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Abstract
The ubiquitous presence of brominated flame retardants (BFRs) in indoor air, dust, and even in human tissue could be attributed
to their emissions from BFR-containing products. Nevertheless, the emission behavior of BFRs, especially novel BFRs from
consumer materials, to the indoor environment has still not been well understood. To evaluate the effects of chemical content,
temperature, and time on the emissions of BFRs, we used a batch of small glass chambers to conduct emission tests on carpet,
computer casings, sound insulation, circuit boards, decorative laminate, and PVC floors at temperatures from 20 to 80 °C, as well
as different emission times of up to 35 days. Seven BFRs were extracted from the tested materials with contents ranging from 50
to 35,803 μg g−1, and four BFRs were detected with emission rates between 5.9 and 418 pg g−1 h−1 at room temperature (20 °C);
1,2,5,6,9,10-hexabromocyclododecane (HBCD) was considered to be the dominant compound, which was found in and could be
emitted from all of the tested materials. Emission rates are significantly and positively correlated with both the contents of tested
materials and the elevated temperature. These results indicate that BFR-containing products have the potential to be a major
source of indoor contamination.
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Introduction

Strict bans, widespread restrictive regulations, and voluntary
withdrawals on the manufacture and use of some common
brominated flame retardants (BFRs), especially the Penta-
and Octa-brominated diphenyl ether (BDE) formulations,
have led to a growing number of alternative products (Geens
et al. 2010; Li et al. 2016; Sun et al. 2013). With an increasing
global market demand for alternative BFRs in polymeric ma-
terials in construction, electronics, and computer equipment, a
fair estimate of annual production volumes of 21 novel BFRs

is closer to 100,000 tons, assuming that the production vol-
umes of BFRs have not changed much over the past few years
(Covaci et al. 2011). Important representatives of alternate
BFRs a r e d e c a b r omod i p h eny l e t h a n e o r 1 , 2 -
bis(pentabromodiphenyl)ethane (DBDPE), 1,2-bis(2,4,6-
tribromophenoxy)ethane (BTBPE),1,2-Dibromo-4-(1,2-
dibromoethyl) cyclohexane (α-TBECH and β-TBECH), and
hexachlorocyclopentadienyl-dibromocyclooctane
(HCDBCO) (Covaci et al. 2011). Information regarding the
persistent, bioaccumulative, and toxic characteristics of some
BFRs has become available (Zhou et al. 2001; Birnbaum and
Staskal 2004; Ezechiáš et al. 2014; Sun et al. 2018b). For
example, studies on TBECH and BTBPE have shown that
these compounds are persistent and have bioaccumulation po-
tential (Covaci et al. 2011; Wu et al. 2011). There are indica-
tions that 1,2,5,6,9,10- hexabromocyclododecane (HBCD)
exposure can affect the liver and thyroid hormone systems
and may cause neurobehavioral alterations (Tang et al.
2015). Tetrabromobisphenol A (TBBPA) has also been shown
to have effects on thyroid hormones, neurological function,
and reproduction (Lilienthal et al. 2008; Ven et al. 2008).

Recently, a growing number of studies have reported on the
ubiquitous presence of various BFRs, especially in indoor
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environments (Qi et al. 2014; Fan et al. 2016). BFRs have
been detected at a wide range of concentrations in house dust
and air samples in countries throughout the world (Covaci et
al. 2011; Law et al. 2014; Sun et al. 2016; Xu et al. 2015).
Biomonitoring studies have further documented the wide-
spread presence of BFRs (e.g., HBCD) in human tissues and
breast milk (Thomsen et al. 2010; Ezechiáš et al. 2014; Liang
et al. 2016). Generally, BFRs have a much higher concentra-
tion in indoor air than in outdoor air, demonstrating that the
indoor environment can be an important route by which con-
taminants accumulate in people via dust ingestion or respira-
tory inhalation (Kajiwara and Takigami 2013; Besis and
Samara 2012; He et al. 2016; Newton et al. 2015). Due to
the minimal air exchange rates and long exposure times spent
indoors, people are more vulnerable to emissions from prod-
ucts and materials containing BFRs, such as polyurethane
foam, plastics used in electric and electronic equipment,
printed circuit boards, expanded and extruded styrofoam plas-
tic, and textile back-coating in furniture (Stapleton et al. 2005;
Covaci et al. 2011; He et al. 2018). Most BFRs are additives
mixed directly into the product during manufacturing without
reacting with raw materials, so they may easily be emitted
from the products and migrate into the environment. Thus,
more attention should be paid to the link between indoor con-
tamination and the emissions from the main source to better
understand the risks of longtime exposure in indoor environ-
ments (Zhang et al. 2011; Liagkouridis et al. 2016). Over the
past few years, there has been a considerable amount of liter-
ature focusing on indoor levels and exposure to BFRs, but
information on emissions is much scarcer, especially for novel
BFRs (Stubbings and Harrad 2014; Rauert and Harrad 2015).

