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ABSTRACT

Tetrabromobisphenol A mono(2-hydroxyethyl ether) (TBBPA-MHEE) and TBBPA mono(glycidyl ether)
(TBBPA-MGE), two impurities of TBBPA derivatives, were hypothesized to be novel brominated con-
taminants with potential toxicity. However, due to lacking of analytical method and pure standards,
their environmental behavior and toxicity have not been studied. Herein we developed a sensitive
method based on ultra-high performance liquid chromatography-Orbitrap Fusion Tribrid mass spec-
trometer (UHPLC-Orbitrap Fusion TMS) for simultaneous detection of TBBPA-MHEE and TBBPA-MGE in
water samples. The sample pretreatment method and the experimental conditions of UHPLC and Orbit-
rap Fusion TMS, were optimized in detail. The instrument detection limits (IDLs) for TBBPA-MHEE and
TBBPA-MGE were 0.5 pg and 0.6 pg, respectively. The method detection limits (MDLs) for TBBPA-MHEE
and TBBPA-MGE in river water samples were 0.9 and 0.8 ng/L. With the proposed method, we were able
to detect TBBPA-MHEE and TBBPA-MGE for the first time in water samples and technical products of
TBBPA derivatives. Therefore, UHPLC-Orbitrap Fusion TMS is a simple and effective tool for identification

and quantification of novel contaminants in the environment.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

As one of the most important brominated flame retardants
(BFRs), tetrabromobisphenol A (TBBPA) has caused widespread
concern for its extensive use and potentially environmental and
health risks [1,2]. Approximately 18% of TBBPA has been applied
to produce derivatives, such as brominated epoxy resins, TBBPA
bis(2-hydroxyethyl ether) (TBBPA-BHEE), TBBPA bis(allyl ether)
(TBBPA-BAE) and TBBPA bis(2,3-dibromopropyl ether) (TBBPA-
BDBPE) [1,2], which have been found in various matrices [3-8].

With the BFRs releasing into the environment, many impuri-
ties associated with their synthesis are becoming a concern as
well for their potential exposure to humans and wildlife [9-11]. In
our previous work, we identified TBBPA mono(allyl ether) (TBBPA-
MAE) and TBBPA mono(2,3-dibromopropyl ether) (TBBPA-MDBPE)
as impurities of TBBPA-BAE and TBBPA-BDBPE, with the ability
of accumulation in the biota system [12]. Most of the derivatives
are produced using TBBPA as the raw material. The impurities,
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generally mono-modified TBBPA analogs, would be coproduced
with the derivatives when the reaction of TBBPA with the corre-
sponding reagents is incomplete. Because of the similar production
process of TBBPA derivatives, we hypothesized that TBBPA mono(2-
hydroxyethyl ether) (TBBPA-MHEE) and TBBPA mono(glycidyl
ether) (TBBPA-MGE) were two impurities of TBBPA-BHEE and
TBBPA bis(glycidyl ether) (TBBPA-BGE), which are widely used to
produce engineering polymers, epoxy resins, etc. [1,2,13] Because
of the similarity of the structures, TBBPA-MHEE and TBBPA-MGE
have the similar physical-chemical properties with TBBPA and
derivatives and potential toxicity. In order to further study their
environmental sources, behavior and toxicity, a sensitive analytical
method is urgently needed.

TBBPA and its derivatives are often determined with high-
performance liquid chromatography coupled with tandem mass
spectrometry (HPLC-MS/MS) and gas chromatography coupled
with mass spectrometry (GC-MS) [5,14,15]. For the detection of
TBBPA with GC-MS, the derivatization process is essential which
limited the applicability of the method [2]. In addition, selective
reactive monitoring (SRM) or multi-reaction monitoring (MRM)
mode is usually used for the quantification of BFRs [16-18]. How-
ever, the quantification of trace level target compounds in full scan
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mass mode is impossible because of the relatively low resolution
and high noise. Therefore, only the selected parent ions are allowed
to transform to the unique fragment ions in the third quadrupole.
As a result, a large amount of information is missed because only
specific ion transition processes are monitored [19]. Moreover, the
optimization of the parameters for each target compounds in tan-
dem mass spectrometry is a time-consuming process.

