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ABSTRACT: Compared with tetrabromobisphenol A (TBBPA)
and its derivatives, the skeletally similar chemicals tetrabromobisphenol S (TBBPS) and its derivatives have been rarely studied,
and very little is known about their structures, environmental
occurrence, and behaviors. In this study, a total of 84 soil samples
from a chemical industrial park have been collected and analyzed
to investigate the occurrence of TBBPS and its derivatives and to
identify novel TBBPS analogs. TBBPS, TBBPS bis(2,3dibromopropyl ether) (TBBPS-BDBPE), and three byproducts,
TBBPS mono(allyl ether) (TBBPS-MAE), TBBPS mono(2bromoallyl ether) (TBBPS-MBAE), and TBBPS mono(2,3dibromopropyl ether) (TBBPS-MDBPE), have been detected
with contents ranging from below detection limits to 1934.6 ng/g dw and with detection frequencies of 21.4−97.6%. In
addition, another 5 unknown TBBPS analogs, tribromobisphenol S (TriBBPS), 2,2′,6′-TriBBPS-MAE (TriBBPS-MAE3.2),
2,6,2′-TriBBPS-MAE (TriBBPS-MAE3.4), 2′,6′-DBBPS-MAE (DBBPS-MAE2.0), and 2,6-DBBPS-MAE (DBBPS-MAE2.6), have
been identiﬁed in these soil samples by untargeted mass spectrometry screening. These unknown analogs have also been
observed in laboratory transformation experiments of TBBPS-MDBPE conducted under reducing conditions. TriBBPS-MAE3.4
and DBBPS-MAE2.6 were more likely to be produced than TriBBPS-MAE3.2 and DBBPS-MAE2.0 due to the stereoselectivity of
the transformation. TriBBPS-MAE3.4 and DBBPS-MAE2.0 were more stable, resulting in higher detection frequencies of these
compounds in soil samples. Ether bond breakage and debromination contributed to the generation of these novel products. The
results provide new information on the behaviors of TBBPS and its derivatives in the environment.
TBBPS segments in the ﬁelds of electronic devices, plastics,
rubber, and textiles.2
Although TBBPS and its derivatives have been widely
produced and used in industrial applications, only a few reports
have recently become available on their environmental
occurrence, behavior, and risks.3 The concentrations of
TBBPS and TBBPS-BDBPE in the wastewater from a BFR
factory was reported to be as high as 10 μg/L.4 Furthermore,
TBBPS-BDBPE has been frequently detected in herring gull
eggs collected from colonies at the Laurentian Great Lakes2,5
and in seafood from the Bohai Sea, China,6 where the highest
measured concentration was 55.5 ng/g liquid weight. Some
emerging TBBPS analogs, such as TBBPS mono(allyl ether)

1. INTRODUCTION
Because they delay ignition and reduce the combustion rate in
the spread of ﬁre, brominated ﬂame retardants (BFRs) have
been widely used in plastics, electronics, and electrical devices.
As knowledge about the risks associated with BFRs has
improved, the production and application of some of these
compounds (i.e., polybrominated diphenyl ethers (PBDEs),
polychlorinated biphenyls (PCBs), and hexabromocyclododecane (HBCD)) have been gradually banned. Subsequently,
new alternatives have been proposed as substitutes for these
traditional BFRs in industrial production. Currently, tetrabromobisphenol A (TBBPA) is the most widely used BFR, and
a skeletally similar chemical, tetrabromobisphenol S (TBBPS),
has been proposed as a potential alternative to TBBPA.1
Additionally, TBBPS is an important raw material for
producing the derivative TBBPS bis(2,3-dibromopropyl
ether) (TBBPS-BDBPE) and certain oligomers containing
© 2018 American Chemical Society
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Table 1. Characteristics of TBBPS and Its Analogs in Soil Samples Analyzed by HPLC-Orbitrap-HRMS

a

I.D.: Identiﬁcation level, 1, structures identiﬁed by HRMS with authentic standards; 2, probable structures identiﬁed by HRMS spectra.

risks of some of these metabolites, such as tribromobisphenol
A (TriBBPA), dibromobisphenol A (DBBPA), monobromobisphenol A (MBBPA), TBBPA sulfate, and TBBPA glucoside,14−18 have been evaluated. TriBBPA, DBBPA, and
MBBPA exhibited more severe toxicity than TBBPA in
microtox and algal assays.19 Generally, the acute toxicity to
microorganisms can be drastically reduced by increasing the
degree of degradation or mineralization of TBBPA.20−22 Given
the structural similarity between TBBPA, TBBPS, and their
derivatives, it is logical to hypothesize that TBBPS and
derivatives are subject to comparable environmental transformation processes mentioned above.3,6 However, much less
knowledge is available about the metabolites or transformation
products of TBBPS and its derivatives whether from model
experiments or ﬁeld investigations.3

