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Abstract Reliable quantifications of brominated
flame retardants (BFRs) not only ensure compliance
with laws and regulations on the use of BFRs in
commercial products, but also is key for accurate risk
assessments of BFRs. Acetone is a common solvent
widely used in the analytical procedure of BFRs, but
our recent study found that acetone can react with
some BFRs. It is highly likely that such reactions can
negatively affect the quantifications of BFRs in
environmental samples. In this study, the effects of
acetone on the extraction yields of three representative
BFRs [i.e., decabrominated diphenyl ether (de-
caBDE), hexabromocyclododecane (HBCD) and
tetrabromobisphenol A (TBBPA)] were evaluated in
the Soxhlet extraction (SE) system. The results
showed that acetone-based SE procedure had no
measureable effect for the recovery efficiencies of
decaBDE but could substantially lower the extraction
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yields for both TBBPA and HBCD. After 24 h of
extraction, the recovery efficiencies of TBBPA and
HBCD by SE were 93 and 78% with acetone, 47 and
70% with 3:1 acetone:n-hexane, and 82 and 94% with
1:1 acetone:n-hexane, respectively. After 72 h of
extraction, the extraction efficiencies of TBBPA and
HBCD decreased to 68 and 55% with acetone, 0 and
5% with 3:1 acetone/n-hexane mixtures, and 0 and
13% with 1:1 acetone/n-hexane mixtures, respec-
tively. The study suggested that the use of acetone
alone or acetone-based mixtures should be restricted
in the quantitative analysis of HBCD and TBBPA. We
further evaluated nine alternative solvents for the
extraction of the three BFRs. The result showed that
diethyl ether might be reactive with HBCD and may
not be considered as the alternative to acetone used
solvents for the extraction of HBCD.

Keywords DecaBDE - TBBPA - HBCD - Soxhlet
extraction - Acetone

Introduction

Brominated flame retardants (BFRs) are widely used
in the plastics, electronic equipment, and household
products to improve their flammability resistance. The
most commonly used BFRs are tetrabromobisphenol
A (TBBPA), polybrominated diphenyl ethers
(PBDEs) and hexabromocyclododecane (HBCD)
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(Hyotylainen and Hartonen 2002). These BFRs have
proved to persist and accumulate in the environment
and have adverse effects on human health and the
environment (de Wit 2002; Birnbaum and Staskal
2004). A global ban on these BFRs is currently
performed or being considered (Kemmlein et al.
2009). For example, the use of PBDEs has been
restricted since 2004 in electronics and electrical
applications according to the RoHS Directive. HBCD
has been identified as a substance of very high concern
(SVHC) in EU and was listed in Stockholm Conven-
tion on persistent organic pollutants (POPs) subject to
an eventual ban. Although TBBPA has not been
included in the list of priority substances established
by EU or other countries, the globe risk assessment of
TBBPA is already undertaken (Kemmlein et al. 2009).

In order to comply with regulations such as of
RoHS Directive, the determination of BFRs in the
polymeric materials has become increasingly impor-
tant during production of electric and electronic
equipment and recycling of electronic wastes (Kemm-
lein et al. 2009). Furthermore, the analysis of BFRs in
various environmental samples is also needed urgently
(Covaci et al. 2003, 2007; An et al. 2011), because the
information on the BFR contaminated levels in
environments is essential for characterizing their
occurrence, environmental behavior, and potential
risks to the human health and environment of BFRs.
Therefore, the analytic methods for quantifying BFRs
in polymer and environmental samples have been
developed rapidly in the past decades (de Wit 2002;
Covaci et al. 2003, 2007; Morris et al. 2006; Abdallah
et al. 2008). A large number of research articles have
been published annually about the determination of
BFRs in the products and environments (Web of
Science electronic database).

