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ARTICLE INFO ABSTRACT

Keywords: The novel brominated flame retardants (NBFRs) have become widespread as a consequence of the prohibition on
BTBPE the use of polybrominated diphenyl ethers (PBDEs). However, the transformation mechanism and potential
Novel brominated flame retardants environmental risk are largely unclear. In this study, we have explored the phototransformation behavior of the
Phototransformation

most abundant NBFRs, 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE) in water under ultraviolet (UV) irradia-
tion. Meanwhile, the legacy 2,2',4,4',6,6'-hexabromodiphenyl ether (BDE155) with similar structure was
investigated contrastively. Results show that novel BTBPE is more persistent than legacy BDE155, with nearly
four times slower photodegradation rate constants (0.0120 min~*and 0.0447 min™!, respectively). 18 products
are identified in the phototransformation of BTBPE. Different from the only debrominated products formed in
legacy BDE155 transformation, the ether bond cleavage photoproducts (e.g. bromophenols) are also identified in
novel BTBPE transformation. Compound-specific stable isotope analysis (CSIA) confirms the photo-
transformation mechanism is mainly via debromination accompanying with the breaking of ether bond.
Computational toxicity assessment implies that transformation products of BTBPE still have the high kidney
risks. Especially the bromophenols formed via the ether bond cleavage could significantly increase the health
effects on skin irritation. This study emphasizes the importance of understanding the photolytic behavior and
potential risks of novel NBFRs and other structurally similar analogues.

Compound-specific isotope analysis
Degradation mechanism

matrices, including water (Wang et al., 2020; Zhang et al., 2015), air
(Ma et al., 2012), sediment (Kolic et al., 2009; Shi et al., 2009), biota

1. Introduction

Brominated flame retardants (BFRs) have caused a global environ-
mental concern for several decades due to its serious harm to environ-
ment and human health. In particular, polybrominated diphenyl ethers
(PBDESs) have been prohibited or restricted in many countries (Renner,
2004; Tang, 2013). Accordingly, as the important replacement of these
banned BFRs, several novel brominated flame retardants (NBFRs) are
emerging into market. Particularly, 1,2-Bis(2,4,6-tribromophenoxy)
ethane (BTBPE) is one of the most deployed NBFRs in recent years.
Given the huge production and wide application for several decades,
NBFRs have been frequently detected in various environmental
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samples (Verreault et al., 2007; Wu et al., 2020), foods (Li et al., 2015;
Lvetal., 2017), and even in the human serum and breast milk (Ali et al.,
2014; Zhou et al., 2014). Previous researches also revealed that NBFRs
have potential neurotoxicity (Jin et al., 2018; Qu et al., 2011), repro-
ductive developmental toxicity (Ma et al., 2018), and endocrine
disruption (Johnson et al., 2013; Wang et al., 2019) to aquatic organisms
and humans. What’s worse, similarity to legacy PBDEs, NBFRs could be
accumulated in aquatic organisms and can possibly spread throughout
the food chain (Hou et al., 2021; Wu et al., 2020), greatly enhancing the
potential risk to the ecosystems and humans.
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Generally, UV-induced reductive debromination is the most accepted
pathway for PBDEs phototransformation (Davis and Stapleton, 2009;
Wei et al., 2013). Similarly, debromination mechanism was also
observed in the photochemical transformation of NBFRs (Ling et al.,
2019). Besides that, the different ether bond cleavage pathway was
proposed in the photochemical transformation of NBFRs (Zhang et al.,
2016), suggesting that the degradation mechanism of the legacy and
novel brominated flame retardants are controversial. What’s more, the
previous phototransformation mechanism investigations of NBFRs were
proposed only based on the relationship between the molecule structure
of substrate and the identified intermediates, which is impossible to
clearly determine the main degradation processes, as well as the
rate-limiting reaction. More importantly, some more toxic products (e.g.
dioxin-like compounds) were formed during the phototransformation of
PBDEs (Bendig and Vetter, 2013; Su et al., 2014; 2016). Thus, it is very
essential to investigate the transformation mechanism and the toxicity
evolution of NBFRs to better understand the environmental behavior,
fate and potential risk to aquatic organisms and human health.