(TBBPS-MAE), TBBPS mono(2-bromoallyl ether) (TBBPSMBAE), and TBBPS mono(2,3-dibromopropyl ether)
(TBBPS-MDBPE), have been identiﬁed as byproducts of
TBBPS-BDBPE in mollusk samples from the Bohai Sea.7 In
addition, software predictions demonstrate that TBBPSBDBPE can be transformed into skeletally similar chemicals,
including TBBPS and TBBPS-MDBPE.7
Similar to the formation of OH-PBDEs through the
degradation of PBDEs,8 the degradation or transformation of
TBBPS and its derivatives may also lead to the generation of
unknown metabolites, which may exhibit higher toxicity to
wildlife and humans than the precursors. To date, more than
100 metabolites or transformation products of TBBPA
generated from debromination,9 β-scission (cleavage at the
central carbon atom),10 hydroxylation,11,12 and O-methylation13 have been identiﬁed. The potential ecological and health
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DOI: 10.1021/acs.est.8b03266
Environ. Sci. Technol. 2018, 52, 10480−10489

Article

Environmental Science & Technology

ionization (ESI+) in preliminary experiments, no obvious
brominated chemicals related to TBBPS-MDBPE have been
observed. As these phenolic chemicals are easily ionized under
negative electrospray ionization (ESI−) mode (Table 1) and
generated high response signals, the compounds were
identiﬁed by their m/z values at the highest isotopic
abundance of [M − H]−. The isotope ratios of the detected
TBBPS, TBBPS-MAE, TBBPS-MBAE, and TBBPS-MDBPE
compounds in the soil samples were 1:4:6:4:1, 1:4:6:4:1,
1:5:10:10:5:1, and 1:6:15:20:15:6:1, respectively (Table 1),
coinciding with Br numbers of 4, 4, 5, and 6 in these four
compounds. TBBPS-BDBPE was also detected by ESI mass
spectrometry6 due to ether bond fragmentation and the
formation of the [M − C3H5Br2]− ion under full scan mode.
However, the ionization eﬃciency of TBBPS-BDBPE was
much lower than that of the phenolic chemicals, thus resulting
in a lower sensitivity.
2.5. Reductive Transformation. In this study, the
transformation of TBBPS-MDBPE was performed under
reducing conditions created by cyanocobalamin (CCA) and
titanium(III) citrate solutions. CCA in the super-reduced state
(CCAs) is proposed to be an eﬀective alternative to an
anaerobic dehalogenation bacterium for studying the degradation metabolism of halogenated compounds.23,24 For example,
the anaerobic degradation of toxaphene,24 brominated
diphenyl ether,25 chlorinated ethane,26 2,3-dibromopropyl2,4,6-tribromophenyl ether (DPTE),27 and TBBPA-MDBPE23
by CCAs has been reported. Therein, it was also used as an
alternative strategy for studying the anaerobic degradation or
transformation mechanism of TBBPS-MDBPE in our study.
Due to the low ionization eﬃciency28,29 of TBBPS-BDBPE and
its possible metabolites, TBBPS-MDBPE was chosen as the
representative initial chemical for studying the transformation
of TBBPS derivatives.
Typically, the solutions were prepared according the
following procedure. First, CCAs was prepared according to
previous methods.23 Brieﬂy, in an anaerobic chamber,
titanium(III) citrate (0.2 M) was prepared by adding sodium
citrate (50 mL, 0.4 M, pH = 7.0) to a titanium(III) chloride
solution (15 mL, 20% w/v, in 2 N HCl). The mixed solution
was diluted to 100 mL with deionized water after adjusting the
pH to 8.0 using Na2CO3 (2 M). CCAs was prepared by
dissolving CCA in this titanium(III) citrate solution at two
concentrations, 800 and 80 μM, which are denoted CCAs-1
and CCAs-2, respectively. Many chlorinated chemicals have
been transformed using CCAs at about 80 μM.23,25,30 Both
CCAs-1 and CCAs-2 were used separately to transform
TBBPS-MDBPE (20 μg) over six time periods (10 min, 20
min, 30 min, 60 min, 2 h, and 24 h). Solutions of titanium(III)
citrate (1 mL, 0.2 M) and CCA (1 mL, 800 μM) were also
separately applied to the treatment of TBBPS-MDBPE (20 μg)
to compare with the CCAs performance. All the solutions were
extracted with DCM (5 mL) three times, concentrated into 1
mL of methanol, and analyzed by HRMS to characterize the
transformation products.
2.6. Quality Control and Quality Assurance. The
recoveries of TBBPS, TBBPS-BDBPE, TBBPS-MAE, TBBPSMBAE, and TBBPS-MDBPE from soil samples ranged from
85% to 95%. The method detection limits (MDLs) were
deﬁned as the minimum amount of analyte producing a peak
with S/N = 3/1. MDLs were 2, 10, 0.05, 0.1, and 0.8 ng/g dw
for TBBPS, TBBPS-BDBPE, TBBPS-MAE, TBBPS-MBAE,
and TBBPS-MDBPE, respectively. The TBBPS-related by-

