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ABSTRACT: Although diet is an important route of exposure for
brominated flame retardants (BFRs), little is known of their
presence in US food. Therefore, we purchased meat, fish, and dairy
product samples (n = 72) in Bloomington, IN, from 3 stores
representing national retail chains at different price levels.
Composite samples (n = 42) were analyzed for polybrominated
diphenyl ethers (PBDEs), hexabromocyclododecane (HBCDD),
novel BFRs (NBFRs), and dechlorane plus (DP). Concentrations
of total halogenated flame retardants (HFRs) ranged between 54
and 1,400 pg/g ww, with PBDEs being the predominant
compounds. Concentrations of NBFRs, but not PBDEs, in US
food items were significantly impacted by price, raising the issue of
environmental justice. Nonorganic food generally had a higher abundance of BDE-209 than organic food items. Estimates of dietary
exposure revealed that meat and cheese consumption contribute most to the overall HFR intake and that intakes are highest for
children and for non-Hispanic Asians. Taking into account several caveats and limitations of this study, these results as a whole
suggest that health burdens from dietary exposure to HFRs have become minimal for US citizens, highlighting the positive impact of
regulatory efforts.
KEYWORDS: PBDEs, NBFRs, deca-BDE, bromobenzene, dietary intake, health risk

■ INTRODUCTION
Halogenated flame retardants (HFRs) have been extensively
used in commercial products, such as electronic and electrical
goods, textiles and fabrics, foam for furnishings, and building
insulation materials, to help meet fire safety regulations.
Polybrominated diphenyl ethers (PBDEs) and hexabromocy-
clododecane (HBCDD) are two classes of brominated flame
retardants (BFRs) which have been widely produced, with
their global historical production volumes estimated to reach
1,900,000 and 600,000 tonnes, respectively.1,2 Owing to their
extensive use, PBDEs and HBCDD have become ubiquitous in
the environment, in biota, and in humans.3−6 Because of
concerns about their adverse impacts on environmental and
ecological safety and human health,7−9 combined with their
persistence in the environment and capacity for bioaccumu-
lation,10−14 restrictions on their production and use were
introduced. In the US, commercial penta- and octa-BDE
mixtures were banned by 2006, with deca-BDE restricted in
2008,4 and these commercial mixtures were also listed under
the Stockholm Convention on Persistent Organic Pollutants
(POPs) in 2004 and 2019, respectively, resulting in a global
phase-out of PBDEs.15 In the meantime, the global phase-out
of these legacy BFRs generated an increased demand for
alternative products such as novel BFRs (NBFRs).4 Dechlor-

ane plus (DP) was also introduced as a possible replacement
for deca-BDE, resulting in a rise in global demand for DP.16 As
a result of these replacement trends, several alternative HFRs
have been frequently detected in the environment and biota in
recent years.17−21

Despite the extensive use of these legacy and emerging
HFRs and their ubiquity, limited information is available on
their presence in US food items. An early study investigated
concentrations of 43 PBDEs in salmon samples collected
throughout the US between September 2001 and December
2002, reporting mean concentrations of Σ43 PBDEs of 56−
3,300 pg/g ww.22 Concentrations of PBDEs and HBCDDs
were also observed in individual and composite food samples
collected in Dallas, TX, USA, between 2003 and 2010.23−27

Another study reported NBFR and DP concentrations in US
baby food in 2013.28 To the best of our knowledge, recent data
on concentrations of these legacy and emerging HFRs in
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general food items is not available, and an update of the overall
trends is needed 10−20 years after these levels were first
investigated.

Therefore, the aims of this study were to (1) provide data on
current concentrations and relative abundance of legacy and
emerging HFRs in US food items; (2) identify impacts of food
price on HFR concentrations in US food items; (3) investigate
whether there are differences in contamination of these HFRs
in organic and nonorganic US food items; and (4) estimate
dietary exposure to these HFRs and evaluate any potential
health risks, especially in relation to socio-economic factors.