In recent years, Orbitrap high resolution mass spectrometry
(HRMS) has been rapidly developed to perform analysis in full
scan acquisition mode. Orbitrap HRMS could provide higher reso-
lution (>50,000 FWHM at m/z 200) than time of flight (TOF) HRMS
and give qualitative information with comparable analysis accu-
racy, selectivity and sensitivity as with HPLC-MS/MS [19-23]. For
example, the Orbitrap Fusion Tribrid mass spectrometer (Orbitrap
Fusion TMS) can provide even higher specificity and sensitivity
with a reliable high resolution up to 450,000 FWHM at m/z 200.
Although Orbitrap HRMS was mainly used for the analysis of drugs
and metabolites [19,24,25], it was also reported as appropriate
for identification and quantification of environment contaminants
[26,27]. For the analysis of small molecules, the scan rate of Orbitrap
Fusion TMS is recommended to be set at normal with a resolution
of 120,000 FWHM which could guarantee both the scan rate and
sensitivity.

In this study, we first synthesized TBBPA-MHEE and TBBPA-
MGE, and then we developed a novel method for simultaneous
detection of the above two compounds with ultra-high per-
formance liquid chromatography-Orbitrap Fusion TMS (UHPLC-
Orbitrap Fusion TMS). The experimental conditions were optimized
in detail. With the proposed method, we were able to identify
TBBPA-MHEE and TBBPA-MGE in water samples and technical
TBBPA derivatives. To our knowledge, this is the first report of
an analytical method for TBBPA-MHEE and TBBPA-MGE detection,
and their relative mass spectra, along with their occurrence in the
environmental matrices. This study also demonstrates that UHPLC-
Orbitrap TMS is a powerful tool for the identification of novel
brominated contaminants related to TBBPA derivatives.

2. Experimental
2.1. Chemicals and materials

TBBPA (98%) was purchased from Alfa Aesar and used
without further purification. NaCl (>99.5%), HCl (37%) and ammo-
nium hydroxide (50%V/V, water solution) were purchased from
Sigma-Aldrich. All standards were dissolved in methanol at a mass
concentration of 10 mg/mL and stored in a refrigerator at 4°C. All
calibration standards and spiking solutions were prepared by serial
dilution in methanol. Methanol, acetone and dichloromethane
(DCM) were all HPLC grade. Water was generated by a Milli-Q
advantage A10 system.

2.2. The synthesis procedures of TBBPA-MHEE and TBBPA-MGE

TBBPA-MHEE and TBBPA-MGE were synthesized in our labora-
tory and further characterized by 'H nuclear magnetic resonance
(THNMR) and UHPLC-Orbitrap Fusion TMS (Ultimate 3000 UHPLC,
Orbitrap Fusion Tribrid mass spectrometer, Thermo Fisher Scien-
tific, USA). The purities of two synthesized compounds, determined
by HPLC (UV 214 nm, Thermo Ultimate 3000 HPLC, Thermo Fisher
Scientific, USA), were 98% and 99%, respectively. TBBPA-MHEE and
TBBPA-MGE were synthesized following the schemes in Fig. S1 in
Supporting Information.

2.2.1. TBBPA-MHEE
Sodium hydroxide solution (168 mg in 1.2mL water) was
added at room temperature to a solution of TBBPA (1.09g) and

2-bromoethanol (160 L) in acetone (5 mL). The reaction mixture
was stirred for 5h. After the TLC showed the disappearance of
TBBPA, the reaction mixture was diluted with DCM and washed
with saturated solution of sodium bicarbonate and water. The
organic layer was dried over anhydrous MgSO4. After removal
of the organic solvent, the residue was purified by column
chromatography, giving TBBPA-MHEE at a yield of 48%.

