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a b s t r a c t

Polyhalogenated carbazoles (PHCs) are a class of emerging organic contaminants that have received
increasing concern due to their widespread distribution and dioxin-like toxicity. Although previous
studies have suggested possible natural sources of PHCs in the environment, the formation pathways are
poorly understood. Here we explored the production of PHCs from halogenation of carbazole in the
presence of Br� and/or Cl� under the catalysis of chloroperoxidase (CPO) isolated from the marine fungus
Caldariomyces fumago. Overall, a total of 25 congeners including mono-to tetra-substituted chlorinated,
brominated, and mixed halogenated carbazoles (with substitution patterns of eBrCl, eBrCl2, eBrCl3,
eBr2Cl, eBr2Cl2, and eBr3Cl) were produced from the reactions under various conditions. The PHC
product profiles were apparently dependent on the halide concentrations. In the CPO-mediated chlori-
nation of carbazole, 3-mono- and 3,6-dichlorocarbazoles predominated in the formation products. In
addition to the less abundant mixed halogenated carbazoles (-Br2Cl), 1,3,6-tri- and 1,3,6,8-
tetrabromocarbazoles were the dominant products in reactions containing both Br� and Cl�. The CPO-
catalyzed halogenation of carbazole could take place in pH 3e7, but the formation products were pH
dependent. Results of this study suggest that CPO-catalyzed halogenation of carbazole may play an
important role in the natural formation of PHCs.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Polyhalogenated carbazoles (PHCs), with a complex chemical
structure similar to polychlorinated dibenzofurans, are a class of
emerging organic contaminants that have received increasing
concern due to their widespread distribution and potential toxicity.
The first chlorinated carbazole in the environment was discovered
in the early 1980s by Kuehl et al. (1984), which identified 1.2� 10�3

e5.2 � 10�2 mmol/kg of 1,3,6,8-tetrachlorocarbazole in sediment
samples from the Buffalo River, New York. More than 20 years later,
Zhu and Hites (2005) for the first time revealed the occurrence of
e by Charles Wong.
brominated carbazoles including 1,3,6,8-tetrabomocarbazole and
possible congeners of tri- and pentabromocarbazoles in sediment
cores from Lake Michigan. In addition, up to mmol/kg of 3-mono-
and 3,6-dichlorocarbazoles were found in soils and sediments from
Germany and Greece (Kronimus et al., 2004; Reischl et al., 2005;
Grigoriadou and Schwarzbauer, 2011; Tr€obs et al., 2011; Mumbo
et al., 2015). Using two-dimensional gas chromatography coupled
to time-of-flight mass spectrometry (GC � GC-TOF MS) analysis,
Pena-Abaurrea et al. (2014) discovered the first mixed halogenated
carbazole 1,8-dibromo-3,6-dichlorocarbazole in sediments from
Southern Ontario, Canada. In another study, a total of 17 PHC
congeners with substituted patterns of Br2-, Br3-, Br5-, ClBr2-, ClBr3-
, ClBr4-, ClBr3I-, Br4I-, and Br3I2-, were found in Lake Michigan's
sediments (Guo et al., 2014). More recently, Wu et al. (2016) found
carbazole and 11 PHCs including four chlorinated carbazoles, five
brominated carbazoles, and two mixed halogenated carbazoles, in
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sediment samples from the Saginaw River and Saginaw Bay Lake
Huron, Michigan.

Recent studies have demonstrated that PHCs exhibit dioxin-like
toxicity and are persistent and bioaccumulative. For example,
Riddell et al. (2015) revealed that mono-to tetra-halogenated car-
bazoles act through aryl hydrocarbon (Ah) receptor in the induction
of cytochrome P450 1A1 (CYP1A1) and CYP1B1 gene expression in
Ah-responsiveMDA-MB-468 breast cancer cells assay. Compared to
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the relative effect po-
tency (REP) values for 1,3,6,8-tetrahalogenated carbazoles ranged
from 0.00031 to 0.00066 in CYP1A1 induction and from 0.0058 to
0.0097 in CYP1B1 induction, which lie in between the toxic
equivalency factor (TEF) for higher chlorinated dibenzofurans,
dibenzo-p-dioxins, and some coplanar polychlorinated biphenyls
(Riddell et al., 2015). Mumbo et al. (2015) revealed that 3,6-
dibromocarbazole and 3-chlorocarbazole strongly induced ethox-
yresorufin-O-deethylase activity in H4IIA rat hepatoma cell line
bioassay. Laboratory incubation studies indicated that 3-
chlorocarbazole and 3,6-dichlorocarbazole were persistent to
degradation in soil (Tr€obs et al., 2011; Mumbo et al., 2015). Based on
the Online Chemical Modeling Environment database (Online
Chemical Database Website), log transformed octanol-water
partition coefficients (log Kow) were estimated to be more than
5.0 for di-, tri- and tetra-substituted brominated and chlorinated
carbazoles, indicating that these congeners are bioaccumulative in
the food chain (Mumbo et al., 2015).