Compound specific stable isotope analysis (CSIA) has been
confirmed to provide reliable information for determining the reaction
pathway (Elsner et al., 2005; Hofstetter and Berg, 2011). It can be not
only to distinguish the type of transformation reaction (Aeppli et al.,
2012; Birkigt et al., 2015), but also to determine the key step of the
reaction (Liu et al., 2020; Peng et al., 2013). Up to now, only a few
studies have reported the isotope fractionation in the photodegradation
of PBDEs (Ren et al., 2021; Rosenfelder et al., 2011) while the isotope
fractionation in NBFRs’ phototransformation is still unclear.

In order to probe the environmental transformation characteristic
and mechanism of NBFRs, and to better assess their environmental risk,
the photochemical transformation of a typical NBFRs (BTBPE) in THE/
H,0 under UV irradiation was investigated. Also, its structurally similar
PBDE (BDE155) (Fig. S1) under the same conditions was borrowed as a
reference. First, the phototransformation kinetics of BTBPE and BDE155
were compared. Then, the photoproducts were identified and employed
to deduce its favored structural characteristics. Next, the involved rate-
limiting reaction were determined by the stable carbon isotope analysis.
At last, phototransformation pathways were tentatively proposed and
the potential toxicities of BTBPE as well as its photoproducts were
assessed.

2. Material and methods
2.1. Materials

BTBPE (99.9% purity) and BDE155 (99% purity) were purchased
from AccuStandard. 2,4,6-Tribromophenol (100 mg L tin Toluene) and
a stock solution of 39 PBDEs (BDE-AAP-A-15X) were also obtained from
AccuStandard used as standard for the intermediates. The organic sol-
vents, such as tetrahydrofuran (THF), hexane (HEX), acetonitrile, were
HPLC grade and provided by Shanghai ANPEL. Ultrapure water (18.2
MQecm) was obtained from a Milli-Q water purification system.

2.2. Irradiation experiments

For the irradiation experiments, a stock solution of 500 mg L™! of
BTBPE in pure THF was prepared. And 3.0 mg L™ of BTBPE was selected
for photochemical experiment due to the analysis requirements on mass
spectrometry and isotope ratio (shown in Text S1). The photolysis so-
lutions were prepared by evaporating THF in an aliquot of the stock
solutions and subsequently re-dissolving in a mixture of THF/H0 (6/4)
solution without adjusting the pH (7.5-7.6). The irradiation experi-
ments were performed with a photochemical reactor (BL-GHX-V,
Shanghai Bilon Instrument Co., Ltd., Shanghai, China) equipped with a
water-refrigerated 100 W mercury lamp. A water-cooling system was
applied to ensure a steady temperature around 27 + 2 °C. The reaction
solution (25 mL) was filled in Pyrex tubes (outer diameter, 20 mm; inner
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diameter, 16 mm) positioned circularly around the lamp. The Pyrex was
used to filter the part of ultraviolet light with wavelengths less than 290
nm (Fang et al., 2008), and the irradiation spectral around the surface of
Pyrex tubes is shown in Fig. S2. The dark control experiment was con-
ducted in the same situation but with the tubes wrapped by foil. All the
experiments were conducted in at least triplicate.

2.3. Sample pretreatment

500 pL sample were taken from the reaction vessel at fixed intervals
and then directly used for HPLC analysis. To identify the photoproducts
and measure the stable carbon isotope composition, the Pyrex tube was
withdrawn periodically, then, the solution was transferred into a 50 mL
teflon centrifuge tube and was adjusted to pH 2-3 by HySO4. After that,
the solution was extracted by 3 mL hexane with 3 times. The extracts
were combined and dried by Na;SO4, then concentrated to near dryness
under a gentle nitrogen stream and then dissolved in 100 pL of isooctane
for GC-MS analysis and GC-IRMS analysis. The recovery rate of BTBPE
and BDE155 were 90.68 £+ 3.80% and 94.00 + 1.94% (mean value +
standard deviation, n = 15), respectively.

