orders of magnitude. Due to the uncertainties in the empirical
calculations and potential measurement problems, e.g. it is possible
that equilibrium had not been attained, it is difficult to know at this
point which values are more accurate. Nevertheless, these data
provide the available ranges of Kda and Kpa experimentally as
opposed to theoretically. The experimental data reported from this
study is the first in the literature.

4. Conclusions

In this work, we conducted carefully designed chamber exper-
iments and investigated the underlying mechanisms of emission,
sorption, and migration of OPFRs between sources and settled dust
in detail. Our results should enlighten the correlations between
OPFR concentrations in settled dust, surface materials, and air. We
provided strong evidence that OPFRs migrate effectively from the
source material to the dust covered on the material. The emission
from the source material favors the volatile OPFRs and the sorption
by the dust favors the less volatile chemicals. Based on our data,
factors such as the type of dust, dust loading, source material, and
ventilation affect the OPFR mass transfer process. The values of Dd,
Kda, K’da, Kdm, and Kpa presented in this study, though rough esti-
mates, were informed by measured data, and compared with the
literature data obtained from empirical calculations. Our next step
is to develop mass transfer models to more accurately quantify the
diffusion coefficients and partition coefficient. Our goal is to further
characterize the variability and reduce uncertainties of the data and
improve confidence in the estimations of OPFRs exposures through
dust.
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