■ MATERIALS AND METHODS
Sampling. US food samples were purchased in Blooming-

ton, IN, USA, from 3 grocery stores representing national retail
chains and processed at Indiana University in Bloomington,
IN, USA. The same type of food items were collected from 3
supermarkets representing low (11 composite samples),
medium (17 composite samples), and high (14 composite
samples) food prices (for example, samples of salmon at the
three different price points were purchased). Briefly, a total of
72 individual food samples representing 11 food items, organic
and nonorganic, were purchased between March and May
2022. One to three individual samples of each food item were
homogenized into one composite sample, generating 42
composite food samples. All composite samples were freeze-
dried and then stored at −80 °C before analysis. Detailed
information on the food samples is shown in Table S1.

Analytical Protocols. Chemicals and reagents used in this
study are summarized in the Supporting Information. The
concentrations of 21 PBDEs, 8 NBFRs, HBCDD, and DP (syn-
DP and anti-DP) were measured in these food samples.
Sample extraction and cleanup followed a previously published
protocol with minor modifications.12 Detailed information on
sample extraction and cleanup as well as lipid content
determination is given in the Supporting Information. Analyses
were performed on an Agilent 7890A gas chromatograph

coupled with an Agilent 5975C mass spectrometer (GC/MS)
operated in electron capture negative ionization (ENCI)
mode. Detailed information has been previously published29

and is summarized in Table S2.
QA/QC. Linearity was obtained from an 11-point calibration

for all target compounds (Table S3). The limit of detection
(LOD) for each analyte was calculated based on a signal-to-
noise ratio of 3 (Table S4). Together with each batch of 8−12
samples, 2 method blanks and 2 matrix spikes (with a known
amount of target compounds prepared in hexane) were
included (Tables S5 and S6). More information on QA/QC
is available in the Supporting Information.

Estimation of Daily Dietary Intake of HFRs. Daily
dietary intake (DI) of HFRs was estimated with the equation
below

= ×

=

C
DI

CR
BWi

n
i i

1 (1)

where Ci is the median concentration (ng/g ww) of HFRs in a
particular food item i, CRi is the average daily food
consumption (g/day) of a particular food item i, and BW is
the average body weight (kg) of US children (<20 years old)
and adults (≥20 years old). Further details can be found in the
Supporting Information.

Statistical Analysis. Statistical analysis was done with
Excel (Microsoft Office 365) and SPSS Statistics 29.0 (IBM,
Chicago, IL, USA). Only the target HFRs with a DF exceeding
30% were included in the analyses. Data were logarithmically
transformed, and normality was confirmed using a Shapiro−
Wilk test. Blanks were subtracted from samples on a mass basis
for each batch. For statistical analyses, concentrations below
LOD were designated as DF × LOD when DF exceeded 50%
for a specific analyte, while concentrations below LOD were
designated as zero when 30% < DF < 50%. HFRs detected in
less than 30% of our food samples were included in the

Table 1. Median Concentrations (pg/g ww) of HFRs in US Food Items (n.d. = not detected; only HFRs with a detection
frequency (DF) exceeding 30% are included)

Meat Fish Dairy

HFRs DF (%) Beef Pork Chicken Turkey Salmon Cod Tilapia Tuna Catfish Cheese Egg All

