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olumn derivatization electrospray
ionization mass spectrometry for determination of
tetrabromobisphenol A derivatives in water
samples
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Jian-bo Shi,*a Huan-wen Chen*b and Gui-bin Jianga

A rapid and sensitive method was developed for the identification and quantitation of tetrabromobisphenol

A (TBBPA) derivatives in water samples. Six major TBBPA derivatives, including tetrabromobisphenol A bis(2-

hydroxyethyl) ether (TBBPA-BHEE), tetrabromobisphenol A bis(glycidyl) ether (TBBPA-BGE),

tetrabromobisphenol A bis(allyl) ether (TBBPA-BAE), tetrabromobisphenol A mono(2-hydroxyethyl) ether

(TBBPA-MHEE), tetrabromobisphenol A mono(glycidyl) ether (TBBPA-MGE) and tetrabromobisphenol A

mono(allyl) ether (TBBPA-MAE), were selected as the target compounds. By applying the silver cation

(Ag+) as the post-column derivatization reagent, the TBBPA derivatives formed complexes ([M + Ag]NO3)

online, which could be effectively electrosprayed to generate ionic clusters ([M + Ag]+) for sensitive mass

analysis. Under the optimized conditions, the 6 TBBPA derivatives were separated and detected within 10

min. The limits of detection (LODs) were between 0.16 and 1.96 mg L�1, and the linear ranges extended

to 200 mg L�1 (R2 $ 0.9957). The relative standard deviations (RSDs) were less than 7.7% for 10 mg L�1 of

the TBBPA derivatives (n ¼ 7). The proposed method was successfully applied in analysis of

environmental water samples. The spiked recoveries ranged from 81.3% to 114.9%, suggesting the

accuracy and feasibility of the method.
1. Introduction

Tetrabromobisphenol A (TBBPA) is industrially produced and is
widely used as a reactive component or additive in various ame
retardant products to reduce the risk of re.1–5 It is mostly added
into epoxy resins and polymers, which are used to produce
printed circuit boards, acrylonitrile–butadiene–styrene (ABS),
polystyrenes, phenolic resins, adhesives, paper, and textiles.6–9

Because the global market demand of TBBPA was 170 000 tons
in 2004 10–12 and it accounted for about 60% of all brominated
ame retardant (BFR) products,3,13 TBBPA is recognized as the
most produced and consumed of the BFRs.14 TBBPA is also a
possible substitute for polybrominated diphenyl ethers
(PBDEs);15,16 as a result, the production and consumption of
TBBPA have increased since 2004. Meanwhile, the main prod-
ucts of TBBPA derivatives, such as tetrabromobisphenol A bis(2-
hydroxyethyl) ether (TBBPA-BHEE), tetrabromobisphenol A
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bis(glycidyl) ether (TBBPA-BGE) and tetrabromobisphenol A
bis(allyl) ether (TBBPA-BAE), are largely produced and used in
polystyrene foams (expandable polystyrene-EPS), engineering
polymers (polybutylene terephthalate and polycarbonate),
epoxy resins, thermoplastic polyesters, polyurethane, lami-
nates, and polyester bers.1,7,11 The production of TBBPA
derivatives accounts for more than 25% of all TBBPA produc-
tion.17 Because these derivatives could be used as modied
BFRs, the production level and the market demand have
continually increased in recent years.7 During the production,
application, and degradation of the derivatives, byproducts of
the TBBPA derivatives are also inevitably generated,18 such as,
tetrabromobisphenol A mono(2-hydroxyethyl) ether (TBBPA-
MHEE), tetrabromobisphenol A mono(glycidyl) ether (TBBPA-
MGE) and tetrabromobisphenol A mono(allyl) ether (TBBPA-
MAE). Recently, TBBPA derivatives, including both main
TBBPA derivatives and byproducts, have been identied in
environment samples.13,18–22 Therefore, as a large volume of
these potentially-hazardous chemicals is produced, the envi-
ronmental behavior and health effects of TBBPA and its deriv-
atives should be monitored carefully.23

