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Abstract 
Flame retardants (FRs) are chemicals that are added to combustible materials to delay or prevent the ignition or spread of a 
fire, thereby saving lives and property.  Indoor dust is thought to be a major source of human exposure to FRs as a result of 
their release from commercial products.  We conducted a comprehensive review and analysis of studies of FRs in indoor 
dust, focusing on three brominated compounds (BDE-209, TBBPA, and DeBDethane) and three phosphorus-based non-
halogenated compounds (RDP, BDP, and DOPO).  For those compounds for which data were available, we observed a 
wide range of concentrations.  The geometric mean bulk dust concentrations in residences, (non-source) workplaces, 
automobiles, and a hotel from studies providing individual sample results were 2,777 ng/g for BDE-209 (n=337); 11 ng/g 
for TBBPA (n=115); and 18 ng/g for DeBDethane (n=50).  No dust data were available for RDP, BDP, or DOPO.  BDE-
209 concentrations in bulk dust, excluding those from automobiles, were highest in the United Kingdom (UK), followed by 
concentrations in North America and the rest of Europe.  As with the bulk dust samples, limited data from surface loading 
samples were highly variable – BDE-209 concentrations varied from an arithmetic mean of 6 in one study to a maximum of 
82,100 ng/m2, and TBBPA concentrations ranged from < 0.06 to 24 ng/m2.  Overall, we found a high variability in dust 
levels of FRs from different indoor sources around the world, although it is unclear how much differences in sample 
collection and analytical methodology contributed to this. 
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1. Introduction 
 
Flame retardants (FRs) are chemicals that are used to delay 
or prevent the ignition or spread of a fire in combustible 
materials, thereby saving lives and property [1].  It is 
estimated that more than 3,000 lives were saved between 
1988 and 2000 in the UK as a result of FR use and that at 
least 280 lives were saved in 2000 in the U.S. from the use 
of one particular class of FRs (i.e., brominated FRs) [2].  
An FR can act as a thermal sink (i.e., increasing the heat 
capacity or decreasing the fuel content of a material), 
compete with chain propagating and branching steps in the 
combustion process, dilute the oxygen supply to the flame 
or the fuel concentration, act as a thermal quench, or act as 
a protective coating to reduce the heat transfer from the 
flame to the combusting product [3].  Reactive FRs are 

chemically bound to the chemical structure of the host 
material, while additive FRs are mixed into, but not 
chemically bound to, the host material.  Because they are 
not chemically bound, additive FRs are assumed to be 
more readily released into the environment than are 
reactive FRs [4,5]. 
     Several types of FRs have been measured in 
environmental and biological media.  Some investigators 
have suggested that primary exposures to FRs likely occur 
in the indoor environment through incidental ingestion of 
and dermal contact with FRs in house dust as a result of 
release from commercial products (e.g., televisions, 
mattresses) [6], although the characteristics and magnitude 
of FR releases from indoor sources are not well understood 
[7,8,9,10].  Most of the chemicals reviewed here have high 
molecular weights (i.e., > 500 g/mole) and other 

58 *To whom all correspondence should be addressed: Tel: 617-395-5000; 
Fax: 617-395-5001; E-mail: JGoodman@gradientcorp.com 



 59

physicochemical properties (e.g., low water solubility) 
unfavorable to dermal absorption [11,12,13].  The 
potential significance of indoor dust exposures for FRs is 
in contrast to other organic chemicals such as dioxins and 
polychlorinated biphenyls (PCBs), in which the majority 
of environmental release originates from industrial 
emissions with subsequent accumulation outdoors and 
potentially in food (e.g., fish) [6].  Because people spend 
most of their time indoors, the internal environment can be 
an important source of human exposure [14].  House dust 
can be an especially important exposure pathway for 
young children [15]. 
     Below we review the presence and magnitude of six 
FRs in dust collected using variable sample collection 
methods (i.e., vacuum, wipe, tweezer), in different 
exposure settings (i.e., residences, workplaces, 
automobiles, schools, and a hotel), and different 
geographical locations (i.e., North America, Europe, 
elsewhere) (Tables 1, 2).  Workplace exposure settings 
considered here do not include FR production facilities or 
other source-based workplaces.  An exposure analysis 
based on our findings of FRs in dust is being presented as 
a companion paper [16]. 
     There are over 175 different types of FRs, including 
more than 75 brominated FRs recognized commercially 
and chemicals belonging to other classes such as nitrogen-
containing and inorganic FRs [17].  The FRs considered in 
this analysis are currently marketed chemicals.  In many 
ways they cover the full spectrum of a number of 
characteristics, e.g., halogenated vs. non-halogenated; 
long-standing vs. emerging; high production vs. limited 
use; and additive vs. reactive.  Of particular note is that 
two of these FRs are well-studied, high volume chemicals 
for which there is growing interest in finding suitable 
substitutes, and the remaining four are used or marketed as 
substitutes for their major applications.  
Decabromodiphenyl ether (decaBDE) and 
tetrabromobisphenol A (TBBPA) are the two highest 
production brominated FRs [17], with brominated FRs 
making up 21% of worldwide FR production volume 
(based on 2001 data) [18].  The commercial decaBDE 
belongs to the family of polybrominated diphenyl ethers 
(PBDEs) that have received intense scrutiny because 
several studies have reported increasing concentrations in 
the environment and in humans [6] and concerns have 
been raised by some governments, scientists, and other 
stakeholders about their potential human health and 
ecological impacts [5,19].  DecaBDE is composed almost 
entirely of BDE-209, and is used primarily as an additive 
in a range of hard plastics (i.e., TV casings), and 
secondarily in some upholstery textiles.  It is the only 
remaining commercial PBDE product in major production.  
BDE-209 is generally the most abundant of the measured 
PBDE congeners in house dust [20].  TBBPA is mostly 
used as a reactive intermediate in printed circuit boards.  
Decabromodiphenyl ethane (DeBDethane) is another 

