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Summary
 A liquid chromatography/tandem mass spectrometry (LC/MS/MS) method was developed for simultaneously 
measuring bisphenol A (BPA), chlorinated BPAs (ClxBPAs), and brominated BPAs (BryBPAs) unintentionally generated 
in wastewater treatment plants (WWTPs). The main purpose of this study was to develop a non-derivatizing measure-
ment method based on LC/MS/MS to analyze BPA, mono-, di-, tri-, and tetra-substituted BPAs by the chlorine or bromine 
groups in the aromatic rings (11 chemicals in total) via full separation and selective quantitation. In this method, the limit 
of detection for the chemicals was found to be within 0.01-0.16 µg/L, with recoveries of 50.6-77.9 % and relative standard 
deviation of 4.3-16 %. We also investigated halogenated BPAs generated by sterilizing the water treated by the WWTP 
with sodium hypochlorite. BPA and Br4-BPA, which are usually contained in industrial products, are the more abundant 
BPA congeners before the sterilization process. In one plant that receives a large amount of industrial wastewater, the 
concentrations of almost all halogenated BPAs decreased after the sterilization process. The concentration of Br4-BPA 
significantly decreased after the sterilization, while that of Cl4-BPA tended to increase. This suggested that Cl4-BPA was 
generated from BPA as well as halogenated BPAs (particularly Br4-BPA) during sterilization. Finally, non-targeted analysis 
using accurate mass measurement with LC/Q-ToFMS also discovered three other chemicals unintentionally generated in 
the effluents from the sterilization process, such as chlorophenol as a precursor of chlorinated dioxin, which is related to 
BPA congeners. Chemicals with the elemental compositions of pharmaceuticals were also found.
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INTRODUCTION

 In recent years, halogenated organic compounds that are unin-
tentionally generated and released into the environment have become 
a topic of increasing environmental concern. Previous reports have 
indicated an increase in mutagenic activity in industrial effluents, 
leachates, and treated wastewater, similar to that caused by chlori-
nated organic compounds1）.
 Five chlorinated bisphenol A (BPA) congeners (ClxBPAs, shown 
in Fig. 1) and five brominated BPA congeners (BryBPAs) could be un-
intentionally generated from BPA by chlorination with sodium hypo-
chlorite in wastewater treatment plants (WWTPs). The photoproducts 
of ClxBPAs and BryBPAs also contain chlorophenols as precursors 

of halogenated dioxins2, 3）. ClxBPAs bind to estrogen receptors more 
strongly than BPA, and ClxBPAs and BryBPAs differ in their levels of 
toxicity. For example, compared to BPA, Cl1BPA and 3,3＇-Cl2BPA have 
1.4- and 9.0-fold higher affinity to estrogen receptor α binding as-
say4-6）. According to the scientific literature4-19）, BPA congeners have 
adverse effects on soil and sludge quality7, 8）, and are toxic to rats5, 9） 
and humans10-15） because of their high environmental persistence16, 17）  
and endocrine disrupting properties4, 5, 7, 10-12, 15, 17, 18）. In Japan, BPA is 
considered a Class 1 Designated Chemical Substance according to 
the Act on the Evaluation of Chemical Substances and Regulation of 
Their Manufacture20）. However, there are no strict regulations on the 
discharge of ClxBPAs, even though they are much more toxic than 
BPA.

Original
［Journal  of  Environmental  Chemistry  Vol.27,  No.4,  pp.137-144,  2017］