Accordingly, the primary objectives of our study were to
(1) determine and compare the emissions of seven BFRs from
six selected consumer materials using a simplified emission
chamber, (2) link the emission behavior of BFRs in materials
to their initial contents, and (3) assess the effects of tempera-
ture and time on the emissions.

Materials and methods

Chemicals and sample materials

Authentic standards of ally l 2,4,6-tribromophenyl ether (ATE),
hexabromobenzene (HBBZ) , b is (2-e thy lhexyl )
tetrabromophthalate (BEHTBP), HBCD, tetrabromobisphenol
A (TBBPA), HCDBCO, and BTBPE were obtained from
Wellington Laboratories Inc. (Guelph ON, Canada). Table S1
gives a complete list of seven BFRs included in this study with
their abbreviations and molecular masses. 13C labeled stan-
dards of chlorinated biphenyl 141 and 202 (CB-141 and CB-
202) and BDE-209 were purchased from Cambridge Isotope
Laboratories (Andover, MA, USA). All organic solvents used,

i.e., n-hexane, dichloromethane, and acetone, were of HPLC
grade (Tedia Company, Shanghai, China). Polyurethane foam
(PUF) plugs (with a diameter of 9 cm, thickness of 5 cm, and
density of 0.0213 g cm−3) were purchased from Tisch
Environmental, Inc. (Cleves, USA). PUF plugs were cleaned
by the Soxhlet extraction process using acetone for 16 h, and
the solvent was completely removed from the plugs by means
of a vacuum drying system (> 12 h) before use.

The five investigated materials in this study (carpet,
sound insulation, circuit board, decorative laminate, and
PVC floor) were directly purchased from their manufac-
turers in 2015. All experiments were started immediately
upon delivery of the samples. The computer casing sam-
ple was collected from a used personal computer in the
lab, which was purchased in 2010.

Test chamber experiments

The investigations of BFRs emissions were carried out using
15 glass test chambers designed using publishedmethods with
some modifications (Rauert et al. 2014a; Rauert and Harrad
2015). Briefly, a round in-house-designed test chamber uti-
lized for these investigations was constructed from glass cyl-
inders with 8 cm diameter and 8 cm height to give an effective
chamber volume of 328 cm3 and external surface area of
480 cm3 (Fig. S1). The air inflow into the chamber was
100 mL min−1. Three grams of samples cut in a round shape
were transferred to the platform inside the chamber. A PUF
plug on the exit air vent was used to collect compounds in
both the gas and suspended particulate phases. Rinses of the
chamber wall were included in the total emitted mass. After
being sealed with Teflon tape, the chambers were maintained
at the desired temperatures by immersion in hot water baths
with the chamber internal temperature monitored using ther-
mometers. Comparison of the emissions of the six materials
was conducted at room temperature (20 °C) with a test dura-
tion of 7 days. To evaluate the effect of temperature, the inter-
nal temperatures of the chambers were set to 20, 35, 50, 65,
and 80 °C for carpet and computer casing. The 80 °C maxi-
mum temperature was chosen to simulate the scenario of a
high emission with a relatively high interior temperature in
the case of an electronic item being heated during operation,
and a car left under the sun in the summer (Kemmlein et al.
2003). Additionally, tests on the carpet with different dura-
tions, from 7 to 35 days, were designed to evaluate the effect
of time.