brominated FR being produced and marketed as a general-
purpose, direct substitute for BDE-209.  Two non-
halogenated FRs investigated in this report, Resorcinol 
diphenyl phosphate (RDP) and Bisphenol A diphenyl 
phosphate (BDP), are phosphorus-based compounds used 
as alternatives to decaBDE.  Finally, 6H-Dibenz(c,e) 
(1,2)oxaphosphorin, 6-oxide (DOPO) is the major non-
halogen formulation introduced as a substitute for TBBPA 
in printed circuit board applications [21,22]. 
 
2. Methods 
 
2.1. Literature search 
We performed a literature search through March 12, 2009 
for reports, risk assessments, and peer-reviewed articles 
describing indoor dust concentrations of the FRs listed in 
Table 1. 
     Information resources included TOXLINE [a database 
of the National Library of Medicine's (NLM's) TOXNET 
system], the NLM PubMed database, databases available 
through the Dialog search service, and internet-based 
search engines.  Search terms included synonyms and the 
CAS numbers of the six FRs together with the terms 
"indoor dust" or "dust."  To supplement these searches, we 
reviewed the reference lists of articles and reports 
identified as particularly relevant, and conducted follow-up 
"related article" searches in PubMed.  This analysis was 
limited to general background exposure settings and did 
not include evaluations of dust in source-related exposure 
settings, such as facilities where FRs are manufactured, 
incorporated into resins, or recycled. 
 
2.2. Data analysis 
FR levels in dust were reported either as the concentration 
of material in bulk dust (reported as ng/g dust) or as the 
loading of material on a surface (reported as ng/m2 of 
surface, e.g., a windshield).  Concentrations in bulk dust 
were available for BDE-209, TBBPA, and DeBDethane.  
As summarized in Table 2, a total of 23 studies reported 
BDE-209 concentrations in bulk dust samples from 
residences, workplaces, autos, or a hotel; five studies 
reported TBBPA concentrations in bulk samples from 
residences, workplaces, or autos; and four studies reported 
DeBDethane concentrations in bulk dust from residences, 
workplaces, autos, or a hotel.  One bulk dust sample was 
collected from a school.  Surface loading data were 
available for BDE-209 and TBBPA.  Three studies 
reported surface loadings of BDE-209 from autos, schools, 
or workplaces, and one study reported surface loadings of 
TBBPA in workplaces and schools.  No dust data were 
available for RDP, BDP, or DOPO. 
     Several sampling devices were employed to collect dust 
samples.  Most bulk dust samples were collected using 
vacuum cleaners.  These samples were either collected 
directly from the vacuum cleaner bag or by a collection 
device fitted to a vacuum cleaner.  Other bulk dust samples 
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were collected from air conditioning unit filters and fan 
blades using tweezers.  In some studies, surface loading 
samples were collected from surfaces such as computer 
equipment and automobile windshields using wipes. 
     Ideally, dust collection methodology would have been 
the same or similar across studies by means of adhering 
to a standardized protocol or published, field-tested 
techniques.  This was not the case, however, as no study 
referenced established methodology.  While no 
standardized protocol was adhered to across studies, 
some studies employed elements of internal 

standardization, e.g., consistent surfaces were vacuumed 
or wiped, samples were collected by study staff, and 
uniform makes and models of vacuum cleaners and bags 
were used; this led to better comparisons of intra-study 
samples.  Other studies lacked internal standardization, 
e.g., sample collection was performed by residents with 
no knowledge or control of vacuuming habits or 
equipment, or no such information was provided.  The 
existence or absence of a standard internal protocol for 
each study is shown in Table 3.  
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Because no common inter-study dust collection 
methodology was used, and intra-study dust collection 
methodology was not controlled in some studies, data 
quality is a limitation in our analysis (as addressed in 
Discussion section).  Data on FRs in dust are relatively 
sparse, however, so for this analysis we considered all 

al correlations between FR 

ause surface loading data for 

metric methods.  