─ 138 ─ ─ 139 ─

 BPA, triclosan (TCS, 5-chloro-2-(2, 4-dichlorophenoxy) phenol), 
and Br4-BPA have been detected in human serum by gas chromatog-
raphy/mass spectrometry (GC/MS)14）. TCS in wastewater also reacts 
with free chlorine to generate chlorinated TCS derivatives (CTDs), 
which are known as the potential source of polychlorodibenzo-p-
dioxins21）. In the case of BPA congeners, ClxBPAs, BryBPAs, and other 
derivatives might be more persistent than the original compound. 
BPA and ClxBPAs have been detected in drinking water by liquid 
chromatography/tandem mass spectrometry (LC/MS/MS)6）. Gas 
chromatography (GC) has been applied for measuring BPA in soil7, 8）. 
In GC analysis, the BPA congeners are derivatized to less polar spe-
cies by silylation, acylation, alkylation, and esterification. However, 
these steps might change the resulting profiles due to the different 
reaction efficiencies among the congeners. Given the aforementioned 
different toxicities of BPA congeners, their separation as intact mol-
ecules and subsequent quantification are important. In addition, the 
simultaneous determination of BPA congeners is of great significance 
when evaluating their individual behaviors in many environmental 
fields. However, to the best of our knowledge, there is no reported 
method for separating individual BPA congeners and the simultane-
ous quantification of the intact molecules.
 We describe a LC/MS/MS method for the quantification of 
halogenated BPA congeners with full chromatographic separation. 
The method was applied to the simultaneous determination of these 
chemicals in wastewater before and after sterilization with sodium hy-
pochlorite, for species unintentionally generated during this process. 
We also identified a few other halogenated compounds generated in 
the sterilization process by accurate mass measurement with LC/Q-
ToFMS.

EXPERIMENTAL

Reagents
 Dichloromethane 300, distilled HPLC-grade water, PCB analysis 
grade anhydrous sodium sulfate, and guaranteed reagent grade ace-
tic acid were obtained from Kanto Chemical Co., Inc. (Tokyo, Japan). 
Pure water (≤0.1 μS/m) was obtained from Meinan-Service Co., Inc. 
(Aichi, Japan). HPLC reagent grade methanol and acetonitrile were 
purchased from Merck KGaA (Darmstadt, Germany). Guaranteed 
grade ammonia solution (28%) and p-aminophenol (＞98%) were 
purchased from Wako Pure Chemical Industries (Osaka, Japan). Res-
orcinol and 2,6-di-tert-butyl-p-cresol (＞99.0%) were purchased from 
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).

Standards
 Environmental analysis grade BPA (＞99.0%) was purchased 
from Wako Pure Chemical Industries (Osaka, Japan). Br4BPA and 
Cl4BPA were purchased from Tokyo Chemical Industry Co., Ltd. 
(Tokyo, Japan). 13C3 BPA (＞95.0%) was purchased from Hayashi Pure 
Chemical Ind., Ltd. (Osaka, Japan). Ring-13C12 Br4-BPA (＞99%) was 
purchased from Cambridge Isotope Laboratories Inc. (Massachusetts, 
USA). Mono-, di-, and tri-chloro/bromo-substituted BPAs were sepa-
rately synthesized in our laboratory. The ClxBPAs were synthesized 
with BPA and sulfuryl chloride, and the BryBPAs were synthesized 
by dissolving BPA in bromine water. The synthesized ClxBPA and 
BryBPA were isolated by silica gel column chromatography, and their 
purities were confirmed by GC/MS, 1H-NMR, and 13C-NMR.
 Standard solutions of BPA congeners were prepared to a final 
concentration of 1 mg/L in acetonitrile. The working solutions of BPA 
congeners were prepared at concentrations of 0.01 or 0.1 mg/L in 
acetonitrile/H2O (1/1, v/v) by diluting the corresponding standard 
solutions. The calibration curves were linear in the range of 0.03 to 10 
µg/L.

Apparatuses
 The LC-MS/MS operating conditions are summarized in Table 
1. For quantitative analysis, a Prominence series LC-20AD HPLC 
system (Shimadzu Co., Kyoto, Japan) was used with an LC column 
(InertSustain C18, GL Sciences Inc.) in reverse-phase mode. An 
API4000 (Sciex Pte., Ltd., Framingham, MA, USA) MS/MS system 
with an ESI source was used for measuring the BPA congeners by 
selected reaction monitoring (SRM). Concentration was performed 
with a rotary evaporator (N-1000 with water bath SB-1000, TOKYO 
RIKAKIKAI CO, LTD) and a nitrogen gas concentrator (fabricated in-
house) under nitrogen flow.
 For qualitative analysis, a 1290 Infinity II HPLC system (Agilent 
Technologies Inc., Santa Clara, CA, USA) was used with the same 
HPLC column as for the quantitative analysis. An Agilent 6545 Q-ToF 
LC/MS system (Agilent Technologies Inc., Santa Clara, CA, USA) 
with ESI in positive and negative modes was operated in the range of 

m/z 30-1000 at the rate of 5 spectra/s. The five most intense precur-
sor ions in the spectrum were chosen for analysis.

