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To assess the endocrine-disrupting activity stemming
from the presence of pyrene in drinking water, the
kinetics of chlorination of pyrene was investigated at
room temperature, the products of its aqueous chlorination
with and without bromide ion were identified, and their
aryl hydrocarbon receptor (AhR)-mediated activities were
determined. It was found that the presence of bromide
ion greatly promoted the reaction rate of chlorination of
pyrene accompanied with the formation of brominated
products. While the main product was 1-Cl-pyrene without
the addition of bromide ion, di-Br-pyrene and 1-Br-
pyrene became the main products in the presence of
bromide ion. GC-MS and NMR analysis identified three
structures of dibromopyrene in chlorination with the addition
of bromide ion as 1,3-di-Br-pyrene, 1,6-di-Br-pyrene, and 1,8-
di-Br-pyrene, and their molar ratio was determined to
be approximately 0.3:1:1. Finally, 1-Br-pyrene, 1,3-di-Br-
pyrene, a mixture of 1,6-di-Br-pyrene and 1,8-di-Br-pyrene (di-
Br-pyrene), 1-Cl-pyrene, and a mixture of 1,6-di-Cl-
pyrene and 1,8-di-Cl-pyrene (di-Cl-pyrene) were fractionated
by HPLC, and their AhR-mediated activities were assessed
by a yeast assay. It was found that the effective molar
concentrations (or mass concentration) showing half-maximal
transcriptional response, EC50, for pyrene, 1-Br-pyrene, 1-Cl-
pyrene, di-Cl-pyrene, and di-Br-pyrene were 5632 (1.14),
3089 (0.86), 1942 (0.46), 597.2 (0.21), and 147.3 (0.04) nM (mg/
L), respectively.

Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
environmental pollutants. Many PAHs are suspected or
known potent mutagens and carcinogens that may pose
serious human and environmental risks (1, 2) and have been

previously recognized as aryl hydrocarbon receptor (AhR)
agonists (3-9). While the principal concern regarding ex-
posure to PAHs has been cancer risk, many papers have been
published recently highlighting the health effects due to their
endocrine-disrupting activities. PAHs have been reported to
have estrogenic and antiestrogenic characteristics (10). Mech-
anistic investigations have clarified that PAHs interfere with
estrogen receptor (ER)-mediated signaling by activating the
AhR, which mediates a broad spectrum of antiestrogenic re-
sponses (11-14). Some PAHs can be metabolized by cyto-
chromes P4501A1 and P4501A2, which are induced by binding
of PAHs to AhR, and their metabolites were reported to induce
ER-mediated reporter activity, indicating the potential role
for estrogenicity (15, 16). For example, benzo[a]anthracene
(B[a]A), chrysene, and benzo[a]pyrene (B[a]P) can induce
similar ER-reporter activity in MCF-7 cells with 17â-estradiol
(E2) at 1000 nM (15). Recent studies have found that the
estrogenic action of AhR agonists can be induced by a direct
interaction between AhR/Arnt (AhR nuclear translocator) and
unliganded ER in uterine gene induction and cellular
proliferation in the absence of 17â-estradiol (17). B[a]P at 10
nM can induce the above activity. In addition, several PAHs
(e.g., chrysene, benzo[k]fluoranthene, and B[a]P at 1000 nM)
elicited antiandrogenicity by inhibiting the binding of
androgen receptor (AR) in nuclear extracts to oligonucleotide
probes containing the AR responsive element (18).