Extraction of BFRs from matrices is the first and the
most important step in the quantitative determinations
of BFRs. The Soxhlet extraction (SE) is widely
employed as a traditional and robust method for
extracting BFRs from abiotic and biotic samples (van
Leeuwen and de Boer 2008; Covaci et al. 2009). Its
extraction efficiency is mainly dictated by both the
solubility of BFRs in the extraction solvents and the
accessibility of the extraction solvent to the matrix.
Figure 1 summarizes the relevant data on the solvents
used in the SE of TBBPA and HBCD according to the
references included in Web of Science electronic
database (2002-2016). Over half of the published
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Fig. 1 An overview of the extraction solvents used in the
Soxhlet extraction of HBCD and TBBPA from biotic and abiotic
samples (Source: Web of Science, 2002-2016). DCM:
dichloromethane. Others included 1-propanol, ethyl acetate,
methyl tert-butyl ether, methanol:DCM, cyclohexane, and
hexane

research articles reported the use of the acetone/n-
hexane mixtures in the SE of TBBPA or HBCD, which
was far more frequently used than toluene or DCM in
the research articles surveyed (Fig. 1). This finding is
consistent with a review by Covaci et al. (2003) who
reported that acetone/n-hexane mixtures are the pre-
ferred solvents for the determination of PBDEs.

In our prior study, we have reported that HBCD and
TBBPA were unstable in acetone (Zhong et al.
2010, 2012). They can react with acetone to form
other brominated products, and their reaction path-
ways and mechanisms have been elucidated (Zhong
et al. 2010, 2012). These findings have raised such
important questions as whether and to what extent the
reactions between BFRs and acetone affect the
quantitative determinations of BFRs during the SE
procedure. If acetone has negative impacts on the
quantitative determinations of BFRs, the well per-
ceived and widely accepted pre-assumption that
acetone would be an appropriate solvent for the
extraction of BFRs should be challenged. Further-
more, the published data on the concentrations of
BFRs in the environments that were quantified with
the acetone-based SE procedure should be analyzed
retrospectively, and the environmental impacts and
human health risk of BFRs may be reevaluated also.

To date, however, the effects of acetone or acetone/
n-hexane mixtures on the quantitative determinations
of HBCD and TBBPA have not been studied (Covaci
et al. 2003; Morris et al. 2006). For instance, it is not
clear how SE conditions, such as the extraction time
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and, ratio of hexane in acetone, and the presence of Cu
powders, may affect the extraction efficiency of
HBCD and TBBPA. In standard SE procedure, Cu
powder is often added to the extraction solvents for
removing elemental sulfur (Mechlinska et al. 2012) as
sulfur, a major constituent interfering instrumental
quantifications for BFRs, can be co-extracted with
BFRs from sediment, soil, and sewage sludge.
Systematic studies for quantifying such potential
effects and for evaluating alternative solutions to such
an issue are needed.

The first objective of this study was to address the
above research needs by examining the effects of
acetone on the extraction efficiency of decabro-
modiphenyl ether (decaBDE), HBCD and TBBPA
during SE procedure under various SE conditions. In
an effort to search alternative solvents for solving the
acetone issue, we also evaluated the reactivities of
decaBDE, HBCD, and TBBPA with a spectrum of
organic solvent candidates including dichloromethane
(DCM), toluene, diethyl ether, n-hexane, methanol,
ethyl acetate, methyl tert-butyl ether, cyclohexane,
1-propanol. These solvents were used in the literature
in the extraction of TBBPA and HBCD from various
environmental matrices (Fig. 1). The results obtained
in this study may not only help understand the
environmental behavior and potential risks of these
BFRs to human health, but also should provide a
foundation for developing robust analytic method for
BFRs that can be implemented as a standard method in
environmental risk assessment and regulation estab-
lishment on the use of BFRs in electronic products.

Materials and methods
Chemicals

DecaBDE (99%) and TBBPA (97%) were purchased
from Alfa Aesar (Lancaster, England). The technical
HBCD mixture (>95%) was purchased from Tokyo
Chemical Industry (Tokyo, Japan). Acetone, toluene,
and n-hexane (ACS certified grade) were obtained from
Honeywell Burdick & Jackson (Morristown, NJ, USA).
The HPLC-grade DCM, methanol, and methy] tert-butyl
ether were obtained from J.T. Baker (Philianapolis, NJ,
USA), Merck (Darmstadt, Germany) and Tedia Com-
pany Inc. (Fairfield, Ohio, USA), respectively. Analyt-
ical grade ethyl acetate, cyclohexane, and 1-propanol

were redistilled using a glass system. Analytical grade
diethyl ether was purchased from Guangzhou Chemical
Reagents Factory (Guangzhou, China) and used as
received without further purification. Cu powders (<100
mesh; 0.05 mm) were purchased from Fuchen Chemical
Reagents Factory (Tianjin, China) and washed with 1 M
HCI and acetone prior to use.