The safety of TBBPA derivatives and TBBPA decomposition
products is constantly disputed. Although research from the
Brominated Science and Environmental Forum (BSEF) and the
This journal is © The Royal Society of Chemistry 2015
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European Brominated Flame Retardant Industry Panel
(EBFRIP) asserted that TBBPA poses no risk to human
health,6,24,25 the endocrine effect and the immunotoxicity of
TBBPA are continual concerns of toxicologists.5,26–30 More
importantly, one of the derivatives (TBBPA-BAE) has been found
to be a neurotoxin in the environment.20 Throughout pyrolysis,
combustion and degradation of TBBPA and its derivatives, the
decomposition products might also lead to a health and envi-
ronmental risk.3,19,31–33 Therefore, TBBPA and its derivatives
should be investigated carefully to avoid causing serious
damage to human health.34–37

However, the analytical methods for TBBPA derivatives are
very limited until recently.11 A high performance liquid chro-
matography (HPLC) hyphenated ultra violet (UV) detector is a
feasible way for TBBPA derivatives detection, but preconcen-
tration (e.g., liquid–liquid microextraction or solid-phase
microextraction) is oen needed to improve the sensitivity for
analysis of water samples.21,22,38 Hyphenated HPLC with mass
spectrometry (MS) employed different ionization sources, such
as electrospray ionization (ESI),18,39 atmospheric pressure
chemical ionization (APCI)20 and atmospheric pressure photo-
ionization (APPI),13 could determine only certain types of TBBPA
derivatives. For example, ESI was able to ionize only the
byproducts of TBBPA derivatives, but failed to ionize the main
products because of their low proton affinities. Likewise, APCI
and APPI were either difficult to get the molecular ions or need
an appropriate dopant for ionization of TBBPA-BAE. Moreover,
standards for TBBPA byproduct derivatives, such as TBBPA-
MHEE, TBBPA-MGE and TBBPA-MAE, are not commercially
available. There is no approved analytical method for both main
and by-products of TBBPA derivatives. Hence, developing a
practical and sensitive analytical method for TBBPA derivatives
is imperative.7,11,40

In our previous study, Ag+ has been found to react with the
main TBBPA derivatives by extractive electrospray ionization
(EESI).41 The TBBPA derivatives were ionized by forming
[TBBPA derivative + Ag]+ ions and analyzed by MS. It effectively
simplied the ionization requirements for the main TBBPA
derivatives. But the reactive EESI system has not been widely
used yet, which limits its application for routine analysis. With
further investigation, TBBPA derivatives, including its main
derivatives and the byproducts, were found to form the
complexes of [TBBPA derivative + Ag]NO3 rapidly in liquid
phase, and these complexes could be effectively electrosprayed
to generate [TBBPA derivative + Ag]+ for sensitive mass analysis
of TBBPA derivatives. Therefore, sensitive electrospray ioni-
zation of TBBPA derivatives could be achieved by this mech-
anism. With the combination of HPLC for TBBPA derivatives
separation and employing Ag+ for post-column derivatization,
6 TBBPA derivatives are sensitively detected by ESI-MS. The
practicality and reliability for TBBPA derivatives identication
and quantitation are highly improved; the present method
offers an alternative analytical strategy for advance studies of
TBBPA derivatives.
This journal is © The Royal Society of Chemistry 2015
2. Experimental
2.1. Instrumentation

A high performance liquid chromatography (HPLC, Thermo
Electron Corporation, USA) system with a C18 Hypersil GOLD
column (100 mm � 2.1 mm, 1.9 mm, Thermo Scientic, USA)
was used to separate the TBBPA derivatives. A holder
(Universal UNIGUARD, Thermo Scientic) installed with a
guard cartridge (Drop-in, Hypersil GOLD, Thermo Scientic,
USA) was used as a guard column assembly to protect the C18
column. Another LC pump (P310, Skyray instrument Co., Ltd,
China) was employed for pumping silver solution to react with
TBBPA derivatives via a three-way tee connector (PEEK, Bore:
0.25 mm, Valco Instruments Co. Inc., USA) for post-column
derivatization. A linear trap quadruple mass spectrometer
(LTQ-XL, Thermo Scientic, USA) equipped with electrospray
ionization source was used to detect the complexes of [TBBPA
derivatives + Ag]+ aer the post-column derivatization. The
connections between HPLC separation, post-column derivati-
zation and MS were assembled by PEEK tubing (i.d.¼ 0.005 in)
and PEEK ttings (Valco Instruments Co. Inc., USA). A 20 cm
(in length) PEEK tube was used to deliver the [TBBPA deriva-
tive + Ag]NO3 solution from the three-way tee connector to ESI
source. The HPLC Ag+ post-column derivatization and ESI-MS/
MS system for TBBPA derivatives detection was assembled as
shown in Fig. 1. The details of instrument conditions were
summarized in Table 1.
2.2. Reagents and materials