PAHs are ubiquitous and originate from bacterial reactions
and plant fossilization, but they are predominantly synthe-
sized by anthropogenic activities such as the burning of fossil
fuels and other combustion sources. The occurrence of PAHs
in raw water is due to atmospheric fallout, urban runoff,
municipal effluents, industrial effluents, and oil spillage or
leakage, which lead to the presence of PAHs in drinking water
(19-21). Although the conventional coagulation process and
advanced treatment processes such as ozonation and/or
activated carbon before disinfection by chlorine can reduce
the concentration of pyrene to a certain extent, PAHs in
drinking water stemmed from the coal tar-coated pipes used
in public water supply systems (22) cannot be also neglected.
It was reported that the amounts of fluoranthene and pyrene
released from the lacquer coatings on epoxy resin pipes and
coal tar-coated pipes that are used in water supply systems
were found to be 4.6-13 and 2.4-8.9 µg/L at 23 °C after 16
h of contact time, according to the JWWA K 135 method (23).
It is well-known that disinfection by chlorination is an
essential step in treatment of many water supply systems,
and the disinfection process leads to the formation of
chlorinated PAHs (24-27), of which some byproducts of PAHs
show strong mutagenicity comparing with the parent PAHs
(28). While many papers have highlighted the chlorination
of PAHs, and the mutagenicity of the chlorinated PAHs has
also been investigated, little attention has been paid to the
formation of brominated PAHs in the chlorination process.
To our knowledge, the formation of brominated PAHs in
chlorine-treated water was only reported by Mori et al. (29),
who mainly focused on the change of mutagenic properties
and chemical fate of benzo[a]anthracene in chlorine-treated
water with and without bromide ion, and no reports about
their AhR-mediated activity together with chlorinated PAHs
were found. It is well-known that naturally occurring bromide
ions in raw water readily change byproduct speciation with
enhanced brominated species formation (30, 31). According
to a recent nationwide survey, the concentration of bromide
ion in US drinking water sources ranged from <5 to 429 µg/L
(31). Knowledge of the fate of PAHs in chlorination in the
presence of bromide ion is needed in order to allow effective
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assessment of the endocrine disruption potential of residual
PAHs in drinking water.

When chlorine is used to treat bromide-containing natural
waters in drinking water treatment plant, hypobromous acid
(HOBr) will be formed as a disinfection byproduct through
the reaction Br- + HOCl f HOBr + Cl-. Once formed,
hypobromous acid can participate in the oxidation reactions
of PAHs, and some bromo derivatives of PAHs would be
formed in chlorination process. The investigation on rate
constants of reactions of HOBr with phenols showed that
HOBr is several orders more reactive than HOCl, so bromi-
nated disinfection byproducts are rapidly produced during
chlorination (34).

Among the numerous PAHs detected in drinking water,
pyrene is one of the most common PAHs (19). Although py-
rene itself is not classified as carcinogenic (32), weak, but
significant, induction of AhR response in vitro was reported
(5, 9). The AhR-mediated activities of its aqueous chlorinated
products are still not known. In this study, the kinetics was
carried out to critically evaluate the effects of pH and chlorine
dose on pyrene reaction rate. The aqueous brominated pro-
ducts of pyrene together with its chlorinated products were
identified, and a pathway was proposed on the basis of the
GC-MS and 1H NMR methods, as well as quantum chemical
modeling analysis. Finally, some brominated and chlorinated
byproducts were fractionated and their AhR-mediated ac-
tivities were also determined in order to examine which
byproducts contribute to the AhR-mediated activities in the
aqueous chlorinated pyrene solution.

Materials and Methods
Standards and Reagents. A detail description is provided in
the Supporting Information.

Kinetics Experiments. All experiments were performed
in a water bath to maintain the reaction temperature at
20 °C, under pseudo-first-order kinetics conditions
{[HOCl]T([HOCl] + [OCl-]) > 20 × [pyrene]}, and a detailed
description is provided in the Supporting Information.

Computational Chemistry. MOPAC (ver.6) was used
(CAChe Scientific Inc.) and run on an IBM 600E computer.
The PM3 parameter (14) served to optimize stable structures.
The program was used to obtain optimum geometries and
atom highest occupied molecular orbit (HOMO) density. The
values of EC50 were calculated by software Prism 4 for
Windows (GraphPad Software, Inc.)

Identification and Analysis of Byproducts. After chlo-
rination or bromination of pyrene, the products in an aqueous
chlorinated solution of pyrene were analyzed by GC-MS
and identified by NMR. A detailed description is provided in
the Supporting Information.