2.2.2. TBBPA-MGE

M-CPBA (m-Chloroperbenzoic acid, 70%, 259 mg) dissolved in
5mL DCM was added dropwise to a TBBPA-MAE (584 mg) solution
in 5mL DCM and the mixture was stirred at room temperature for
5h. After the TLC showed the disappearance of the reagent, the
reaction mixture was diluted with 30 mL DCM and washed with
saturated sodium thiosulfate, saturated sodium bicarbonate and
water. The organic layer was dried over anhydrous MgSO,. After
removal of the organic solvent, the residue was purified by column
chromatography, giving TBBPA-MGE at a yield of 50%.

2.3. Instrumental analysis

2.3.1. Instrumental parameters of UHPLC-Orbitrap Fusion TMS

We employed a Thermo Ultimate 3000 UHPLC coupled with
a Orbitrap Fusion TMS (Orbitrap Fusion Tribrid mass spectrom-
eter, Thermo Fisher Scientific, USA) and ZORBAX ODS column
(150 x 3mm, 5 wm, Agilent) for the analysis of the environmental
samples and technical products. Methanol (A) and water (B) were
applied as mobile phases at a flow rate of 0.6 mL/min. The mobile
phase gradient was initially 80:20 (v/v, A/B) and kept for 2 min, then
increased to 100% A along 5 min and returned to 80:20 (v/v, A/B) in
1 min and then kept for 2 additional min. Electrospray ionization
was used as the ionization method and operated in the negative ion
mode. The recommended values were used in the full scan acquisi-
tion without further optimization. TBBPA-MHEE and TBBPA-MGE
were analyzed at full-scan mode from m/z 100 to 1000 under
heated electrospray ionization (HESI) mode. Orbitrap Fusion TMS
had two fragmentation techniques, collision induced dissociation
(CID) and higher-energy collisional dissociation (HCD). Little infor-
mation about the daughter ions was observed when CID was used,
thus HCD was used as the fragmentation technique. The param-
eters used for the mass spectrometer were the following: spray
voltage, 2500V; sweep gas flow rate, 1 respective arbitrary units;
sheath gas flow rate, 40 respective arbitrary units; aux gas flow
rate, 10 respective arbitrary units; ion transfer tube temperature,
350 °C; vaporizer temperature, 200 °C; MS! detector, Orbitrap; MS!
resolution, 120,000; MS! scan range, 100-1000; MS! maximum
injection time, 100 ms; MS! automated gain control (AGC) target,
100,000; S-lens RF level, 60 V; MS% HCD collision energy, 45%; MS2
detector, Orbitrap; MS2 resolution, 15,000; MS2 AGC target, 50,000;
MS2 maximum injection time, 35 ms; MS?2 start mass, 50. Xcalibur
Qual and Quan Browser software were used for the qualitative and
quantitative analysis.

2.3.2. The instrument condition, elution program and the
optimized parameters employed in HPLC-MS/MS analysis

A Waters 2695 HPLC coupled with a triple-quadrupole mass
spectrometer (Quattro Premier XE, Waters, USA) was used to
compare the instrument detection limits (IDLs) with that of the
UHPLC-Orbitrap Fusion TMS. The same chromatographic column
and mobile phase gradient were applied for the MS/MS analy-
sis. MS/MS parameters were optimized in infusion experiments
using an individual standard solution at a mass concentration of
100 ng/mL. The precursor ion was obtained from the mass scan
mode with optimized parameters for cone voltage (optimized from
—-10V to —60V) and capillary voltage (optimized from 1.0kV to
5.0kV). The Mass scan mode was run by scanning from m/z 50 to
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1000, using a scan time of 0.2 s with a step size of 0.1 amu and a
pause of 100 ms between two scans. Fragment ion was optimized
by the collision energy to obtain the best ion intensity in daughter
scan mode. The capillary voltage was 2.5kV, source temperature
and desolvation temperature were 120°C and 450 °C, respectively.
Desolvation gas and cone gas flow were 400 L/h and 100 L/h, respec-
tively. Argon gas, used for the ionization of daughter ion in the
collision cell, was set at a flow rate of 0.25L/h. The MRM mode
was used for the quantification of target compounds. For TBBPA-
MHEE, the optimized cone voltage was —42V for the parent ion
(586.7), the optimized collision energy for quantitative ion (526.4)
and qualitative ion (541.6) were —45 and —30eV, respectively. For
TBBPA-MGE, the optimized cone voltage was —38V for the par-
ent ion (598.7), the optimized collision energy for quantitative ion
(526.4) and qualitative ion (541.6) were —45 and —28 eV, respec-
tively.