2.4. Analytical methods

2.4.1. HPLC for concentration analysis

An Agilent 1200 HPLC with diode array detector and a Zorbax SB-
C18 column (4.6 x 250 mm, 5-Micron) was employed to quantify the
concentration of BTBPE and BDE155. The mobile phase was 100%
acetonitrile at a flow rate of 1.2 mL/min and the detection wavelengths
for target compounds were 213 nm. The quantification was done with a
calibration cure (Fig. S3).

2.4.2. GC-MS for photoproducts analysis

An Agilent GC-MS (7890-5975B) with electron ionization (EI) in full
scan mode was adopted for the photoproducts analysis. A DB-5MS col-
umn (60 m x 0.25 mm id, 0.25 pm film thickness, J&W Scientific) was
used. The oven temperature program for BTBPE was: 70 °C held for 1
min; increased to 280 °C at 10 °C/min and held for 2 min; at last pro-
grammed to 300 °C at 20 °C/min and held for 20 min. And the oven
temperature program for BDE155 was: 110 °C held for 1 min; increased
to 180 °C at 8 °C/min and held for 1 min; followed by an increased to
240 °C at 2 °C/min and held for 5 min; then increased to 280 °C at 2 °C/
min and held for 15 min; finally increased to 305 °C at 10 °C/min and
held for 10 min. The samples (1 pL) were injected splitless with 1.1 mL/
min helium as the carrier gas. The ion fragments m/z scan range was set
from 50 to 800.

2.4.3. GC-IRMS for carbon isotope analysis

A Trace GC Ultra-IsoLink Delta V Advantage isotope ratio mass
spectrometer (GC-IRMS, Thermo-Fisher Scientific, Waltham, MA, USA)
was hired to measure the 5'3C values. The method was borrowed from
Huang et al. (2019) but with modifications on GC programs: a DB-5MS
column (60 m x 0.25 mm id, 0.25 pm film thickness, J&W Scientific)
was used with the following oven temperature program: 70 °C held for 1
min; increased to 280 °C at 10 °C/min and held for 2 min; at last pro-
grammed to 300 °C at 20 °C/min and held for 20 min. The samples (1
pL) were injected splitless with 1.1 mL/min helium as the carrier gas,
and the combustion interface was maintained at a temperature of
1050 °C. All samples were run at least three times and the deviation is
less than 0.5%0. And a standard mixture including 100 mg L~ BTBPE
and 100 mg L™ BDE155 was tested begin and after every 3 or 4 samples
to verify a constant instrumental condition. More details for this method
can be found in Text S2.

2.4.4. Theoretical calculation
Quantum chemical calculation was performed using Gaussian 09
program (Frisch et al., 2009). The geometry of BTBPE was fully
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Fig. 1. The phototransformation kinetics of BTBPE and BDE155.

optimized with hybrid density functional theory (DFT) using the
MO06-2X functional (Walker et al., 2013) and the basis set of 6-314-G(d).
The adverse effects of BTBPE, BDE155 and their transformation prod-
ucts were assessed using a commercial advanced chemistry development
(ACD/Labs Percepta) program (ACD/Labs Percepta, 2016). This tool can
provide full complement of physiochemical properties, the absorption,
distribution, metabolism, excretion (ADME) and toxicity parameters
including health effects. It is proven that this program can successfully
estimate the health risk of organic pollutants, e.g. organophosphate
flame retardants (Chen et al., 2020), and short-chain chlorinated par-
affins (Wang et al., 2021).

2.5. Data and statistical analysis

2.5.1. Kinetic parameters analysis
The phototransformation rate constants was expressed as the k no-
tation, following the pseudo-first-order kinetics (Eq. (1)):

C, _
m(a) _— &)

where C is the concentration of reactant and the subscript t and
0 represent the reaction time is t min and 0 min, respectively, k is ob-
tained based on the linear regression of In (Ci/Cg) vs time (t) without
forcing through zero.

2.5.2. Carbon stable isotope analysis
The stable carbon isotope data was expressed as the § notation,
calculated by the follow equation (Eq. (2)):

6(%) _ (Rsample _

standard

1) % 1000 @

where Rygmple and Rgiandard are the ratios of 13c to 12Cin samples and the
international standard, V-PDB (Vienna Pee Dee Belemnite), respectively.