The widespread occurrence of PHCs in soils and sediments has
sparked considerable interest in their origin. Both anthropogenic
and natural sources have been suggested by previous studies.
Parette et al. (2015) proposed that halogenated indigo dyes are a
likely source of 1,3,6,8-tetrabomocarbazole and some other halo-
genated carbazoles in the environment. However, Peverly and Hites
(2016) did not observe the presence of PHCs in a sample of 5,50,7,70-
tetrabomoindigo from Sigma Aldrich. Interestingly, Parette et al.
(2016) found the impurities of 1,3,6,8-tetrabomocarbazole,
1,3,6,8-tetrachlorocarbazole, and 1,8-dibromo-3,6-
dichlorocarbazole in a historical synthetic 7,70-dibromo-5,50-
dichloroindigo produced by BASF. Although Parette et al.’s (2016)
hypothesis can partially explain the occurrence of some PHCs in
the environment, natural origins cannot be entirely excluded.
Enzymatic synthesis of PHCs may be a possible natural source. In
fact, enzyme-mediated bromination and chlorination have long
been recognized as important formation pathways for naturally
occurring organohalogen compounds (Gribble, 2010). For example,
chloroperoxidase (CPO), secreted by the marine fungus Caldar-
iomyces fumago, is a versatile enzyme with the capacity to catalyze
the incorporation of halogen atoms into organic molecules in the
presence of peroxides such as H2O2 (Neidleman and Geigert, 1986;
Hofmann et al., 1998). Generally, CPO-mediated reaction involves
the formation of halogenium ions (Xþ, X ¼ Cl or Br) or hypohalous
acid (HOX) intermediates, leading to the halogenation of organic
substrates via electrophilic substitution (Van et al., 1994;
Wagenknecht and Woggon, 1997). Mumbo et al. (2013) reported
the formation of mono-, di-, tri-, and tetra-substituted chloro- and
bromocarbazoles from CPO-catalyzed halogenation of carbazole in
the presence of Cl� and Br�, respectively. However, possible for-
mation of mixed halogenated carbazoles from the reaction was not
investigated in previous studies.

The objective of this study was to investigate the production of
environmentally relevant PHCs from CPO-catalyzed halogenation
of carbazole in the presence of Cl� and Br� as a potential mecha-
nism of their generation in the environment. The analysis of PHCs is
complicated because there are 210 congeners for chlorinated or
brominated carbazoles and evenmuchmore for mixed chlorinated/
brominated carbazoles. To enhance the chromatographic
separation of possible reaction products, a GC � GC-TOF MS was
employed to identify and quantify the formation congeners. The
effects of halide concentrations and solution pH on PHC production
were also evaluated.

2. Materials and methods

2.1. Chemicals

CPO isolated from the marine fungus Caldariomyces fumago
(lyophilized powder), NaCl (>99.5%, with <0.005% of bromide), and
standards of carbazole (>95%), 3,6-dichlorocarbazole, 3-
bromocarbazole, and 3,6-dibromocarbazole were purchased from
Sigma-Aldrich (Shanghai, China). Reference standards of 3-
chlorocarbazole, 3-bromocarbazole, 1,3,6-tribromocarbazole, 1-
bromo-3,6-dichlorocarbazole, 1,3,6,8-tetrachlorocarbazole, and
1,8-dibromo-3,6-dichlorocarbazole were purchased from
Wellington Laboratories (Guelph, ON, Canada). The standard of
1,3,6,8-tetrabromocarbazole was purchased from AccuStandard
(New Haven, CT). Phosphate buffers with pH 3.0, 4.0, 5.0, 6.0, 7.0,
and 8.0 (0.1mol/L) were prepared from 0.1mol/L of phosphoric acid
and appropriate amount of NaOH.

2.2. Incubation experiments

Incubation experimental procedures were modified from those
of Mumbo et al. (2013). All experiments were carried out in 2-mL
amber glass vials at 25 ± 1 �C. Briefly, 10 mL of 50 mmol/L of
carbazole (in methanol) was added to the vial and the solvent was
allowed to evaporate, followed by the addition of 425 mL of 0.1 mol/
L phosphate buffer solution containing certain amount of NaCl and
NaBr and 50 mL of 1.0 � 103 mmol/L of H2O2. Subsequently, 25 mL of
2.0 units/mL of CPO were added to the solutions to initiate the
reaction. The treated samples were incubated in darkness and the
reaction time was measured from the addition of enzyme. At
designated time intervals (1, 4, 16, 60, 240, and 960 min), triplicate
separately treated samples (one vial for each sample) were taken
out and immediately subjected to liquid-liquid extraction. Unless
otherwise noted, reactions were carried out in pH 3.0 phosphate
buffer solutions containing 1.0 mmol/L of carbazole,1.0� 102 mmol/L
of H2O2, and 0.1 units/mL of CPO. A CPO-free control treatment
containing 1.0 mmol/L of carbazole, 1.0 � 102 mmol/L of H2O2,
5.0 � 105 mmol/L of Cl�, and 1.0 � 103 mmol/L of Br� was also
included to check any possible non-enzymatic formation process in
the reaction.

