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Abstract An analytical method was developed for the mea-
surement of 18 novel halogenated flame retardants in house
dust. Sample preparation was based on ultrasound-assisted
solvent extraction and clean up with solid phase extraction
(SPE) . Samp le ex t r a c t s wer e ana lyzed by gas
chromatography-mass spectrometry (GC/MS) operated in
electron capture negative ion (ECNI) chemical ionization
mode. Baseline data from 351 fresh (active) dust samples
collected under the Canadian House Dust Study (CHDS) re-
vealed that five out of 18 target chemicals were present with
detection frequencies higher than 90 %. Median (range) con-
centrations for these five compounds were as follows: 104
(<1 . 5–13 , 000 ) ng / g f o r 2 - e t hy l h exy l - 2 , 3 , 4 , 5 -
tetrabromobenzoate (EHTBB), 8.5 (<1.7–2390) ng/g for 1,2-
bis(2,4,6-tribromophenoxy)ethane (BTBPE), 10.2 (<1.7–430)
ng/g for hexabromobenzene (HBB), 2.9 (<1.2–1410) ng/g for
syn-dechlorane plus (syn-DP) and 5.6 (<1.9–1570) ng/g for
anti-dechlorane plus (anti-DP). A comparison of two sam-
pling methods in a subset of 40 homes showed significant
positive correlations between samples of Bactive^ dust and

samples taken directly from the household vacuum cleaner
for all target compounds having median values above their
corresponding method detection limits (MDLs). In addition,
the method was also applied to the analysis of the targeted
compounds in National Institute of Standards and Technology
(NIST) standard reference material (SRM 2585, organic con-
taminants in house dust). Results from the current study could
contribute to the potential certification of target chemicals in
SRM 2585.

Keywords Flame retardants . Indoor house dust . Mass
spectrometry . Electron capture negative ion chemical
ionization . Solid phase extraction . Sampling techniques .
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Introduction

Various safety regulations require that flame retardants (FRs)
be added to products such as upholstered furniture, textiles,
electronics, and building materials. During the past decades,
polybrominated diphenyl ethers (PBDEs) have been used ex-
tensively. However, due to their persistence in the environ-
ment, bioaccumulation in the biota, and potential adverse im-
pacts on both the environment and human health, major com-
mercial PBDE formulations (e.g., Penta-BDE, Octa-BDE, and
Deca-BDE) were banned or voluntarily withdrawn from the
market in many countries (European Court of Justice 2003,
2008; Government of Canada 2008; USEPA 2010). There-
fore, other alternative FRs including non-PBDE halogenated
FRs have been introduced with a growth rate of about 5 % per
year (Covaci et al. 2011). The total volume for such non-
PBDE halogenated Bnovel^ FRs (NFRs) has been estimated
to be from 100,000 to 180,000 tons per year (Harju et al.
2009). However, little is known about the chemical
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compositions, uses, exposure levels, and health effects of such
non-PBDE NFRs. A total of 18 target NFRs (Table 1) have
been selected in this study, including 2-ethylhexyl-2,3,4,5-
tetrabromobenzoate (EHTBB or TBB), 1,2-bis(2,4,6-
tribromophenoxy)ethane (BTBPE), hexabromobenzene
(HBB), and dechlorane plus (DP). A recent review paper
listed some physical properties (e.g., log Kow, water solubil-
ity, vapor pressure) for several novel brominated flame retar-
dants (Covaci et al. 2011). Based on their similar molecular
structures and physical chemical properties to PBDEs, they
may have similar environmental fates to PBDEs. Although
novel or emerging, these substances have been detected in
various environmental matrices including indoor dust in sev-
eral recent studies (Tables 5 and 6), human maternal serum,
and breast milk (Zhou et al. 2014a, b). House dust is a repos-
itory for organic compounds and could be a major route of
human exposure to indoor pollutants. For example, Lorber
(2008) estimated that the US adult resident’s exposure to
PBDEs was mainly from indoor dust. Therefore, a simple,
sensitive, and robust analytical method is necessary to gener-
ate statistically robust baseline concentrations of these NFRs
in house dust to help assess human exposure to NFRs in the
indoor environment. Several non-PBDE NFRs are currently
being assessed by various regulatory agencies including
Health Canada, under the Chemicals Management Plan, and
the US EPA (Government of Canada 2013; USEPA 2013).

However, the analysis of organics in dust is challenging
due to the complex matrix composition. House dust contains
hundreds, if not thousands, of organic compounds with vari-
ous chemical and physical properties (Wise et al. 2006).
Therefore, the use of certified reference materials for indoor
dust is beneficial for evaluating the accuracy of the results
generated from different analytical methods. The National In-
stitute of Standards and Technology (NIST) has produced a
standard reference material for house dust (SRM 2585, organ-
ic contaminants in house dust) and provided certified values
for several classes of compounds including polybrominated
biphenyl ether (PBDE) congeners (NIST 2010; Wise et al.
2006). Nevertheless, there are no certified values for target
NFRs. Thus, another goal of the current study was to measure
the concentrations of target NFRs in SRM 2585, which may
contribute to a potential certification of these NFRs in the
reference material.