2.4. Sample collection

Three BFRs factories and three rivers near them in Shouguang,
Shandong Province were selected to collect waste water and river
water samples. Four sea water samples were collected in Yantai,
Shandong Province.

Five technical products including TBBPA-BHEE and brominated
epoxy resins were also purchased to determine the mass concen-
tration of impurities.

2.5. Sample pretreatment

2.5.1. Solid phase extraction (SPE) procedures

The pH values of the water samples were adjusted to 4-5
with 1M HCI after they were filtered through a 0.45pm glass
fiber membrane filter. Then, Water samples (200 mL each) were
treated with SPE cartridges (HLB cartridges, Waters Oasis, 500 mg,
6¢cc; C18 cartridges, Waters Sep-Pak Vac 6cc, 500 mg; ENVIT™-
carb SPE tubes, Supelclean™, 0.5 g, 6 mL). The cartridges were first
conditioned with 10 mL methanol, and then 10 mL Milli-Q water.
The water samples were loaded on the cartridges under vacuum
condition at a flow rate of about 5mL/min. After sampling, car-
tridges were washed with 10 mL 5% methanol/water to eliminate
interferences. The cartridges were then vacuumed for 30 min to
remove most of the water and eluted with 10mL elution sol-
vent. For the optimization of elution solvents, methanol, 0.5%-10%
ammonium hydroxide/methanol, acetone and 0.5% ammonium
hydroxide/acetone were used. Prior to analysis by UHPLC-Orbitrap
Fusion TMS, the eluates were concentrated to 1 mL under a gentle
nitrogen gas flow.

2.5.2. Liquid-liquid extraction

Water samples (200 mL) were first filtered through a 0.45 pm
glass fiber membrane filter. Then, the pH was adjusted to 4-5
with 1M HCl, and 20 g NaCl were added. The samples were then
extracted three times with 100 mL DCM. The organic phases were
combined, reduced to approximately 1 mL with a rotary evapora-
tor and blown dried with a gentle nitrogen flow. The solvent was
changed to 1 mL methanol prior to the analysis by UHPLC-Orbitrap
Fusion TMS.

3. Results and discussion
3.1. Characterization of TBBPA-MHEE and TBBPA-MGE
TBBPA-MHEE and TBBPA-MGE were characterized by THNMR

and Orbitrap Fusion TMS. The detailed data are described in Sup-
porting Information.

THNMR results showed successful synthesis and high purity of
both TBBPA-MHEE and TBBPA-MGE (Fig. S1). The HPLC (UV 214 nm)
determination further confirmed the purities of TBBPA-MHEE
and TBBPA-MGE were 98% and 99%, respectively. UHPLC-Orbitrap
Fusion TMS spectra (Fig. 1) further confirmed the identities of
these two compounds. The phenolic hydroxyl groups of TBBPA-
MHEE and TBBPA-MGE were easily ionized and formed the ion
clusters [M — H]~ which were similar to those of TBBPA, TBBPA-
MAE and TBBPA-MDBPE under ESI mode [12,28]. The ions at m/z
586.77185 for TBBPA-MHEE and 598.77191 for TBBPA-MGE in
the full scan mass spectra (m/z 100-1000) could be explained
by [M—H]~. The results showed that the m/z values were the
most consistent with the calculated ones which were 586.77192
and 598.77192 for TBBA-MHEE and TBBPA-MGE, respectively. The
isotopic Br distribution (1:4:6:4:1) demonstrated the presence
of four bromine atoms in TBBPA-MHEE and TBBPA-MGE. The
daughter ion clusters of 586.77 and 598.77 are shown in Fig. 1.
TBBPA-MHEE and TBBPA-MGE had similar daughter ion clusters
at m/z 541.74, 526.71, 448.80, 290.89/290.88 and 78.92/80.92,
which indicated cleavage of the ether bond, breakage of the
methyl, and cleavage of the bond between carbon and bromine
ion. The molecular formulas of the daughter ions were calcu-
lated with Xcalibur Qual Browser software based on the accurate
m/z value UHPLC-Orbitrap Fusion TMS detected. The possible
structures of the daughter ions are given in Fig. 1 according to
their molecular formulas and the similar fragmentation properties
which previous reported for TBBPA [29]. Therefore, TBBPA-MHEE
and TBBPA-MGE were used as the standards throughout the
experiments because of the high-quality synthesis of these two
chemicals.