available dust data for the selected FRs. 
     Bulk dust samples were collected primarily from 
residences (Table 2).  Samples from workplace, hotel, 
and automobile exposure settings were collected in fewer 
studies.  In two studies, the exposure setting where 
samples were collected was not stated.  Santillo et al. 
[23] collected samples from residences and workplaces 
but did not specify which samples came from each 
setting.  Santillo et al. [24] characterized a subset of 
samples as being from residences and a school, without 
stating which sample was from the school.  We 
categorized the exposure setting for these samples as 
"undetermined" in statistical analyses.  In the homes 
sampled by Karlsson et al. [25], Wu et al. [26], and 
Sharp and Lunder [27], both dust and human samples 
(serum or breast milk) were collected, allowing for the 
authors to address potenti
levels in dust and humans. 
     We conducted statistical analyses using Intercooled 
Stata 9.2 for Windows.  Statistical significance was 
defined at the α = 0.05 level.  For sample results reported 
as being less than the limit of detection, concentrations 

equal to one-half of the detection limit were used.  
Statistical analyses were conducted on 19 bulk dust 
studies.  Studies by Allen et al. [8], Gearhart and Posselt 
[28], Sjodin et al. [29], Wilford et al. [30], Sjodin et al. 
[31], and Stapleton et al. [32] were excluded from the 
statistical analyses because they reported summary 
statistics only, without individual sample results 
(although their results were compared qualitatively).  
The study by Al Bitar [33] was excluded from statistical 
analyses because of its low detection frequency (1 of 23).  
Each sample was weighted equally in our analyses, so 
studies with more samples have more weight than those 
with fewer samples.  Bec
BDE-209 and TBBPA were limited, only summary 
statistics were calculated. 
     When grouped by geographic region, sampling 
method, or exposure setting, FR concentrations were 
mostly lognormally distributed, based on Shapiro-Wilks 
tests.  A few datasets were not lognormally distributed, 
so all analyses were performed on log10-transformed data 
using both parametric and non-para
Because results were similar using both methods, only 
results of parametric tests are reported. 
     Analyses of variance (ANOVA) or t-tests were used 
to determine whether FR concentrations in bulk dust 
vary by exposure setting or by geographic region.  
ANOVA or t-tests were used to compare means of data 
that were grouped by exposure setting.  Exposure 
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settings that did not have significantly different means 
were further grouped by geographic region.  ANOVA 
and t-tests were then used to compare means of each 
geographic region.  When ANOVA indicated a 
significant difference, Sidak pairwise group comparisons 
were used to identify statistically significant differences 
between pairs.  Sensitivity analyses were conducted 
separately based on the dust collection device used (i.e., 
vacuum cleaner vs. tweezer) and exposure setting (e.g., 
residence vs. workplace).  For each parameter, each 
group was omitted one-at-a-time from the analysis to 
determine its effect on the results.  For example, in our 
geographic analysis we evaluated whether regional 

ore than one size fraction, and thus an internal 
omparison of concentration vs. size fraction was not 
ossible. 

. Results 

 found for the halogen-free FRs 

nd of the range measured in 
other automobile studies.  

bottom of the box represents the 25th percentile.  The upper (U) 
nd lower (L) whiskers, as defined by Tukey [62], show: 

 = maximum data point that is ≤  75th percentile + 1.5 × (75th percentile - 25th percentile) 

 = minimum data point that is ≥ 25th percentile - 1.5 × (75th percentile - 25th percentile) 

he dots represent data points that are above the upper whisker or

differences in FR concentrations were affected by 
omission of one exposure setting. 
     The potential influence of particle size on the study 
results was also examined.  Bulk dust samples were 
sieved during collection (e.g., using a sample sock) or at 
the laboratory to size fractions ranging from < 0.025 to < 
2 mm prior to analysis.  Linear regression was used to 
determine whether BDE-209 concentrations were 
correlated with size fraction.  No study analyzed samples 
split into m
c
p