The carbon isotope enrichment factor was expressed as the & nota-
tion, formulated by the Rayleigh equation (Eq. (3)):

6 +1 e
1 =—1 3
“(50 ¥ 1) 1000 3)

where f represents the fraction of compound remaining and is calculated
as the ratio of C; to Cy, € is obtained from the slope of the linear

regression of In (‘553111) vs Inf (not forced through zero).

Differences in the reaction rate caused by the presence of isotope was
called kinetic isotope effect (KIE), defined by the follow equation (Eq.
(4))

'k
KIE = - 4
where 'k and Pk are the reaction rate constants of the specific bonds
which containing a light or heavy isotope, respectively.

If the KIE is not masked by other reaction steps that are less or not
isotope sensitive or other kinetic phenomena, its value is approached by
the apparent kinetic isotope effect (AKIE) (Hofstetter and Berg, 2011),
which considered the intramolecular isotopic competition during the
rate-determining step of a specific reaction, and was formulated by the
follow equation (Eq. (5)):

AKIE = (X . )
=) s " TrmxExe

where n is the number of carbon atoms in the molecule, x is the number
of carbon atoms at reactive sites, z is the number of carbon atoms in
identical reaction positions undergoing intramolecular competition.
Here, for both BTBPE and BDE155, x = z because of their symmetrical
molecular structure.

3. Results and discussion
3.1. Photodegradation kinetics
Fig. 1 of the

portrays the phototransformation Kkinetics



Water Research 211 (2022) 118041

(€)
200
(D)
cts
cts
]

200

u
Produ
\

120

120

vage

Debromination Prod

'

C-0 Clea

[
z

3

< BTBPE

90

0

;

6

FRRREXTLRLLTLRRKILLLLIRL
PRSI HERRIEELRRI
-n.monomomowow.»o»o»o»omomowomowom.».w.womr

45
Time (min)

8. R R RS RAIR RSB RESIRREREIR
N B R SRR SRR
S & o
£ A % : <
KR ETERRLETIRS <t | A [ | T | TTooooooftTTooooToonottoooToones
PUCHX IR NRIKAAL AR
Gy -w.w.wou¢n¢momowouowowowh — _ 7
PR R TR
P R PEEE K KIS PE AR NP E KA KX I KX X
o _H_ RIS SIRRIKRRRIEERRK —
B B 5 PP i =% e | e SR e o e S S
[ -

3

B R R AR TRI SIS
O O R e 0!
26202080 ot tete%e% %

30
umber of bro
2Br
[]r12
Hr11
[r1o

30

%u
mopheno

I

i

i

i

i

i

i

i

i

i

i

RS

RS

B

RS
ks

RS

[ %%

[ %

RS
B

RS

RS

RS

RS

RS
kS

R

]

Y. Cao et al.

4
A
()
%) w
£ 2
®3r = <
O_H_wm 2 awrw 2
D_.“ L_l @TPPPP Ve [aB) w e FEae TR &
o4 e S [ Rl —
L= A~ [ =y
= o~ = >
O B e Ieni i
S0 s TLAT R 8 ﬁ
EgE FSmmr O W e
RO e ¢
O
Sl DJ.__H__, : =L h s T R P e Bt Dot L B
W . c o o ©o o o
<+ @ ® <+ oo No) ) ° a4 x = 9 S ® & F A
™ ) N — — — e e o —

(9%,) BOIR DATJR[Y (9,) eoTR 2ATIE[Y (94) BAIR JANR[OY (%) eare 2AR[Y

30

15

Fig. 2. Evolution profiles of the identified products of BTBPE. (A-B): debromination products; (C): C—O cleavage products; (D): the comparison of debromination

products and C—O cleavage products. (Relative areas were calculated with the area of BTBPE at 0 min as the reference).
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photodegradation.