BDE-15 83 51 110 20 75 130 11 75 42 97 210 10 78
BDE-17 71 13 3.9 4.3 2.7 120 n.d. 3.1 n.d. 11 120 4.0 4.3
BDE-28 79 2.9 9.8 10 6.3 92 2.6 13 65 1.6 11 2.8 6.0
BDE-49 52 n.d. 6.4 6.0 4.8 11 3.4 n.d. 12 3.7 13 n.d. 5.3
BDE-47 33 n.d. n.d. n.d. 5.1 44 n.d. n.d. 7.2 13 1.4 n.d. n.d.
BDE-100 76 3.4 5.4 7.6 3.1 7.7 5.1 0.75 10 7.8 9.3 2.7 5.1
BDE-99 45 n.d. n.d. 0.29 9.7 1.5 n.d. n.d. 1.1 6.2 2.7 22 n.d.
BDE-154 88 8.2 11 9.6 8.9 12 8.5 7.0 11 11 32 6.9 9.1
BDE-153 60 2.4 3.4 5.9 7.0 4.8 1.5 n.d. 1.8 5.5 4.8 n.d. 2.8
BDE-139 33 11 n.d. 16 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 4.5 n.d.
BDE-140 48 6.9 7.6 1.2 8.0 n.d. 8.9 n.d. 18 8.3 n.d. n.d. n.d.
BDE-183 36 n.d. 4.1 2.1 0.77 n.d. 1.0 n.d. n.d. 5.6 n.d. n.d. n.d.
BDE-209 60 3.7 6.5 9.7 15 3.2 0.55 n.d. 3.1 22 n.d. 4.2 4.6
Σ13 PBDEs 130 190 120 200 390 49 110 170 190 510 150 180
pTBX 40 n.d. n.d. 4.2 n.d. 21 2.1 2.6 41 n.d. n.d. 0.65 n.d.
PBBz 79 2.9 1.5 1.9 n.d. 5.9 2.4 0.84 1.2 5.4 2.9 1.7 2.1
EH-TBB 36 n.d. 7.2 n.d. n.d. n.d. 2.4 3.4 n.d. 4.7 n.d. n.d. n.d.
BEH-TEBP 33 n.d. n.d. 0.29 3.8 n.d. n.d. 4.7 n.d. 1.4 n.d. 0.55 n.d.
Σ4 NBFRs 4.4 8.7 21 17 44 9.5 19 43 12 6.6 4.5 14
Σ2 DP n.d. n.d. 2.1 1.0 n.d. 0.60 0.32 0.17 16.3 0.064 n.d. n.d.
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calculation of totals, but they were excluded from statistical
analyses and human dietary exposure estimation.

■ RESULTS AND DISCUSSION
Concentrations and Relative Abundance of HFRs in

US Food Items. Table 1 summarizes median concentrations
of target HFRs in US food items, and Figure S1 depicts the
relative contribution of these HFRs in US food. Averages and
ranges of HFR concentrations are given in Table S7.
PBDEs. PBDEs were the dominant and most detected HFRs

in these samples, with an average contribution of 81% to Σ32
HFRs. Cheese had the highest median concentration of Σ21
PBDEs, followed closely by salmon. These high PBDE
concentrations are likely due to the relatively high lipid
contents of salmon (8.4%) and cheese (27%) compared to lean
meats such as chicken or turkey (∼4%).

BDE-15 was the most detected and predominant PBDE
congener in US food items, with an average contribution of
35% to Σ21 PBDEs. BDE-17 and BDE-28 accounted on
average for 10% and 9.8% to Σ21 PBDEs. In contrast, deca-
BDE was only detected with an average abundance of 6.8%.
The higher abundance of lower-brominated PBDE congeners
is likely due to the debromination of high-brominated PBDEs
either abiotically in the environment (i.e., photodebromina-
tion) or in vivo in the animals before they are sacrificed for the
market. The pattern is also a reflection of the phase-out of
commercial PBDE mixtures in the US.

PBDE concentrations observed in this study were generally
similar to what was reported from another two US-based
studies (Table S8) on supermarket-purchased salmon (sam-
pling year: 2001−2002)22 and composite US food samples
(sampling year: 2009).24 The two studies mentioned above are
10+ years old; hence, concentrations seem to be relatively
constant with time, despite PBDEs having been withdrawn
from the market some 10−15 years ago. However, BDE-47 and
BDE-99, containing 4 and 5 bromines, respectively, were the

most abundant PBDEs detected in US food in the two studies
above,22,24 while BDE-15, which contains only two bromines,
was the predominant PBDE congener observed in this study.
Such a difference possibly indicates more advanced aging of
PBDEs in US food during the past decade. A recent survey of
the UK market using samples collected in 2021 showed that
levels of PBDEs had fallen compared to 2015,30 indicating a
slower response in dietary products to restrictions on use of
PBDEs in the US compared to the UK. Concentrations
measured in our study were also broadly comparable to those
in food items from Europe30−36 and Japan,37 but they were
considerably lower than the concentrations in food items from
Tanzania38 and China.13,39

NBFRs. Compared to PBDEs, NBFRs were less abundant in
US food, contributing on average 16% to Σ32 HFRs. The
median concentration of Σ8 NBFRs was 21 pg/g ww. The
highest concentrations were observed in turkey samples, with a
median Σ8 NBFR of 110 pg/g ww. This was followed by
salmon and pork, with median concentrations of Σ8 NBFRs of
78 and 70 pg/g ww, respectively.