The CPO-catalyzed chlorination of carbazole was carried out in
solutions by varying Cl� concentrations at 1.0 � 102, 1.0 � 103, and
5.0 � 105 mmol/L. The CPO-catalyzed bromination of carbazole was
investigated by changing Br� at 1.0, 10, and 1.0� 103 mmol/L. A suite
of experiments was carried out in solutions in the presence of both
Cl� and Br�. Tomimic the halide ions in seawater (Kuehl et al., 1984;
Flury and Papritz, 1993), Cl� and Br� concentrations were set at
5.0 � 105 mmol/L and 1.0 � 103 mmol/L, respectively. To mimic
moderately saline water with trace levels of Br�, Cl� and Br� con-
centrations were set at 1.0 � 105 mmol/L and 10 mmol/L, respec-
tively. The pH effect was evaluated in solutions with pH ranging
from 3.0 to 8.0 and contained 5.0 � 105 mmol/L of Cl� and
1.0 � 103 mmol/L of Br�.

2.3. Enzymatic assay

The CPO activities were determined based on the conversion of
monochlorodimedon to dichlorodimedon in the presence of NaCl
and H2O2 (Morris and Hager, 1966). Briefly, the reaction mixture
contained 300 mmol of phosphate buffer (pH 3.0), 60 mmol of NaCl,



Y. Chen et al. / Environmental Pollution 232 (2018) 264e273266
6 mmol of H2O2, 0.3 mmol of monochlorodimedon, and a suitable
aliquot of CPO in a total volume of 3.0mL. The reactionwas initiated
by the addition of enzyme and incubated at 25 �C. Immediately, the
change in absorbance at 278 nm as a function of time was
continuously monitored on a UV-1780 spectrophotometer (Shi-
madzu, Kyoto, Japan) with a light path of 1 cm. One unit of CPO
activity was defined as the formation of 1 mmol of dichlorodimedon
per minute under the assay conditions.
2.4. Chemical analysis

To analyze formation PHCs in incubated samples, 0.75 mL of
methylene chloride was added into the sample and the solution
was vigorously vortexed for 1 min. After phase separation, the
organic phase was carefully collected using a pipette and trans-
ferred to a conical centrifuge tube. The remaining solution was
extracted two more times with fresh methylene chloride and the
organic phases were combined. The combined organic phase was
evaporated to near dryness under a gentle flow of nitrogen and
finally reconstituted in 100 mL of hexane. The samples were
analyzed on a Leco (St. Joseph, MI) Pegasus 4D GC � GC-TOF MS,
which comprised an Agilent 7890 GC (Agilent Technologies, Wil-
mington, DE), a dual-stage, quad-jet thermal modulator, and a
secondary oven coupled to a fast-scanning TOF-MS (Leco). A RXI-5
Sil MS column (30 m � 0.25 mm i. d. � 0.25 mm film thickness)
(Restek, Bellefonte, PA) was used as the first-dimension column and
a RTX-200 (2 m � 0.15 mm i. d. � 0.15 mm film thickness, Restek) as
the second-dimension column. Other parameters for the GC � GC-
TOF MS analysis are given in Text S1. For the PHCs that reference
standards were available, they were readily identified by their GC
retention times and mass spectra and quantified based on external
calibration curves developed from their corresponding reference
standards. Other products which lack of reference standards were
identified by comparing mass spectra with those of the congeners
Table 1
Detected polyhalogenated carbazoles from chloroperoxidase-catalyzed halogenation of c