House dust is often collected by vacuuming. In the current
study, two sampling methods were used: a sample of fresh, or
Bactive^, dust (FD) collected by technicians following a pro-
tocol developed for the Canadian House Dust Study (CHDS)
and a composite sample taken from typical household vacu-
ums (HD) collected by residents during routine house cleaning
(Rasmussen et al. 2011, 2013). Previous studies have shown
that FD and HD samples could provide comparable results for
some compounds, including most synthetic musk compounds
(Kubwabo et al. 2012), phthalates (Kubwabo et al. 2013),

triclosan and parabens (Fan et al. 2010), and organophosphate
flame retardants (Fan et al. 2014). Thus, the third goal of this
study was to compare the FD and HD sampling methods for
target NFRs to investigate whether the two sampling methods
could provide comparable results for target NFR compounds
and evaluate whether the cost-effective and non-intrusive HD
method is a valid alternative to the FD method.

Material and methods

Materials

Target analytes (18 non-PBDE FRs) and their acronyms are
listed in Table 1; their chemical formula and structures are
illustrated in Figure S1. All chemical standards were pur-
chased from Wellington Laboratories Inc. (Guelph, Ontario,
Canada) with the exception of 6-Fluoro-2,2 ′ ,4,4 ′-
tetrabromodiphenylether (F1BDE-47) (Chiron AS, Norway)
and 2,3,3′,4,4′-Pentabromodiphenyl ether (BDE-105)
(AccuStandard Inc., New Haven, CT). Individual stock solu-
tions were prepared in toluene, and working standard solu-
tions were prepared by mixing individual standard solutions
and diluting in toluene to the appropriate concentrations. GC-
grade solvents (i.e., hexane, acetone, and toluene) were pur-
chased from EMD Chemicals Inc. (Mississauga, ON, Cana-
da). NIST SRM 2585 (organic contaminants in house dust)
was obtained from NIST (Gaithersburg, MD, USA).

House dust sample collection and preparation

The CHDS was designed to provide statistically representa-
tive national baseline estimates for indoor environmental con-
centrations of chemicals found in typical urban households.
Sampling was conducted between 2007 and 2010 across 13
cities in Canada. The first priority of the current study was to
provide nationally representative Canadian information on se-
lected NFRs in house dust to inform risk management activ-
ities, and another priority was the comparison and evaluation
of two dust sampling techniques. Details of participant recruit-
ment, dust sampling, and sample preparation under the CHDS
protocol (e.g., sieving, shipping, and storage) were described
in detail previously (Rasmussen et al. 2011, 2013) and briefly
summarized here. During the home visit, two types of dust
samples were collected. Technicians obtained existing house-
hold vacuum dust (HD) samples from the vacuum systems
used by the study participants, which included a variety of
models of canister vacuums and traditional bag vacuum
cleaners. Fresh dust (FD) samples were collected by techni-
cians using a Pullman-Holt High-Efficiency Particulate Air
(HEPA) vacuum sampler (model 102 ASB-12PD), in which
dust particles follow a direct pathway from the floor to the
vacuum bag, without passing internal mechanical parts, thus
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avoiding potential contamination of the sample. The bag is
specified to capture 99.97 % of all particles ≥0.3 μm. Wet
areas in the home (i.e., kitchens, bathrooms, laundry rooms)
were avoided to protect the integrity of the FD sample. Par-
ticipants were requested to abstain from cleaning floor sur-
faces for a period of 7 days before the scheduled fresh dust
sampling, which allowed sufficient mass of fresh dust to ac-
cumulate. All HD and FD vacuum bags were sealed in paper
and then double-bagged on site during the home visit, by the
technician, prior to being shipped to Health Canada for prep-
aration and analysis. All dust samples were air-dried and
sieved, and the fraction with particle sizes <80 μm was used
for analysis. This size fraction was selected because it pro-
vides a homogeneous sample with good reproducibility and
has been shown to be relevant for indoor environmental path-
ways (Rasmussen et al. 2013). Sieved dust samples were kept
frozen in gas tight amber glass jars to prevent potential pho-
tolysis. Statistical analysis was conducted using SPSS Statis-
tics v.19 and MS Excel 2010. Evaluation of the data distribu-
tions indicated that non-parametric tests were appropriate. The
Spearman rank and Wilcoxon signed rank tests were used to

compare HD and FD results from 40 homes, for compounds
with median concentrations greater than their corresponding
method detection limits (MDLs).

Sonication extraction and sample cleanup

Dust samples (0.1 g±0.003 g) were accurately weighed and
transferred to 10-mL glass centrifuge tubes. Twenty-five mi-
croliters of the internal standard mixture solution, which
contained F1BDE-47 (0.2 ng/μL), BDE-105 (0.2 ng/μL),
13C-syn-dechlorane plus (1.0 ng/μL), and 13C-anti-dechlorane
plus (1.0 ng/μL), was spiked into the sample. The tube was
vortexed for 10 s, sonicated for 5 min, and vortexed again to
re-suspend the dust pellets. Such vortexing and sonication
were repeated two more times, and then the tube was centri-
fuged for 5 min at 3000 rpm. The clear supernatant was trans-
ferred to a 4-mL amber vial. This completed one extraction
cycle. The extraction cycle was repeated two more times and
the supernatant combined. The combined extract was concen-
trated by a gentle stream of nitrogen at room temperature and
then solvent exchanged to hexane (1 mL) prior to sample

