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Abstract
Concentrations of polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCDD), tetrabromobisphenol-A (TBBPA) and two potential replacements decabromodiphenylethane (DBDPE) and 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE) were measured in dust samples collected from 14 homes across Birmingham (UK). Concentrations were compared with those from the same city in previous studies to ascertain any temporal changes and to assess the effects of legislative restrictions. The average ∑HBCDDs concentration (46,000 ng/g; median = 280 ng/g) included the highest dust concentration recorded globally (570,000 ng/g). This is despite the listing of HBCDD under the Stockholm Convention in 2013, demonstrating that decreases in indoor contamination will likely be slow as existing sources are gradually discarded. In contrast, concentrations of BDE-47 (mean = 5.7 ng/g; median = 0.93 ng/g) and BDE-99 (mean = 11 ng/g; median = 2.9 ng/g) were significantly lower than in all previous (p < 0.01) studies in the same city since 2006, suggesting restrictions on the Penta-BDE formulation have been effective.  The average BDE-209 concentration (4,800 ng/g; median = 1,600 ng/g) is lower than the peak average concentration, which was observed in 2007 (280,000 ng/g), however this is not a significant decline, probably due to the later imposition of Deca-BDE restrictions compared to those on Penta-BDE. Decreases in PBDE concentrations have coincided with a significant (p < 0.01) increase in DBDPE concentrations (average = 1,500 ng/g; median = 660 ng/g) since 2014, suggesting its use as a replacement flame retardant for Deca-BDE. While no significant change was detected for BTBPE (average 11 ng/g; median = 0.84 ng/g in this study); concentrations of TBBPA (average = 34 ng/g; median = 35 ng/g) were significantly lower (p < 0.05) than in 2007 (average 62 ng/g).  The decreases observed in PBDE concentrations, demonstrates that legislation has has been effective in  reducing the commercial use of PBDEs, however this has coincided with increases of alternative flame retardants such as DBDPE.

Introduction

Brominated flame retardants (BFRs) have had widespread use since the 1960s to impart flame retardancy in a number of commercial and consumer products, including soft furnishings, electrical and electronic equipment (EEE), and building insulation foams [1,2]. Three of the most commonly used BFRs are polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCDD), and tetrabromobisphenol-A (TBBPA), which at their peak had a global demand of 67,000 t [3], 28,000 t [4] and 120,000 t [5] respectively. These high demands have led to their ubiquity in the environment, being detected in indoor air and dust [6–9], outdoor air, soil and sediments [10–12] and in humans [13–19] across the world. Concerns over toxicity of PBDEs and HBCDD, combined with the persistence and ability to bioaccumulate has led to their listing as persistent organic pollutants (POPs) and subsequent bans of the commercial Penta- and Octa-BDE formulations in 2009 [20], HBCDD in 2013 [21] and Deca-BDE in 2017 [22] under the UNEP Stockholm Convention. There are currently no restrictions on TBBPA production and use, however it is listed as a carcinogen by California's Office of Environmental Health Hazard Assessment under Proposition 65 [23]. It is also classified as Group 2A “Probably Carcinogenic to Humans” by the International Agency for Research on Cancer [24].
As various restrictions have come into place, detection of alternative BFRs has risen. Two such alternatives are decabromodiphenylethane (DBDPE) and 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE). DBDPE is structurally almost identical to BDE-209 (the primary constituent of commercial Deca-BDE [25]), and as such has been marketed as a direct replacement for Deca-BDE as a flame retardant in electronics casings and in back-coating of fabrics and textiles used in soft furnishings [26]. BTBPE has primarily been marketed as an alternative to commercial Octa-BDE and is believed to primarily be used in hard plastics and electronics casings [12]. With these widespread uses, and a lack of restrictions it is unsurprising that DBDPE and BTBPE have both been recently found in indoor and outdoor samples [8,11,12,27–30] and to humans [31–33]. Very little is known about the toxicity of BTBPE and DBDPE in humans. Preliminary research has suggested that BTBPE can cause interference with gene expression (cytochrome P-450 (CYP) 1A4) and mRNA levels in chickens [34]; while there is evidence that DBDPE can cause endocrine disruption (such as interference with thyroid hormone secretion) similar to BDE-209 [35].
Previous studies have reported concentrations of BFRs in floor dust from houses in the West Midlands conurbation in the UK [8,28,36–38]. Given the known toxicities and legislative restrictions on “legacy” BFRs such as PBDEs and HBCDD, and potential carcinogenicity of TBBPA, it is vital that their concentrations in indoor environments (where humans spend the majority of their time) are monitored to evaluate the efficacy of such restrictions. Furthermore, monitoring concentrations of potential replacements PBDEs and HBCDD is important to better understand the behaviour and abundance of BFRs like DBDPE and BTPE in indoor settings. The aims of this study are thus to: (i) provide an update of BFR concentrations in indoor dust from homes in the UK; and (ii) to assess temporal trends (if any) in concentrations of “legacy” BFRs and a selection of alternative BFRs since the introduction of legislative restrictions on “legacy” BFRs.
2.0 Materials & Methods