Sample preparation and collection
 A schematic diagram of sample preparation is shown in Fig. 
2. BPA congeners in 500 mL of water were extracted twice with di-

Fig. 1 Chemical Structures of the Bisphenol A Congeners and 
the Mass Transition Ion Pairs for the Selected Reaction 
Monitoring
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chloromethane, using 100 mL each time. The organic phases were 
combined to give a volume of 200 mL, and then dehydrated with 
anhydrous sodium sulfate. After adding 2 mL of acetonitrile as a vola-
tilization inhibitor, the dichloromethane solution was concentrated to 
10 mL or less with an evaporator at 40℃ and atmospheric pressure. 
After adding 50 µL of resorcinol/methanol solution (0.1 w/v %) as a 
polymerization inhibitor, the concentrated solution was further evapo-
rated to dryness in a glass test tube. The precipitates in the test tube 
were dissolved in 1 mL of 28 w/v % ammonium in acetonitrile at 0.1 
v/v %, and concentrated to near dryness. The residue in the test tube 
was dissolved in acetonitrile/distilled water (1/1, v/v) and filled up 
to 0.2 mL before LC/MS/MS analysis. All sample preparation steps 
were performed under light shielding to prevent photodegradation of 
the chemicals, particularly halogenated BPAs22）.
 The wastewater samples were collected from the waterways 
before and after the sterilization process of three municipal WWTPs 

(labeled ＂A＂, ＂B＂, and ＂C＂) in Kasugai, Aichi Prefecture, using brown 
glass bottles to prevent oxygen dissolution in the water. Sample 
preparation was started around 30 min after collection, as this cor-
responds to the likely time for the treated effluent of the WWTP to be 
discharged into rivers.

RESULTS AND DISCUSSION

LC conditions for separating the halogenated BPAs
 To evaluate the individual behaviors of the halogenated BPAs, 
it is necessary to separate the Cl2BPA and Br2BPA congeners using 
methanol/water or acetonitrile/water mixtures as the mobile phase. 
The peak shapes of halogenated BPAs were improved by the addition 
of 0.01 v/v % acetic acid to the mobile phase. Baseline separation in 
the mobile phase with 0.01 v/v % acetonitrile/water was achieved for 
the structural isomers of 3,3＇-Br2BPA and 3,5-Br2BPA (Fig. 3A).

Table 1　Operating Conditions for LC/MS/MS and LC/Q-ToF/MS
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 At a column temperature of 20℃, baseline separation was 
achieved for all 11 BPA and halogenated BPAs, including Cl2BPA and 
Br2BPA congeners (Fig. 3B). The slower diffusion rates of the analyt-
es in the mobile phase led to better separation at lower temperature.

Recovery of halogenated BPAs from water samples
 The factors affecting the recovery rates of halogenated BPAs 
include losses due to adsorption onto the glassware, evaporation, and 
polymerization and oxidization when concentrating the dichlorometh-
ane solution. We tried to add reagents to the solution to improve the 
recovery rates of the halogenated BPA congeners. Standard solutions 
containing 0.1 ng of each halogenated BPAs were prepared in 5 mL 
of dichloromethane. 2,6-Di-tert-butyl-p-cresol (BHT), 4-aminophenol 
(4AP), or resorcinol were added to the standard solutions as reagents, 
which were then concentrated to near dryness and diluted to 0.2 mL 
with an acetonitrile/water (1:1, v/v) mixture (Fig. 2). The resulting 
recovery rates are shown in the central columns of Table 2.
 There were no significant dif ferences between the recovery 
rates with or without the addition of 4AP, except for those of Cl3BPA 
and Br1BPA. After the addition of resorcinol, the recovery rates of the 
non-, mono-, and di-halogenated BPA congeners were 80-100%, while 
those of tri- and tetra-halogenated BPA congeners were 20-50%.
 Since tri- and tetra-halogenated BPAs are more strongly ad-
sorbed onto glass test tubes than non- mono-, and di-halogenated 
BPA congeners, adsorption would play a major role in their recovery 
rates. The glass test tubes were washed with acetic acid/MeOH (0.1 
v/v %) and ammonia/acetonitrile (0.028 w/v %) solutions to examine 