 
3
 
The literature search identified 28 studies from non-
governmental organizations, peer-reviewed scientific 
journals, and conferences that measured BDE-209, 
DeBDethane, and/or TBBPA in indoor dust (Table 2).  
No indoor dust data were
– RDP, BDP, or DOPO. 
     Based on the studies that provided individual sample 
results, the geometric mean BDE-209 concentration in 
bulk dust in residences, workplaces, automobiles, and a 
hotel was 2,777 ng/g (range: 0.8 to 3,570,000 ng/g; n= 
334), with study geometric means ranging from 64 to 
112,570 ng/g (Table 3; Figure 1).  Five studies reported 
only summary statistics for BDE-209 in bulk dust.  Four 
of these studies [8,29,30,31] reported a BDE-209 
concentration range in residences and workplaces that 
falls within the observed values of the other studies 
(Table 3).  The fifth study, by Gearhart and Posselt [28], 
reported an arithmetic mean BDE-209 concentration of 
9.5 ng/g for two bulk dust samples from an automobile.  
This mean is at the low e

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  BDE-209 in Bulk Dust.  Individual studies are grouped by geographic region.  Samples collected manually are 
represented by white boxes, and those collected by a vacuum are gray boxes.  The top of the box represents the 75th 
percentile, the interior line represents the median, and the 
a
 
U
 
L
 
T  below the lower whisker.
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     FR concentrations vary by exposure setting, but not 
by sample collection device.  BDE-209 concentrations 
were higher in automobiles than in residential, 
workplace, hotel, and undetermined exposure settings (p 
< 0.001 for each comparison).  BDE-209 concentrations 
in residences (r), workplaces (w), hotels (h), and 
undetermined (u) exposure settings were 
indistinguishable from one another  (pr-w = 0.2; pr-h = 0.9; 
pr-u = 0.8; pw-h = 0.2; pw-u = 1.0; ph-u = 0.4).  BDE-209 
concentrations in bulk dust from residential settings did 
not vary based on the sample collection device (i.e., 
vacuum or tweezers) (p = 0.7).  Because automobiles 
were determined to have higher concentrations than other 

 hotel, and unspecified settings varied by geographic 
 Results were the same as 

those in the original analysis. 

 

ottom of the box represents the 25th 
ercentile. The upper (U) and lower (L) whiskers, as defined by Tukey [62], show: 

 = maximum data point that is ≤ 75th percentile + 1.5 × (75th percentile - 25th percentile) 

 = minimum data point that is ≥ 25th percentile - 1.5 × (75th percentile - 25th percentile) 

The dots represent data points that are above the upper whisker or below the lower whisker. 

exposure settings, they were excluded from our 
geographic comparisons. 
     FR concentrations in bulk dust in homes, workplaces, 

region.  BDE-209 concentrations were highest in the UK 
(GM = 6,423 ng/g; n=72), followed by North America 
(GM = 1,325 ng/g; n=78), Singapore (GM = 999 ng/g; 
n=31), the rest of Europe (GM = 496 ng/g; n=59), Japan 
(GM = 483 ng/g; n = 8), and Kuwait (GM = 64 ng/g; 
n=17) (Figure 2).  BDE-209 concentrations in Singapore 
were not significantly different from those in North 
America (p = 1.0) or Europe (p = 0.5) and concentrations 
in Japan were not significantly different than North 
America (p = 0.7), Singapore (p = 1.0), Europe (p = 1.0), 
or Kuwait (p = 0.05).  All other regions were 
significantly different from one another.  To determine 
whether exposure setting affected the outcome of the 
regional comparisons, regional comparisons were also 
conducted for residential, workplace, and unspecified 
exposure settings separately. 

a
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Geographic Distribution of BDE-209 in Bulk Dust from Residences and Workplaces.  The top of the box 
represents the 75th percentile, the interior line represents the median, and the b
p
 
U
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Based on four studies that measured TBBPA 
concentrations in bulk dust, concentrations ranged from 
< 0.05 to 400 ng/g (Table 4; Figure 3).  These studies 
were conducted in the UK and the rest of Europe.  In the 
UK, TBBPA concentrations were lower in automobiles 
than in residential exposure settings (p < 0.001) and 

workplace exposure settings (p < 0.001).  There were no 
significant differences between TBBPA concentrations 
in samples from residential and workplace settings (p = 
0.005).  TBBPA was also measured in samples from the 
rest of Europe, but exposure settings were limited to 
workplaces or undetermined settings. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  TBBPA in Bulk Dust.  Individual studies are grouped by geographic region. The top of the box represents the 
75th percentile, the interior line represents the median, and the bottom of the box represents the 25th percentile. The upper 
(U) and lower (L) whiskers, as defined by Tukey [62], show: 
 
U = maximum data point that is ≤  75th percentile + 1.5 × (75th percentile - 25th percentile) 
 
L = minimum data point that is ≥ 25th percentile - 1.5 × (75th percentile - 25th percentile) 
 