2.1 Sample Collection and Preparation
Floor dust samples (n=14) were collected from 14 homes of volunteers in Birmingham, United Kingdom from March 2019 to August 2019. The majority of homes had not been sampled previously, however one home had been previously measured for HBCDD in 2007 [39]. Samples were collected using a portable vacuum cleaner, to which a nylon sock with a 25 μm mesh size (Allied Filter Fabrics Ltd., Australia) was inserted into the nozzle of the device to retain dust. Exact sampling protocols were the same as previously described [36]. Briefly, 1 m2 of carpet, or 4 m2 of bare floor was vacuumed for 4 minutes. After sampling, socks were closed with a twist tie, sealed in a plastic bag and transferred back to the University of Birmingham where they were passed through a pre-cleaned 500 μm metal sieve and stored at -20 °C until analysis. Before and after sampling, the furniture attachment of the vacuum cleaner was cleaned thoroughly using an isopropanol-impregnated disposable wipe to avoid cross-contamination.
2.2 Sample Extraction & Clean-up

Aliquots of dust samples were accurately weighed (ca. 100 mg) into a clean dry glass tube. Samples were spiked with 50 μL of an internal (surrogate) standard solution (containing 1 ng/μL of BDE-77, BDE-128, 13C6-BTBPE, 13C12-TBBPA, 13C12-α-HBCDD, 13C12-β-HBCDD, 13C12-γ-HBCDD, and 2 ng/μL of 13C12-BDE-209 (all from Wellington Laboratories, ON, Canada)). Five millilitres of extraction solvent (hexane:dichloromethane (DCM), 3:1, v/v ratio) were added to each sample, which was then vortexed for 2 minutes prior to 30 minutes of ultrasonication at 20 °C. The tubes were then centrifuged for 2 mins at 3,500 RPM and the supernatant transferred to a separate tube. The extraction process was repeated twice (three times in total), with all extracts combined. The combined extract was concentrated to <0.5 mL and reconstituted to 2 mL in hexane. Two mL of >95 % sulfuric acid was added to the sample, which was then vortexed for 2 minutes. The organic and aqueous layers were left overnight and centrifuged for 5 minutes at 2,500 RPM. The supernatant hexane layer (and 3 x 2 mL hexane rinses) were transferred into a new glass tube, and concentrated at 35 °C under a gentle stream of nitrogen to near dryness. Clean extracts were reconstituted in 100 μL toluene containing 0.1 ng/μL of d18-γ-HBCDD and PCB-129 as recovery determination (syringe) standards and transferred to inserted autosampler vials ready for analysis.