Table 1 List of target compounds and internal standards

CAS Number Compound Abbreviation MW (g/mol) SIM ions (m/z) INSTD

3278-89-5 Allyl 2,4,6-tribromophenyl ether ATE 370.9 81/79 F1BDE-47

3322-93-8 1,2-Dibromo-4-(1,2-dibromoethyl)cyclohexane (alpha) α-TBECH 427.8 81/79 F1BDE-47

3322-93-8 1,2-Dibromo-4-(1,2-dibromoethyl)cyclohexane (beta) β-TBECH 427.8 81/79 F1BDE-47

23488-38-2 2,3,5,6-Tetrabromo-p-xylene TBpX 421.8 81/79 F1BDE-47

99717-56-3 2-Bromoallyl 2,4,6-tribromophenyl ether BATE 450.0 81/79 F1BDE-47

608-90-2 1,2,3,4,5-Pentabromobenzene PBB 472.6 81/79 F1BDE-47

3322-93-8 1,2-Dibromo-4-(1,2-dibromoethyl)cyclohexane (garma+ delta) (γ+ δ)-TBECHa 427.8 81/79 F1BDE-47

39569-21-6 Tetrabromo-o-chlorotoluene TBCT 442.2 81/79 F1BDE-47

87-83-2 Pentabromotoluene PBT 486.6 81/79 F1BDE-47

85-22-3 Pentabromoethylbenzene PBEB 500.7 81/79 F1BDE-47

35109-60-5 2,3-Dibromopropyl 2,4,6-tribromophenyl ether DPTE 530.7 81/79 F1BDE-47

87-82-1 Hexabromobenzene HBB 551.5 81/79 F1BDE-47

38521-51-6 Pentabromobenzyl bromide PBBB 565.5 81/79 BDE-105

59447-55-1 Pentabromobenzyl acrylate PBBA 556.7 81/79 BDE-105

183658-27-7 2-Ethylhexyl-2,3,4,5-tetrabromobenzoate EHTBB 549.9 81/79 BDE-105

37853-59-1 1,2-Bis(2,4,6-tribromophenoxy)ethane BTBPE 687.6 81/79 BDE-105

135821-74-8 syn-Dechlorane Plus syn-DP 653.7 654/652 13C10-syn-DP

135821-03-3 anti-Dechlorane Plus anti-DP 653.7 654/652 13C10-anti-DP

Internal Standards (INSTD)

6-Fluoro-2,2′,4,4′-tetrabromodiphenylether F1BDE-47 424.9 81/79 –

2,3,3′,4,4′-Pentabromodiphenyl ether BDE-105 564.7 81/79 –
13C10-syn-dechlorane plus

13C10-syn-DP 663.7 664/662 –
13C10-anti-dechlorane plus

13C10-anti-DP 663.7 664/662 –

SIM (single ion monitoring) ions: ions for quantitation/qualification

MW molecular weight (g/mol), INSTD internal standard
a (γ+ δ)-TBECH: the two isomers (γ-TBECH and δ-TBECH) could not be separated by GC, and thus, their concentrations were quantitated as the sum
of the two isomers
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cleanup on a Florisil SPE cartridge (500 mg/6 cc, UCT, from
Bristol, PA). The SPE cartridge was preconditioned with
2×5 mL of hexane. The concentrated extract was loaded onto
the cartridge. The vial was rinsed with hexane (2×0.5 mL),
and the rinse was also added to the cartridge. The target com-
pounds were eluted with 2×5.0 mL of hexane. The eluent was
evaporated at room temperature with a gentle stream of nitro-
gen to just dryness. The residue was reconstituted in 175μL of
toluene. After 25 μL of recovery standard BDE-77 (0.2 ng/
μL) was added, the final solution was subjected to gas
chromatography-mass spectrometry (GC/MS) analysis.

GC/MS instrumental analysis

Sample extracts were analyzed using an Agilent 6980 gas
chromatographer (GC) coupled with a Waters Quattro micro
triple quadrupole mass spectrometer (Waters Corp., Milford,
MA, USA) operated in electron capture negative ionization
(ECNI) mode. Methane was used as reagent gas. The ion
source and GC interface temperatures were set at 180 and
280 °C, respectively. The GC column was a Zebron ZB-
5HT (15 m×0.25 mm i.d., 0.10 μm of film thickness) from
Phenomenex (Torrance, CA, USA). The carrier gas was
helium with a constant flow of 1 mL/min. The oven temper-
ature was initially held at 80 °C for 2 min, ramped to 200 °C at
4 °C/min, held at 200 °C for 1 min, ramped to 300 °C at
25 °C /min, held at 300 °C for 2 min, ramped up to 330 °C
at 35 °C/min, and finally held at 330 °C for 10 min. The GC
injector was equipped with a programmable-temperature va-
porizer inlet (PTV) which was operated in solvent vent mode.
The initial inlet temperature was held at 90 °C for 0.04 min,
ramped to 295 °C at 700 °C/min, and held at 295 °C thereafter
till the end of the GC/MS analysis. Vent pressure was set at
10 kPa with vent flow of 75mL/min ending at 0.02min. Purge
flowwas 50mL/min after 1.25min. The injection volumewas
2 μL. Selected ion monitoring (SIM) mode was employed to
monitor two ions for each individual compound, one for quan-
titation and the other for confirmation (Table 1).