All chemicals used were at least of analytical reagent grade. De-
ionized water and methanol (HPLC grade, Fisher Scientic,
USA) were used for standards and samples dilution. TBBPA-
BAE (CAS 25327-89-3, 99%), TBBPA-BHEE (CAS 4162-45-2,
98%) and TBBPA-BGE (CAS 3072-84-2, purity unknown) were
purchased from Sigma-Aldrich and puried with silica gel
column chromatography before use. TBBPA-MAE, TBBPA-
MHEE, TBBPA-MGE were synthesized following previous
studies.18,39
2.3. Samples and pretreatment

Two river water samples were collected in Shandong (SDRW)
and Jiangxi (JXRW) Province, respectively. TBBPA industry waste
water (IWW) effluent was collected near a TBBPA plant in
Shandong Province. Two lake water samples (ECITLW, NCLW)
were collected from the lake of East China Institute of Tech-
nology (ECIT) campus and downtown of Nanchang, respec-
tively. Tap water of ECIT (ECITTW) was also collected and tested
Fig. 1 Schematic diagram of HPLC Ag+ post-column derivatization
and ESI-MS/MS system for TBBPA derivatives detection.

RSC Adv., 2015, 5, 17474–17481 | 17475



Table 1 The experimental conditions for TBBPA derivatives detection by HPLC post column derivatization and LTQ-MS

HPLC conditions Column C18, Hypersil GOLD column, 100 mm � 2.1 mm
Column oven temp. 25 �C
Mobile phase Methanol–H2O (9/1, v/v) 0.15 mL min�1

Sample volume 10 mL
Post-column derivatization Ag+ methanol solution 10 mg L�1, 0.05 mL min�1

ESI conditions Sheath gas ow rate 20 arb
Aux gas ow rate 10 arb
Sweep gas ow rate 10 arb
Spray voltage +4 kV
Capillary temp. 250 �C

MS detector MRM
conditions Time (min) Precursor ions (m/z) Normalized collision energy (%)

0–2.70 739 28
695 32

2.70–3.00 695 32
707 30

3.00–3.35 707 30
763 20

3.35–3.79 763 20
691 32

3.79–7.10 691 32
7.10–10.00 731 30
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in this study. All the water samples were ltrated through 0.22
mm mixed cellulose–ester membrane. The ltrates were
analyzed directly by the present method without any further
purication.
3. Results and discussion
3.1. The ESI-MS spectra of Ag+–TBBPA derivatives ([M + Ag]+)

Under experimental conditions listed in Table 1, the full scan
(m/z 500–1000) MS spectra of [M + Ag]+ formed by TBBPA-
MHEE, TBBPA-BHEE, TBBPA-MGE, TBBPA-BGE, TBBPA-MAE
and TBBPA-BAE binding with Ag+ were recorded as shown in
Fig. 2a–f, respectively. These MS spectra demonstrated the
dominant characteristic isotope peaks of the corresponding
silver-bound TBBPA derivatives. Because the abundance of the
stable isotopes of both bromine and silver are almost equal (i.e.,
79Br (50.7%) and 81Br (49.3%), 107Ag (51.8%) and 109Ag (48.2%))
the isotopic distribution patterns of [M + Ag]+ in the MS spectra
should contain 6 isotope peaks and the proportions of abun-
dancemust be close to 1 : 5 : 10 : 10 : 5 : 1, as [M + Ag]+ contains
4 bromines and one Ag+.20,41 For example, the isotope peaks of
TBBPA-MHEE bound Ag+ ([TBBPA-MHEE + Ag]+) dominated in
the mass range from m/z 691 to 701 in Fig. 2a. The m/z ratios of
the highest intensities for the isotope peak pairs (m/z 695 and
697) were equal to the most abundant molecular weight of
TBBPA-MHEE (MW: 588) plus the silver ions' atomic weight
(MW: 107 or 109). The six peaks and the intensity proportions of
the isotope peaks at m/z 691, 693, 695, 697, 699 and 701 were
highly correlated with the theoretical values. The MS spectrum
of [TBBPA-MHEE + Ag]+ precisely proved TBBPA-MHEE could be
ionized and could be determined by Ag+ post-column derivati-
zation and ESI-MS method. The MS spectra of TBBPA-BHEE,
17476 | RSC Adv., 2015, 5, 17474–17481
TBBPA-MGE, TBBPA-BGE, TBBPA-MAE and TBBPA-BAE
(Fig. 2b–f), were similar to the mass spectrum of TBBPA-
MHEE. The m/z value, the peak number and the relative
intensities of the isotope peaks all matched the theoretic values
completely.