Chemical analysis

The method for the treatment of PUF plug samples can be
found in our previous studies (Sun et al. 2016, 2018a).
Briefly, both the PUF plugs and material samples were ex-
tracted for 16 h in a Soxhlet apparatus using 120 ml of
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DCM (Kajiwara et al. 2009). Prior to extraction, the samples
were spiked with known amounts of 13C-BDE-209 and 13C-
CB-141 to monitor the recovery of the BFRs during treatment
and analysis. The extracts were concentrated to 0.5 mL using a
rotary evaporator, and then the solvent was exchanged with n-
hexane under a gentle stream of nitrogen. Specifically, to col-
lect the compounds sorbed to the chamber walls, chamber
inner surface solvent rinses were combined with the extract.
To measure the contents in each material, crude extracts were
further cleaned using a chromatographic column containing,
from the bottom up, 1 g of anhydrous sodium sulfate, 5 g of
silica gel, 3 g of alumina, and 1 g of anhydrous sodium sulfate
and were subsequently eluted with 70 mL of 70:30 (v/v) n-
hexane/DCM. The elution was solvent-exchanged to n-hex-
ane using a rotary evaporator, added with the internal standard
(13C-CB 202), and blown down to 1 mL under a gentle high-
purity nitrogen stream. The crude extract obtained from each
type of material was diluted with n-hexane as appropriate
before injection.

All BFRs were analyzed using an Agilent 7890 GC
coupled to an Agilent 5975 inter mass selective detector
(GC/MSD) equipped with a DB-5MS capillary column
(15 m × 0.25 μm× 0.10 μm film thickness, J&W Scientific,
USA) in electron capture negative ionization (ECNI) mode
using methane as the moderating gas. For TBBPA, derivatiza-
tion was performed before analysis according to the previous
work (Sun et al. 2018a). The initial oven temperature was set
to 110 °C for 1 min, ramped at 5 °C min−1 to 220 °C, ramped
at 20 °C min−1 to 310 °C, and held for 15 min. Two microliter
extracts were injected in splitless mode and the selected-ion
monitoring (SIM) mode was used for MS. Helium gas was
used as a carrier with a flow rate of 1 mL min− 1. The injector
and transfer lines were set isothermally to 250 and 280 °C,
respectively. The following ions were used to quantify the
various compounds: 290.8/79/81 for ATE, 551.6/79/81 for
HBBZ, 607/609 for TBBPA derivative, 236.8/79/81 for
HCDBCO, 159.9/79/81 for HBCD, 386.0/79/81 for
BEHTBP, and 79/81 for BTBPE.

Quality assurance/quality control

Samples were analyzed using established laboratory QA/QC
procedures. Each emission test, including the controls,
consisted of three replicates. Method blanks for emission tests
were conducted with each batch of samples, but without ma-
terial samples in the chamber. A procedural blank for extrac-
tion was run with every batch of samples to ascertain potential
contamination of solvents and glassware. To avoid dust depo-
sition onto the PUF, the outlet of the device top was wrapped
in foil with a few punctures.

To test the breakthrough and sampling efficiency of the
PUF plugs and trace the distribution of compounds in the
chamber wall and PUF plugs, a validation experiment was

conducted by attaching two PUF plugs with a known amount
of compounds on the sample platform. The results of mass
balance and PUF efficiency were satisfied (BMethod
validation^ section).

Recovery efficiencies of the analytical methods were
checked with spiked PUF plugs and varied from 73.7 to
101.2% for all targets. The surrogate recoveries in all samples
were within acceptable limits, ranging from 75 to 110%. The
method detection limit (MDL) was calculated by multiplying
the final extract volume by the concentration of the target
compound that could produce a chromatographic peak with
a signal-to-noise ratio of 10, and subsequently dividing by the
sampling volume. The MDLs for seven compounds were be-
tween 0.005–0.072 pg m−3. Only a low concentration of
HBCD was sometimes detected in the procedural blanks,
which was at much lower concentrations (generally < 5%)
than those in the PUF samples during emission tests. No other
BFRs were detected in the procedural blanks.

Data analysis

Emission rates (pg·g−1·h−1) were calculated using the amount
of compound adsorbed to the PUF and the chamber walls, the
sample weight, and the sampling time (usually 144 h). The
targets collected on the PUF plugs and chamber rinses were
not analyzed separately, so the emission rates represent the
total BFR emissions from the test materials, including the
fraction of the emitted compounds adsorbed to the chamber
walls. All reported data are the mean and standard deviation of
three replicates. Statistical analysis of data was performed
using Origin Pro (v.8.0; OriginLab, Northampton, MA).