Fractionation of 1-Cl-pyrene, Di-Cl-pyrene, and Di-Br-
pyrene. Because pyrene chlorination byproducts standards
are not available (except for 1-Br-pyrene), a fractionation
procedure using HPLC was developed. The chlorination
procedure was basically similar to the procedure described
above. For fractionating the brominated pyrenes, 50 L of
solution (1.5 mg/L bromide ion) after 24 h chlorination time
was concentrated by SPE as described above. For fractionat-
ing the chlorinated pyrenes, 50L of solution (pH 3.0) after 24
h chlorination time was concentrated by SPE as described
above. The hexane solutions were dried and redissolved in
acetonitrile and then fractionated by HPLC by the same
method of the kinetics experiment. Each byproduct fraction
was manually collected at the outlet of the UV detector. The
extract was then analyzed by GC-MS and NMR.

Synthesis of 1,8-Dibromopyrene and 1,6-Dibromopy-
rene. A detailed description is provided in the Supporting
Information.

Yeast Assay for AhR-Mediated Activity of Products. In
this study, the yeast strain YCM3 with human AhR, Arnt, and

the LacZ reporter plasmid, pTXRE5-Z, was used to test the
AhR-mediated activity induced by the products of pyrene
formed during aqueous chlorination with and without the
addition of bromide ion. The assay procedure was essentially
the same as described in a previous paper (33), and a detailed
description is provided in the Supporting Information.

Results and Discussion
Kinetics of Chlorination of Pyrene. Experiments of pyrene
chlorination were conducted in the absence and presence
of bromide ions, and the reactions exhibited pseudo-first-
order kinetics. It was found that the pseudo-first-order
constants (kobs) in the presence of bromide ion were much
higher than those in absence of bromide ion, and the
constants, kobs

Br and kobs
Cl , were linear with respect to total

concentration of bromine ([HOBr]T ) [HOBr] + [OBr-]) and
of chlorine ([HOCl]T ) [HOCl] + [OCl-]), respectively (Figures
1 and 2 of the Supporting Information). Thus, the rates of
pyrene disappearance in the absence and presence of
bromide ions can be expressed by eqs 1 and 2, respectively.

where kapp
Cl and kapp

Br are second-order kinetic constants and
[pyrene] represents the concentration of pyrene. The pH
profiles of experimental kapp

Cl and kapp
Br are shown in Figure 1.

According to following eqs 3-9,

the rate kapp
Cl and kapp

Br can be written by eqs 10 and 11 (A

FIGURE 1. Experimental and modeled pH dependence profiles of
the second-order rate constant of chlorination of pyrene. (9,
experimental data; bold line, nonlinear least-squares regression
fit). (a) kapp

Cl , in the absence of bromide ion; (b) kapp
Br , in the presence

of bromide ion (5 µM).

v ) -
d[pyrene]

dt
) kobs

Cl [pyrene] ) kapp
Cl [HOCl]T[pyrene]

(1)

v ) -
d[pyrene]

dt
) kobs

Br [pyrene] ) kapp
Br [HOBr]T[pyrene]

(2)

HOCl h H+ + OCl- Ka
Cl (3)

HOCl + Br- f H+ + OBr- + Cl- (4)

HOBr h H+ + OBr- Ka
Br (5)

pyrene + HOCl f products k1 (6)

pyrene + OCl- f products k2 (7)

pyrene + HOBr f products k3 (8)

pyrene + OBr- f products k4 (9)
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detailed description is provided in the Supporting Informa-
tion), respectively.

The rate constants (k1 and k2) were determined by a nonlinear
least-squares regression of the experimental pH profile of
kapp

Cl , and the values of k1 and k2 are 996.01 M-1 h-1 and
213.15 M-1 h-1, respectively. Similarly, in the presence of
bromide ion, the k3 and k4 are 38682 M-1 h-1 and 6890.5 M-1

h-1, respectively. The values of Ka
Cl and Ka

Br used for the
calculation were pKa

Cl ) 7.54 and pKa
Br ) 8.89 (34), respec-

tively. Figure 1 represents the experimental and modeled
pH profiles for pyrene chlorination in the absence and
presence of bromide ion. The correlations between the
experimental and modeled values were good on the basis of
the fact that their model selection criterions were larger than
3 (Supporting Information).