Because silver ions are combined with ether oxygen and
bromine of the TBBPA derivatives41 and the symmetrical mole-
cules (i.e., TBBPA-BHEE, TBBPA-BGE and TBBPA-BAE) contain
two similar binding sites for silver ions, one molecule of the
symmetrical molecule combined with two Ag+ were possible.
However, because [M + 2Ag]2+ was less stable than [M + AgNO3 +
Ag]+, the isotopic peaks around m/z 910, 934 and 902 were
detected in Fig. 2b, d and f, respectively. Additionally, isotopic
mass peaks of [TBBPA-BGE + CH3OH + Ag]+ were also detected
in Fig. 2d nearby m/z 795 and 797. These MS spectra of TBBPA-
BHEE, TBBPA-BGE and TBBPA-BAE were the same as the
previous results achieved by silver ion reactive extractive elec-
trospray ionization (EESI) mass spectrometry.41 Therefore, the
Ag+ post-column derivatization and ESI-MSmethod was feasible
for ionization and determination the TBBPA derivatives.
3.2. The MS/MS spectra of Ag+–TBBPA derivatives ([M + Ag]+)

Because the false-positive signals are unavoidable in the mass
spectra, the MS/MS of [M + Ag]+ was necessary to eliminate this
possibility and to ensure the accuracy of quantication and
identication of these derivatives. Hence, the MS/MS spectra of
TBBPA derivatives bound Ag+ were investigated by performing
the collision-induced dissociation (CID) experiments on the
precursor ions of m/z 695, 739, 707, 763, 691 and 731, respec-
tively. The specic major ionic fragments produced by the
precursor ions [M + Ag]+ are summerized in Fig. 3a–f.
This journal is © The Royal Society of Chemistry 2015



Fig. 2 The ESI-MS spectra of Ag+–TBBPA derivatives ([M + Ag]+). (a) to
(f) are the MS spectra of [M + Ag]+ for TBBPA-MHEE, TBBPA-BHEE,
TBBPA-MGE, TBBPA-BGE, TBBPA-MAE and TBBPA-BAE, respectively.
MW, most abundant molecular weight. 1 mg L�1 solutions of TBBPA
derivatives were used and other experimental conditions were as
shown in Table 1.