The dots represent data points that are above the upper whisker or below the lower whisker. 
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TBBPA concentrations in bulk dust from residential and 
workplace settings in the UK were higher than the rest of 
Europe (p = 0.0001; Figure 4).  Overall, maximum 
TBBPA concentrations were three orders of magnitude 
less than maximum BDE-209 concentrations in bulk 
dust. 
     Analytical methods used to measure FR in dust 
differed between studies.  The detection limits for BDE-
209 ranged from 10.1 ng/g to 500 ng/g; this variability is 

not expected to have a large influence on results because 
of the high detection frequency in BDE-209 samples 
(98%).  The detection limits for TBBPA, where reported, 
ranged from 0.05 ng/g to 10 ng/g.  The detection 
frequency for TBBPA samples was 74%.  Our treatment 
of samples with non-detected TBBPA introduces some 
uncertainty to our results since we systematically 
assigned their value as equal to one-half of the detection 
limit. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Geographic Distribution of TBBPA in Bulk Dust from Residences and Workplaces.  The top of the box 
represents the 75th percentile, the interior line represents the median, and the bottom of the box represents the 25th 
percentile.  The upper (U) and lower (L) whiskers, as defined by Tukey [62], show: 
 
U = maximum data point that is ≤  75th percentile + 1.5 × (75th percentile - 25th percentile) 
 
L = minimum data point that is ≥ 25th percentile - 1.5 × (75th percentile - 25th percentile) 
 
The dots represent data points that are above the upper whisker or below the lower whisker. 
 
     Four studies identified in our literature search 
measured DeBDethane in bulk dust; samples were from 
North America, the UK, the rest of Europe and Japan.  
Concentrations ranged from 0.46 to 11,000 ng/g (Table 
5).  (β = -0.13, p = 0.067, Figure 5).  Harrad et al. [34] 
measured DeBDethane in bulk dust from residential (GM 
= 29 ng/g, n =18), workplace (GM = 69 ng/g, n = 15) and 
automobile (GM = 58 ng/g, n = 9) exposure settings in 
the UK.  There were no significant differences between 
mean DeBDethane concentrations (p = 0.4) 
concentrations in dust from these exposure settings.  
Maximum DeBDethane concentrations in bulk dust fell 
between maximum TBBPA concentrations and 
maximum BDE-209 concentrations in bulk dust.  
     A wide range of BDE-209 concentrations were 
measured at each size fraction.  Particle sizes smaller 

than 1 mm were more commonly chosen for 
measurement in studies in North America than in Europe 
or the UK.  Based on a linear regression analysis, there 
was not a statistically significant association between 
log1
     Surface loadings of BDE-209 were measured in an 
automobile, in computer equipment in a workplace, and 
on computers and central processing units (CPUs) in 
schools and workplaces.  Geometric mean surface 
loadings were 23,354 ng/m

0 (BDE-209 concentration) and size fraction.  

2 on the interior of computer 
monitor and CPU cases in a workplace, and 416 ng/m2 
on computer CPUs and monitors in schools and 
workplaces.  The arithmetic mean surface loading on 
auto windshields was 6 ng/m2 (Table 6).  Surface 
loadings of TBBPA were measured on computer CPUs 
and monitors in school and workplaces with a geometric 
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mean loading of 0.37 ng/m2 (Table 6).  Differences in the 
surfaces sampled, wiping implement, and other sampling 
features make meaningful comparisons of these studies 
difficult.  TBBPA and BDE-209 concentrations, 
however, were measured in the same samples in one 

study.  McPherson et al. [35] reported TBBPA surface 
loadings several orders of magnitude lower than those 
for BDE-209, which is consistent with observations in 
bulk dust. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Relationship between BDE-209 concentration in bulk dust and sieve size.  BDE-209 concentrations are 
similar for all sieve sizes used (β = -0.13, p = 0.067). 
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4. Discussion 
 
Incidental ingestion of house dust is thought to be the 
key route of exposure to FRs [6].  We evaluated 
available data for six FRs in indoor dust collected from 
residences, schools, workplaces, vehicles, and a hotel 
from locations around the world.  Two of these are 
brominated, high-production FRs (decaBDE and 
TBBPA), one is a brominated FR marketed as a direct 
substitute for decaBDE (DeBDethane), three are 
phosphorus-based halogen-free FRs which serve, in part, 
as potential substitutes for applications using decaBDE 
(RDP and BDP) and a substitute for TBBPA in circuit 
boards (DOPO).  TBBPA and decaBDE are the most 
widely used brominated FRs.  Worldwide, brominated 
FRs make up 21% of the total FR product volume of 
1,480,000 tonnes (based on 2004 data) [18], though only 
10.8% of the total European market FR consumption of 
464,000 tonnes (based on 2005 data) [36].  Brominated 
FR production has increased dramatically since the 
1980s [17].  Production volumes for DeBDethane, RDP, 
BDP, and DOPO were not found, though they are 
expected to be much less than for TBBPA and decaBDE 
given their status as alternative FRs.  It has been reported 
that in Europe and the U.S., DeBDethane has not been 
used as extensively as decaBDE, but in Japan its 
consumption increased rapidly from 1993 and its annual 
consumption had already exceeded that of DecaBDE by 
the late 1990s [37].  As a class, halogen-free, 