3.2. Optimization of sample extraction and cleanup

For extraction of water samples, solid phase extraction (waters
HLB cartridges, Waters Oasis, 500 mg, 6cc; C18 cartridges, Waters
Sep-Pak Vac 6cc, 500 mg; ENVI™-_carb SPE tubes, Supelclean™,
0.5g, 6mL) and liquid-liquid extraction were compared. TBBPA-
MHEE and TBBPA-MGE were spiked in river water samples at
a mass concentration of 50ng/L. The recovery data about the
SPE are shown in Table S1 in Supporting Information. For the
optimization of elution solvent, methanol, 0.5%, 1%, 5% and 10%
ammonium hydroxide/methanol, acetone and 0.5% ammonium
hydroxide/acetone were used. HLB cartridges showed mean recov-
eries ranging from 15% to 40% for TBBPA-MHEE and from 12% to
18% for TBBPA-MGE. C18 cartridges showed mean recovery ranging
from 16% to 41% for TBBPA-MHEE and from 15% to 31% for TBBPA-
MGE. ENVI™_carb SPE tubes showed recovery lower than 14% for
TBBPA-MHEE and lower than 8% for TBBPA-MGE. With the use of
ammonium hydroxide, no obvious improvement of the recoveries
was observed. However, in order to blow off 10 mL methanol con-
tained 10% ammonium hydroxide, time longer than 2 h and much
nitrogen gas were imperative. If the ammonium hydroxide did not
volatilize completely, it would affect the retention time of target
compounds in UHPLC analysis. In addition, the absorbent efficiency
of cartridges was also determined. TBBPA-MHEE and TBBPA-MGE
were spiked in 10 mL deionized water at a mass concentration of
10 pg/L and loaded onto the three kinds of SPE cartridges. We col-
lected the eluted water and the eluted 5% methanol/water section,
and analyzed with UHPLC-Orbitrap Fusion TMS. TBBPA-MHEE and
TBBPA-MGE could not be detected at these two elution composi-
tion. The results indicated TBBPA-MHEE and TBBPA-MGE strongly
absorbed to the sorbents of the cartridges and were difficult to
be eluted. Therefore, SPE might not be an appropriate extraction
method for the trace level detection of TBBPA-MHEE and TBBPA-
MGE in water samples.
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Fig. 1. The mass spectra of TBBPA-MHEE and TBBPA-MGE detected by UHPLC-Orbitrap Fusion TMS. Full scan mass was analyzed at a resolution of 120,000 and MS? scan for
parent ions were detected at a resolution of 15,000.

Therefore, liquid-liquid extraction was selected with DCM as molecules in aqueous system and improve their distribution in
the extraction solvent for the extraction of waste water. Salt organic phase [30,31]. Ten percent of NaCl was dissolved in water
addition is a common method for the improvement of extrac- samples to assist the extraction process. Although an improve-

tion efficiency because NaCl could reduce the solubility of organic ment in the recovery was not observed, it was useful for the layer

Table 1
The recoveries and matrix effects of TBBPA-MHEE and TBBPA-MGE.