Fig. 3 The ESI-MS/MS spectra of Ag+–TBBPA derivatives ([M + Ag]+).
(a) to (f) are the MS/MS spectra of [M + Ag]+ for TBBPA-MHEE,
TBBPA-BHEE, TBBPA-MGE, TBBPA-BGE, TBBPA-MAE and TBBPA-BAE,
respectively. 1 mg L�1 solutions of TBBPA derivatives were used and other
experimental conditions were as shown in Table 1.
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The MS/MS spectra of [TBBPA-MHEE + Ag]+, [TBBPA-MGE +
Ag]+ and [TBBPA-MAE + Ag]+ were investigated for the rst time
to our knowledge. As illustrated in Fig. 3a, by applying 32% of
the normalized collision energy to [TBBPA-MHEE + Ag]+, the
major fragments of m/z 667, 651, 650, 615 and 613 were
produced from the precursor ions (m/z 695) loss of C2H4 (28 Da),
CH2]CH–OH (44 Da), cCH2–CH2–OH (45 Da), H79Br (80 Da)
and H81Br (82 Da), respectively. As performed CID experiment
to the precursor ions of [TBBPA-MGE + Ag]+ with 30% normal-
ized collision energy, the precursor ions of m/z 707 lose CH2O
(30 Da), [C2H2, CH2O] (56 Da) and cCH2–CHCH2O (57 Da)
species to generate fragment ions ofm/z 677, 651 and 650 in the
MS/MS spectrum (Fig. 3c). By neutral loss of H79Br and H81Br
from the [TBBPA-MAE + Ag]+ (m/z 691) during CID process with
32% collision energy dominated the mass spectrum with frag-
ment ions of m/z 611 and 609 (Fig. 3e). The tandem MS/MS
spectra of [TBBPA-BHEE + Ag]+, [TBBPA-BGE + Ag]+ and
[TBBPA-BAE + Ag]+ were identical with the analytical results
generated by the Ag+ reactive EESI-MS method.41 By applying
28%, 20% and 30% of the normalized collision energy to the
precursor ions of m/z 739, 763 and 731, the MS/MS spectra were
generated and summarized in Fig. 3b, d and 3f. Briey,
precursor ions of [TBBPA-BHEE + Ag]+ (m/z 739) produced major
This journal is © The Royal Society of Chemistry 2015
fragment ions of m/z 695, 694, 659, 657 and 577 by loss of
CH2]CH–OH (44 Da), cCH2–CH2–OH (45 Da), H79Br (80 Da),
H81Br (82 Da), and [H79Br, H81Br] (162 Da). Precursor ions of
[TBBPA-BGE + Ag]+ (m/z 763) produced major fragment ions of
m/z 733, 706 and 703 by loss of CH2O (30 Da), [CH2O, cC2H3]
(57 Da) and 2CH2O (60 Da). Precursor ions of [TBBPA-BAE + Ag]+

(m/z 731) ion produced major fragment ions of m/z 690, 674,
651, 649 and 569 by loss of cCH2CHCH2 (41 Da), cOCH2CHCH2

(57 Da), H79Br (80 Da), H81Br (82 Da) and [H79Br, H81Br] (162
Da), respectively. These fragmentation pathways for all of the
[TBBPA derivatives + Ag]+ ions were similar to the CID results of
TBBPA and its derivatives in previous studies,41–44 and these
MS/MS spectra alsomatch themolecular structure of the precursor
ions [M + Ag]+. This result proves the presentmethod is an effective
and convenient strategy to determine the TBBPA derivatives.

3.3. HPLC – Ag+ post-column derivatization and ESI-MS/MS
for TBBPA derivatives determination

The TBBPA derivatives could be chromatographically separated
by a C18 column with methanol and H2O (9/1, v/v) as the mobile
phase.18,20–22 Aer HPLC separation, the derivatives were reacted
with 10 mg L�1 of Ag+ sequentially to form complexes of Ag+ and
TBBPA derivatives. Then, the complexes were electrosprayed
and detected by ESI-MS. Both the concentration and ow rate of
RSC Adv., 2015, 5, 17474–17481 | 17477



Fig. 4 The chromatograms of the TBBPA derivatives detected by Ag+ post-column derivatization and ESI-MS/MS. (a) to (f) are the chro-
matograms of characteristic fragments of [M + Ag]+ for TBBPA-BHEE, TBBPA-MHEE, TBBPA-MGE, TBBPA-BGE, TBBPA-MAE and TBBPA-BAE,
respectively. 100 mg L�1 solutions of TBBPA derivatives were used and other experimental conditions were as shown in Table 1.
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Ag+ methanol solution inuenced the MS intensities and
chromatographic resolution of these derivatives. A high
concentration of Ag+ methanol solution was benecial to
increase the mass spectral intensity and chromatographic
resolution, but induced a high vapor load on the vacuum system
of the mass spectrometer, which is harmful to the vacuum
pump and electron multiplier. Referring to previous condi-
tions,41 a compromise concentration (10 mg L�1) of Ag+ was
employed for post-column derivatization in this work. More-
over, the ow rate was optimized from 0.01 to 0.20 mL min�1.
The results showed that low ow rates (i.e., <0.05 mL min�1)
were insufficient for post-column derivatization (such as
TBBPA-BGE and TBBPA-BHEE), and high ow rates (i.e., >0.05
mL min�1) decreased the MS intensities for diluting the [M +
Ag]NO3 by excessive Ag+ solution during their delivering (e.g.,
TBBPA-BAE). The other experimental parameters inuencing
chromatographic resolution and detection sensitivity for TBBPA
derivatives analysis were carefully investigated in this study.
These optimized conditions were summarized in Table 1.