In this study, we aimed to identify the unknown compounds
related to TBBPS and its derivatives in contaminated soil
samples from a chemical industrial park. A transformation
experiment of TBBPS-MDBPE under reducing conditions was
carried out to further verify the detected unknown compounds
and the possible degradation mechanisms. The identiﬁcation of
the unknown compounds possibly generated from TBBPS and
its derivatives in both ﬁeld and model experiments would be
beneﬁcial for the study of their environmental fate and
ecological risks.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. TBBPS (98%) and
TBBPS-BDBPE (99%) was purchased from ANPEL Laboratory Technologies Inc. (Shanghai, China) and used without
further puriﬁcation. TBBPS-MAE, TBBPS-MDBPE, and
TBBPS-MBAE were synthesized and further puriﬁed according
to the reported method.7 Cyanocobalamin (CCA, Vitamin
B12) was obtained from Sigma-Aldrich. Sodium citrate and
titanium(III) chloride solution (15 mL, 20% w/v, in 2 N HCl)
were purchased from Acros Organics. Methanol, hexane, and
methylene dichloride (DCM) were all HPLC grade. Water was
generated by a Milli-Q advantage A10 system.
2.2. Sample Collection. Topsoil (0−5 cm depth) and
subsoil (30−40 cm depth) samples (42 pairs, 84 samples) were
collected from a chemical industrial park. The detailed
sampling information has been reported elsewhere.23 The
soil samples were freeze-dried, ground, sieved (100 mesh), and
stored at −20 °C until analysis. The subsoil samples were
preserved in bags ﬁlled with nitrogen gas.
2.3. Sample Pretreatment. The soil samples (1 g) were
extracted with DCM (20 mL) for 30 min by ultrasonic
extraction three times. The extracts were combined, concentrated with a rotary evaporator, solvent-exchanged to 0.5
mL of DCM/hexane (1/1, v/v), and further cleaned by gel
permeation chromatography (GPC, biobeads S-X3, 2.5 cm i.d.
× 40 cm length). After the extracts were loaded, the GPC
column was ﬁrst rinsed with 100 mL of DCM/hexane (1/1, v/
v), and then, the extracts were eluted with 150 mL of DCM/
hexane (1/1, v/v), further concentrated, and solventexchanged to 1 mL of methanol for high-resolution mass
spectrometry (HRMS) analysis.
2.4. Instrumental Analysis. Ultrahigh-performance liquid
chromatography (Ultimate 3000) coupled with an Orbitrap
Fusion Tribrid mass spectrometer (UHPLC-Orbitrap-HRMS,
Thermo Fisher Scientiﬁc, U.S.A.) was used for qualitative and
quantitative analyses under the recommended conditions.7 An
Extend C18 column (2.1 × 50 mm, 1.8 μm, Agilent) was
selected for the analysis of TBBPS, TBBPS-MAE, TBBPSMBAE, and TBBPS-MDBPE.7 A ZORBAX ODS column (3.0
× 150 mm, 5 μm, Agilent) was used for the analysis of TBBPSBDBPE.23 The detailed instrumental parameters and gradient
elution conditions were reported elsewhere7,23 and are brieﬂy
described in the Supporting Information.
TBBPS, TBBPS-BDBPE, TBBPS-MAE, TBBPS-MBAE, and
TBBPS-MDBPE were detected in the soil samples by UHPLCOrbitrap-HRMS by comparison to standards and quantiﬁed
using the external standard method. Trials of applying
atmospheric pressure chemical ionization mass spectrometry
(APCI-MS) and atmospheric pressure photoionization mass
spectrometry (APPI-MS) for analysis of TBBPA derivatives
(structure similar to TBBPS-BDBPE) displayed low sensitivity.6 In untargeted mass spectrometry of positive electrospray
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Table 2. Levels (Detectable Contents) of TBBPS, TBBPS-BDBPE, and Analogs in Soil Samples
detection frequency, %
TBBPS
TBBPS-MAE
TBBPS-MBAE
TBBPS-MDBPE
TBBPS-BDBPE
TriBBPS
DBBPS-MAE2.0
DBBPS-MAE2.6
TriBBPS-MAE3.2
TriBBPS-MAE3.4

94.0
95.2
40.5
97.6
21.4
59.5
21.4
7.1
2.4
25.0

area ratio vs TBBPS rangea

0.001−26.7
0.001−4.3
0.2−79.6
45.6−107.2
0.001−193.8

content range, ng/g dw

mean

median

0.4−246.5
0.5−624.8
0.4−17.1
3.6−1149.9
15.0−1934.6

12.9 ng/g dw
24.7 ng/g dw
2.1 ng/g dw
79.5 ng/g dw
592.1 ng/g dw
0.8
1.0
19.7
76.4
14.3

3.5 ng/g dw
3.7 ng/g dw
1.1 ng/g dw
12.1 ng/g dw
276.1 ng/g dw
0.2
0.4
4.7
76.4
1.6

a

MS peak area ratio of the target compounds vs TBBPS in the same sample.