Sample Type TBBPA-MHEE TBBPA-MGE
Calibration curves y=(3.94E-06 + 6.76E-08)x — (0.093 + 1.191) y=(4.78E-06 + 1.10E-07)x — (0.227 £ 1.679)
R? 0.9940 0.9958
Linearity range 0.2-200 ng/mL 0.2-200 ng/mL

Waste water 500ng/L,n=5 75+£5% 76 £13%

(MR?* £ SD)
50ng/L, n=7 79+8% 84412%
5ng/L,n=7 59+5% 101+14%

Tap water 500ng/L,n=9 85+4% 85+6%

(MR £SD)

Waste water 0.2ng/mL, n=3 0.93+0.05 1.03+0.04

(MEP £SD)
1ng/mL,n=3 0.95+0.06 0.97 +0.04
20ng/mL, n=3 1.01+0.03 1.08 +£0.03

River water 0.2ng/mL,n=3 0.95+0.04 0.96+0.05

(ME +SD)
1ng/mL, n=3 0.91+0.08 1.10+£0.04
20ng/mL, n=3 0.98+0.03 1.03+0.02

2 Mean recovery (200 mL water sample).
b Matrix effect.
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separation of the DCM and the water samples. The partition of phe-
nolinaqueous solution could be positively affected by pH value, and
phenols are inclined to participate in organic phase when they are
extracted from acidic solution [32,33]. Herein, before the extraction
procedure, HCl solution (1 M) was used to adjust the pH of the water
samples to 4-5. The recoveries of TBBPA-MHEE and TBBPA-MGE
(Table 1) were 75% and 76% at the mass concentration of 500 ng/L,
79% and 84% at the mass concentration of 50 ng/L,and 59% and 101%
at the mass concentration of 5 ng/L, respectively.

3.3. Quality control and method performance

Least squared regression analysis showed good determination
coefficient (R?) higher than 0.99 (Table 1). An external standard
method and a linear calibration curve with ten points for TBBPA-
MHEE and TBBPA-MGE (Table 1, from 0.2 to 200ng/mL, 5uL
injected) were used to quantify the target compounds. In order
to guarantee no cross contamination, groups of 5 samples were
prepared with one blank river water sample, and analyzed with
methanol as solvent blank.

The quantification of the target compounds was based on the
high resolution of UHPLC-Orbitrap Fusion TMS which was oper-
ated at a resolution of 120,000 FWHM. The m/z was extracted from
the total ion chromatography with a mass tolerance of 3 ppm.
UHPLC-Orbitrap Fusion TMS could positively overcome the dis-
advantage of the low resolution mass spectrometer when the
quantification was operated in mass scan mode [19]. The target
compounds could be effectively distinguished from the inter-
fering substances with the closest m/z value. TBBPA-MHEE and
TBBPA-MGE in samples were identified by retention time, isotope
distribution, accurate m/z of the parent ions and relative daughter
ions comparison with the corresponding standards. Quantification
of the target compounds in the environmental samples was per-
formed by peak area of the accurate parent ions with 3 ppm mass
tolerance, and 586.77185 and 598.77191 were used as quantita-
tive ions for TBBPA-MHEE and TBBPA-MGE. The isotope peaks at
m/z 584.77405 and 596.77411 were used for the qualitative ions
for TBBPA-MHEE and TBBPA-MGE, respectively. The bromine iso-
tope distributions of TBBPA-MHEE and TBBPA-MGE were also used
as an important property for their identification in environment
samples. Because of the high resolution of the instrument, some-
times no noise exists especially when the mass concentration of the
analyte is very low. The detection limits (DLs) were determined by
the lowest mass value of the target compounds that Orbitrap Fusion
TMS detected. The IDLs were detected for 5 times within the 20%
relative standard deviation for the signals. The IDLs were 0.5 pg
for TBBPA-MHEE and 0.6 pg for TBBPA-MGE. The IDLs were also
detected by HPLC-ESI-MS/MS (Quattro Premier XE, Waters, USA),
and the IDLs (determined by three times of signal to noise ratio)
for TBBPA-MHEE and TBBPA-MGE were 0.6 pg and 1.0 pg, respec-
tively. The IDLs of Orbitrap Fusion TMS were lower than that of
HPLC-ESI-MS/MS. Orbitrap Fusion TMS analyzes compounds with-
out complicated optimization of equipment parameters, and gives
more accurate m/z value for the identification of novel contami-
nants in environmental samples than low resolution HPLC-ESI-MS.
The isotope distribution data for TBBPA-MHEE and TBBPA-MGE
could be positively observed from the results of Orbitrap Fusion
TMS. Orbitrap Fusion TMS showed more advantages for the detec-
tion of TBBPA-MHEE and TBBPA-MGE with highly accurate m/z
values and higher sensitivity than HPLC-MS/MS.