In general, pentabromobenzene (PBBz) was the most
detected and most abundant NBFR observed in US food,
with an average contribution of 32% to Σ8 NBFRs. PBBz was
particularly abundant in beef and cheese, contributing 48% and
44%, respectively, to Σ8 NBFRs. 2,3,5,6-Tetrabromo-p-xylene
(pTBX) was also frequently detected with an average
contribution of 20% to Σ8 NBFRs, and it was particularly
abundant in tuna, contributing about 85% to Σ8 NBFRs. It is
hard to pinpoint sources of bromobenzenes as they were never
used in commercial mixtures, but they could be byproducts or
degradation products of BDE-209 or decabromodiphenyl
ethane (DBDPE).40,41

Data on NBFR concentrations in US food is rather scarce,
with only one publication reporting similar levels of PBBz,
hexabromobenzene (HBBz), and DBDPE in US baby food
from 2013 including formula, cereal, and puree (Table S9).28

Figure 1. Median concentrations of PBDEs and NBFRs in different US food items of low, medium, and high price. Only PBDEs and NBFRs with a
DF exceeding 30% are included.

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.3c00224
Environ. Sci. Technol. Lett. 2023, 10, 478−484

480

https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.3c00224/suppl_file/ez3c00224_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.3c00224/suppl_file/ez3c00224_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.3c00224/suppl_file/ez3c00224_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.3c00224/suppl_file/ez3c00224_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00224?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00224?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00224?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.3c00224?fig=fig1&ref=pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.3c00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Comparable concentrations of PBBz, pentabromoethylbenzene
(PBEB), HBBz, 2-ethyl hexyl-2,3,4,5-tetrabromobenzoate
(EH-TBB or TBB), and DBDPE were also reported in UK
food items collected in 2020−2021, but concentrations of 1,2-
bis(2,4,6-tribromophenoxy) ethane (BTBPE or TBE) and
bis(2-ethyl hexyl) tetrabromophthalate (BEH-TEBP or
TBPH) in UK samples were considerably higher.30 We
speculated such differences could be due to differences in
consumption of BTBPE and BEH-TEBP in the UK and the
US. However, data is very scarce on production and
consumption of these two NBFRs, and our speculations
require further verification. Further, NBFR concentrations
reported in the present study were similar to those observed in
food items from France,32 Latvia,14 Belgium,34 China,42,43 and
Tanzania,38 but they were significantly lower than those from
e-waste sites in China.10,39,44

HBCDD. Concentrations of HBCDD in different food items
were not shown in Table 1 due to its low detection frequency
(17%). However, HBCDD seemed to be particularly abundant
in salmon, with a median concentration of 57 pg/g ww.
DP. DP (sum of syn- and anti-DP) was detected in US food

samples with a median concentration of 0.18 pg/g ww. The
relative contribution of DP to Σ32 HFRs was minimal (0.87%
on average). Concentrations of DP observed in the present
study were comparable to those determined in food items from
Japan37,45 but were lower than those from Lebanon,46 Latvia,14

and Belgium (Table S11).34

The fraction of anti-DP ( fanti), defined as anti-DP/total DP,
provides useful information about the degradation processes
and sources, as fanti is approximately 0.75 in commercial
mixtures.20 In the present study, the mean fanti was 0.69 ± 0.24,
which is slightly lower than the fanti value of 0.75 for
commercial DP mixtures.20 This was likely due to specific
enrichment in syn-DP in biota,46 as syn-DP is more
bioaccumulative than anti-DP, especially in aquatic species.20

Impact of Price on HFR Concentrations. No statistically
significant difference (p = 0.830) was shown for Σ13 PBDE
concentrations in US food items from the three price groups
(Table S12), which is possibly due to either a lack of impact of
food price or a sample size too small to detect any differences.
However, one-way ANOVA revealed a marginally statistically
significant difference (p = 0.052) in Σ4 NBFR concentrations
in US food items from the three price groups. Specifically, Σ4
NBFR concentrations in food items from the low-price group
significantly exceeded those from both the medium-price
group (p = 0.049) and the high-price group (p = 0.021), while
the difference between the medium-price group and the high-
price group (p = 0.615) was not statistically significant.