Under these experimental conditions (Table 1), the quanti-
tative detection of the 6 TBBPA derivatives was accomplished by
the present method. By using the selected characteristic frag-
ments of m/z 694, 615, 677, 733, 611 and 651 for TBBPA-BHEE,
TBBPA-MHEE, TBBPA-MGE, TBBPA-BGE, TBBPA-MAE and
TBBPA-BAE, respectively, the chromatogram of each TBBPA
derivative was recorded as shown in Fig. 4a to Fig. 4f. By using
Table 2 The performance for TBBPA derivatives detected by HPLC Ag+

TBBPA derivatives
Precursor ions
(m/z)

Product ions for
quantication (m/z)

TBBPA-BHEE 739 694
TBBPA-MHEE 695 615
TBBPA-MGE 707 677
TBBPA-BGE 763 733
TBBPA-MAE 691 611
TBBPA-BAE 731 651

a S/N ¼ 3, n ¼ 7. b RSDs: relative standard deviations, c ¼ 10 mg L�1, n ¼

17478 | RSC Adv., 2015, 5, 17474–17481
chromatographic separation, Ag+ post-column derivatization
and multiple reactions monitoring (MRM) MS/MS detection,
the 6 TBBPA derivatives were successfully detected. The gures
of merit and calibration curves are summarized in Table 2 and
Fig. 5. With a 10 mL sample injection, the present system
detected 6 TBBPA derivatives within 10 min. The retention
times for TBBPA-BHEE, TBBPA-MHEE, TBBPA-MGE, TBBPA-
BGE, TBBPA-MAE and TBBPA-BAE were around 2.5, 2.7, 3.1,
3.5, 4.3 and 7.9 min, respectively. The limits of detections for
TBBPA-BHEE, TBBPA-MHEE, TBBPA-MGE, TBBPA-BGE, TBBPA-
MAE and TBBPA-BAE were determined to be 0.49, 0.33, 0.60,
0.16, 0.55 and 1.96 mg L�1 (S/N¼ 3, n¼ 7). As the sample volume
was only 10 mL, the instrument detection limits (IDL) were equal
to 1.6–19.6 pg. The LOD of the present method was sufficient for
trace levels (mg L�1) of TBBPA derivatives, and the IDL of the
present method was near the HPLC-APPI-MS (IDL ¼ 12 pg)
method,13 which was much better than HPLC-APCI-MS (IDL ¼
40 pg) method for TBBPA-BAE detection.20 The linear ranges
were extended to 500 mg L�1 and coefficients of determination
(R2) were larger than 0.9957. The relative standard deviations
(RSD) of the signal intensity for seven successive determina-
tions of 10 mg L�1 of TBBPA derivatives were less than 7.7% for
all these TBBPA derivatives. By the reason of HPLC was used for
separation of TBBPA derivatives and the co-eluted ions, the
present method wasmore feasible than reactive Ag+ EESI-MS for
accurate quantication of TBBPA derivatives.
post-column derivatization and ESI-MS/MS

Retention time
(min) R2 LODsa (mg L�1) RSDsb (%)

2.5 0.9981 0.49 4.6
2.7 0.9978 0.33 5.1
3.1 0.9957 0.60 2.9
3.5 0.9998 0.16 3.7
4.3 0.9992 0.55 7.7
7.9 0.9965 1.96 5.2

7.

This journal is © The Royal Society of Chemistry 2015



Fig. 5 The calibration curves for TBBPA derivatives detected by HPLC Ag+ post-column derivatization and ESI-MS/MS. (a) to (f) are the calibration
curves for TBBPA-BHEE, TBBPA-MHEE, TBBPA-MGE, TBBPA-BGE, TBBPA-MAE and TBBPA-BAE, respectively. The experimental conditions
were as shown in Table 1.