(0.14−3.42) were lower than those in the subsoils (0.33−
26.43) but much higher than that in the commercial products
(3.94 × 10−4).7 These results suggested that a substantial
amount of TBBPS-MDBPE is likely produced from the
transformation of TBBPS-BDBPE to TBBPS-MDBPE in the
soils, especially in the anoxic subsoils.
The correlation coeﬃcients between each combination of
TBBPS, TBBPS-MAE, TBBPS-MDBPE, TOC, and pH are
listed in Table S2. Signiﬁcant correlation (p < 0.05) was
observed between top-TBBPS-MAE and sub-TBBPS-MAE as
well as between top-TBBPS-MDBPE and sub-TBBPSMDBPE, suggesting that these compounds may be from the
same source. The combinations of TBBPS-MAE, TBBPSMDBPE, and pH all presented similar correlation relationships
as a result of the possible transformation of TBBPS-MDBPE to
TBBPS-MAE under constant pH conditions. However, note
that no signiﬁcant correlation (p > 0.05) occurred between
top-TBBPS and sub-TBBPS.
3.2. Identiﬁcation of Unknown Compounds Related
to TBBPS in the Soil Samples. Orbitrap-HRMS is
suﬃciently sensitive and accurate for the identiﬁcation of
novel TBBPS derivatives and the characterization of
unknowns.7,31,32 The rules used to distinguish the unknowns
related to TBBPS were as follows: (1) 1 S atom is included;
(2) the number of C atoms is between 12 and 16; (3) when
both rule (1) and (2) are true and the total number of H and
Br atoms is 9, the chemicals might be brominated bisphenol S
analogs. The chemical identiﬁcation levels are based on
communicating conﬁdence using HRMS in environmental
samples33 (Table 1).
As shown in Table 1, 5 nontargeted TBBPS analogs (Nos.
6−10) were detected in the soil samples under full scan mode.
The isotope ratio of chemical No. 6 was 1:3:3:1, indicating the
existence of 3 Br atoms in its structure. The calculated
molecular formula was [C12H6O4Br3S]− by loss of one H from
the structure during HRMS analysis. Further structure
conﬁrmation results showed that chemical No. 6 (in Section
3.3) was tribromobisphenol S (TriBBPS). Chemicals No. 7
and 8 presented the same isotope ratio (1:2:1), indicating the
presence of two Br atoms in their molecular structures.
Combined with their same precursor ion of [C15H11O4Br2S]−,
chemicals No. 7 and 8 (in Section 3.3) were identiﬁed as
dibromobisphenol S mono(allyl ether) (DBBPS-MAE). The
chemicals (Figure S1) detected at retention times (RTs) of 2.2
and 2.6 min were named DBBPS-MAE2.0 and DBBPS-MAE2.6,
respectively. Chemicals No. 9 and 10 also presented the same
isotope ratio (1:3:3:1) and the same precursor ion of
[C15H10O4Br3S]−. Further structural conﬁrmation indicated

products and transformation products were identiﬁed by
Orbitrap-HRMS at a resolution of 120 000 and a mass error of
<5 ppm. Blank samples were treated with each batch of
samples to avoid cross-contamination, and no target chemicals
were observed. All transformation experiments were performed
in duplicate (RSD < 20%). TBBPS-MDBPE spiked controls in
acetone were prepared at the same time as the experiments. No
transformation products were detected in the control samples
from the 24 h transformation process.
2.7. Statistical Analysis. For the TBBPS analogs with a
detection frequency of >75%, Spearman’s rank correlation test
was performed between each combination of the following
factors of the soil samples: the compound content, total
organic content (TOC), and pH.23 When the p value was
below 0.05, the linear regression between two tested variables
was regarded as signiﬁcant. Contents below the detection limit
were treated as half of the detection limit.

3. RESULTS AND DISCUSSION
3.1. Occurrence of TBBPS and TBBPS Derivatives in
Soil Samples. The analytical results of TBBPS, TBBPSBDBPE, and their byproducts in soil samples are shown in
Table S1 and summarized in Table 2. TBBPS and three
byproducts, TBBPS-MAE, TBBPS-MBAE, and TBBPSMDBPE, were detected at high detection frequencies of
94.0%, 95.2%, 40.5%, and 97.6%, respectively (Table 2). Due
to the high method detection limit (MDL) of TBBPS-BDBPE,
its detection frequency (21.4%) was relatively lower. TBBPSBDBPE showed the highest content (1934.6 ng/g dw) because
of its possible direct discharge from BFR plants. TBBPSMDBPE, one of the most important byproducts of TBBPSBDBPE, exhibited the second highest level (detectable
contents of 3.6−1149.9 ng/g dw). The detectable contents
of TBBPS-MAE and TBBPS-MBAE were 0.5−624.8 and 0.4−
17.1 ng/g dw, respectively, much higher than those detected in
mollusk samples from the adjacent sea region.7 In both
mollusk and soil samples, TBBPS-MDBPE was the most
frequently detected TBBPS byproduct. Although the contents
of TBBPS and TBBPS-BDBPE were much lower than those of
TBBPA and its derivatives (<MDL−1.3 × 107 ng/g dw), the
byproducts of the latter (TBBPA-MAE, TBBPA-MBAE and
TBBPA-MDBPE) showed the same levels (<MDL−1344.6
ng/g dw) as TBBPS-MAE, TBBPS-MBAE, and TBBPSMDBPE.23
As shown in Figure 1 and Table S1, TBBPS, TBBPSBDBPE, and the three byproducts all presented higher levels in
most of the topsoil samples than that in the subsoil samples.
The ratios of TBBPS-MDBPE/TBBPS-BDBPE in the topsoils
10483
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Figure 1. Content distribution of TBBPS and its byproducts in the top- and sublayer soil samples.