2.3 Instrumental Analysis
Quantitative analysis of PBDEs (BDEs -17, -28, 47, -99, -100, -153, -154, -183, and -209), DBDPE, and BTBPE was performed on a Thermo Fisher Trace 1310 gas chromatograph (GC) coupled to a Thermo Fisher ISQ mass spectrometer (MS). The MS was operated in electron ionisation mode using selective ion monitoring (SIM). One microlitre of the purified extract was injected for analysis using a programmable temperature vaporiser (PTV) onto a Restek Rxi-5Sil MS column (15 m x 0.25 mm x 0.25 µm film thickness). Helium was used as the carrier gas at a flow rate of 1.5 mL/min. Full details of MS parameters including m/z values, retention times and the GC temperature programme have been reported [27].
Determination of concentrations of HBCDD isomers (α-, β- and γ-) and TBBPA was performed on a Sciex Exion UPLC coupled to a Sciex 5600+ Triple TOF MS. Chromatographic separation was achieved with a AccucoreTM RP-MS column (100 × 2.1 cm, 2.6 μm, Thermo Scientific, Bremen, Germany) using a mobile phase of high purity water (Optima grade, Fisher Scientific (mobile phase A)) and methanol (Optima grade, Fisher Scientific (mobile phase B)). The LC program commenced with 25% B and was ramped to 50% over 1 minute, and increased linearly to 100% B over 5 minutes and held for a further 1 minute. The mobile phase composition was returned to 25% B and held for 1 minute to equilibrate for the next sample. The overall method duration was 8 minutes with a flow rate of 0.3 mL/min. The injection volume was 5 μL and the column oven was maintained at 35 °C throughout.
The Triple TOF MS was equipped with a Turbo V ion source, which was operated in negative ion mode using electrospray ionisation at a voltage of -4,500 V. The curtain gas was set at 25 psi, whilst the nebuliser gas (source gas 1) was set at 25 psi and the drying gas (source gas 2) at 35 psi. The CAD gas was set to medium and temperature was 450 °C. The instrument was operated in high resolution mode and scanned between 100-1,000 Da. A SCIEX automated calibrant delivery system was used to maintain mass accuracy. A manual mass calibration was performed prior to each batch of samples, and an automatic mass calibration was performed after every five injections. Identification and quantification of target analytes were performed using Multiquan 2.0 software. Target analytes were identified using a combination of correct retention time and two accurate m/z values. A mass error tolerance of 25 ppm was applied. Native HBCDDs were quantified with m/z 640.6370 and confirmed with 642.6350. Native TBBPA was quantified with m/z 542.7453 and confirmed with m/z 540.7472.
2.4 Quality Control
A blank consisting of sodium sulfate, passed through a 500 μm metal sieve was extracted with each batch of 5 samples. All target analytes in the blanks were below the instrument limit of detection (LOD). Therefore, no blank correction was required for any samples. Limits of quantification (LOQ) were based on a signal to noise of 10:1. LOQs in samples were 0.25 ng/g for individual HBCDD isomers, 0.5 ng/g for TBBPA, 50 ng/g for DBDPE, 1.0 ng/g for BTBPE and ranged from 1.0 ng/g to 20 ng/g for PBDEs.  To evaluate ongoing precision and accuracy, an aliquot of SRM-2585 (NIST) was analysed with each batch (n=3). All target analytes were found to be within 15% of the certified (PBDEs) or indicative concentrations (BTBPE and HBCDD).
2.5 Statistical Analysis
For the purposes of calculations of averages and all statistical testing where a compound was below the LOQ; when the detection frequency (DF) was below 50 %, values were set to the fractional value of the DF multiplied by LOQ; while when DF exceeded 50%, values were set to ½LOQ. All statistical tests were computed using Microsoft Excel 2010 and SPSS for Windows version 22.0. All data was tested for normality using the Shapiro-Wilk test, and where data was not normally distributed, it was log-transformed to facilitate parametric statistical testing. Confidence intervals were set at 95%.
3.0 Results & Discussion
3.1 Concentrations of BFRs in house dust.
All target compounds were detected frequently in house dust samples. Table 1 provides summary descriptive statistics of the concentrations detected. 