Results and discussion

Method performance, validation, and QA/QC

A few recent studies have reported methods for the analysis of
PBDEs and some non-PBDE Bnovel^ flame retardants
(NFRs) in dust samples (Ali et al. 2011, 2012a; Cristale and
Lacorte 2013; Dodson et al. 2012; Fromme et al. 2014; Ionas
and Covaci 2013; Shoeib et al. 2012; Stapleton et al. 2008;
Van den Eede et al. 2012). The general procedure includes
solvent extraction of organics from dust samples, sample
cleanup using solid phase extraction (SPE), and separation
and detection of analytes by GC/MS or LC/MS. In this study,

a mixed solvent of hexane/acetone (3×1.5 mL, v/v, 1:1) was
used by sonication extraction. The extraction efficiency after
2 cycles was higher than 95 % for all the target analytes, but
three extraction cycles were used to ensure higher recoveries of
all target analytes. For sample cleanup for the analysis of NFRs,
a few recent studies used the SPE method with different adsor-
bents including deactivated alumina (Shoeib et al. 2012), neu-
tral silica (Ionas and Covaci 2013), acidified silica (Dirtu et al.
2012; Geens et al. 2010), deactivated silica (Lankova et al.
2015), Florisil (Dodson et al. 2012; Van den Eede et al.
2012), deactivated Florisil (Stapleton et al. 2008), and polymer-
ic sorbents such as Oasis HLB (fromWaters Inc., Milford,MA,
USA) (Ionas and Covaci 2013). We briefly tested three differ-
ent sorbents for SPE cleanup: Florisil (500 mg/6 cc, UCT, from
Bristol, PA), silica (500 mg/6 cc, from Sigma-Aldrich, Oak-
ville, ON), and HLB (500 mg/6 cc, from Waters Inc., Milford,
MA). We found that Florisil SPE gave us better efficiency for
sample cleanup of the target analytes. Sample cleanup coupled
with separation and detection by GC/ECNI-MS provided good
separation of all target analytes in dust samples (Figures S2 and
S3). For GC/MS analysis, some NFRs may undergo thermal
decomposition or isomeric conversion in the GC injection liner
at high temperature. For example, 1,2-dibromo-4-(1,2-
dibromoethyl)cyclohexane (TBECH) can convert among the
four isomeric forms at elevated temperatures. Tomy et al.
(2008) found that β-TBECH could convert to other TBECH
isomers (i.e., α−, γ−, and δ−). When the mixture of α− and
β−TBECH was injected at 295 °C for GC/MS analysis in this
study, it was found that more than 30% ofα− andβ−TBECH
were converted to γ− and δ−TBECH; likewise, more than
40 % of γ − and δ −TBECH were converted to α − and
β−TBECH. In addition, such conversions were not consistent.
Therefore, the best injection temperature for TBECH should be
below 150 °C. In this study, a programmable temperature va-
porization (PTV) injector was used. The PTV temperature was
initially set at 90 °C for 0.04 min, then ramped to 295 °C at
700 °C/min, and held at 295 °C thereafter during the GC run
which ensured all target compounds evaporated in the injection
liner and were transferred to the GC column. Such PTV injec-
tion minimized the thermal conversion of TBECH (Fig. 1) and
possibly other target compounds as well.

Six different concentration levels of target analytes in tol-
uene were used to determine retention time and check the
linearity range of the method. The calibration curve was linear
(R2>0.993) over a concentration range of 0.5 to 250 pg/μL
for each target analyte with the exception of EHTBB (5–
2500 pg/μL), BTBPE (2.5–1250 pg/μL), syn-DP and anti-
DP (2.5–1250 pg/μL). Solvent-washed dust, free of target
analytes, was used as a dust surrogate to determine the method
detection limits (MDLs), recoveries, and precision. The esti-
mation of MDL for each analyte was based on the US EPA
Regulation 40 CFR Part 136 (Appendix B) method (USEPA
1986). Eight (8) replicates of solvent-washed dust samples
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spiked with a mixture of target compounds at 2.5 ng/g level
were processed through the entire sample preparation and in-
strumental analysis procedures. TheMDLs ranged from 0.5 to
1.9 ng/g (Table 2). Since the concentrations of NFRs vary
greatly for different compounds and samples, recoveries were
investigated at four different spiking levels spanning from 10
to 100 ng/g (Table 2), and at each level, replicate analysis
(n=4) was performed. The overall recoveries for each analyte
are listed in Table 2, ranging from 61 % for PBBB to 112 %

for β-TBECH; the average recoveries of the majority of target
analytes were over 80 %. Method precision was evaluated
with replicate analysis (n=4) of solvent-washed dust samples
spiked with target analytes and analyzed on three different
days. The overall inter-day variations (RSD, %) were lower
than 15% for all the analytes except PBBA (19 %), indicating
that the method was robust. Sample analysis was performed
by batch. Each batch consisted of two method blanks, three
QC samples, and 18 samples with two duplicates. The relative
percent difference (RPD) for duplicate analyses was less than
20 %. If the QC sample results deviated from the spiked con-
centrations more than 20 % for the majority of target com-
pounds or no baseline separation could be achieved for
α− and β−TBECH, then maintenance of the GC/MS system
(e.g., change injection liner, trim column head, clean ion
source, or even change the GC column) would be performed.
No target analytes were detected in method blanks, and thus,
the reported data were not blank-corrected.