representatives of NBFRs (BTBPE) and legacy BFRs (BDE155). No sig-
nificant degradation for the two BFRs was observed in the dark control.
However, upon UV irradiation, the concentration of both BTBPE and
BDE155 declined rapidly, and followed a pseudo-first-order kinetics
model (R? > 0.997). The phototransformation rate constants (k) for
BTBPE was obtained as (12.04 % 0.08) x 1072 min~}, nearly 4 times
lower than that of BDE155, (44.69 + 1.12) x 1073 min~'. These dif-
ferences may be contributed to their absorbance behavior since the
irradiation spectrum and absorption spectra of BTBPE overlap is less
than those of BDE155 (Fig. S2 and Text S3). Previous studies have shown
that the wider overlap, the faster photodegradation rate (Eriksson et al.,
2004; Wei et al., 2013). Thus, compared to the legacy BFRs (BDE155),
the novel NBFRs (BTBPE) may be less photo-chemically reactive,
potentially causing more persistent in environment.

3.2. Transformation products

3.2.1. Transformation products and debromination model of BDE155

In order to better identify the phototransformation products of
BTBPE, the identification of products was firstly performed on BDE155
with the structural similarity, by comparison with the standard solution
of 39 PBDEs (BDE-AAP-A-15X). Only 9 debrominated photoproducts
were identified and confirmed by their standards in the GC-MS chro-
matogram (Fig. S4), including BDE100, 75, 47, 32, 28, 17, 15, 8 and 3,
with structures summarized in Table S4. Interestingly, no bromophenols
were detected, indicating that fission of ether bonds seems unlikely to
occur under the experimental conditions.

With the increase of irradiation time, the less-brominated congeners
gradually appeared, especially the para bromine fraction gradually
increased (Fig. S5A). This suggests that ortho debromination is the
dominant mechanism for BDE155 transformation, in agreement with the
previous studies (Davis and Stapleton, 2009; Eljarrat et al., 2011; Shih
and Wang, 2009; Wei et al., 2013). More interestingly, the debromina-
tion occurred preferentially in the phenyl ring without a 2,4,6-tribromo
substitution model because the proportion of these products with a 2,4,
6-tribromophenoxy is significantly larger in high brominated products
(>3Br) (Fig. S5A). This is contrary to the most accepted rule of stepwise
reductive debromination of PBDEs, which believes that debromination

usually occurs in the more highly brominated phenyl ring, especially a
fully substituted one (Wei et al., 2013). Possible explanation is that the
two phenyl rings are relatively independent (Saeed et al., 2020), and the
2,4,6-tribromophenoxy is more stable than other bromophenoxys. This
conjecture is confirmed by the results observed by Fang et al. (2008),
that is, the photochemical degradation rate of BDE100 (24-246) is much
slower than that of BDE99 (24-245), and the major product of BDE100
(24-246) was BDE75 (4-246) instead of BDE47 (24-24).

3.2.2. Transformation products of BTBPE

Totally 18 photoproducts were identified in the GC-MS chromato-
gram (Fig. S7), and their structures (listed in Table S5) were identified
by their mass spectra (Fig. S8) with the analysis discussed in Text S4.
Besides 13 debromination photoproducts (P1-P13), it was also noticed
three C—O cleavage products (P14, P15 (tribromophenol, TBP), and
P16) and two of their derived debrominated products (P17 and P18
(dibromophenol, DBP). This is similar with the observation in pure
organic solvent (Zhang et al., 2016), but the photoproducts formed by
the cleavage of the phenoxy bond (C4—Os3, Fig. S1) has not been detec-
ted, indicating that the phenoxy bond seems unlikely to break under our
experimental conditions. Further, the theoretical calculation shows the
bond length (1.36 A) of C4—0Oj is shorter than that of Co—03 (1.43 A)
(Fig. S9), confirming the cleavage of phenoxy bond is more difficult.