that these compounds were tribromobisphenol S mono(allyl
ether) (TriBBPS-MAE). The chemicals detected at RTs of 3.2
and 3.4 min (Figure S1) were named TriBBPS-MAE3.2 and
TriBBPS-MAE3.4, respectively. Less brominated analogs and
bisphenol S were not identiﬁed in soil samples, possibly
because of their low environment level or low sensitivity by the
developed method.
Although TriBBPS, DBBPS-MAE, and TriBBPS-MAE could
not be quantiﬁed because of the lack of commercial standards,

their detection frequencies were still calculated on the basis of
the results obtained from HRMS under full scan mode. The
detection frequencies of TriBBPS, DBBPS-MAE2.0, DBBPSMAE2.6, TriBBPS-MAE3.2, and TriBBPS-MAE3.4 were 59.5%,
21.4%, 7.1%, 2.4%, and 25.0%, respectively (Table 2). Higher
detection frequencies were observed for TriBBPS (59.5%)
than the other unknown TBBPS analogs (2.4−25.0%) in the
84 soil samples. In consideration of the similar production
strategy and structure of TBBPS to those of TBBPA, TriBBPS
10484
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Figure 2. MS2 spectra of the transformation products of TBBPS-MDBPE.

is hypothesized to be a byproduct or degradation product of
TBBPS. Among all 50 samples containing detectable TriBBPS
(29 subsoil and 21 topsoil samples), the response signal ratios
of TriBBPS/TBBPS (area/area) in most of the subsoils were
higher than those in the topsoils. The higher ratios may be
attributed to the debromination of TBBPS, which is facilitated
by the anoxic conditions of the subsoils.
3.3. Identiﬁcation of TBBPS-MDBPE Transformation
Products under Model Reducing Conditions. Under both

CCAs-1 and CCAs-2 conditions, most of the TBBPS-MDBPE
was degraded in a short period of time (Figure S2). In the
presence of titanium(III) citrate, TBBPS-MDBPE was also
decomposed, unlike in the case of the halogenated chemicals
PCB,34 toxaphene,24 and PBDEs,25 which cannot be degraded
by this reductant. However, in the parallel experiment with
CCA, no change in the TBBPS-MDBPE concentration was
observed, in good agreement with the results of a previous
report.24 These results suggest that the reductive trans10485
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formed fragments, such as the MS2 ion cluster observed at m/z
481.7/483.7/485.7/487.7, via cleavage of the ether bond
activated by the vicinal Br. The same fragmentation characteristics were also observed in the MS2 spectra of DBBPS-MAE2.6
and DBBPS-MAE2.0, of which cleavage of the ether bond of
DBBPS-MAE2.6 was easier than that of DBBPS-MAE2.0. The
activation of the allyl-O group by the vicinal Br for cleavage in
the MS2 ionization process was also observed for TBBPSMAE, TBBPS-MBAE, and TBBPS-MDBPE with an ion cluster
at m/z 559.7/561.7/563.7/565.7/567.6 (Figure S4). The
diﬀerences between the ionization behaviors of these isomers
further conﬁrmed the existence of two Br atoms near the allylO group in the structures of DBBPS-MAE2.6 and TriBBPSMAE3.4. Ultimately, the isomeric structures of TriBBPS-MAE
and DBBPA-MAE were identiﬁed to be 2,2′,6′-TriBBPS-MAE
(TriBBPS-MAE3.2), 2,6,2′-TriBBPS-MAE (TriBBPS-MAE3.4),
2′,6′-DBBPS-MAE (DBBPS-MAE2.0), and 2,6-DBBPS-MAE
(DBBPS-MAE2.6) (Table 1 and Figure 2).
On the basis of the easier generation of DBBPS-MAE2.6 and
TriBBPS-MAE3.4 than of DBBPS-MAE2.0 and TriBBPSMAE3.2, the generation of TriBBPS-MAE and DBBPS-MAE
from TBBPS-MAE was concluded to be stereoselective
(Figures S5 and S6). The steric hindrance caused by the
allyl ether group might be attributed to the weak
debromination tendency of the adjacent bromine atoms, and
more TriBBPS-MAE3.4 than TriBBPS-MAE3.2 has been
detected in the reaction solutions after 24 h of treatment
with the reductants. However, curiously, it was the opposite for
DBBPS-MAE; DBBPS-MAE2.0 was detectable while DBBPSMAE2.6 was completely transformed. More DBBPS-MAE2.0
than DBBPS-MAE2.6 in the model experiment may be partially
attributed to the further debromination of TriBBPS-MAE3.2.
For lack of authentic standards of DBBPS-MAE and TriBBPSMAE, the transformation from TriBBPS-MAE3.2 is only a
speculation. The degradation resistances of DBBPS-MAE2.0
and TriBBPS-MAE3.4 in the model experiments were in good
agreement with their higher detection frequencies in the soils
(21.4% and 25.0%, Table 2), indicating their possible
transformation from TBBPS-MDBPE induced by anaerobic
conditions in environmental media. Unlike the TBBPS
derivatives, no such relationship was found for the two isomers
of TriBBPA-MAE and the three isomers of DBBPA-MAE in
these soil samples.23 Of course, other transformation paths or
sources may also be involved in the ﬁeld environment.
In addition, the dissipation rate of TBBPS-MDBPE was
aﬀected by the reductant mass (Figure S2), with faster
dissipation rates observed in the presence of the higher CCAs
level (CCAs-1, 800 μM). However, after 24 h of treatment,
almost all the TBBPS-MDBPE (>99.8%) was removed under
both the CCAs-1 and CCAs-2 conditions. For the system
containing only titanium(III) citrate, approximately 2.5% of
TBBPS-MDBPE remained in the reaction solutions after 24 h.
Compared with the halogenated chemicals of the TBBPA
derivatives,23 toxaphene,24 and brominated diphenyl ether,25
TBBPS-MDBPE was more susceptible to transformation under
anoxic or reducing conditions.
3.4. Metabolism, Environmental Behavior, and Implications of the TBBPS Derivatives. In our study, the
higher detection frequencies of the less brominated products
(i.e., TriBBPS, TriBBPS-MAE, and DBBPS-MAE) and the
higher TBBPS-MDBPE/TBBPS-BDBPE ratios in both the
top- and subsoils were consistent with the proposal that the
metabolites from both debromination and ether breakage at