whether this improved the recovery rates. The results are shown 
in the two right columns of Table 2. With acetic acid/methanol  
(0.1 v/v %) washing, the recoveries of the halogenated BPAs ranged 
from below the Method Detection Limits (MDLs, defined in the mar-
gin of Table 2) to 66%, except for BPA, mono halogenated BPAs, and 
3,3＇-Br2BPA. In contrast, those of BPA, Cl1BPA, and 3,3＇-Br2BPA were 
higher than expected (150, 138, and 139%, respectively). The non-, 
mono- and di-halogenated BPAs had higher recovery ratios than the 
tri- and tetra-halogenated BPAs, and the recovery ratios of the 3,3＇-di-
halogenated isomers were higher than those of the 3,5-di-halogenated 
isomers. The Highest Occupied Molecular Orbitals (HOMOs) of the 
3,3＇-dihalogenated BPAs, when drawn by the Extended Hückel Meth-
od (ChemBio 3D Ultra 15.1, PerkinElmer Informatics Inc., Waltham, 
MA, USA), are delocalized on the π-systems on the two benzene rings 
and bromine atoms, while the HOMOs of the 3,5-isomers are local-
ized on the benzene ring with two bromine substituents. Therefore, 
the 3,3＇-halogenated BPAs are more stable against electrophilic at-
tack, for example by acidic protons, than the 3,5-dihalogenated ones. 
It can be thought that the higher recovery rates of the 3,3＇-isomers 
compared to the 3,5-isomers corresponds to their increased stability 
to electrophilic attack. On the other hand, the recovery rate of 3,3＇,5,5＇
-Br4BPA was nearly 0%. (＂N.D.＂ means below the MDL of 0.47 ng/L,  
as shown in Table 3. If all of the 0.1 ng added to the 5 mL of dichlo-

Fig. 2 Sample Preparation Scheme for the Determina-
tion of Bisphenol A Congeners in Wastewater

Fig. 3 Effect of the Mobile Phase Composition and 
the Operating Temperatures on the Separation 
of the Halogenated Bisphenol A Isomers
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romethane were recovered, the concentration of 3,3＇,5,5＇-Br4BPA 
should be 20 ng/L. Thus, ＂N.D.＂ represents a recovery rate of below 
2.4%.) To conclude, recovery via washing with a solution of acetic 
acid/methanol (0.1 v/v %) would cause 3,3＇,5,5＇-tetrahalogenated and 
3,3＇,5-trihalogenated BPAs to be partially or fully de-halogenated to 
produce less halogenated species, among which the 3,3＇-dihalogenat-
ed, 3-halogenated, and non-halogenated BPAs would be more stable 
against electrophilic attack under acidic conditions. All these factors 
would cause the high recovery rates of over 100%.
 With ammonia/acetonitrile (0.028 w/v %), the recoveries of all 
BPA species were 84-115%. The slightly lower recovery rates of BPA 
and some of the mono- and di-halogenated species are believed to be 

due to adsorption onto the siloxane sites of the glass test tube under 
acidic conditions. To improve the recovery rates of non-halogenated 
and halogenated BPAs, 50 µg of resorcinol was added to the solution 
extracted from wastewater as an anti-oxidative compound before the 
sample was concentrated, and ammonia/acetonitrile (0.028 w/v %) 
was used to wash the glass test tubes used for concentration. The re-
covery rates from wastewater are shown with the MDL in Table 3.

Measurements of BPA and halogenated BPAs in the samples
 Fig. 4 shows the concentrations of BPA and halogenated BPAs in 
wastewater before and after the sterilization. Plant C receives much 
less industrial wastewater and more domestic wastewater than Plants 
A and B. Some of the BPAs were observed at concentrations below 
the MDL, but we would like to refer to their measured concentrations 
as semi-quantitative. Before the sterilization process, BPA and Br4-
BPA, which are often contained in industrial products, were higher 
in concentrations than the other halogenated BPAs. In the cases of 
plants A and C, there were no significant differences in the concentra-
tions of BPA and Br4-BPA after the sterilization process. Therefore, 
we believe that no new compounds derived from BPA and Br4-BPA 
were formed during the sterilization processes in Plant A and Plant C.
 In the case of Plant B, the concentrations of almost all halogenat-
ed BPAs decreased after sterilization. In particular, the concentrations 
of BPA and Br4-BPA were significantly lowered after the sterilization, 
while that of Cl4-BPA tended to increase. These observations suggest 
that Cl4-BPA as well as other halogenated BPAs, especially Br4-BPA, 
were generated from BPA by the sterilization procedure. Similar re-
sults have been reported in laboratory experiments4, 21）.