HBCDD
HBCDD was detected in all 14 samples with a median ∑HBCDDs (sum of α, β, and γ HBCDD isomers) concentration of 280 ng/g (range: 76 – 570,000 ng/g). Of note is the very high concentration in one location (D4) of 570,000 ng/g, which to the authors’ knowledge is the highest level of HBCDD recorded in indoor dust to date. This sample was collected from the same room as a previously collected dust sample (collected in 2006) which contained 110,000 ng/g ∑HBCDDs [39].  At the time that dust was collected for the current study, the room contained a DVD player as well as the same upholstered furniture and cathode ray tube (CRT) television present in the previous 2006 study and identified as the source of the elevated HBCDD concentration observed [39]. The five-fold increase in the concentration of HBCDD in dust from this room between 2006 and 2019 suggests that emissions of additive BFRs like HBCDD from treated products continue throughout even extended periods of product use, and may even increase as the product ages. It also suggests that reductions in indoor contamination with chemicals such as HBCDD for which manufacture and use in new products has been banned, may be slow, as existing products will continue to act as indoor sources until they are discarded. 
Concentrations in this study exceed those reported in house dust from Egypt (median: 6.2 ng/g, range: 1.4 – 150 ng/g [40], Sweden (median: 55 ng/g, range: <3 – 2,400 ng/g [41], China (median: 64 ng/g, range: 34 – 4,500 ng/g [42] and Portugal (median: 150 ng/g, range: 16 – 2,000 ng/g [43]); while they were comparable to concentrations in Washington, USA (median: 300 ng/g, range: <dl – 3,200 ng/g [44], North Carolina, USA (median: 340 ng/g, range: 78 – 2,700 ng/g [45], Nigeria (median: 394 ng/g, range: 41 – 1,900 ng/g) [7], and Ireland (median: 490 ng/g, range: 1.3 – 43,000 ng/g [27]).
The predominant HBCDD stereoisomer was α-HBCDD in 8/14 samples with γ-HBCDD predominant in the remaining 6 samples. The average stereoisomer profile was 41% α-HBCDD, 19% β-HBCDD and 40% γ-HBCDD. This is in line with previous measurements of HBCDD in dust in the UK and elsewhere [8,28,46,47]. The observed higher percent contribution of α-HBCDD to ΣHBCDDs, accompanied by a lower contribution of the γ-isomer, than expected from their percentages in the commercial HBCDD formulations can be attributed to several factors. These include the interconversion of γ-HBCDD to α-HBCDD at temperatures >160 °C required to incorporate HBCDD into flame-retarded products [2]; as well as a photolytically-induced isomerisation in dust that favours the formation of the α-HBCDD [2,36].
PBDEs
Concentrations of ∑PBDEs (sum of BDEs – 28, -47, -99, -100, -153, -154, -183 and -209) were detected in all 14 samples with a median concentration of 1,700 ng/g (range: 21 – 18,000 ng/g). BDE-209 was predominant (constituting on average 98.2 % PBDEs) and was the only PBDE detected in every sample. BDEs -47 and -99 were the next most frequently detected congeners (7/14 samples), followed by BDE-100 (4/14 samples). No other target PBDEs were detected in any samples. The predominance of BDE-209 is typical of UK dust samples and consistent with previous data [8,28,37,38]. The high concentrations of BDE-209 in UK compared to the rest of Europe is likely due to the different flammability standards in soft furnishings in the UK compared to mainland Europe [48], which has led to an increased use of Deca-BDE in fabrics [8].