formation of TBBPS-MDBPE is closely related to the reducing
power of the reductant.
The transformation products of TBBPS-MDBPE were
characterized by Orbitrap-HRMS under full scan mode
(Figures S1 and S3), and the identiﬁed chemicals were deﬁned
as compounds A to G (Figures S1 and S3, A−G, where A is
TBBPS-MDBPE). On the basis of the ion cluster observed at
m/z 678.6/680.6/682.6/684.6/686.8/688.6 with an isotope
ratio of 1:5:10:10:5:1, the molecular formula of compound B
was calculated as [C15H8O 4Br5S]− (Figure S3B). For
compound C detected at m/z 600.7/602.7/604.7/606.7/
608.7 with an isotope ratio of 1:4:6:4:1, the molecular formula
was [C15H9O4Br4S]− (Figure S3B). Both compounds B and C
presented the same elemental composition, MS2 spectral
characteristic, and RT as TBBPS-MBAE and TBBPS-MAE,
corresponding to the gradual loss of bromine from the alkyl
group of TBBPS-MDBPE. When directly analyzing the
solution containing 20 μg/mL authentic TBBPS-MDBPE,
TBBPS-MBAE was below the detection limit, implying that it
was not the impurity of parent TBBPS-MDBPE. In the model
experiment, the formation ratio of TBBPS-MBAE only
accounted for about 0.2% of initial TBBPS-MDBPE (w/w),
demonstrating that TBBPS-MBAE should be the transformation product of TBBPS-MDBPE. The simultaneous
removal of H and Br atoms can be ascribed to the basic
conditions (CO32−, pKa = 3.6).35 For compound D with an ion
cluster at m/z 560.7/562.7/564.7/566.7/568.7 (isotope ratio
1:4:6:4:1), the molecular formula was [C12H5O4Br4S]− (Figure
S3). In addition, compound D was further identiﬁed as TBBPS
by comparison of its MS characteristics and RT with those of
pure TBBPS. Therein, it can be concluded that TBBPS formed
through breakage of the ether bond in the TBBPS derivatives
and intermediates, such as TBBPS-MDBPE, TBBPS-MBAE,
and TBBPS-MAE.
The debromination of BFRs at the aryl ring often leads to
the loss of Br and the addition of H to form less brominated
metabolites. Here, compound E, which exhibited an ion cluster
of [C15H10O4Br3S]− at m/z 522.8/524.8/526.8/528.8 (isotope
ratio, 1:3:3:1) (Figure S3E), was identiﬁed as tribromobisphenol S mono(allyl ether) (TriBBPS-MAE). The molecular
formula corresponding to the ion cluster of compound F at m/
z 444.9/446.9/448.9 (isotope ratio, 1:2:1) (Figure S3F) was
calculated to be [C15H11O4Br2S]−. From comparison with
compound E, its generation could be attributed to the further
loss of Br and addition of H and was therefore identiﬁed as
dibromobisphenol S mono(allyl ether) (DBBPS-MAE).
According to the observation of the same fragmentation
properties as those of TBBPS in the MS2 spectrum (Figure
S4), compound G (Figures S1 and S3, G), which was detected
at m/z 482.8/484.8/486.7/488.7 ([C12H6O4Br3S]−) with an
isotope ratio of 1:3:3:1, was identiﬁed as TriBBPS (Figure 2).
Similar to the screening results from the soil samples, less
brominated and bisphenol S analogs have not yet been
detected in the transformation process.
As the transformation products of TBBPS-MDBPE, both
TriBBPS-MAE and DBBPS-MAE were detected as mixtures of
their isomers, similar to the less brominated metabolites
produced from TBBPA derivatives.23 TriBBPS-MAE species
detected at RTs of 3.2 and 3.4 min (named TriBBPS-MAE3.2
and TriBBPS-MAE3.4, respectively, Figure S1) came from the
same parent ion (m/z 524.8) but presented diﬀerent MS2
spectra (Figure 2). Compared with TriBBPS-MAE3.2, the
precursor ion of TriBBPS-MAE3.4 (m/z 524.8) more easily
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Figure 3. Transformation pathways of TBBPS-MDBPE under reducing conductions (solid arrows) and those predicted by the EAWAG-BBD
Pathway Prediction System (dashed arrows). The transformation rules (bt0022−66) can be found at http://eawag-bbd.ethz.ch/predict/.
Chemicals shown in blue are products identiﬁed in both the model transformation experiments and the soil samples.