phosphorus-based FRs make up 8.4% of total European 
FR market consumption (based on 2005 data) [36], but it 
is not known what portion of the class is represented by 
RDP, BDP, or DOPO. 
     Of the 28 studies of FR concentrations in indoor dust, 
25 measured BDE-209, but only five measured TBBPA, 
and only four measured DeBDethane concentrations.  No 
indoor dust data were located for RDP, BDP, or DOPO.  
Concentrations of BDE-209 in bulk dust samples ranged 
over many orders of magnitude (from 0.8 to 3,570,000 
ng/g).  The limited available data for TBBPA and 
DeBDethane indicate that these chemicals are present in 
dust at concentrations much lower than those for BDE-
209.  We found BDE-209 concentrations (excluding 
automobiles) in the UK were higher than those in North 
America, the rest of Europe, Kuwait, Japan, and 
Singapore; however, the ranges for all geographic 
regions were very large.  Concentrations of both BDE-
209 and TBBPA were similar in residential and 
workplace exposure settings.  Based on wipe samples, 
interior and exterior surfaces of computers and computer 
equipment had levels of BDE-209 orders of magnitude 
greater than those observed on auto windshields. 
     Some of the geographical variation we found is 
consistent with previous observations that North 
America and the UK have higher indoor dust levels of 
BDE-209 than the rest of Europe.  This finding has been 
attributed to the three-fold greater demand for the 
decaBDE formulation in North America compared to 
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Europe and the high UK per capita use due to stringent 
national fire regulations [30,38].  Data for non-western 
regions of the world were very limited, and thus more 
research is needed to characterize indoor dust levels in 
these regions.  Indoor dust data for Asia is a notable data 
gap since it consumes an estimated 56% of the total 
market demand for brominated FRs, mostly TBBPA and 
decaBDE (based on 2001 data) [17]. 
     An analysis of temporal trends of FRs in dust 
reviewed here was not feasible because all of the studies 
providing data in our analysis were published since 2001.  
Several researchers, however, have conducted temporal 
analyses of FRs in other media, such as other 
environmental media and biota (e.g., sediment, fish) and 
human biota (e.g., blood, breast milk).  Overall 
increasing trends over the last 30 years have been 
reported consistent with increasing global demand for 
FRs, especially brominated FRs [17,39].  Production and 
use patterns for specific chemicals have varied in time 
and place, however, leading to a variety of different 
temporal trends depending on chemical, media, and 
potentially other factors.  In addition, historical data are 
sparse in many cases and analytical consistency can be 
problematic [40].  
     The relatively higher BDE-209 levels detected in dust 
could be attributable to its dominant use as an FR and 
because it is an additive FR, i.e., it is not chemically 
bound to the host material.  While TBBPA is also a high 
production FR, approximately 90% of its use is as a 
reactive intermediate.  As a result, it becomes covalently 
bound in the polymer of the host material with less 
potential for release to the environment [12].  Like BDE-
209, DeBDethane is an additive FR; the lower indoor 
dust levels relative to BDE-209 could be due to its more 
limited use (at least in North America and Europe).  Like 
most of the halogenated organic compounds, brominated 
FRs generally have limited biodegradability and are 
persistent in the environment, though degradation can 
occur under certain environmental conditions (e.g., 
photodegradation) [37,39].  While binding properties, 
production volumes, and environmental fate are possible 
factors related to the levels observed, other factors (e.g., 
differences in sampling and analytical methods) could 
also be important influences on the reported levels. 
     No indoor dust data were found for RDP, BDP, or 
DOPO.  RDP and BDP are additive FRs and DOPO is a 
reactive FR [21].  Data are not available or limited on the 
potential for these compounds to persist in the 
environment.  Though there have been several recent 
evaluations of RDP and BDP [5,13,41] and DOPO 
[21,22] as alternative FRs, and all are chemicals in 
commercially available FR products, our findings 
indicate that they have not captured the attention of 
environmental investigators. 
     We found a large range of FR concentrations in dust 
both between and within studies.  As discussed in more 