NBFRs were generally more abundant in low price than in
food of medium and high price (Figure 1). Interestingly, the
ratios of BDE-209 to low-brominated PBDEs (i.e., BDE-15,
BDE-17, and BDE-28) were considerably higher in meat and
dairy products of low price than in meat and dairy products of
medium and high price. This implied that deca-BDE was
phased out earlier in the mass production of higher cost meat
and dairy products. Consistent with this hypothesis, the higher
ratios of BDE-209 to low-brominated PBDEs were not
observed in low-priced fish, possibly because farm raised fish
does not involve as much machinery as the production of meat
and dairy products.

These results suggest that food price has a minimal impact
on supermarket-purchased food items in the US for PBDEs but
a significant impact for NBFRs. We speculate that the phase-

out of PBDEs in the US drastically reduced PBDE
contamination during production, packaging, transportation,
and storage of food. On the contrary, ongoing use of NBFRs
continues to result in significant contamination in US food and
still poses a potential risk for consumers, especially for those
purchasing food at the low price point, which raises the issue of
environmental justice.

HFR Concentrations in Organic and Nonorganic
Food Items. Median concentrations of Σ13 PBDEs and Σ4
NBFRs in organic food samples (14 composite samples) were
very similar to the corresponding median concentrations in
nonorganic food items (15 composite samples; Table S13),
with no statistically significant differences observed using
paired-samples t tests (Σ13 PBDEs, p = 0.941; Σ4 NBFRs, p =
0.735).

A relatively higher abundance of BDE-209 but lower
abundance of low-brominated PBDEs to total PBDEs was
observed in nonorganic US food items compared to organic
US food (Figure S2). Such differences were similar to those
observed in low-price versus medium- and high-price food and
again were likely due to differences between market sectors in
the timing of the phase-out of deca-BDE in the US.

Estimation of Daily Dietary Exposure to HFRs for the
US Population. Under a median-exposure scenario, daily
dietary intake of HFRs was 0.77 ng/kg bw/day for US children
and 0.47 ng/kg bw/day for US adults, respectively. PBDEs
constituted 96% of dietary intake of HFRs, with the remaining
4% attributed to NBFRs and DP. Consumption of meat and
cheese contributed most to dietary exposure to HFRs,
accounting for 57% and 33%, respectively. This was followed
by consumption of fish (6%) and chicken eggs (4%).

Daily dietary intake of HFRs was also estimated for US
adults (≥20 years old) of different races (Figure 2 and Table
S19). Interestingly, non-Hispanic Asian adults had relatively
higher dietary intake of HFRs than did other adult groups.
Since non-Hispanic Asians consume a diet richer in fish than
other groups, they are likely to ingest more HFRs via fish
consumption. Similarly, due to a diet richer in cheese, non-
Hispanic white adults were estimated to ingest more HFRs
than other groups via cheese intake, which resulted in this
group having the second highest dietary intake of HFRs. Due
to the limited sample size of this study and the availability of
data on food consumption in the US, a more in-depth analysis
of the role of socio-economic factors in the overall exposure to
HFRs was not possible, but it should be explored in follow-up
studies.

Here, the estimated dietary intake of PBDEs for the US
population was at least 3 orders of magnitude lower than the
corresponding reference doses (RfDs) suggested by the US
EPA for all routes of exposure (see Table S20 for a summary of
RfDs for HFRs of interest)47 and 6−8 orders of magnitude
lower than the corresponding RfDs suggested by European
Chemicals Bureau48 and by two other studies.49,50 It is
therefore reasonable to speculate that health burdens posed by
dietary intake of HFRs are minimal for the US population,
although it should be noted that these oral RfDs refer to all
possible routes of exposure to HFRs and diet is only one of
them, with inhalation and dust ingestion playing a major role.
Additionally, the RfD values are available for only a few
compounds and do not consider the cumulative effect of
complex mixtures containing up to a hundred individual
chemicals. Therefore, the contribution of diet in the overall
exposure to HFRs should be further evaluated in a broader
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context. Additionally, these results suggest that some groups of
the US population might be exposed to higher levels of HFRs,
in particular NBFRs, an observation that should be taken into
account in exposure scenarios.
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