NFR concentrations in SRM 2585

NIST SRM 2585 was analyzed for target analytes. Six repli-
cates along with two matrix blanks were performed for the
analysis. There are no certified values for target NFR com-
pounds in SRM 2585 (Table 3). Internal standards were

α β

γ δ

Fig. 1 GC/MS chromatogram of (a) (α+β)–TBECHmixture (1 ng/μL)
and (b) (δ +γ)–TBECH mixture (1 ng/μL) using PTV injection

Table 2 Method detection limit (MDL), limit of quantitation (LOQ), average recovery (%) at different spiking levels, and intra- and inter-day precision
(RSD, %) for each target analyte

Compound MDL
(ng/g)

LOQ
(ng/g)

Average recovery (%) at different spiking levels Precision (%)

L1
(10 ng/g)

L2
(25 ng/g)

L3
(50 ng/g)

L4
(100 ng/g)

Overall Day 1
(n= 4)

Day 2
(n= 4)

Day 3
(n = 4)

Overall
(n= 12)

ATE 0.5 1.7 106 ± 4 97± 8 98 ± 6 100 ± 6 100 ± 6 5 5 4 6

α-TBECH 0.9 3.0 96± 3 92± 5 90 ± 7 90 ± 4 92 ± 5 3 3 4 5

β-TBECH 0.6 2.1 117± 3 109 ± 6 111 ± 6 113± 8 112± 6 2 3 4 5

TBpX 0.6 1.9 100 ± 2 98± 6 99 ± 3 102 ± 6 100 ± 4 2 2 1 2

BATE 0.5 1.6 110± 3 102 ± 0 108 ± 4 107 ± 1 107 ± 4 1 3 3 3

PBB 0.8 2.7 107 ± 2 106 ± 5 106 ± 3 109 ± 5 107 ± 4 1 3 3 3

(γ+ δ)-TBECHa 0.6 2.0 75± 1 69± 4 69 ± 5 73 ± 4 72 ± 4 2 6 2 7

TBCT 0.9 3.1 77± 2 78± 4 80 ± 3 81 ± 4 79 ± 3 1 3 1 2

PBT 0.6 1.9 76± 1 78± 3 80 ± 3 78 ± 3 78 ± 3 0.3 1 2 2

PBEB 0.6 1.9 68± 2 72± 1 74 ± 4 73 ± 3 72 ± 3 0.5 1 2 2

DPTE 0.5 1.7 92± 7 90± 3 98 ± 2 97 ± 3 94 ± 5 1 1 3 3

HBB 0.5 1.8 77± 4 80± 1 84 ± 2 82 ± 1 81 ± 4 0 1 2 1

PBBB 1.0 3.3 59± 9 45± 7 68 ± 16 71 ± 5 61 ± 14 8 6 6 7

PBBA 1.6 5.5 58± 6 65± 14 81 ± 17 68 ± 5 68 ± 13 10 15 16 19

EHTBB 1.5 4.9 74± 5 77± 14 88 ± 11 96 ± 3 84 ± 12 3 9 6 10

BTBPE 1.7 5.5 63± 71± 3 84 ± 1 103 ± 7 80 ± 16 3 3 5 12

syn-DP 1.2 3.9 110± 10 102 ± 1 107 ± 3 102 ± 3 105 ± 6 0 1 2 2

anti-DP 1.9 6.3 107 ± 102 ± 4 117± 11 104 ± 2 107 ± 8 3 3 4 4

aγ-TBECH and δ-TBECH could not be well separated and thus quantitated as the sum of the two compounds
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spiked prior to sample extraction, and their recovery recover-
ies monitored. The average recoveries of the internal standards
were found to be satisfactory: F1BDE-47 (88±2.3 %), BDE-
105 (97±6.2 %), 13C10-syn-DP (90±2.6 %), and 13C10-anti-
DP (81±3.8 %). A few recent studies reported only EHTBB
and BTBPE in SRM 2585 and the results were often associ-
ated with large uncertainties (Table 3). Therefore, comparison
of our results with those reported by other studies was incon-
clusive; nevertheless, we calculated the average concentra-
tions of EHTBB and BTBPE using the values reported by
other studies and this study. The EHTBB concentration mea-
sured in this study was 39±4.8 ng/g, 11 % off the average (35
± 5.0 ng/g); the BTBPE concentration was 38 ± 5.9 ng/g,
−14 % off the average (44±16 ng/g). Such discrepancies em-
phasize the need for more independent analyses. Other major
NFRs detected in SRM 2585 include syn-DP (18.7±1.5) ng/
g, anti-DP (44.1±7.9) ng/g, PBEB (7.7±0.6) ng/g, and ATE
(6.0±2.2) ng/g. TBpX, BATE, (γ+δ)-TBECH, TBCT, PBT,
PBEB, DPTE, PBBB, and PBBAwere either not detected or
their concentrations were below their corresponding MDLs.
To the best of our knowledge, this study is the first to report 15
more NFRs in SRM 2585 other than EHTBB, BTBPE, and

HBB. The results of this study could potentially contribute to
the certification of these NFRs in NIST SRM 2585.