Table 2 Effect of the Polymerization Inhibitors and Acidic/Basic Conditions of the Rinsing Solvent used 
in the Concentration Process on the Recoveries of the halogenated bisphenol A Congeners (n＝3)

Table 3 Recoveries and Method Detection Limit (MDL) of the 
bisphenol A Congeners in Wastewater (n＝5)
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Identification of chemicals generated in the sterilization pro-
cess
 Accurate mass measurements were carried out for the waste-
water samples before (Bf) and after (Af) the sterilization via LC/Q-
ToFMS, using conditions given in the bottom rows of Table 1. In 
order to find the unintentionally generated species, the total ion chro-
matogram of Bf was subtracted from that of Af using Mass Hunter 
Qualitative Analysis B 07.00 software (Agilent Technologies Inc., 
Santa Clara, CA, USA). In the resulting total ion chromatogram, 16 or-
ganic halogenated compounds were found in the negative ions, while 
none were found in positive ions.
 As a target analysis, we searched for chlorinated compounds that 
might be generated from halogenated BPAs by sterilization, using 
their elemental compositions and isotopic mass ratios. Three such 
compounds6, 21）, namely monochlorophenol, dichloro-dihydroxyben-
zene, and Cl4-BPA, were retrieved in the effluents of the WWTPs after 

the sterilization processes.
 A non-target analysis of organic halogenated compounds was 
also performed using Molecular Structure Correlator (Agilent Tech-
nologies Inc., Santa Clara, CA, USA). A total of 13 compounds were 
retrieved from a number of candidate chemicals that fit the molecular 
formulae in the chemical structure database ChemSpider, by evaluat-
ing the isotope ratio between the precursor ion and the correspond-
ing product ion.
 The chemical formulae for the species labeled 5 and 11 in Table 
4 were the same as those of certain clinical medicines. Chemical 7 
might be a chemical reagent, but its origin was unknown. The mass 
spectrum of compound 13 (C12H8Cl2O2) is shown in Fig. 5. Its likely 
molecular structure by mass fragment and neutral loss analysis19） is 
also shown in the figure, and the molecule was cleaved at the points 
divided with the broken lines (1) to (4). Therefore, compound 13 was 
theorized to be a decomposition product of triclosan. The structures 

Fig. 4 Quantitative Results for Bisphenol A and Halogenated Bisphenol A Congeners in Wastewater Be-
fore/After Sterilization in Three Wastewater Treatment Plants
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of the other compounds in Table 4 have not yet been determined. 
Nevertheless, despite the large uncertainty in their chemical struc-
tures, the unintentionally generated products can often be estimated 
by combining multiple tools and methods as described above.

CONCLUSION

 The concentrations of BPA, ClxBPAs, and BryBPAs in wastewater 
treated with sterilization processes were elucidated, in order to deter-
mine their chemical behavior in WWTPs. The concentrations of BPA, 
Cl1-3BPAs, and Br4BPA decreased after sterilization, but that of Cl4-
BPA increased. Therefore, BPA, Cl1-3BPAs, and Br4BPA could be pre-
cursors of Cl4-BPA in the sterilization process in WWTPs. However, 
the generated amount of Cl4-BPA was much lower than the reduction 
in the precursor species.
 Other organic halogenated compounds possibly generated by 
the sterilization with hypochlorite were also found in wastewater after 
the sterilization process. Chlorophenol (a dioxin precursor) and phar-
maceuticals were detected in the effluents of the WWTPs. A possible 
decomposition product of triclosan was also found in the effluents of 

the WWTPs. A few other halogenated compounds were identified, al-
though their exact structures and sources were not immediately evi-
dent. Further studies combining multiple qualitative analytical tools 
and methods are essential for the identification of such unknown 
compounds in wastewater.
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