Results and discussion

Method validation

The sampling efficiency of the PUFs to collect BFRs was
uncertain, so we designed an experiment to validate PUF
breakthrough, sink effect, and mass balance (Afshari et al.
2004). An aliquot with 100 ng of each compound was added
to the sample platform inside the chamber. After the solution
was dried, the system was conducted with the same parame-
ters as the regular emission test. The extractions of the two
PUF plugs, the rinse of the chamber inner wall surface, and the
rinse of the sample platform were analyzed separately. Results
of the distribution of each compound on the first chamber-side
PUF (PUF1), second air-side PUF (PUF 2), chamber wall, and
sample platform are shown in Table 1.

The chemical concentrations on PUF 2 ranged from below
the detection limit (BDL) to 1.24 ng, indicating that there was
no significant breakthrough on the chamber-side PUF and that
the sampling method was reliable. In addition, every
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compound could strongly sorb onto the inner chamber sur-
faces with a range of 15.2–37.3%, which highlights the neces-
sity of including the rinses of the chamber wall into the total
emitted mass. These data are clear evidence that there is no
significant loss in the designed chamber. This chamber could
also be used as the emission test for specific consumer mate-
rials under different conditions. This validation experiment
also indicates that every tested compound could potentially
emit to air at room temperature, be trapped by PUF with a
portion of 27.1–42.2% of the total spike. HBCD showed the
highest emission potential in the dry mixture standard and the
highest sink effect to the chamber wall. This is particularly
relevant for its physical and chemical properties, such as a
low value of vapor pressure and a high value of log Kow

(Kemmlein et al. 2003). However, their emission characteris-
tics in real materials are still unclear and need to be investigat-
ed in the following test.

Extractable BFRs contents in materials

Information about the species and contents of additive
flame retardants in the purchased materials included dur-
ing their production are unavailable, so it is necessary to
examine their content in the materials and to evaluate the
effect of their emissions. A summary of the extractable
BFRs contents in selected consumer materials is presented
in Table 2. The samples of carpet, sound insulation cotton,

circuit board, decorative laminate, and PVC floor were
newly purchased for this study, but the computer casing
was collected from an old PC purchased in 2008. Some
materials, such as the carpet and sound insulation cotton,
could not be completely dissolved in the solvent, so the
extractable contents reported here may be lower than their
actual content when they were produced (Kajiwara et al.
2009; Stapleton et al. 2009, 2011a, b). For computer cas-
ing samples, the values measured by Soxhlet extraction in
this study may be considerably lower than those measured
by the method of completely grinding and dissolving
(Takigami et al. 2008) because the dissolution process
(e.g., homogenized, blended, etc.) could extract the inside
part of the full loading, which may not be emitted out
from dense raw materials. The decorative laminate and
sound insulation cotton contained four types of BFRs
and the carpet and circuit board only contained two types.
However, the highest total concentration of BFRs
(∑BFRs) was found in sound insulat ion cot ton
(37 mg g−1), and the circuit board contains the lowest
target compounds with a ∑NBFRs value of 0.9 mg g−1.

A total of seven BFRs were detected in the tested materials,
while the HBCD was detected in all tested materials as the
most abundant flame retardant observed, with contents rang-
ing from 208 ± 63.0 μg g−1 in the decorative laminate to
35,803 ± 2598 μg g−1 in the sound insulation cotton. The con-
tent of HBCD in sound insulation cotton was comparable to a

Table 1 Distributions of each compound among first chamber-side PUF (PUF 1), second air-side PUF (PUF 2), chamber wall, and sample platform (ng)

PUF2 PUF1 Chamber wall Sample platform Mass balance

ATE / 42.2 ± 3.6 15.2 ± 1.4 43.8 ± 1.5 101.2 ± 0.7

HBBZ / 27.2 ± 0.7 18.5 ± 0.5 60.0 ± 6.3 106.9 ± 7.5

HCDBCO / 29.3 ± 10.1 23.0 ± 0.5 47.2 ± 2.3 94.5 ± 3.4

TBBPA / 30.1 ± 0.7 19.8 ± 0.5 46.5 ± 1.1 96.4 ± 2.4

HBCD 0.86 ± 0.02 28.0 ± 0.7 37.3 ± 0.9 36.1 ± 0.9 102.3 ± 2.5

BTBPE / 27.1 ± 1.3 17.3 ± 0.8 53.7 ± 2.6 98.2 ± 2.1

BEHTBP / 30.7 ± 22.3 20.7 ± 2.6 53.8 ± 0.6 100.1 ± 29.3

Table 2 Contents of BFRs in various materials (μg·g−1) (data are the mean and standard deviation of three replicates)