Comparison of FD and HD samples for NFRs in dust

Out of a total of 18 compounds in Table 4, four compounds
(i.e., (γ+δ)−TBECH, DPTE, PBBB, and PBBA) were not
detectable in either FD or HD samples, and four compounds
(TBpX, BATE, PBT, and PBEB) had median values below
MDL in both datasets. Statistical comparisons of the remain-
ing 10 compounds are summarized in Table 4. Non-
parametric tests (Spearman rank and Wilcoxon signed rank)
were used for these comparisons as previous work showed
that the Canadian House Dust Study (CHDS) dataset cannot
be assumed to be normally distributed (Rasmussen et al. 2011,
2013). The comparisons in Table 4 demonstrate a general
consistency between FD and HD results, which indicates that,
for the studied compounds, household vacuum samples pro-
vide cost-effective and informative results which are compa-
rable to those of fresh dust samples. The Spearman rank cor-
relations are significant and positive between FD and HD for
all 10 compounds: at the 99 % confidence intervals (CIs) for

Table 3 Comparison of the concentrations of target analytes in SRM 2585 (ng/g) with those reported by other studies

Comp. Refc [1]
(n = 4)

Ref [2]
(n= 5)

Ref [3]
(n= 6)

Ref [4]
(n= 2)

Ref [5]
(n = 2)

Ref [6]
(n = 3)

Ref [7]
(n = 2)

Ref
[8]

This study
(n = 6)

Average Error
(%)b

ATE 6.0 (2.2)a

α-TBECH 3.5 (1.6)

β-TBECH 2.7 (1.2)

TBpX <MDL

BATE <MDL

PBB 1.6 (0.4)

(γ+ δ)-
TBECHc

<MDL

TBCT <MDL

PBT <MDL

PBEB 7.7 (0.6)

DPTE <MDL

HBB 2 (0.8) 2.8 (0.4) 2 17

PBBB ND (−)
PBBA ND (−)
EHTBB 35 (6) 36 (2.4) 26 (2) 33 (3.8) 40 (2) <30 40 41 38.8 (4.8) 36 7

BTBPE 76 (4) 39 (4.9) 39 (14) 37.5 (6.8) 35 (4) <0.8 32 54 37.8 (5.9) 44 −14
syn-DP 18.7 (1.5)

anti-DP 44.1 (7.9)

a One standard deviation (SD) is listed in parenthesis
b Percent error (%) between the mean concentration of this study and the average concentration for each analyte
c Reference cited: Ref [1] (Cristale and Lacorte 2013); Ref [2] (Sahlstrom et al. 2012); Ref [3] (Van den Eede et al 2012); Ref [4] (Ali et al. 2012a); Ref [5]
(Ionas and Covaci 2013); Ref [6] (Stapleton et al. 2008); Ref [7] (Ali et al. 2011); Ref [8] (Fromme et al. 2014)
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eight compounds and at the 95 % CIs for two compounds
(Table 4). A comparison of medians using the Wilcoxon rank
test indicates that there is no significant difference between
median values of FD and HD samples (p>0.05; Wilcoxon
rank) with the exception of TBCT for which the FD median
is significantly higher than the HD median (p = 0.042;
Table 4).

Concentrations in house dust

Although PBDEs have been investigated extensively in vari-
ous environmental matrices, including house dust, data on the
occurrence of non-PBDE halogenated FRs in indoor dust are
less common. In this study, a subset of 351 randomly selected
FD samples collected under the CHDSwas analyzed. EHTBB
and BTBPE were the two major compounds detected in this
study with detection frequencies higher than 90 %. EHTBB
was identified to be one major component in Firemaster 550
(Stapleton et al. 2008), which might be designed to replace
penta-BDE formulation in polyurethane foam. BTBPE has
been advertised as a replacement for octa-BDE mixtures and
is used as an additive in thermoplastic and thermosetting plas-
tic systems and may be used as a replacement for octa-BDE
mixtures (Danish EPA 2006). The worldwide production/

usage of BTBPE was estimated to be 16,710 tons in 2001,
but there is no production information available for EHTBB
(Covaci et al. 2011). In this study, EHTBB had a detection
frequency of 95 % (n= 351), with median concentration
(range) of 104 (<1.7–13,000) ng/g. BTBPE was detected in
93 % of the samples, with median concentration of 8.5 (<1.7–
2390) ng/g. Similar concentrations of EHTBB and BTBPE
were found in another Canadian study, where 116 dust sam-
ples were collected in 2007–2008 in Vancouver, BC, Canada
(Shoeib et al. 2012). They were also detected in every sample
collected in the USA, including San Francisco, Boston, and
Durham (Dodson et al. 2012; Stapleton et al. 2008, 2014).
Such high detection frequencies of EHTBB and BTBPE in
Canada and the USA suggest their widespread use in North
America (Table 5). These two compounds were also detected
in other regions out of North America, but with relatively
lower detection frequencies and concentrations (Table 5).