In addition, the kapp
Cl at pH 7 for pyrene calculated from

the data reported in a previous paper (26) was about 729.91
M-1 h-1, which is similar to that of our paper (800.00 M-1

h-1).
Characterization of Products. Figure 2a shows the GC-

MS chromatogram of chlorinated pyrene after 65 h of
chlorination. It was found that pyrene reacted slowly with
HOCl at a pH of 7.22, and about 20% pyrene residue remained
in the solution together with several chlorinated products.
According to the mass spectra of three peaks at 25.84, 27.95,
and 28.23 min, as shown in Table 1 of the Supporting
Information, one monochloropyrene and two dichloropy-
renes were identified. While the monochloropyrene was
reported to be 1-Cl-pyrene (27, 28), three possible structures
for di-Cl-pyrene (1,6-di-Cl-pyrene, 1,8-di-Cl-pyrene, and 1,3-
di-Cl-pyrene) were proposed according to the chlorination

in organic solvent (28), and no further information could be
used to identify the precise structures of the di-Cl-pyrenes
corresponding with the two peaks at 27.95 and 28.23 min.
In addition, 1-Cl-pyrene was found to be more abundant
than di-Cl-pyrenes. The above results were in accordance
with the generally accepted data for pyrene chlorination (27).

It should be noted that in addition to the above products
that have been reported in previous papers, however, two
unknown peaks were also detected at 27.28 and 29.68 min,
although there were only trace concentrations of these
products; they were less abundant than mono- and dichlo-
ropyrene. Their mass spectra as shown in Table 1 of the
Supporting Information indicate that monobromopyrene and
Br-Cl-pyrene were formed. The monobromopyrene was
deduced to be 1-Br-pyrene on the basis of the fact that the
mass spectrum and retention time of monobromopyrene
agreed with those of the 1-Br-pyrene standard, which was
also identified by NMR: 7.99 (1H, d, J ) 7.5 Hz), 8.01 (1H,
d, J ) 9.2 Hz), 8.03 (1H, t, J ) 7.4 Hz), 8.075 (1H, d, J ) 9.2
Hz), 8.15 (1H, d, J ) 9.2 Hz) 8.20 (1H, d, J ) 7.4 Hz), 8.21 (1H,
d, J ) 7.4 Hz), 8.22(1H, d, J ) 7.5 Hz), 8.42 (1H, d, J ) 9.2 Hz).
However, the structure of Br-Cl-pyrene could not be deter-
mined on the basis of the structural information of the MS
spectrum. The above results suggest that the trace bromide
ion residue in NaOCl solution was incorporated into pyrene
and its chlorinated byproducts in the form of organically
bound bromine during water chlorination.

The effects of bromide ion on the byproduct profiles in
the chlorination process were also investigated, and Figure
2b shows the GC-MS chromatogram of chlorinated pyrene
after 24 h of chlorination upon adding bromide ion at a
concentration of 10 µM. Compared with the chlorination
without the addition of bromide ion, 1-Br-pyrene became
the most abundant byproduct which was followed by peak
I. From the mass spectra (Supporting Information Table 1)
of peaks F, G, H, and I, the peaks F and G were deduced to
be the isomers of Cl-Br-pyrene, and the H and I peaks were
isomers of di-Br-pyrene. An attempt at identifying the
structure of di-Br-pyrene corresponding with peak I at 24.77
min in Figure 2b was made. The di-Br-pyrenes corresponding
with peak I at 24.77 min were fractionated by HPLC, and the
proton nuclear magnetic resonance (1H NMR) spectrum for
this fraction is shown in Figure 3a. From this NMR spectrum,
the fraction was speculated to be a mixture that should consist
of two or more isomers of di-Br-pyrene on the basis of the
GC-MS spectrum of peak I. To further identify their
structures, we synthesized 1,6-di-Br-pyrene and 1,8-di-Br-
pyrene, and their 1H NMR spectra were shown in Figure 3,
parts b and c, respectively. By comparing 1H NMR spectrum
of the fraction with those of 1,6-di-Br-pyrene and 1,8-di-
Br-pyrene, fortunately, the mixture was identified to consist
of 1,6-di-Br-pyrene and 1,8-di-Br-pyrene with approximately
equal molar amounts. From the similarity of bromination
with chlorination, peak H was speculated to be 1,3-di-Br-
pyrene. Because the ratio of GC-MS responses for 1,3-di-
Br-pyrene, 1, 6-di-Br-pyrene, and 1,8-di-Br-pyrene was
determined to be 1:1.2:2 by analyzing the three di-Br-pyrene,
and 1,6-di-Br-pyrene and 1,8-di-Br-pyrene are present in
approximately equal molar amounts from the above NMR
analytical results, the molar ratio of 1,3-di-Br-pyrene, 1,6-
di-Br-pyrene, and 1,8-di-Br-pyrene was determined to be
approximately 0.3:1:1 according to their peak area in the
GC-MS chromatogram (Figure 2b). To speculate on the
structures for other peaks, the atom HOMO density of pyrene
and 1-Br-pyrene were calculated using computational chem-
istry. It has been reported that the mechanism of substitution
reactions with PAH proceeds through electrophilic attack of
HOCl (35). The HOMO density reveals reactive sites based
on the distribution of electrons in the highest occupied