New carpet Computer casing Sound insulation cotton Circuit board Decorative laminate PVC floor

ATE BDL BDL 173 ± 25.5 183 ± 33.0 BDL BDL

HBBZ BDL 180 ± 24.5 468 ± 47.0 BDL 165 ± 30.5 BDL

HCDBCO BDL BDL BDL BDL 66 ± 13.5 BDL

TBBPA BDL 50.0 ± 7.0 500 ± 79.5 BDL BDL 298 ± 48.5

HBCD 938 ± 184 1791 ± 139 35,803 ± 2598 721 ± 8.5 208 ± 63.0 762 ± 57.5

BTBPE BDL 496 ± 93.0 BDL BDL 680 ± 55.0 293 ± 34.5

BEHTBP 128 ± 40.0 BDL BDL BDL BDL BDL

BDL below detection limit
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value of 2.2–5.5% from textile samples reported in Japan in
2008 (Kajiwara et al. 2009). HBCD was used as a principal
alternative to PBDEs in foams and expanded polystyrene, as
well as in the building industry (de Wit 2002). Although the
HBCD has been added to the Stockholm convention Annex A
in November 2015 with specific exemptions, and its produc-
tion and sales have now been stopped, HBCD-containing ma-
terials will still be widely present in indoor environments for a
long time before their elimination. The concentrations of
TBBPA ranged from 50 to 500 μg g−1 in the computer casing,
PVC floor, and sound insulation cotton, which were signifi-
cantly lower by more than two orders of magnitude than that
of a computer sample in Japan in 2006 (Takigami et al. 2008).
Different from other additive BFRs, TBBPAwas used both as
a reactive FR in epoxy and polycarbonate resins for printed
circuit boards and electronic equipment, and as an additive FR
in HIPS or ABS resins (Abdallah et al. 2008). The TBBPA
existing in computer casings may be the portion remaining
from incomplete reactions in the polymerization process
where TBBPA was used as a reactive additive (de Wit et al.
2010). HCDBCO and BEHTBP were only detected in one
material at relatively low contents.

The contents of different compounds were varied by orders
of magnitude. For instance, the computer casing was found to
contain compounds at levels ranging from 50 to 1791 μg g−1.
Additionally, the∑BFRs in sound insulation cotton was nearly
40 times the concentration in the circuit board. The highest
content of HBCD, TBBPA, and HBBZ (35,803, 500, and
468μg g−1 as the mean values, respectively) were all observed
in the sound insulation cotton. A reported analytical result of
TV components showed that the concentrations of TBBPA
(19,000 μg g−1 as the mean values) were highest in the rear
cabinets (Takigami et al. 2008). ATE was detected in two
samples, sound insulation cotton and the circuit board.
BTBPE content in the decorative laminate was higher than
the others. Moreover, BEHTBP was detected at the lowest
percentage among all measured BFRs. Owing to the substan-
tial existence of flame retardants in the materials, it is essential
to link their contents in the materials to their migration to
indoor environments.

Comparison of emissions from different materials

The emission rates of 7 BFRs from 6 materials at 20 °C are
summarized in Table 3. Four targeted BFRs (HBCD, TBBPA,
BEHTBP, and HBBZ) were detected in the emission tests,
suggesting their emission potential even at room temperature.
HBCD was the main compound and detected in all of the six
tested materials with considerable amounts, indicating its risk
of widespread application in a variety of materials in indoor
environments. It is probably a good explanation for an inves-
tigation that reported that HBCD was one of the dominating
BFRs among 81 indoor dust samples across China in 2010 (Qi
et al. 2014). The emission of HBBZ was measured in three
materials but was relatively low. TBBPAwas contained in the
computer casing and sound insulation cotton but only emitted
from the latter. These results suggested that the emission of
these selected BFRs may be governed by several factors, in-
cluding physical properties of chemicals, compositions, pro-
duction processes, and materials technologies. For example,
the fact that the HBCD is an additive BFR but the TBBPA is a
reactive BFR allows easier migration of HBCD. The emission
rates measured in this study are comparable with those of
PBDEs in PUF and carpet, and HBCD in the insulating board
(Zhang et al. 2009; Kajiwara and Takigami 2013).