HBB, syn-DP, and anti-DP were detected in this study with
frequencies higher than 90 % (Table 6). HBB is used as an
additive flame retardant in polymers, plastics, textiles, wood,
and paper (Bruchajzer et al. 2004). In this study, HBB was
detected in 94% of the samples, with median concentration of
10.2 (<0.5–430) ng/g, higher than that of 3.7 (<0.02–130) ng/
g reported in the Vancouver study (Shoeib et al. 2012).

Table 4 Comparison of the results of fresh dust (FD) versus household vacuum (HD) samples (n= 40 pairs)

Comp. FD (n= 40) HD (n= 40) Spearman
rank

Wilcoxon rank p

Median Min Max 95th PCTL DF (%) Median Min Max 95th PCTL DF (%) r p

ATE 0.9 <MDLc 15 10 68 0.7 <MDL 38 7 55 0.372 0.02 >0.05

α-TBECH 1.6 <MDL 25 14 65 1.2 <MDL 79 23 58 0.542 <0.001 >0.05

β-TBECH 1 <MDL 23 15 63 0.9 <MDL 70 21 58 0.564 <0.001 >0.05

TBpX <MDL <MDL 1 <MDL 2.5 <MDL <MDL 1 <MDL 2.5 – – –

BATE <MDL <MDL 5.2 2.9 33 <MDL <MDL 8.4 3.5 38 – – –

PBB 0.8 <MDL 8.3 5.8 50 0.9 <MDL 4.6 3.4 53 0.337 0.03 >0.05

(γ+ δ)−TBECH ND ND ND ND ND ND ND ND ND ND – – –

TBCT 3 <MDL 66 30 73 2.3 <MDL 23 11 70 0.824 <0.001 0.042

PBT <MDL <MDL 4.8 3.2 40 <MDL <MDL 4.4 2.7 38 – – –

PBEB <MDL <MDL 1 <MDL 5 <MDL <MDL 1 <MDL 5 – – –

DPTE ND ND ND ND ND ND ND ND ND ND – – –

HBB 14.7 2.28 109 44 100 9.5 2.2 113 47 100 0.723 <0.001 >0.05

PBBB ND ND ND ND ND ND ND ND ND ND – – –

PBBA ND ND ND ND ND ND ND ND ND ND – – –

EHTBB 96 9 5600 1470 100 75 6.7 15,600 1930 100 0.65 <0.001 >0.05

BTBPE 7.4 1.9 170 70 100 8 <MDL 104 51 98 0.419 0.01 >0.05

syn-DP 2.6 <MDL 30 12 98 2.5 <MDL 81 21 90 0.717 <0.001 >0.05

anti-DP 5.6 <MDL 52 27 98 5.9 <MDL 93 44 93 0.608 <0.001 >0.05

PCTL percentile, DF detection frequency (%),MDL method detection limit, ND not detected
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Table 5 Concentrations (ng/g) of EHTBB and BTBPE in indoor dust in the present study and those reported in other studies

Origin Sample
size

Mass
(g)

Year of
sampling

Samples
(n)

EHTBB BTBPE Reference

DF,
%

Median Range DF,
%

Median Range

Cities across Canada <80 μm ∼0.1 2007–2010 351 95 104 <1.5–13,000 93 8.5 <1.7–2390 This study

Vancouver, Canada <150 μm ∼0.1 2007–2008 116 96 120 <0.30–18,000 100 30.0 1.8–610 (Shoeib et al. 2012)

San Francisco, USA <150 μm ∼0.05 2006 16 100 48 4–740 100 30.0 7–220 (Dodson et al. 2012)

San Francisco, USA <150 μm ∼0.05 2011 16 100 100 45–5900 100 12.0 3–130 (Dodson et al. 2012)

Boston, MA, USA <500 μm ∼0.3 2006 7 or 10 100 91.1a 35.7–669 100 17.7a 2.5–219 (Stapleton et al. 2008)

Durham, NC, USA <500 μm ∼0.1 2009–2010 30 100 97.0 6.0–2430 (Stapleton et al. 2014)

Munich, Germany <63 μm ∼1.0 2011 20 40 <3.0 <3.0–13.6 35 <10 <10–34 (Fromme et al. 2014)

Kuwait city, Kuwait <500 μm ∼0.075 2011 15 6.6 0.6–550 6.8 0.9–535 (Ali et al. 2013)

Faisalabad, Pakistan <500 μm ∼0.075 2011 15 0.4 <0.2–4.8 15 1–192 (Ali et al. 2013)

Gujrat, Pakistan <500 μm ∼0.075 2011 31 20 <0.2 <0.2–4.5 100 3.15 0.2–397 (Ali et al. 2012b)

Iasi, Romania <500 μm ∼0.075 2010 47 <2 <2–21 – 4 <2–90 (Dirtu et al. 2012)

New Zealand <500 μm ∼0.075 2008 34 74 2 <2–2285 44 2 <2–175 (Ali et al. 2012a)

Guangzhou, China <500 μm ∼0.5–2 2008–2009 27 96 6.5 ND–211 (Wang et al. 2010)

ND not detected
a Geometric mean of EHTBB (n = 10) and BTBPE (n= 7)

Table 6 Comparison of the concentrations (ng/g) of selected non-BDE halogenated flame retardants with those reported in North America

Comp. Vancouver, Canada
(2007–2008, n = 116)
(Shoeib et al. 2012)