FIGURE 2. GC-MS chromatogram of aqueous chlorinated pyrene.
(a) Chlorination in the absence of bromide ion. Reaction time, 65
h; pH 7.22; A, pyrene; B, monochloropyrene; C, monobromopyrene;
D, dichloropyrene; E, dichloropyrene; F, monobromomonochloro-
pyrene. (b) Chlorination in the presence of bromide ion (10 µM).
Reaction time, 41 h; pH 7.22; A, pyrene; B, monochloropyrene; C,
monobromopyrene; D, dichloropyrene; E, dichloropyrene; F, mono-
bromomonochloropyrene; G, monobromomonochloropyrene; H, di-
bromopyrene; I, dibromopyrene.

kapp
Cl ) k1

[H+]

Ka
Cl + [H+]

+ k2

Ka
Cl

Ka
Cl + [H+]

(10)

kapp
Br ) k3

[H+]

[H+] + Ka
Br

+ k4

Ka
Br

[H+] + Ka
Br

(11)
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molecular orbit (HOMO) of a PAH, and the regions of the
molecule with high values of HOMO density have loosely
bound electrons that are reactive to electrophilic attack
according to the frontier orbital theory (36). From the atom
HOMO density of pyrene and 1-Br-pyrene, the bromine
substitution reaction primarily occurred at C1 with a HOMO
density of 0.119, and 1-Br-pyrene was formed (Supporting
Information Figure 3). The 1-Br-pyrene subsequently reacted
with hypobromous acid by substitution at C6 or C8 with
similar HOMO density (0.119 or 0.118) to form 1,6-di-
borompyrene or 1,8-dibromopyrene, which are in competi-
tion with attack at C3 with relatively low HOMO density
(0.114) to form 1,3-diboromopyrene. Similarly, the structure
of Cl-Br-pyrene corresponding with peak F can be speculated
to be 1-Cl-3-Br-pyrene, and peak G corresponded with the
mixture of 1-Cl-6-Br-pyrene and 1-Cl-8-Br-pyrene. For the
structures of di-Cl-pyrene, it was speculated that peak D was
1,3-di-Cl-pyrene and that peak E included 1,6-di-Cl-pyrene
and 1,8-di-Cl-pyrene.

It should be noted that oxygenated products of PAHs,
which are often reported to be formed during chlorination,
were not detected in this study. Mori et al. reported the fate
of B[a]A in the presence of bromide ion (50 µg/L), and an
oxygenated compound, B[a]A-7,12-dione, was found to be
a predominant byproduct among four byproducts (monochlo-
ro-B[a]A, monochloro-B[a]Br, di-chloro-B[a]A, and B[a]A-
7,12-dione) (29). However, we found that the chlorination of
B[a]A was carried out at a low pH of 4. It is known that pH
is an important factor that affects both reaction rate of PAHs
and the formation of their byproducts (27). Oyler et al.
reported the fate of pyrene during the chlorination process
using chlorine gas as disinfectant. Oxygenated pyrene was
found to be the major byproduct at low pH of 3 or 4, and only
trace oxygenated pyrene was observed at moderate pH of 7
or 8 (27). In addition, very similar results were also found in
the chlorination of pyrene at pH 4, and no oxygenated pyrene
was reported at pH of 7 when using sodium hypochlorite
solution as disinfectant (26). Thus, the condition of pH used

in this study may be the main reason oxygenated pyrene was
not found in the chlorinated solution in the presence and
absence of bromide ion.