However, while considerable amounts of ATE, HCDBCO,
and BTBPE were contained in sound insulation cotton, deco-
rative laminate, and/or computer casing, their emissionwas not
detected at room temperature. Compared to the results of a
nationwide survey across China, ATE was not detected in all
indoor dust samples, andHCDBCO andBTBPEwere detected
at low frequency detection or low mean value (Qi et al. 2014).

It has been confirmed that each of the BFR that exists in its
corresponding material could be emitted out. Thus, the exis-
tence of BFRs in an actual material in consumer products
could be a predictor of emission potential to indoor environ-
ments. Statistically, the regression analysis between measured
emission rates and the initial contents in the 6 types of mate-
rials showed a positive correlation (R2 = 0.65, p = 0.03, an
extremely high value of 35,803 μg g−1 was not counted in
Fig. 1). In addition, a significant correlation between the

Table 3 Emission rates of BFRs at room temperature (pg·g−1·h−1)

New carpet Computer casing Sound insulation cotton Circuit board Decorative laminate PVC floor

ATE BDL BDL BDL BDL BDL BDL

HBBZ BDL 41.3 ± 10.5 14.3 ± 7.0 BDL 19.0 ± 13.0 BDL

HCDBCO BDL BDL BDL BDL BDL BDL

TBBPA BDL BDL 193 ± 57.5 BDL BDL BDL

HBCD 77.3 ± 22.5 390 ± 33.0 418 ± 47.5 27.3 ± 7.5 62.7 ± 17.5 117 ± 15.1

BTBPE BDL BDL BDL BDL BDL BDL

BEHTBP 5.9 ± 3.0 BDL BDL BDL BDL BDL

BDL below detection limit
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emissions and the contents was found in HBCD in the five
materials (Fig. S2, R2 = 0.70, p = 0.048). These results indicat-
ed that the emission potential of BFRs was heavily dependent
on their content in materials. Theoretically, emission potential
was also affected by physicochemical properties of BFRs such
as vapor pressure (VP) and octanol-air partition coefficients
(KOA) (Weschler and Nazaroff 2008). However, the linear
regression between the physicochemical properties and emis-
sion rates was not observed in this work. This might be ex-
plained by the assumption that the content had a more pro-
found effect on the emission than VP or KOA during the ex-
perimental period in this work.

Trends of emission over time

To evaluate the effect of time duration on emission, experi-
ments were conducted with the new carpet as an emission
source. The emitted amounts of BEHTBP and HBCD were
measured in five groups with different periods up to 5 weeks.
The time dependence of emission rates is illustrated in Fig. 2.

The emission rates of both compounds significantly decreased
with the prolonged weeks. The highest emission rate was ob-
served in the first week. A previous study has concluded that
emission rates of a material in a chamber should decrease
continuously, and the highest emission rates usually occur at
the beginning when the materials are introduced (Liang et al.
2015). Because the instantaneous rates of the targets in a spe-
cific time point could not be measured and the accurate real-
time plot was unavailable, the emission rates under steady-
state condition were not reported in the present work. There
are actually a few experiments where a limited amount of time
(e.g., less than 50 days) is sufficient to measure the timescale
of release of SVOCs at room temperature, but longer measure-
ments are often impractical (Rauert et al. 2014b). For exam-
ple, Kemmlein et al. (2003) studied the emission trend of
PBDEs from a printed circuit board at 23 °C over 105 days
and found a rapid rise in the first 30 days and a tendency to
finally stabilize. Time dependent emission rates of
triphenylphosphate (TPP) flame retardants from plastic covers
of video-display units over a 193-day period showed a
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significant reduction in air concentration of this pollutant after
the first 50 days, which may be affected by sink effects and
bulk diffusion (Carlsson et al. 2000).

Molecules of these additive BFRs are not chemically bond-
ed to the resin chains but are attached through significantly
weaker inter-molecular forces (Fujii et al. 2003). This means
that over time, the molecules could be gradually released from
the material body into the surrounding environment, and con-
sequently, indoor air could be polluted with these emitted
compounds (Fujii et al. 2003).