San Francisco, USA
(2006, n = 16)
(Dodson et al. 2012)

San Francisco, USA (2011, n = 16)
(Dodson et al. 2012)

Canada, This study
(2007–2000, n= 351, FD samples)

DF, % Median DF, % Median DF, % Median MDL DF, % Median

ATE 81 0.4 (<0.04–52) 0 0 0.50 69 1.1 (<0.5–390)

α-TBECH 6 <2 (<2–13) 19 <2 (<2–25) 0.90 63 1.7 (<0.9–780)

β-TBECH 6 <2 (<2–11) 12 <2 (<2–16) 0.62 69 1.4 (<0.6–720)

TBpX 58 0.3 (<0.03–410) 0.56 7 <0.6 (<0.6–20)

BATE 5 NR (<0.08–4.6) 0 0 0.48 32 <0.5 (<0.5–47)

PBB 89 0.4 (<0.05–3.4) 0.81 55 0.9 (<0.8–110)

(γ+ δ)−TBECH 0 6 <2 (<2–3) 0.61 0 ND

TBCT 16 NR (<0.02–7.1) 0.94 72 2 (<0.9–83)

PBT 90 0.3 (<0.02–12) 0.57 32 <0.6 (<0.6–46)

PBEB 23 NR (<0.07–4.1) 0.58 11 <0.6 (<0.6–13)

DPTE 43 1.5 (<0.30–1200) 6 <2 (<2–2) 6 <2 (<2–11) 0.50 0 ND

HBB 99 3.7 (<0.02–130) 50 1 (<2–8) 31 <2 (<2–13) 0.55 94 10.2 (<0.5–430)

PBBB 1.0 0 ND

PBBA 15 NR (<0.08–10) 1.6 0 ND

EHTBB 96 120 (<0.30–18,000) 100 48 (4–740) 100 100 (45–5900) 1.5 95 104 (<1.5–13,000)

BTBPE 100 30 (1.8–610) 100 30 (7–220) 100 12 (3–130) 1.7 93 8.5 (<1.7–2390)

syn-DP 99 2.8 (<0.70–170) 81 3 (<2–22) 44 <2 (<2–7) 1.2 93 2.9 (<1.2–1410)

anti-DP 99 4 (<0.70–170) 100 7.5 (3–35) 75 3 (<2–8) 1.9 95 5.6 (<1.9–1570)

DF detection frequency (%), NR not reported, ND not detected
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Dechlorane plus is an additive flame retardant used in electri-
cal connectors and in commercial wire and cable (Oxy Co.
2013). Commercial DP formulation contains two major iso-
mers (syn- and anti-), which were well resolved during GC/
MS analysis in this study. Both isomers were detected with
frequencies higher than 90 %. The median concentrations of
2.9 (<1.2–1400) ng/g for syn-DP and 5.6 (<1.9–1570) ng/g for
anti-DP ng/g in this study were similar to those reported by
other studies listed in Table 6 (Dodson et al. 2012; Shoeib
et al. 2012), but were relatively lower than 14 (2.3–5680)
ng/g for total DP (i.e., sum of syn-DP and anti-DP) reported
by Zhu et al. (2007), who found DPs in every sample (n=69)
collected in the city of Ottawa, Canada in 2002–2003. Other
NFR analytes have seldom been studied in dust samples
(Table 6). TBECH is an additive FR used mainly in expand-
able polystyrene beads used for thermal insulation in housing.
It is also used as a FR for extruded polystyrene foam and for
adhesives in fabric and vinyl lamination, electrical cable coat-
ings, high-impact plastic parts of appliances, and in some con-
struction materials (Arsenault et al. 2008). Technical TBECH
consists of near equimolar amounts of two diastereomers:
α − and β −TBECH (Arsenault et al. 2008). Annual US
production/imports of TBECH were 10,000–500,000 lb from
1986–2002 (USEPA 2002). In this study, α− and β−TBECH
were detected in 58 % of the samples with median concentra-
tions of 1.17 (<0.9–79) ng/g and 0.94 (<0.62–70) ng/g, re-
spectively. Dodson et al. (2012) also detected α − and
β−TBECH in dust samples in San Francisco, but with lower
detection frequency and lower concentrations (Dodson et al.
2012) (Table 6). Other analytes which were also detected in
this study with high frequency included TBCT (70 %), ATE
(55 %), and PBB (53 %); however, their respective concen-
trations were low (Table 6). DPTE, PBBB, and PBBA were
not detected in any samples analyzed in this study.

Conclusions

A new method was developed to measure 18 non-PBDE ha-
logenated flame retardants in house dust. The method demon-
strated good sensitivities and recoveries for the target com-
pounds. EHTBB, HBB, BTBPE, syn-, and anti-DP were the
major compounds detected and quantified in house dust sam-
ples. Two vacuum sampling methods provided comparable
results, indicating that dust sampling from household vacuum
bags is a cost-effective and informative alternative to the stan-
dardized sampling of fresh dust by qualified technicians. The
analytical method was also applied to the analysis of target
compounds in NIST standard reference material (SRM 2585,
organic contaminants in house dust). The results obtained
from SRM 2585 could inform a potential certification of con-
centrations of these novel flame retardants in the reference
material.
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