Extraction yields of BFRs by SE with acetone
or acetone/n-hexane mixture

A standard SE method was conducted by adding BFRs
into the extraction thimbles and extracted with
200 mL solvents at the approximate rate of 3—4
cycles/h. In order to avoid the interference of matrices
like adsorption, the standard soil or sediment was not
added into the extraction thimbles. Only 20 pL of
standard solutions of BFRs (1000 mg L_l) dissolved
in toluene were added into extraction thimbles. The
amounts of BFRs added were consistent with the
contaminated levels of BFRs in soils and sediments
reported in the literature (Sellstrom and Jansson 1995;
Law et al. 2008; Abb et al. 2011). The extraction
solvents selected were acetone, acetone/n-hexane
mixture (3:1, v/v), and acetone/n-hexane mixture
(1:1, v/v). In addition, according to the method
described by Zhang et al. (2009), 1 g of Cu powders
was added to the extraction flasks to investigate the
effect of Cu on the extraction efficiency of BFRs by
SE. Triplicate was used for each setup, and a total of
eighteen setups were tested. After extraction of 24, 48,
and 72 h, the extracts and the rinses of the Soxhlet
extractor components were combined. Each sample
was concentrated into a volume of 10 mL by rotary
evaporation and then subjected to the instrumental
analysis.

The stability of BFRs in other organic solvents

According to Fig. 1, in addition to acetone, nine
solvents were also used for the extraction of BFRs,
including DCM, toluene, diethyl ether, methanol,
ethyl acetate, methyl tert-butyl ether, cyclohexane,
1-propanol, and hexane. The objective of this test was
to search for alternative candidate solvents which
should be nonreactive with the targeted BFRs and thus
could be used to replace acetone in the SE procedure if
acetone was not appropriate due to its reactions with
BFRs. Three BFRs (decaBDE, TBBPA or HBCD)
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were dissolved in each of these nine solvents to
prepare twenty-seven types of work solutions, each
containing 2 mg L' of a target BFR. A aliquot
(2 mL) of a given work solution was added to a brown
bottle capped with a Teflon-lined serum cap. The
bottles so prepared were immediately placed on an
end-over-end rotator shaker preset in dark and at room
temperature. After 72 h of mixing, three bottles were
taken from the shaker for the analysis of residual BFR
concentrations. Any loss of BFR beyond the statistical
deviations of the method was considered as the result
of its reaction with the solvent.

Chemical analysis

Quantification of TBBPA was performed on a HPLC
equipped with an UV detector (HPLC-UV) (Model
LC-20AB; Shimadzu, Kyoto, Japan) and an Inertsil
ODS-SP column (dimensions 150 mm x 4.6 mm,
particle size 5 pm). The 0.2% of ammonium acetate
buffer-methanol (1:4, v/v) was used as an isocratic
eluent at a flow rate of 0.8 mL minfl, and the
wavelength of the UV detector was set at 210 nm.
The concentrations of decaBDE and HBCD were
analyzed by a Shimazu QP2010 GC (Kyoto, Japan)
equipped with an DB-5 fused silica capillary column
(15m x 025 mm x 0.1 ym) and ECD. The oven
temperature was programmed to maintain at 60 °C
for 1 min, be ramped at 20 °C min~'-300 °C, and be
held at 300 °C for 15 min. The inlet and ECD was held
isothermally at 260 and 310 °C, respectively. Helium
was used as the carrier gas at a flow rate of 1 mL min~".
Quantification of decaBDE, TBBPA, and HBCD was
performed by external calibration, using six-point
calibration curves obtained by the injection of standard
solutions containing 0.1-5 mg L™" of the technical
BFRs.