∑PBDE concentrations from this study are similar to those found recently in Norway (median: 1200 ng/g, range: 160 – 13,000 ng/g [49]) and Australia (median: 2000 ng/g, range: 400 – 13,000 ng/g [29]). However, they are 4-10 times higher than those measured in China (median: 160 ng/g, range: 90 – 430 ng/g [42]), Portugal (median: 300 ng/g, range: 34 – 9,200 ng/g [43]), and Brazil (median: 480 ng/g, range: 160 – 1200 ng/g [50]). Interestingly, ∑PBDEs concentrations in this study were significantly lower (t-test, p = 0.005) than in dust in homes collected in the Republic of Ireland in 2016 (median: 13,000, range: 140 – 650,000 ng/g [27]). 
DBDPE
DBDPE was detected in 12 out of 14 samples with a median concentration of 660 ng/g (range: <50 – 7,800 ng/g). These concentrations were similar to those measured recently in house dust from China (median: 560 ng/g, range: 220 – 3000 [42]) and Australia (median: 1,600 ng/g, range: <dl – 9,000 ng/g [29]), while they exceeded those in Norway (median: 70 ng/g, range: 11 – 430 ng/g [49]), USA (median: 170 ng/g, range: 18 – 490 ng/g [44])  and Brazil (median: 400 ng/g, range: 150 – 740 ng/g [50]). As with PBDEs, UK concentrations of DBDPE were significantly exceeded (t-test, p = 0.0003) by those detected in the Republic of Ireland between 2016 and 2018 (median: 4,200 ng/g, range: 410 – 460,000 ng/g [27]). This difference between the UK and Ireland is somewhat surprising as the UK and Ireland have similar flame retardancy standards for soft furnishings such as sofas and upholstered chairs [51,52]. While this apparent difference could be due to the relatively small number of samples analysed in the current study; another explanation is that alternatives to DBDPE have been used as Deca-BDE replacements in the UK.
BTBPE 
BTBPE was detected in 7 out of 14 samples with a median concentration of 0.84 ng/g (range: <1.0 – 55 ng/g). Concentrations in this study were lower than those reported recently for Norway (41 ng/g, range: <1.6 – 340 ng/g [49]), Brazil (median: 55 ng/g range: 30 – 80 ng/g [50]) and the USA (median: 72 ng/g, range: <dl – 360 ng/g [44]). However, they were similar to concentrations in China (median: 0.57 ng/g, range: 0.2 – 5 ng/g [42]) and Australia (median: <dl, range: <dl – 98 ng/g [29]).
TBBPA
TBBPA was detected in 13 out of 14 samples with a median concentration of 35 ng/g (range: <0.5 – 71 ng/g). Concentrations in this study are in the middle of the range of those found elsewhere. They were similar to those reported in several other studies around the world including: Saudi Arabia (median: 18 ng/g, range: <1 – 360 ng/g [9]), China (median: 20 ng/g range: 7.4 – 110 ng/g [42]), Germany (median: 28 ng/g, range: 2.9 – 230 ng/g [53]), and Nigeria (median: 50 ng/g, range: 19 – 130 ng/g [7]). However, concentrations were lower than in South Africa (median: 120 ng/g range: <dl – 3800 ng/g [6]) and the USA (median: 210 ng/g, range: <dl – 6600 ng/g [44]) and exceeded those recorded in Colombia (median: 3.3 ng/g, range: <1 – 380 ng/g) and Kuwait (median: 8.4 ng/g, range: 1 – 36 ng/g) [9].
3.2 Temporal trends of BFRs in UK house dust
Data from this study was compared to previous datasets from the UK in order to assess any temporal changes in BFR levels in house dust (Figure 1). Concentrations of target BFRs in individual dust samples were obtained from previously published studies reporting concentrations in dust sampled in the Birmingham area in 2006 ([38]), 2007 ([28,36]), 2011 ([54]), and 2014 ([8]). The mean and range of concentrations, along with the sampling year of each study are provided in Table 2. The log-transformed data from each study were examined for differences in concentrations between sampling years. Where there had been only one previous sampling campaign for a particular compound (i.e. for TBBPA), a t-test was performed; when there was more than one previous sampling campaign, a one-way ANOVA was conducted.
HBCDD