detail below, several potential factors may account for 
this.  The observed heterogeneity may reflect true 
differences in indoor dust FR concentrations, with 
several hypothesized influences (e.g., use of electronic 
equipment in home, regional laws governing FR use).  It 
is also possible that the heterogeneity is partly a result of 
differences in the way samples were collected, 
processed, and analyzed.  Vacuum cleaners, for example, 
differ in their particle collection and retention 
characteristics [42].  Analytically, the physico-chemical 
properties of BDE-209, including its thermal instability, 
photosensitivity, and ability to bind strongly to surfaces, 
make it difficult to handle and obtain accurate results 
[20,40].  Other methodological differences include how 
frequently surfaces were vacuumed, whether samples 
were sieved prior to analysis and to what pore size, and 
how samples were stored prior to analysis. 
     No standardized dust sampling and analytical protocol 
was followed across the studies we reviewed.  Several 
standardized protocols and published field-tested 
methods for dust sample collection are available [42].  
Some were developed for specific chemicals or chemical 
classes (e.g., a US EPA [43] method for lead and Roberts 
et al. [44] for pesticides).  While no standardized 
protocol was found specifically for FRs, general 
protocols presumably applicable to FRs are available, for 
instance ASTM Method D5438-05 [45].  Some studies 
used an internally standardized sampling protocol, with 
researchers collecting samples in a uniform, well-
documented manner.  Others did not, relying instead on 
samples collected from home vacuum cleaner bags 
provided by residents.  While collection of residential 
vacuum cleaner bags is simple and an effective tool for 
gross identification of contaminant levels in dust, it lacks 
the precision of rigorously uniform collection methods 
[42].  Allen et al. [8] found that deca-BDE concentrations 
were significantly greater in researcher-collected dust 
samples than in samples from home vacuum bags from 
several residences in the greater Boston, MA area.  The 
researcher-collected sample results were only poorly to 
moderately correlated with levels found in home vacuum 
cleaner bags from the same homes.  Differences between 
researcher-collected and resident-collected samples 
could be due to the increased precision of the former, or 
due to differences in the overall goals of the two 
approaches, e.g., because researcher-collection protocols 
might be designed to sample locations with a higher 
likelihood of having sources of PBDEs [8].  In the data 
reviewed for this report, BDE-209 levels ranged over 
many orders of magnitude, with no trend distinguishing 
samples collected using internally standardized protocols 
vs. those that were not.  The wide range of observed 
concentrations suggests that the results may reflect a lack 
of precision using either methodology in addition to 
actual differences in concentrations in different sampled 
locations. 
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     Most studies collected dust samples in vacuums and 
reported results as the mass of FR per mass of dust (e.g., 
ng/g).  One study collected dust from fan blades using 
tweezers.  A few studies used wipe samples, which 
represent the loading of FRs on a surface (e.g., ng/m2).  
Allen et al. [8] found that dust surface loading (ng/m2; 
based on sampling a defined surface area) was highly 
correlated with bulk dust concentrations (ng/g) for 
decaBDE.  It should be noted, however, that there are 
uncertainties associated with wipe sampling.  Although 
standardized methods exist, the precision can depend on 
the sampling surface (e.g., smooth vs. textured) and 
methods used (e.g., dry vs. wet) [42]. 
     Because dust is heterogeneous – consisting of a 
variety of inorganic and organic particles as well as 
fibers of different sizes – the dust sampling method 
affects the properties of the sample used for analysis, 
which could potentially influence the concentrations of 
the measured analytes.  As the particle size increases, the 
specific surface area decreases [15].  The data analysis 
presented in this report indicates a small non-significant 
decrease in BDE-209 concentration in larger size 
fractions.  This analysis represents only a preliminary 
evaluation of this issue, because the available studies 
each only examined one size fraction.  To more 
definitively assess the influence of particle size on FR 
concentrations, FR concentrations from several size 
fractions per sample would need to be analyzed and 
compared. 
     Studies have shown that concentrations of PBDEs are 
greater in homes (by a factor of 1.6 to 43) than they are 
in the outdoor environment [30,46].  Consequently, some 
exposure setting parameters important to consider when 
evaluating potential exposures for other chemicals (e.g., 
proximity to point sources of chemical releases) may not 
be as important for FRs.  This is exemplified by the 
BDE-209 indoor bulk dust sample results from 
Antarctica [47], which were similar to all regions 
combined.  As no FRs are manufactured in Antarctica, 
these results highlight the importance of indoor sources, 
most likely imported flame-retarded plastic and 
electronic products.  Factors that affect FR 
concentrations in homes could include the types of 
products present in the home, regional laws and 
regulations governing FR use, number of inhabitants, 
product use patterns, air circulation and ventilation, and 
cleaning habits (e.g., frequency of vacuuming and 
dusting and whether a HEPA filter is used in the 
vacuum).  
     The identification of FR sources and their relationship 
to concentrations in indoor dust remains a major 
challenge.  In several studies, little or no correlation has 
been found between types and uses of products in the 
home and measured levels of FRs in dust [14,26,46,48].  
The difficulty in making these associations could be due, 
in part, to the lack of use of standardized protocols, but 