The transformation products of BFRs, if any, were
identified by a Shimazu QP2010 plus GC-MS (Kyoto,
Japan) with a DB-5MS fused silica capillary column
(15 m x 0.25 mm x 0.1 pum). The GC column tem-
perature programmed from 60 to 300 °C at 5 °C min "
heating rate and held at 300 °C for 15 min. The inlet
was held isothermally at 260 °C. Helium was used as
the carrier gas at a flow rate of 1 mL min~"'. The MS
was operated in electron impact ionization mode with
electron energy of 70 eV, and scan ranged from 50 to
750 amu. The ion source and GC-MS interface
temperatures were held at 250 and 280 °C, respectively.

@ Springer

Results and discussion

Extraction efficiency of decaBDE by SE
with acetone or acetone/n-hexane mixture

The high extraction efficiency of BFRs is a prerequisite
for the reliable analysis of BFRs. Figure 2 shows that
recovery efficiencies of decaBDE by SE with acetone
or acetone/n-hexane mixtures under different opera-
tional conditions (solvent ratio, extraction time, and the
addition of Cu powders). The recovery efficiencies for
decaBDE were between 95 and 106% (RSD < 5%)
after 24 h of SE. A separate study also showed that
105 £ 8% of decaBDE was recovered after decaBDE
dissolved in acetone for 72 h. Meanwhile, the recovery
efficiencies were not affected by Cu powders consis-
tently in all tests with SE times of 24 and 72 h. The
results indicated that extraction with acetone or
acetone/n-hexane mixtures allowed complete recovery
efficiency of decaBDE during the SE procedure. It
suggested that decaBDE was stable or nonreactive in
the acetone-based solvents.

According to the above results, we recommended
that acetone or acetone/n-hexane mixtures could be
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Fig. 2 Recovery efficiencies for decaBDE by SE using
different solvents with or without addition of Cu. A: acetone;
B: acetone:n-hexane (3:1); C: acetone:n-hexane (1:1). The error
bars indicate the standard deviations of the means
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applied in the SE of decaBDE from various matrices.
Prior studies have shown that the use of acetone/n-
hexane mixtures provided low recovery efficiencies of
decaBDE in sediments and biota (Dodder et al. 2002;
Hoh and Hites 2005). Such low recovery efficiencies
should not be attributed to its reaction with the solvent
matrix. Instead, it may be caused by decaBDE
evaporation, inefficient separation of decaBDE from
lipid fraction during clean-up procedures after extrac-
tion, UV/light degradation in the laboratory, and/or by
thermal degradation in the chromatographic system
(Strandberg et al. 2001; Dodder et al. 2002).

Extraction efficiency of HBCD by SE with acetone
or acetone/n-hexane mixture

Figure 3 shows that, unlike decaBDE, HBCD was not
completely recovered by SE using acetone or acetone/
n-hexane mixtures. After 24 h of extraction, the
recovery efficiencies of HBCD by SE were 78 + 1%
with acetone, 70 &= 15% with 3:1 acetone:n-hexane,
and 94 + 4% with 1:1 acetone:n-hexane, respectively.
When the extraction time was increased to 72 h, the
recovery efficiencies of HBCD decreased dramatically
to 55 + 3% with acetone, 5 & 1% with 3:1 acetone:n-
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Fig. 3 Recovery efficiencies for HBCD by SE using different
solvents with or without addition of Cu. A: acetone; B:
acetone:n-hexane (3:1); C: acetone:n-hexane (1:1). The error
bars indicate the standard deviations of the means

hexane, and 13 + 2% with 1:1 acetone:n-hexane,
respectively. It indicated that the reactivity of HBCD
with acetone or acetone/n-hexane had caused signif-
icant decreases in extraction yield for HBCD after
24 h of SE and that increasing extraction time had
rapidly decreased the extraction efficiencies. As
HBCD terms to be bound very tightly to sample
matrix such as soil, sediments, and biota samples, the
extraction of HBCD in the laboratory often requires
longer extraction times (i.e., >48 h) to ensure full
penetration of the solvent to the sample matrix (Wu
et al. 2008; Gao et al. 2011; Meng et al. 2011).
According to our results summarized above, it could
be expected that a significant amount of HBCD could
be lost due to its reaction with acetone during long
periods of SE under long extraction period. Such a
huge loss could not be corrected using the spiking of
internal standards that were not reactive with acetone.
The data generated in these previous studies using
other internal standards rather than '3 C,-HBCD
should be evaluated retrospectively.