The method DLs (MDLs) were based on replicate analyses (n=6)
of blank river samples (200 mL) spiked at a mass concentration of
1 ng/L. MDL was calculated following the Eq. (1) reported in litera-
ture [34,35]. MDLs of TBBPA-MHEE and TBBPA-MGE were 0.9 ng/L
and 0.8 ng/L. The method quantification limits (MQLs), defined as 3

times of MDLs, were 2.7 and 2.4 ng/L for TBBPA-MHEE and TBBPA-
MGE, respectively.

MDL=1+3.1%S 1)

I is the intercept calculated from the least squared regression
analysis as mentioned in linearity measurement section, S is the
standard deviation of the six replicate determinations of results
of spiked blank samples at a mass concentration of 1ng/L (0.2 ng
spiked in 200 mL water sample), 3.1 is the t-test distribution coef-
ficient, n=6, 0.01 level.

The recovery was determined by repeating the spike of the
waste water samples (200mL) at the mass concentration of
500ng/L (n=5), 50ng/L (n=7) and 5ng/L (n=7). The recoveries at
different spiking mass concentration ranged from 59% to 101% with
the standard deviations (SDs) all below 14% (Table 1). This method
was also used for tap water sample to test the adaptability. When
TBBPA-MHEE and TBBPA-MGE were spiked in tap water (200 mL)
at a mass concentration of 500 ng/L, the recoveries were both 85%,
and SDs were 4% and 6%, respectively. The pretreatment method
for water samples was reliable and repeatable which could satisfy
the requirement of the sample analysis. The method was used to
enrich the target compounds in water samples.

3.4. Assessment of matrix effects

In order to assess the accuracy of the method, it is necessary to
evaluate potential matrix effects which can cause signal enhance-
ment or signal suppression for the target compounds. The matrix
effects of water samples were determined according to methods
described in the literature [15,36-38] and calculated with the fol-
lowing Eq. (2).

Ams — Aum
As

As is the mass peak area of analyte at mass concentration of
1ng/mL (0.2 ng/mL and 20 ng/mL were also tested) dissolved in
methanol. The waste/river water samples were extracted with
DCM, re-dissolved in 1 mL methanol and analyzed by UHPLC-
Orbitrap Fusion TMS to obtain Ay;. Then the standards were spiked
in the extract at the concentration of 1ng/mL (0.2ng/mL and
20 ng/mL were also tested) and analyzed by UHPLC-Orbitrap Fusion
TMS again to obtain Ays. If the value of the above calculation is
above 1.0, there is signal enhancement, whereas if below 1.0, there
is signal suppression. If the value is 1.0, there is no matrix effect.

The waste and river water samples were used to calculate the
matrix effects. As shown in Fig. 2, no peaks relative to TBBPA-MHEE
and TBBPA-MGE were detected at retention times of 3.5 min and
5.0 min both in waste water and river water samples in the spec-
tra of matrix blank (Fig. 2, M). Although one interference peak for
TBBPA-MGE was detected in waste water samples at the retention
time of 4.6 min, it would not affect the quantification of TBBPA-MGE
in samples because the interference peak and TBBPA-MGE (reten-
tion time of 5.0 min) could be separated by baseline (Fig. 2, MS). The
peak areas of pure standards (Fig. 2, S) were comparable to those
spiked in matrix blank (Fig. 2, MS).

The matrix effects were detected in three parallel experiments.
The matrix effects for the waste water samples ranged from 0.93 to
1.08, and the ones for river water samples ranged from 0.91 to 1.10
for TBBPA-MHEE and TBBPA-MGE. This indicated that the matrix
effects of water samples could be ignored (Table 1).