While this study reports to our knowledge the highest concentration of HBCDD in indoor dust, the median concentration (280 ng/g) in the current study was lower than that measured in 2007 (1,300 ng/g [36]), and 2014 (610 ng/g [8]). However, one-way ANOVA demonstrated that this was not a significant decrease (p = 0.469). HBCDD was officially listed under the Stockholm Convention in November 2015 [21]. Given the primary use of HBCDD (>95%) was as a flame retardant in expanded/extruded polystyrene (EPS/XPS) used in cavity wall insulation of buildings [55], it is unlikely that sufficient time has elapsed to observe reductions in HBCDD concentrations in indoor dust. This is especially true as the use of HBCDD to treat EPS/XPS was exempt from the ban until 2020 [21,56].
DBDPE
The median DBDPE dust concentration in this study (660 ng/g) was higher than those recorded in both previous UK studies in 2007 (24 ng/g [28]) and 2014 (41 ng/g [8]). A one-way ANOVA on log-transformed data showed that this was a statistically significant increase (p = 0.001). A similar increase in concentrations of DBDPE in UK indoor dust between 2007 and 2014 has been reported previously [8]; thus our report of a further increase in DBDPE concentrations provides strong evidence of increased UK use of this alternative BFR over the last few years. A report of elevated concentrations of DBDPE in indoor dust from the Republic of Ireland suggests similar use of DBDPE as a Deca-BDE replacement [27].
PBDEs
The median ∑PBDE concentration in this study (1,700 ng/g) was lower than in house dust samples collected in the UK in 2006 (2,900 ng/g [38]), 2007 (8,500 ng/g [28]), 2011 (3,200 ng/g [54]) and 2014 (4,500 ng/g [8]). However, one-way ANOVA reveals this decrease is not statistically significant (p = 0.222). When removing the 2012 data [54]), which was the only study conducted outside of Birmingham, the decrease is more pronounced, but remains statistically insignificant (p = 0.161). While the ANOVA demonstrated that the year-on-year decreases are not statistically significant, a post-hoc Tukey test showed that PBDE concentrations in 2019 (this study) were significantly lower than those in 2007 (p = 0.093). When performing a one-way ANOVA on individual PBDE congeners this decrease is significant for BDEs -47 (p < 0.01) and -99 (p < 0.01). Furthermore, BDEs -153, -154 and -183 were not detected in any samples from this study, meaning that a one-way ANOVA revealed their concentrations to be significantly lower than all previous studies (p <0.01 for all of BDEs -153, -153 and -183). This demonstrates that concentrations in indoor dust of the principal congeners from the Penta-BDE (i.e. BDEs -47 and -99) and Octa-BDE (BDEs -153, -154 and -183) formulations have fallen significantly since their listing under the Stockholm Convention in 2009 [20], emphasising the importance and effectiveness of restrictive legislation. However, a significant decline in concentrations was not observed for BDE-209 (p = 0.63).
Despite this, the median concentration of BDE-209 in Birmingham has fallen from 8,100 ng/g in 2007 [28] to 2,800 ng/g in 2014 [8], and 1,600 ng/g in this study. This suggests that while BDE-209 levels have begun to fall, insufficient time has passed since the introduction of restrictions on the use of Deca-BDE including its listing under the Stockholm Convention in 2017 [22] to observe a meaningful decrease. The decrease in BDE-209 levels between 2007 and 2019 coincides with the aforementioned increase in DBDPE levels over the same period. This provides further evidence of the use of DBDPE as a replacement for Deca-BDE in consumer products. 
TBBPA
Concentrations of TBBPA in dust from this study (median 35 ng/g) were significantly (t-test, p = 0.025) lower than those measured in dust samples taken in Birmingham in 2007 (median 62 ng/g [36]). This was surprising as there are no known restrictions on TBBPA. While the present study has a relatively low sample size, this data suggests a decline in TBBPA use as an additive flame retardant in the UK.
BTBPE
Concentrations of BTBPE in this study (median 0.84 ng/g) were significantly lower (one-way ANOVA; p = 0.042) than in 2014 (median 5.6 ng/g [8]) and in 2007 (median 5.3 ng/g [28]). Furthermore, the detection frequency (DF) of BTBPE in this study was only 50% compared to 100% in 2014 [8], although this may be due to the lower detection limit in the 2014 samples. Overall, our data imply relatively little use of BTBPE in the UK.
4.0 Conclusions
Our data provide an update on concentrations of PBDEs, HBCDD, TBBPA, DBDPE, and BTBPE in household dust from the UK. This study reports the highest concentration of HBCDD in household dust in the world. Despite bans on the manufacture and use of HBCDD in 2013, concentrations in indoor dust in this study remain statistically indistinguishable from those in other studies conducted in the UK since 2006. This is likely due to exemptions surrounding the primary use of HBCDD in EPS/XPS cavity wall insulation until 2020, as well as the long turn-over time of such material. Comparisons with previous data suggest that concentrations in UK house dust of TBBPA and of those PBDEs indicative of Penta-BDE (i.e. BDEs -47 and -99) are significantly lower in 2019 than in 2007. Median concentrations of BDE-209 in UK house dust have also fallen continuously since 2007, however the decrease is not statistically significant. The significant fall in concentrations, of BDEs -47 and -99 combined with declining median concentrations of BDE-209 suggests recent legislation banning manufacture and new use of commercial PBDE formulations has had a beneficial effect. However, this has coincided with a significant increase between 2007 and 2019 in concentrations of DBDPE, a likely replacement for the Deca-BDE formulation. Consistent with recent findings in the Republic of Ireland, this suggests use of DBDPE as a replacement for Deca-BDE to meet the strict furniture flammability standards in the UK and Ireland. 
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Table 1: Summary of concentrations (ng/g) of BFRs in dust from UK homes in 2019 (n=14)
	 BFR
	Average
	Median
	Minimum
	Maximum
	Detection Frequency (%)