The results shown in Fig. 3 indicated that Cu
powder had no apparent further effect on the recovery
efficiencies of HBCD. For instance, in the presence of
Cu, the recovery efficiencies of HBCD by SE after
24 h of extraction were 95 + 1% with acetone,
76 + 10% with 3:1 acetone:n-hexane, and 95 £ 2%
with 1:1 acetone:n-hexane, respectively. When the
extraction time increased up to 72 h, the recovery
efficiencies of HBCD also dramatically decreased to
63 4+ 8% with acetone, 12 & 4% with 3:1 acetone:n-
hexane, and 21 £+ 5% with 1:1 acetone:n-hexane,
respectively. These data had no statistically significant
difference from the extraction yields of HBCD with
acetone in the absence of Cu. It is likely that Cu has no
catalytic effect on the degradation of HBCD by
acetone as suggested by Zhong et al. (2010).

In previous studies, the acetone/n-hexane mixtures
have been considered as ideal solvents and commonly
used in the extraction of BFRs (Fig. 1), due to their
polar and nonpolar properties favored for accelerating
the extraction of target compound from complex
matrix. However, this study demonstrated that the
mixtures of acetone:n-hexane resulted in much lower
extraction yields of HBCD compared to pure acetone
after 72 h of extraction (Fig. 3). This might be due to
the fact that the viscosity of the solvent mixtures was
lowered with addition of n-hexane (Johari 1968). Bai
et al. (2003) have reported that the solvent viscosity
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was inversely related to the rate constant observed for
electron transfer reactions. Therefore, it could be
hypothesized that the mixtures of acetone/n-hexane
with low viscosity probably promoted the electron
transfer reactions between acetone and HBCD, lead-
ing to faster degradation of HBCD and its lower
recovery efficiencies.

In addition, a high peak corresponded to pentabro-
mocyclododecene (PBCDe) was detected in the
extracts during SE of HBCD with acetone/n-hexane
mixtures (Fig. 4), but no product was detected with
pure acetone (data not shown). It is known that PBCDe
is the key intermediate of microbial degradation,
photolytical degradation, thermal degradation, and
biological metabolism of HBCD. It was also detected
in various environmental samples including indoor
dust, chicken eggs, fish, sludge, and sediments (Davis
et al. 2006; Hiebl and Vetter 2007; Abdallah and
Harrad 2009). When acetone/n-hexane mixtures were
used in the extraction of HBCD, it is likely that the so
measured concentration of PBCDe may be artificially
higher and environmental processes may be incor-
rectly accounted for the formation of all the detected
PBCDe, thus resulting in incorrect estimation on the
environmental fate of HBCD.

Extraction efficiency of TBBPA by SE
with acetone or acetone/n-hexane mixture

Figure 5 indicates that the acetone-based SE proce-
dures could strongly affect the quantifications of
TBBPA. The extraction recovery efficiencies of

TBBPA were 93 £ 1% with acetone, 47 + 5% with
3:1 acetone/n-hexane mixtures, and 82 + 3% with 1:1
acetone/n-hexane mixtures during 24 h of SE, respec-
tively. The loss of TBBPA followed the order of 3:1
acetone/n-hexane > 1:1 acetone/n-hexane > acetone,
which was similar to that for HBCD (Figs. 2 and 5).
As explained above, the lower solvent viscosity due to
addition of n-hexane may have enhanced the rates of
electron transfer reactions with TBBPA, hence
resulted in increased loss and lowered extraction
yields of TBBPA when compared to pure acetone
(Johari 1968).