the highest log Kow values (8.0 and 9.5). In general, the log Kow
values decreased with decreasing number of Br atoms on the
aryl ring (from 6.6 for TBBPS-MAE to 4.8 for DBBPS-MAE).
Note that the high log Koa (octanol−air partition coeﬃcient)
values (15.7−21.8) of the TBBPS analogs indicated their low
respiratory elimination rates and high bioaccumulation
potential in respiratory organisms. The log Koc (soil adsorption
coeﬃcient) values of these analogs (from 3.7 to 6.3) were close
to that of TBBPA (5.2), suggesting their possible tendency to
adsorb on the surface of sediments and soils. For the
bioconcentration factors (BCFs), TBBPS-MAE (10 730),
TBBPS-MBAE (13 200), and TBBPS-MDBPE (8829) presented much higher values than the derivatives TBBPS-BAE
(4207) and TBBPS-BDBPE (775). The results indicated the
lower bioconcentration potential of TBBPS-BDBPE, TBBPS,
and novel less-brominated analogs and higher bioconcentration potential of three TBBPS byproducts. The degradation
occurring in soils might reduce the bioconcentration potential
of byproducts via debromination. A previous study on the
preliminary evaluation of the byproducts showed the phenolic
group in TBBPS, TBBPS-MAE, TBBPS-MBAE, and TBBPSMDBPE can improve their toxicity to primary cerebellum
granule cells compared with TBBPS-BAE and TBBPSBDBPE.7 The potential toxicity caused by generation of
hydroxyl-chemicals in degradation of BFRs should be further
considered because some products were more toxic than their
parent compounds.8,39,40
Although TBBPS and TBBPA derivatives possess similar
structures, they still present diﬀerent transformation strategies

one side of the aromatic ring are the most common
transformation products of TBBPA, TBBPS, and their
derivatives.23,36−38 The results were also in agreement with
the prediction that the products from ether breakage and Br
hydrolysis are the main metabolites of TBBPS-BDBPE (Figure
3) by the EAWAG-BBD Pathway Prediction System
(EAWAG-BBD PPS, http://eawag-bbd.ethz.ch/predict/).
However, note that the metabolites of TBBPS mono(2bromo-3-hydroxypropyl ether) (TBBPS-MBHPE) and TBBPS
mono(glycidyl ether) (TBBPS-MGE) predicted by EAWAGBBD PPS were not detected in either the soil samples or the
model experiments which might be due to diﬀerent conditions
between aerobic and anaerobic transformation. In addition to
these metabolites mentioned above, a debromination product
(TBBPS-BAE) and ether breakage products (TBBPS-MDBPE
and TBBPS) from TBBPS-BDBPE in the model experiments
were also quantiﬁed and conﬁrmed by HPLC-UV (Figure S7)
and HRMS (Figure S8). Of course, many unknown
metabolites of TBBPS-BDBPE still remain, and their
identiﬁcation requires more advanced analytical techniques.
To predict the environmental behavior of these compounds,
the US EPA EPI suite, one of the software programs
commonly used for calculating the physical/chemical properties of contaminants, was used here to calculate some
parameters of the TBBPS analogs (Table S3). Similar to the
TBBPA analogs, all compounds with an ether O linked to a
2,3-dibromopropyl group and an allyl group presented higher
log Kow (octanol−water partition coeﬃcient) values. Among all
the TBBPS analogs, TBBPS-BAE and TBBPS-BDBPE showed
10487