Seen from the whole evolutions of the debromination products
(Fig. 2A), BTBPE is debrominated stepwise, and tends to keep a 2,4,6-tri-
bromophenoxy unchanged since the products with this structure (e.g.
P1, P2, P4, P5 and P9) have a relative larger peak area. By analyzing the
isomers in the debromination products (Fig. 2B), the dominated
tetrabromo-products is P4, formed by removing an ortho bromine atom
from the 2,4-dibromophenyl, and the secondary tribromo-products is
P9, formed by removing a para bromine atom from the 4-monobromo-
phenoxy, instead of the 2,4,6-tribromophenoxy. Therefore, we
concluded that the ortho bromine atoms are more vulnerable than the
para bromine atoms and the 2,4,6-tribromophenoxy is more stable than
2,4-dibromophenoxy and 4-monobromophenoxy.

As for the five C—O cleavage products, two channels to break the
ether bond were proposed: One is the direct fission of C,—Og3 to form
photoproducts (P14 and P15) and the other is the 1,3-hydeogen shift
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Table. 1
Spectral absorption data, phototransformation rate constants (k), half-life (t;,2), 5'3C and ¢ for BTBPE and BDE155.s.
Spectral absorption data k(x107° Half-life 513C0 (%o) 513Gt (%o) 513Cd (%o0) € (%o) AKIE
max Molar absorptivity (L mol™ 1 min~1) (min)
(nm) cm’l)
BTBPE 290 917 12.04 + 0.08 57.57 —29.68 +£0.17 —26.99 + 0.25 —29.44 +£0.29 —-1.93+0.09 1.028
BDE155 295 1931 44.69 +1.12 15.51 —28.58 £0.14 —22.43 £0.24 —28.66 £0.12 —2.92+0.08 1.036
8'3Cy: the value of 5!3C at time ¢t = 0 min.
8'3C¢: the value of 8*3C at time t = 120 min for BTBPE and t = 45 min for BDE155.
5'3Cq4: the value of 6!°C at time t = 200 min for the dark control.
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from C; to the flanked O3 atom to form photoproducts (P15 and P16).
The details for the process are discussed in Text S4. Furthermore, the
relative area of P16 is much larger than that of P14 (Fig. 2C), indicating
the 1,3-hydeogen shift is the main channel to break the ether bond.
Comparing to the debromination products, the yield of the C—O
cleavage products is less (Fig. 2D). This result may be due to the faster
photodegradation rate of these tribromophenol analogs (Zhao et al.,
2017). Nevertheless, it is not clear whether the ether bond cleavage is an
important pathway through the analysis of the photoproducts, and this
should be further discussed.

3.3. Compound specific stable isotope analysis

The evolution profiles of carbon isotope ratios for BTBPE and
BDE155 during phototransformation are shown in Fig. 3A. After pho-
totransformation, both BTBPE and BDE155 have a degree of !3C
enrichment while no significant carbon isotope fraction was observed in
the dark control (Table. 1). The significant carbon isotope fractionation
can be quantified by the Rayleigh equation (Eq. (3)) (Fig. 3B), and the
corresponding isotope enrichment factors € were obtained as —1.93 +
0.09%o for BTBPE and —2.92 + 0.08%o for BDE155. In order to elucidate
the phototransformation mechanisms, the apparent kinetic isotope ef-
fect (AKIE) was further derived (Eq. (5)) (Table. 1). The AKIE for
BDE155 (1.036) was very close to the theoretical carbon kinetic isotope
effect (KIE) calculated for C-Br bond cleavage (1.040, Table S3),
meaning that the cleavage of C-Br bond is the rate-limiting reaction for
BDE155 phototransformation (Elsner et al., 2005; Hofstetter and Berg,

2011). This result is consistent with the above-mentioned analysis that
stepwise debromination is the main photodegradation pathway of
BDE155. However, the AKIE of BTBPE (1.028) seems to difficultly
determine one rate-limiting reaction for BTBPE photo-transformation.
That is, if the cleavage of C—H bond is the only rate-limiting reaction
in BTBPE phototransformation, the AKIE should close to 1.021
(Table S3); otherwise, 1.040 for the cleavage of C-Br bond only. In fact,
the observed AKIE of BTBPE (1.028) is between the theoretical KIE of
C—H bond cleavage (1.021) and C-Br bond cleavage (1.040), indicating
that the two reaction pathways could occur simultaneously. Namely,
both C-Br bond cleavage and C—H bond cleavage are the significant
rate-limiting reactions for BTBPE, and more details are discussed in Text
S7.