Figure 5 shows that the loss of TBBPA was a
function of the SE time. When the extraction time
increased to 48 h, the recovery efficiencies of TBBPA
decreased to 75% with acetone, 0.2% with 3:1
acetone/n-hexane mixtures, and 0.5% 1:1 acetone/n-
hexane mixtures, respectively. After 72 h of extrac-
tion, no TBBPA was detected with two acetone/n-
hexane-based SE procedures. It is apparent that the SE
procedure with acetone/n-hexane mixtures over
extended extraction times may cause massive loss of
TBBPA. Gerecke et al. (2006) showed that acetone/n-
hexane mixtures yielded low extraction recovery
efficiencies (40-90%) when TBBPA was extracted
for 6 h in Soxhlet apparatus. The yields would be
much lower if the extraction time were longer.

The data presented in Figs. 3 and 5 showed that,
compared to HBCD, TBBPA exhibited even more loss
during SE procedure with acetone/n-hexane mixtures.
It is likely that the reactivity of TBBPA with acetone is
stronger than HBCD. Our previous study evaluated the

Fig. 4 GC chromatogram 1.2
of pentabromocyclodo- 3
decene and HBCD in the 1.1 E 24h
extracts during SE with a 1.0 72h
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Fig. 5 Recovery efficiencies for TBBPA by SE using different
solvents with or without addition of Cu. A: acetone; B:
acetone:n-hexane (3:1); C: acetone:n-hexane (1:1). The error
bars indicate the standard deviations of the means

degradation rates of TBBPA and HBCD in acetone
using the amber bottles as the reactors (Zhong et al.
2010, 2012). The rate constant for the degradation of
TBBPA in acetone was approximately eight times
faster than that for HBCD. Furthermore, the mecha-
nism underlying the reaction between acetone and
TBBPA is likely different from that for HBCD. It was
proposed in our prior study that TBBPA was firstly
degraded via B-scission to form two different radicals
in the presence of acetone, which were then coupled to
form high molecular weight products (Zhong et al.
2012). The observed faster rate of TBBPA degradation
may be fundamentally related to its radical reaction,
compared to the dehydrobromination of HBCD in
which no radical was involved.

Another feature of our results (Fig. 5) is that Cu
powder could dramatically increase the loss of
TBBPA during the SE procedure. After 72 h of SE,
the recovery efficiencies of TBBPA with acetone were
at 0.5% in the presence of Cu powder, compared to
68% without Cu powder (Fig. 5). This may be due to
the fact that Cu could catalyze the degradation of
TBBPA in acetone (Zhong et al. 2012). Therefore, it is

even worse to use activated Cu powders for removal of
sulfur during SE of TBBPA with acetone or acetone/n-
hexane mixtures. Compared to HBCD, the losses of
TBBPA during SE with acetone/n-hexane mixtures
were more dramatic over longer extraction time and
with the addition of Cu powders. If both conditions of
longer extraction time and addition of Cu powder are
applied simultaneously in the quantitative analysis of
TBBPA, its concentrations may be substantially
underestimated.

The stability of BFRs in other organic solvents

It is highly necessary to find alternative solvents for
the extraction of BFRs from various environmental
samples. Indeed other solvents have been used for the
extraction of decaBDE, TBBPA or HBCD in the
literature. For example, toluene is an excellent solvent
for dissolving many BFRs and is commonly used for
the extraction of BFRs from abiotic sample such as
sediments, air sample, and electronic products (Even-
set et al. 2007; Takigami et al. 2009; Kajiwara et al.
2011). The binary solvent systems DCM/n-hexane
mixtures can facilitate penetration of the solvent in the
sample matrix, improving the extraction yields of
BFRs from tissues of biotic samples such as fishes,
human adipose, and dolphins (Pulkrabova et al. 2007;
Johnson-Restrepo et al. 2008). Ethyl acetate was less
commonly applied for the extraction of BFRs, but Han
et al. (2010) had demonstrated that ethyl acetate
yielded better extraction efficiency for HBCD than
acetone/n-hexane (1:1, v/v). They proposed that ethyl
acetate was the most appropriate solvent for the
extraction of HBCD from seaweed. Methyl tert-butyl
ether and cyclohexane are compatible solvents for
extraction of TBBPA and HBCD from sediments (Chu
et al. 2005; Haukas et al. 2009). The polar solvents of
1-propanol and methanol were useful for the rupture of
BFRs—-matrix interactions to increase the extraction
yields of BFRs by other solvents. However, whether
decaBDE, TBBPA or HBCD may be reactive in these
extraction solvents has not been evaluated
experimentally.