Chlorination Pathways of Pyrene. Figure 4 shows the
variation in levels of pyrene, 1-Cl-pyrene, the sum of three
isomers for di-Cl-pyrene, 1-Br-pyrene, the sum of three
isomers of di-Br-pyrene, and the sum of three isomers for
Br-Cl-pyrene with reaction time in the absence and presence
of bromide ion. For the former reaction conditions (Figure
4a), the concentrations for all byproducts increased with
increasing reaction time, and 0.09 µM pyrene still remained
even after 65-h reaction. The byproduct with the highest
abundance was 1-Cl-pyrene, of which the concentration
increased from 0.06 µM after 6-h reaction to 0.33 µM after
65-h reaction. The di-Cl-pyrene is another major byproduct,
and the concentration varied from 0.005 µM after 6-h reaction
to 0.063 µM after 65-h reaction. In this reaction, trace 1-Br-
pyrene and Br-Cl-pyrene were detected because trace
bromide ions are residual in raw NaOCl reagent. According
to the above results, the pathways of reaction between pyrene
and NaOCl are proposed in Figure 5.

For the latter reaction conditions (Figure 4b), pyrene
reacted rapidly with HOCl in the presence of bromide ion,
and the most abundant was 1-Br-pyrene, followed by di-
Br-pyrene, and only a trace of di-Cl-pyrene was detected in
aqueous chlorinated solution. The highest concentrations
for both 1-Br-pyrene (0.43 µM) and 1-Cl-pyrene (0.027 µM)
were found after 1 h of chlorination, and then they decreased
with chlorination time together with pyrene, obviously
different from those in the chlorination process without the
addition of bromide ion. Conversely, the sum of three di-
Br-pyrene isomers, the sum of three Br-Cl-pyrene isomers,
and the sum of three di-Cl-pyrene isomers showed an
increasing trend with reaction time. Taken together, the
concentration variation of byproducts with reaction time
and the rate constants of pyrene described above, pyrene is
first transformed to 1-Br-pyrene and 1-Cl-pyrene, which react
further to give di-Br-pyrene, Br-Cl-pyrene, and di-Cl-pyrene.

FIGURE 3. 1H NMR spectrum (400 MHz) of samples in CDCl3: (a) fraction corresponding with peak I in Figure 2b, with letters A-E
representing the integral value of corresponding peaks [A (1.1937), B (1.0000), C (2.2152), D (1.0258), E (3.4225)]; (b) 1,8-di-Br-pyrene and
(c) 1,6-di-Br-pyrene recrystallization standards.
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It should be noted that the formation of Br-Cl-pyrene could
be via bromination of 1-Cl-pyrene or via chlorination of 1-Br-
pyrene. The contribution of each pathway depends on several
factors, such as the concentrations of HOCl and bromide
and pH. Taken together, the chlorination of pyrene in the
presence of bromide would lead to the formation of chloro-,
bromo- and mixed chlorobromopyrene, and the pathways
for the formation of byproducts are shown in Figure 5.

AhR-Mediated Activities. To evaluate the AhR-mediated
activities potentially stemming from the presence of pyrene
in drinking water, it was necessary to investigate the AhR-
mediated activity of these products. A yeast assay based on
a functional heterodimeric transcription factor composed
of AhR and Arnt proteins was used to assess the AhR-mediated
activity of the above chlorinated pyrene solution, by deter-
mining the ligand-induced transcriptional activation.