has also been attributed to differences in types and 
amounts of FR concentrations between otherwise similar 
products because of differences in manufacturing 
practices [7,26].  Allen et al. [7] reported that they were 
able to reduce misclassification of FR sources by 
replacing product counts with non-destructive 
quantification of bromine concentrations in consumer 
goods using a portable X-ray fluorescence (XRF) 
analyzer.  They found an association between XRF-
measured bromine levels in electronics and decaBDE 
levels (r = 0.64, p = 0.003) in bedrooms.  The prediction 
of decaBDE levels in dust improved in the main living 
area when they included an interaction effect between 
the bromine content of televisions and the number of 
people in the house (p < 0.005), a potential surrogate for 
television usage (and also affecting the amount of soil 
tracked into the house and dust disturbance).  One 
limitation of this method is that it cannot distinguish 
between different brominated FRs in products. 
     Most of the studies reviewed here measured FRs in 
the main living areas of the home.  There may be 
potential differences, however, in FR levels within the 
home due to different microenvironments.  For example, 
Allen et al. [8] reported that dust concentrations from the 
main living area were 97% higher than bedroom 
concentrations for decaBDE.  They suggested that this 
finding implies that sources are localized and not due to 
general home characteristics, such as insulation.  There 
may also be considerable variability within the same 
room.  Harrad et al. [34] collected 10 samples at monthly 
intervals in one room and found that BDE-209 levels 
varied 400-fold, "implying caution when using single 
measurements of dust contamination for exposure 
assessment."  Using environmental forensic microscopy, 
Webster et al. [10] found that BDE-209 was 
heterogeneously distributed in homes, suggesting it was 
transferred to dust via physical processes such as 
abrasion and weathering rather than heat-enhanced 
volatilization. 
     While the collective indoor dust BDE-209 data 
presented in this report show a large range of 
concentrations, a few individual studies have clear 
outliers (see Figure 1) [25,33,49,50].  The significantly 
elevated concentrations from some samples, even when 
seemingly consistent within-study sample protocols have 
been utilized, could be the result of sample 
contamination or laboratory error.  Alternatively, it has 
been suggested that these outliers could explain why 
some individuals display significantly higher levels of 
PBDEs than the general population [38], although it is 
not clear whether elevated dust values are correlated with 
elevated human values.  Wu et al. [26] found a 
significant, positive association between PBDE 
concentrations in house dust and breast milk (though the 
dataset was limited and did not include BDE-209), while 
Sharp and Lunder [27] found no such correlation.  
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Karlsson et al. [25] also found no association between 
summed PBDE levels (including BDE-209) in dust and 
plasma samples.   
     FRs are just one type of chemical present in house 
dust.  Depending on the situation and the types of 
indoor/outdoor or personal sources associated with a 
residence, the chemicals present in the dust can include 
semivolatile and nonvolatile pesticides, polycyclic 
aromatic hydrocarbons (PAHs), plasticizers (phthalates, 
phenols), heavy metals (e.g., lead), persistent organic 
compounds (e.g., PCBs), asbestos, and nicotine [15,42].  
Microorganisms such as dust mites and fungi can also be 
present [42].  In two studies where indoor dust from U.S. 
homes was analyzed for select classes of chemicals, 
phthalates, alkylphenols, and pesticides were detected at 
higher concentrations than PBDE FRs [51,52].  Lead 
from paint and other sources is a particularly well studied 
indoor dust contaminant and one of the few with existing 
guideline levels.  In a study of indoor dust in 238 U.S. 
residences, the mean lead concentration was 467,000 
ng/g [53], compared to a geometric mean of 1,325 ng/g 
BDE-209 in North American residences and workplaces 
in our study (Table 3). 
     The FR indoor dust concentration analyses presented 
here are based on the available scientific literature as 
identified using our search strategy.  Although there are 
considerable data on BDE-209, indoor dust data for 
DeBDethane and TBBPA are limited, and no studies of 
RDP, BDP, and DOPO levels in indoor dust were found.  
We found concentrations of BDE-209 in bulk dust, 
though highly variable, to be greater than concentrations 
of TBBPA and DeBDethane in bulk dust and greatest in 
the UK, followed by North America and the rest of 
Europe.  Future work to better characterize other 
geographic areas will facilitate more robust regional 
comparisons.  Continuing study of factors affecting FR 
levels in dust as well as use of more standardized, well-
documented protocols for sample collection, processing, 
and analysis would be valuable for assessing FR 
exposures. 
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