Figure 6 shows the extraction efficiencies for the
three BFRs using nine different organic solvents
including toluene, DCM, methanol, ethyl acetate,
methyl tert-butyl ether, cyclohexane, 1-propanol,
hexane, and diethyl ether. The results indicated that
all but diethyl ether had the high recovery efficiencies
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for all three BFRs (ranging from 94 to 111%) and that
diethyl ether exhibited lower recovery efficiency
(82%) for HBCD. It suggested that the eight solvents
can be considered as the alternative solvents for the
extraction of BFRs, whereas diethyl ether may not be
suitable. Whether temperature and/or addition of Cu
could trickle reactions between the three BFRs and
other solvents, which should be investigated in future
study.

Implications

The acetone/n-hexane mixtures are the typical sol-
vents for the SE of BFRs from different environmental
matrices such as sediments and biota samples. This
study indicated that such acetone-based extraction
procedure had no measureable effect on the recovery
efficiencies for decaBDE and could be used as a
standard procedure for its quantification in environ-
mental samples. However, the same extraction proce-
dures yielded artificially lowered extraction yields for
both HBCD and TBBPA due to their reactions during
extraction. It is particularly alarming that the SE with
the acetone/n-hexane mixtures (1:1 or 3:1; v/v) did not
recover TBBPA after 72-h extraction (Figs. 3 and 5).
Such abnormally low extraction yield was primarily
caused by chemical reactions of the analytes with
acetone. The result was quite opposite to the conven-
tional practice in analytical laboratories that acetone/
n-hexane mixtures would offer quantitative yields for
BFRs. According to our results, such practice could be
fundamentally flawed even with much shorter

Fig. 6 Recovery 125
efficiencies for decaBDE,
HBCD, and TBBPA (2 mg .
L") after dissolved in 32 100
different organic solvents e
for 72 h 2
5 75
L
LS
)
> 50+
o
>
1<)
o
£ 25-
0 .

DecaBDE
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extraction periods (<24 h) when target BFRs are
HBCD and TBBPA. It is highly recommended that
acetone or acetone/n-hexane mixtures not be used as
the solvents in the standard analytical procedure for
quantifying these two BFRs in environmental
samples.

Our study calls attention that the occurrence,
behavior, and fate of these two BFRs in the environ-
ment based on analytical data obtained using acetone-
based SE procedures may be inaccurate and should be
reevaluated with new data obtained with alternative
solvent extractions. TBBPA is the most commonly
used BFRs, accounting for approximately 60% of the
total BFRs market (Covaci et al. 2009). However, the
concentrations of TBBPA in various environmental
samples reported in previous studies were much lower
than other BFRs (Morris et al. 2004; Law et al. 2006).
Prior studies hypothesized that the reported lower
concentrations of TBBPA were due to its lowered
extractability because it might be tightly bound to
polymeric matrix of the electronic products and soil/
sediment particles. Our data demonstrated that
TBBPA is readily degraded during SE with acetone/
n-hexane mixtures and such degradation increased as a
function of extraction time and in the presence of Cu
powders. It is highly possible that the reported much
lower concentrations of TBBPA in environmental
samples could be primarily due to artificially lowered
recovery efficiencies of the chemical during labora-
tory extraction, instead of presumed low levels of
TBBPA in environments or low extractability of
TBBPA in environmental samples. Apparently, the
concentrations of TBBPA in environments may be
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substantially underestimated in the literature when
acetone was applied in analytic procedure.

Our study also calls attention to other extraction
techniques, such as pressurized liquid extraction,
sonication extraction, and microwave-assisted extrac-
tion which use acetone as the extraction medium for
quantification of TBBPA and HBCD in environmental
samples. These extraction methods are often per-
formed under extreme conditions such as high pres-
sures and high temperatures. Such extreme conditions
might even increase the reaction rates between acetone
and two BFRs. It is certainly true when these
extraction methods are acetone based. Careful mea-
sures such as shortened extraction times should be
considered (Xiong et al. 2015, 2016).
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