Effect of temperature

Temperature could be the most influential parameter because
it directly affects vapor pressure and KOA, and hence gas−par-
ticle partitioning and all related fate processes (Liagkouridis et
al. 2014). The emission rates of HBCD, HBBZ, BTBPE,
TBBPA, and BEHTBP in 7 days from new carpet and com-
puter casing under different temperatures are shown in Fig. 3.
In general, five BFRs (except ATE and HCDBCO) contained
in the materials were detected in the emission test at higher
temperatures. Additionally, the emission rates of those com-
pounds increased significantly with increasing temperature,
and the absolute amounts of BFRs emitted from the tested
materials were the highest at 80 °C. For example, the emission
of HBCD from carpet at 80 °C (690 ± 91.0 pg g−1 h−1) was
almost 10 times higher than the emission at 20 °C. Our results
agreed with the studies of plasticizer phthalate and flame re-
tardant PBDEs, which are semi-volatile organic compounds
(SVOC) (Fujii et al. 2003; Kemmlein et al. 2003). Fujii et al.
(2003) investigated temperature dependence of the emissions
of various phthalate esters in a passive flux sampler and ob-
served a 100-fold increase in the maximum emission rate with

an increase in temperature from 20 to 80 °C. Kemmlein et al.
(2003) studied the emission rate of PBDEs in printed circuit
boards at high temperatures, and measured a 500-fold differ-
ence in the case of BDE47 at 60 and 23 °C.

In addition to the results of the emissions from carpet and
computer casing at room temperature, the HBCD remained
the most abundant compound at higher temperatures. With
the elevated temperatures, the increments of HBCD emission
increased and the slope of emission rates also increased sharp-
ly, indicating a greater influence at higher temperatures. For
carpet and computer casing materials, for example, each ele-
vation of temperature by 15 °C could lead to an increase of
emission between 12 and 135% for HBCD. On average, a
15 °C increase in temperature (ranging from 20 to 80 °C)
resulted in more than a twofold increase in HBCD emission.
This result could be a good explanation for our previous study,
which found a positive correlation between the use of air-
conditioners in the winter and PBDE levels in indoor air
(Sun et al. 2016). Therefore, an elevated temperature by a
heater in the winter, an electronic item heated during opera-
tion, or a car left in the sun in the summer could accelerate the
emission of semi-volatile compounds from materials treated
with flame retardants and consequently aggravate the risk for
human health in indoor environments.

The influence of different temperatures was also com-
pound-specific. Compared to BEHTB, HBBZ, and BTBPE,
HBCD emissions were relatively more sensitive to tempera-
ture fluctuation. While the emissions trends of BEHTBP,
HBBZ, and BTBPE remain at a relatively low level, HBCD
had a growing tendency to migrate into the air at higher tem-
peratures. The high sensitivity to temperature of HBCD could
be attributed to its relatively higher vapor pressure (6.3 ×
10−5 Pa at 21 °C) compared to those of BTBPE and
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BEHTBP (Rüdel et al. 2012). In particular, BTBPE and
TBBPAwere not measured at room temperature but onlymea-
sured at the temperatures higher than 35 and 65 °C, respec-
tively. It is interesting to note here that TBBPA has a higher
vapor pressure than BTBPE, but it was detectable at a lower
emission rate, most likely due to the difference in product
contents or the mode of BFR incorporation, such as additive
vs. reactive (Weschler and Nazaroff 2008). This result illus-
trates that higher temperatures may cause a compound to be
emitted out from materials.

Conclusion

The present study reveals the link between the exposure risk
through emission and commonly used BFR-containing mate-
rials in indoor environments. It was demonstrated that the
combination of chamber emission tests under different tem-
peratures and times, and materials analyses, enables a com-
prehensive understanding of the emission profiles of additive
flame retardants. As the dominant detected pollutant in this
investigation, HBCD could emit from several materials with
relatively high levels at room temperature. Such results
linking the BFR contents in materials and their emission po-
tential could be an important factor when considering the ad-
dition of BFRs at an early stage of a material’s development. It
is important to put this work in the context of human exposure
and health implications. However, because the diversity, year
of production, numbers, chemical compositions, and
manufacturing processes of consumer materials are specific
to each indoor environment, more chamber and modeling
studies are needed to accurately estimate potential exposures
under actual conditions.
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