To interpret the â-galactosidase activities of the chlorina-
tion products in pyrene solution, 1-Cl-pyrene, 1-Br-pyrene,
di-Cl-pyrene (a mixture of 1,6-di-Cl-pyrene and 1,8-Cl-

pyrene), and di-Br-pyrene (a mixture of 1,6-di-Br-pyrene and
1,8-di-Br-pyrene) were fractionated by the HPLC method.
The dose-response curves of single 1-Cl-pyrene, di-Cl-
pyrene, di-Br-pyrene, 1-Br-pyrene, and pyrene were obtained
(Figure 6). It was found that 1-Br-pyrene and 1-Cl-pyrene
elicited similar AhR-mediated activity, which was slightly
greater than that of pyrene, and the effective concentrations
showing half-maximal transcriptional response (EC50), which
represent the concentrations required to achieve half-
maximal â-galactosidase activity for 1-Br-pyrene, 1-Cl-
pyrene, and pyrene, were about 3089, 1942, and 5632 nM,
respectively. On the other hand, for di-Br-pyrene and di-
Cl-pyrene, it was found that the maximal â-galactosidase
activities induced by di-Br-pyrene and di-Cl-pyrene were
lower than those of 1-Br-pyrene, 1-Cl-pyrene, and pyrene,
their EC50 values being 147.3 and 597.2 nM, respectively,
which were significantly lower concentrations than those of
1-Br-pyrene, 1-Cl-pyrene, and pyrene. For reference, the EC50

for the typical AhR agonists hexachlorobenzene and benzo-
[a]pyrene were 200 and 40 nM, as determined by the same
yeast system as in this study (37). The above results
demonstrate that bromide ions greatly affected the product
speciation resulting from aqueous chlorination of pyrene,
and the AhR-mediated potency of byproducts, especially di-
Br-pyrene and di-Cl-pyrene, become high compared with
pyrene in the in vitro system. However, to assess the likely
environmental exposure risks of these products, their AhR-
mediated potency in in vivo systems requires further
investigation, because the accessibility of AhR receptors to
these byproducts within in vivo systems is more complex
than in the in vitro system used in this study. Because the
physical and chemical properties will largely affect the
exposure risk of chemicals, we estimated the physical and
chemical properties for these byproducts as shown in Table
1. Generally the EC10 are slightly higher than their aqueous
solubility, which it seem did not relate the measured AhR
potency to likely environmental exposure risks. However, it
should be noted that their bioaccumulation will lead to higher
exposure concentrations and even biomagnification, espe-

FIGURE 4. Variation of molar concentration of pyrene and its products
with chlorination time: (a) [HOCl]T ) 35 µM, pH 7.22, [pyrene] )
0.5 µM; (b) [HOCl]T ) 35 µM, pH 7.22, [pyrene] ) 0.5 µM, [Br-] )
10 µM.

FIGURE 5. Halogenation pathways during chlorination of pyrene
in the presence and absence of bromide ion.

FIGURE 6. Dose-response curves of (a) pyrene, 1-Br-pyrene, and
1-Cl-pyrene and (b) di-Br-pyrene and di-Cl-pyrene.

TABLE 1. Physicochemical Properties of Pyrene and Its
Byproductsa

compd log Kow

Sw
(mg/L) BCF

EC10
(mg/L)

pyrene 5.17 ( 0.17 0.115 1288 0.113
1-Br-pyrene 5.94 ( 0.28 0.011 3356 0.136
di-Br-pyrene 6.7 ( 0.40 0.001 8635 0.0019
1-Cl-pyrene 5.77 ( 0.21 0.017 2717 0.037
di-Cl-pyrene 6.36 ( 0.24 0.003 5658 0.0046

a The values of log Kow were calculated by ACD logP ver.1.0 (Advanced
Chemistry Development Inc., Toronto, Canada); Sw values were
estimated using log Sw ) -1.49 log Kow + 1.46 (38); BCF were estimated
using log BCF ) 0.54 log Kow + 0.32 (39); EC10 values were calculated
by Benchmark Dose Software (BMDS ver. 1.3.2).
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cially for the di-Br-pyrene and di-Cl-pyrene, which would be
expected according to their log Kow and BCF values (5.17-
6.7).
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