	-HBCDD
	11,000
	130
	41
	130,000
	100

	-HBCDD
	4,900
	66
	19
	63,000
	100

	-HBCDD
	30,000
	72
	16
	380,000
	100

	ΣHBCDD
	46,000
	280
	76
	570,000
	100

	TBBPA
	34
	35
	<0.5
	71
	93

	BDE-28
	<1.0
	<1.0
	<1.0
	<1.0
	0

	BDE-47
	6
	0.93
	<1.0
	37
	50

	BDE-100
	1.5
	0.29
	<1.0
	6.9
	29

	BDE-99
	11
	2.9
	<1.0
	61
	50

	BDE-154
	<2.0
	<2.0
	<2.0
	<2.0
	0

	BDE-153
	<2.0
	<2.0
	<2.0
	<2.0
	0

	BDE-183
	<2.0
	<2.0
	<2.0
	<2.0
	0

	BDE-209
	4,800
	1,600
	21
	18,000
	100

	∑PBDEs tri:hepta
	18
	3.5
	<LOQ
	100
	50

	∑PBDEs
	4,800
	1,700
	21
	18,000
	100

	DBDPE
	1,500
	660
	<50
	7,800
	86

	BTBPE
	11
	0.84
	<1.0
	55
	<50


	Reference
	Sampling city
	Year of sample collection
	n
	BFR 
	Concentrations (ng/g)

	This Study
	Birmingham
	2019
	14
	HBCDD

PBDEs

DBDPE

TBBPA

BTBPE
	Mean: 46,000; Range: 76 – 570,000

Mean: 4,800; Range: 21 – 18,000 ng/g

Mean: 1,500 ng/g; Range: <25 – 7,800 ng/g

Mean: 34 ng/g; Range: <0.5 – 71 ng/g

Mean: 11 ng/g ;Range: <1.0 – 55 ng/g

	8
	Birmingham
	2014
	45
	HBCDD

PBDEs

DBDPE

BTBPE
	Mean: 8300 ng/g; Range: 40 – 110,000 ng/g

Mean: 34,000 ng/g; Range: 160 – 370,000 ng/g

Mean: 240 ng/g; Range: 0.36 – 2,300 ng/g

Mean: 14 ng/g; Range: <0.13 – 110 ng/g

	54
	Newcastle
	2012
	23
	PBDEs
	Mean: 18,000 ng/g; Range: 82 – 110,000 ng/g

	36
	Birmingham
	2007
	45
	HBCDD

TBBPA
	Mean: 8,300 ng/g; Range: 140 – 141,000 ng/g

Mean: 86 ng/g; Range: <0.1 – 380 ng/g

	38
	Birmingham
	2007
	30
	PBDEs
	Mean: 260,000 ng/g; Range: 12 – 2,200,000 ng/g

	28
	Birmingham
	2006
	16
	PBDEs

DBDPE

BTBPE
	Mean: 45,000 ng/g; Range: 360 – 520,000 ng/g

Mean: 270 ng/g; Range: <5 – 3,400 ng/g

Mean: 120 ng/g; Range: <5 – 1900 ng/g


Table 2: Concentrations of BFRs in dust from this study and previous UK studies of house dust
Figure 1 – Boxplots displaying temporal variation of BFR concentrations (ng/g) in household dust from the UK. The boxes show the quartile range, the whiskers show the 5th and 95th percentiles; the lines inside the boxes show the median
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a – ref 39; b –ref 8; c- This Study; d – ref 37; e – ref 28; f – ref 54