Table 3 The concentrations and spiking recoveries of TBBPA derivatives analyzed in environmental waters

Water samples TBBPA-MHEE TBBPA-BHEE TBBPA-MGE TBBPA-BGE TBBPA-MAE TBBPA-BAE

NCLW/mg L�1 n.d.a n.d. n.d. 0.36 � 0.40b n.d. n.d.
ECITLW/mg L�1 n.d. n.d. n.d. 0.72 � 0.50 n.d. n.d.
JXRW/mg L�1 n.d. n.d. n.d. n.d. n.d. n.d.
Recoveryc/% 111.0 93.2 107.7 97.4 113.0 109.5
SDRW/mg L�1 n.d. n.d. n.d. 0.71 � 0.30 n.d. n.d.
Recovery/% 102.4 93.5 92.6 81.3 86.9 86.1
IWW/mg L�1 n.d. n.d. n.d. 0.81 � 0.40 1.41 � 0.18 18.90 � 1.58
Recovery/% 100.9 94.1 95.7 94.9 93.2 97.3
ECITTW/mg L�1 n.d. n.d. n.d. n.d. n.d. n.d.
Recovery/% 101.9 100.0 105.0 109.8 101.6 114.9

a Not detected. b Average � standard division (n ¼ 3). c 10 mg L�1 of TBBPA derivatives was spiked.

Paper RSC Advances
3.4. Detection of TBBPA derivatives in the water samples

TBBPA derivatives in the environmental water samples,
including lake waters, river waters, TBBPA industrial waste
water and tap water, were analyzed by the present method. The
results (Table 3) indicate that the TBBPA derivatives are at a low
concentration level in the environmental waters and are less
concentrated than the TBBPA pollution sources. In the tap
water and NCRW, the concentrations of all TBBPA derivatives
are below the LODs of this method. For other environmental
water samples, only trace levels of TBBPA-BGE are detected, i.e.,
0.36 � 0.40, 0.72 � 0.50 and 0.71 � 0.30 mg L�1 in NCLW,
ECITLW and SDRW, respectively. These concentrations may be
caused by the TBBPA-BGE releasing from the plastic materials
in contact with these waters. Other TBBPA derivatives are not
detected in these samples. The TBBPA-BAE, TBBPA-MAE and
TBBPA-BGE concentrations were 18.90 � 1.58, 1.41 � 0.18 and
This journal is © The Royal Society of Chemistry 2015
0.81 � 0.40 mg L�1 in the TBBPA industry waste water. A reason
for these TBBPA-BAE and TBBPA-MAE concentrations could be
the product and by-product of the TBBPA factory. In the waste
water of this factory, the concentration of TBBPA-BAE and
TBBPA-MAE are much higher than other environmental water
samples. 10 mg L�1 of each TBBPA derivatives was added into
JXRW, SDRW, IWW and TW for spiking recovery experiments,
and satisfactory spiking recoveries ranged from 81.3% to
114.9% were achieved (Table 3). These results further conrm
the HPLC Ag+ post-column derivatization and ESI-MS/MS
method is appropriate for TBBPA derivatives detection.
4. Conclusion

The Ag+ derivatizationmethod highly improves the sensitivity of
ESI-MS for detection of TBBPA-BHEE, TBBPA-BGE and TBBPA-
BAE. It enables the ESI to ionize both the main products
RSC Adv., 2015, 5, 17474–17481 | 17479
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(TBBPA-BHEE, TBBPA-BGE and TBBPA-BAE) and the by-
products (TBBPA-MHEE, TBBPA-MGE and TBBPA-MAE) of
TBBPA simultaneously in the positive detection mode. With
combination of HPLC, the TBBPA derivatives can be chro-
matographically separated and ionized by ESI-MS in less than
10 min. The accuracy and the reliability of the present method
are highly improved by employing HPLC, and the matrix effect
is lower than with the Ag+ reactive EESI-MSmethod.41 Moreover,
this method may be amenable to complex samples (e.g., soil,
biological samples) by employing appropriate sample purica-
tion method and using a large-capacity HPLC column.
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