Matrix Effect = 2)

3.5. Analysis of technical products and water samples

3.5.1. TBBPA-MHEE and TBBPA-MGE in technical products
The technical products were dissolved in methanol at a mass
concentration of 100 wg/mL and analyzed with UHPLC-Orbitrap
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Fig. 2. The matrix effects of waste water and river water samples. M: water sample extracted following the pretreatment method; MS: 1 ng standards spiked in 1mLM; S:
1 ng standards spiked in 1 mL methanol.

Table 2
The mass concentrations of TBBPA-MHEE and TBBPA-MGE in water samples and technical products.

Sample type Mass concentration of detected compound
(water, ng/L; technical products, mg/kg)
TBBPA-MHEE TBBPA-MGE
Waste water S1 88.5 <MDL
S2 1.5 <MDL
S3 55 6.5
River water S4 <MDL <MDL
S5 <MDL <MDL
S6 <MDL <MDL
Sea water S7 <MDL 1.0
S8 <MDL <MDL
S9 <MDL <MDL
s10 <MDL <MDL
Technical product TBBPA-BHEE Factory A 160 -
Factory B 150 -
Factory C 160 -
Technical product brominated epoxy resin Factory D - 46
Factory E - 130
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Fusion TMS. The results showed that the mass concentration
of TBBPA-MHEE in TBBPA-BHEE technical products from fac-
tory A, B, and C, were 160 mg/kg, 150 mg/kg and 160 mg/kg,
respectively (Table 2). In technical brominated epoxy resin of
factory D, TBBPA-MGE was detected at a mass concentration
of 46 mg/kg. In technical brominated epoxy resin of factory E,
TBBPA-MGE was detected at a mass concentration of 130 mg/kg
(Table 2). TBBPA-MHEE and TBBPA-MGE could be produced as
impurities in the manufacturing process of technical products.
Therefore, the impurities of TBBPA-BHEE, TBBPA-BGE and bromi-
nated epoxy resins of the BFR factories could be the pollution
source of TBBPA-MHEE and TBBPA-MGE in environmental sam-
ples.

3.5.2. TBBPA-MHEE and TBBPA-MGE in water samples

By using the proposed method, TBBPA-MHEE and TBBPA-MGE
presence was determined in ten water samples. TBBPA-MHEE
was detected in 3 factory waste water samples at levels of
1.5-88.5ng/L, and TBBPA-MGE was detected in one waste water
sample and one sea water sample at the mass concentration
of 6.5ng/L and 1.0ng/L, respectively (Table 2). The samples
near the BFR factories showed higher detection frequency and
higher mass concentration of TBBPA-MHEE and TBBPA-MGE. The
results indicated these new contaminants could leak into the
environment through the manufacturing process of the BFR fac-
tories.

As impurities of technical products, TBBPA-MHEE and TBBPA-
MGE represent novel contaminants in environmental matrices
with potential exposure risks to human and wildlife. Further
research is needed to illuminate their distribution in environ-
ment and other pollution source, such as the degradation of
TBBPA derivatives. Our results for the analyses of TBBPA-MHEE and
TBBPA-MGE will further benefit the research on novel BFRs in the
environment.

4. Conclusions

We reported for the first time the mass spectra and the analyti-
cal method for the determination of TBBPA-MHEE and TBBPA-MGE,
two potential novel brominated contaminants. Meanwhile, we syn-
thesized high purity chemicals of TBBPA-MHEE and TBBPA-MGE,
which could be used for further study of their environmental
behavior and toxicity. By using the high resolution UHPLC-Orbitrap
Fusion TMS, details about isotope distribution in the molecular
could be revealed with the quantification of TBBPA-MHEE and
TBBPA-MGE at the same time. Together with qualitative infor-
mation, UHPLC-Orbitrap Fusion TMS also offered higher analysis
accuracy and sensitivity than HPLC-MS/MS, suggesting it is a
powerful tool for the identification and quantification of novel con-
taminants in the environment. The pretreatment method showed
high recoveries and good repeatability without matrix effects.
TBBPA-MHEE and TBBPA-MGE were detected in technical prod-
ucts and water samples. These results indicated TBBPA-MHEE
and TBBPA-MGE were mono-modified impurities synthesized with
TBBPA derivatives and could leak into the environment with the
production process.
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