3.4. Phototransformation pathways

Based on the photoproducts analysis and CSIA analysis, the photo-
transformation pathways of BTBPE and BDE155 were tentatively pro-
posed and shown in Fig. 4 and Fig. S6, respectively. A successive losses
of bromine atoms was observed during the phototransformation of
BDE155 (Fig. S5A), in agreement with previous studies (Fang et al.,
2008; Shih and Wang, 2009). Thus, debromination is the dominant
mechanism for BDE155 phototransformation, resulting in formation of
less brominated congeners. Whereas, BTBPE undergoes two pathways:
One is the stepwise debromination to form a series of lower brominated
products (P1-P13, Pathway I in Fig. 4) and the other is the fission of the
ether bond to form three tribromophenol homologue along with their
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Fig. 5. Predicted toxicity of BTBPE and its phototransformation products.

debrominated derivatives (P14-P18, Pathway II in Fig. 4). The products
(P1, P3, P4, P6, P14-P18) were also observed in BTBPE photo-
transformation under pure organic solvents (Zhang et al, 2016).
Moreover, by compound-specific stable isotope analysis, the
rate-limiting reactions for BTBPE were determined as the cleavage of
C-Br bond accompanied with the breaking of C;—H bond, which is the
rate-limiting step of the 1,3-hydeogen shift (Altarawneh and Dlugo-
gorski, 2014).

3.5. Toxicity assessments

Since the original pollutants (BTBPE and BDE155) have adverse ef-
fects on kidney system (Zhao et al., 2020) and potential health risks via
dermal absorption (Cao et al., 2019), the potential toxicity of degrada-
tion products is necessary to be investigated. The probability (p) of
adverse effect on kidney system and skin irritation were tentatively
assessed using ACD/Labs Percepta software (ACD/Labs Percepta, 2016),
which is confirmed in the application of environmental chemistry, e.g.
organophosphate flame retardants (Chen et al., 2020) and short-chain
chlorinated paraffins (Wang et al., 2021). The obtained results were
displayed in Figs. 5 and S10. Herein, p is between O and 1, and the
greater the p value is, the stronger the adverse effects would impose.
Both BTBPE and BDE155 with p of 0.98 and 0.97, respectively, have
toxicity on kidney, confirmed by the previous research that the effects of
PBDEs on kidney injury (Zhao et al., 2020). And the stepwise debro-
mination is a promising detoxification pathway because the debromi-
nation products were less toxic than the parent. Unlike BDE155, the
nephrotoxicity of the dibromo-products is slightly increased than that of
the tribromo-products, indicating that the nephrotoxicity of debromi-
nated products of BTBPE does not always decrease with the decreasing
number of bromines. To our best knowledge, the mechanism of toxicity
difference is still unclear and further study is needed. Meantime, a sig-
nificant toxicity increase in skin irritation was found for the C—O

cleavage products of BTBPE (Fig. 5), implying that BTBPE can be
degraded to the more toxic products, especially the bromophenols (P15,
P18). In addition to the increased skin irritation, bromophenols has also
been confirmed to have neurotoxicity (Lyubimov et al., 1998), and
endocrine disrupting effects (Olsen et al., 2002), and even can be
transformed to the more toxic brominated dioxins (Arnoldsson et al.,
2012).

4. Conclusion

Our study demonstrates the novel BTBPE can be degraded under UV
irradiation, and its rate constants is four times lower than that of legacy
BDE155, indicating that the stronger environmental persistence of novel
BTBPE. Compared to the only debromination of BDE155, the potential
multiple pathways via debromination and the ether bond cleavage were
observed in the phototransformation of BTBPE using comprehensive
photoproducts identification and compound-specific stable isotope
analysis. Furthermore, the computational toxicity data show that BTBPE
can transform into the more toxic products. Especially the bromophe-
nols (P15, P18) were produced from the ether bond cleavage pathway,
greatly enhancing its environmental risk. In a word, the photo-
transformation of NBFRs should be paid great attention, in particular the
formation of the more toxic products.
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