DOI: 10.1021/acs.est.8b03266
Environ. Sci. Technol. 2018, 52, 10480−10489

Article

Environmental Science & Technology

their transformation products. TrAC, Trends Anal. Chem. 2016, 83
(Part B), 14−24.
(4) Wang, X.; Liu, J.; Liu, A.; Liu, Q.; Du, X.; Jiang, G. Preparation
and evaluation of mesoporous cellular foams coating of solid-phase
microextraction fibers by determination of tetrabromobisphenol A,
tetrabromobisphenol S and related compounds. Anal. Chim. Acta
2012, 753 (0), 1−7.
(5) Gauthier, L. T.; Potter, D.; Hebert, C. E.; Letcher, R. J.
Temporal Trends and Spatial Distribution of Non-polybrominated
Diphenyl Ether Flame Retardants in the Eggs of Colonial Populations
of Great Lakes Herring Gulls. Environ. Sci. Technol. 2009, 43 (2),
312−317.
(6) Liu, A. F.; Qu, G. B.; Yu, M.; Liu, Y. W.; Shi, J. B.; Jiang, G. B.
Tetrabromobisphenol-A/S and Nine Novel Analogs in Biological
Samples from the Chinese Bohai Sea: Implications for Trophic
Transfer. Environ. Sci. Technol. 2016, 50 (8), 4203−11.
(7) Liu, A.; Tian, Y.; Yin, N.; Yu, M.; Qu, G.; Shi, J.; Du, Y.; Jiang, G.
Characterization of three tetrabromobisphenol-S derivatives in
mollusks from chinese Bohai Sea: A strategy for novel brominated
contaminants identification. Sci. Rep. 2015, 5, 1−12.
(8) Boxtel, A. L. v.; Kamstra, J. H.; Cenijn, P. H.; Pieterse, B.;
Wagner, M. J.; Antink, M.; Krab, K.; Burg, B. v. d.; Marsh, G.;
Brouwer, A.; Legler, J. Microarray analysis reveals a mechanism of
phenolic polybrominated diphenylether toxicity in zebrafish. Environ.
Sci. Technol. 2008, 42 (5), 1773−1779.
(9) Arbeli, Z.; Ronen, Z.; Diaz-Baez, M. C. Reductive dehalogenation of tetrabromobisphenol-A by sediment from a contaminated
ephemeral streambed and an enrichment culture. Chemosphere 2006,
64 (9), 1472−1478.
(10) Lin, K. D.; Liu, W. P.; Gan, J. Reaction of Tetrabromobisphenol
A (TBBPA) with Manganese Dioxide: Kinetics, Products, and
Pathways. Environ. Sci. Technol. 2009, 43 (12), 4480−4486.
(11) Zhong, Y.; Liang, X.; Zhong, Y.; Zhu, J.; Zhu, S.; Yuan, P.; He,
H.; Zhang, J. Heterogeneous UV/Fenton degradation of TBBPA
catalyzed by titanomagnetite: Catalyst characterization, performance
and degradation products. Water Res. 2012, 46 (15), 4633−4644.
(12) Zhu, Q.; Igarashi, M.; Sasaki, M.; Miyamoto, T.; Kodama, R.;
Fukushima, M. Degradation and debromination of bromophenols
using a free-base porphyrin and metalloporphyrins as photosensitizers
under conditions of visible light irradiation in the absence and
presence of humic substances. Appl. Catal., B 2016, 183, 61−68.
(13) Li, F.; Wang, J.; Jiang, B.; Yang, X.; Nastold, P.; Kolvenbach, B.;
Wang, L.; Ma, Y.; Corvini, P. F.-X.; Ji, R. Fate of Tetrabromobisphenol A (TBBPA) and Formation of Ester- and Ether-Linked
Bound Residues in an Oxic Sandy Soil. Environ. Sci. Technol. 2015, 49
(21), 12758−12765.
(14) Akiyama, E.; Kakutani, H.; Nakao, T.; Motomura, Y.; Takano,
Y.; Sorakubo, R.; Mizuno, A.; Aozasa, O.; Tachibana, K.; Doi, T.;
Ohta, S. Facilitation of adipocyte differentiation of 3T3-L1 cells by
debrominated tetrabromobisphenol A compounds detected in
Japanese breast milk. Environ. Res. 2015, 140, 157−164.
(15) Ho, K.-L.; Yuen, K.-K.; Yau, M.-S.; Murphy, M. B.; Wan, Y.;
Fong, B. M. W.; Tam, S.; Giesy, J. P.; Leung, K. S. Y.; Lam, M. H. W.
Glucuronide and sulfate conjugates of tetrabromobisphenol A
(TBBPA): Chemical synthesis and correlation between their urinary
levels and plasma TBBPA content in voluntary human donors.
Environ. Int. 2017, 98, 46−53.
(16) Nakagawa, Y.; Suzuki, T.; Ishii, H.; Ogata, A. Biotransformation
and cytotoxicity of a brominated flame retardant, tetrabromobisphenol A, and its analogues in rat hepatocytes. Xenobiotica 2007, 37
(7), 693−708.
(17) Schauer, U. M. D.; Völkel, W.; Dekant, W. Toxicokinetics of
Tetrabromobisphenol A in Humans and Rats after Oral Administration. Toxicol. Sci. 2006, 91 (1), 49−58.
(18) Fini, J.-B.; Riu, A.; Debrauwer, L.; Hillenweck, A.; Le Mevel, S.;
Chevolleau, S.; Boulahtouf, A.; Palmier, K.; Balaguer, P.; Cravedi, J.P.; Demeneix, B. A.; Zalko, D. Parallel Biotransformation of
Tetrabromobisphenol A in Xenopus laevis and Mammals: Xenopus

under reduction conditions. The diﬀerent isomer information
on TriBBPS-MAE and DBBPS-MAE from that of TBBPA
derivatives indicated that the environmental fate of TBBPS and
TBBPA derivatives is closely related to their parent chemicals.
Compared with TBBPA derivatives, the debromination of
TBBPS derivatives was easier, but the one-substituted aromatic
chemicals were not observed, indicating diﬃculty of the
scission at sulfone site. TriBBPS-MAE and DBBPS-MAE were
reported for the ﬁrst time with their isomer characteristics, as
well as their mass spectra. The isomers might display diﬀerent
environment levels and risks. More investigation including the
transformation of TBBPS derivatives in a real environment,
transformation products, risk assessment, and environmental
level is imperative for the comprehensive fate evaluation of
TBBPS and derivatives.
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