ID No. Compound a Quantitative stan

Chlorinated carbazoles
1 -Cl 3-chlorocarbazole
2 3-chlorocarbazole 3-chlorocarbazole
3 -Cl2 3,6-dichlorocarba
4 -Cl2 3,6-dichlorocarba
5 3,6-dichlorocarbazole 3,6-dichlorocarba
6 -Cl3 1,3,6,8-tetrachlor
7 -Cl3 1,3,6,8-tetrachlor
8 1,3,6,8-tetrachlorocarbazole 1,3,6,8-tetrachlor
Brominated carbazoles
9 -Br 3-bromocarbazole
10 3-bromocarbazole 3-bromocarbazole
11 -Br2 3,6-dibromocarba
12 -Br2 3,6-dibromocarba
13 3,6-dibromocarbazole 3,6-dibromocarba
14 -Br3 1,3,6-tribromocar
15 1,3,6-tribromocarbazole 1,3,6-tribromocar
16 1,3,6,8-tetrabromocarbazole 1,3,6,8-tetrabrom
Mixed halogenated carbazoles
17 -BrCl 1-bromo-3,6-dich
18 1-bromo-3,6-dichlorocarbazole 1-bromo-3,6-dich
19 -BrCl2 1-bromo-3,6-dich
20 -BrCl3 1-bromo-3,6-dich
21 -Br2Cl 3,6-dibromocarba
22 -Br2Cl 3,6-dibromocarba
23 -Br2Cl2 1,8-dibromo-3,6-
24 -Br2Cl2 1,8-dibromo-3,6-
25 -Br3Cl 1,3,6-tribromocar

a For the products that substitution positions were not determined, only the halogen
b The selective quantitative ions are given in the parentheses.
with reference standards and additional mass spectra interpreta-
tion. They were also semi-quantified based on calibration curves
developed from structurally similar congeners with reference
standards available, assuming an equal response in the GC � GC-
TOF MS analysis (Table 1).
3. Results and discussion

3.1. Identification of reaction products

The control treatment in the absence of CPO showed negligible
loss of carbazole and no PHCs were detected in the reaction solu-
tions over the incubation period. In the presence of CPO, carbazole
declined rapidly and PHCs were readily formed in the reaction
solutions. The main reaction products (1e25 in Table 1) were suc-
cessfully separated and clear mass spectra (Figs. S1eS15 in
Supplementary data) were obtained in the GC � GC-TOF MS anal-
ysis. The mass spectra of main products exhibited a consistent
fragmentation pathway, i.e., the formation of fragment ions by
consecutive loss of halogen atom(s) from parent molecules. This
fragmentation pathway agrees well with that of known PHC con-
geners. For example, mass spectra of product 23 and 24 revealed a
common molecular ion [M]þ at m/z 393. Their fragmentation
pattern and main fragment ions were very similar to those of 1,8-
dibromo-3,6-dichlorocarbazole which also has a molecular ion of
m/z 393 (Fig. S14C). Their main fragment ions included [M-Cl]þ, [M-
Br]þ, [M-Cl-Br]þ, [M-2Br]þ, [M-Cl-2Br]þ, and [M-2Cl-2Br]þ

(Fig. S15). This demonstrated that products 23 and 24 were PHC
congeners substituted with two bromine and two chlorine atoms.
Similar fragmentation patterns were also reported in the discovery
of PHCs in sediments using GC-MS analysis operated in electron
impact or electron capture negative ionization mode (Pena-
Abaurrea et al., 2014; Guo et al., 2014; Riddell et al., 2015). These
fragmentation patterns respond to a general PHC formula of C12H9-
arbazole under various conditions employed in the present study.

dard b RT (min, s) MS spectrum

(201) 24.8667, 2.68 Fig. S2A
(201) 27.9333, 2.86 Fig. S2B
zole (235) 26.4000, 2.57 Fig. S3A
zole (235) 29.1333, 2.74 Fig. S3B
zole (235) 32.4000, 2.91 Fig. S3C
ocarbazole (269) 29.8000, 2.58 Fig. S4A
ocarbazole (269) 32.6667, 2.78 Fig. S4B
ocarbazole (305) 32.9333, 2.60 Fig. S5

(245) 26.6000, 2.68 Fig. S6A
(245) 29.9333, 2.86 Fig. S6B
zole (325) 32.2667, 2.66 Fig. S7A
zole (325) 32.7333, 2.71 Fig. S7B
zole (325) 36.1333, 2.89 Fig. S7C
bazole (403) 35.0667, 2.51 Fig. S8A
bazole (403) 38.0000, 2.72 Fig. S8B
ocarbazole (483) 39.8000, 2.52 Fig. S9

lorocarbazole (281) 34.2667, 2.88 Fig. S10
lorocarbazole (315) 34.2667, 2.73 Fig. S11A
lorocarbazole (315) 34.6000, 2.72 Fig. S11B
lorocarbazole (349) 34.8000, 2.57 Fig. S12
zole (359) 36.1333, 2.73 Fig. S13A
zole (359) 36.4000, 2.72 Fig. S13B
dichlorocarbazole (393) 36.4000, 2.55 Fig. S14A
dichlorocarbazole (393) 36.6667, 2.56 Fig. S14B
bazole (439) 38.2667, 2.53 Fig. S15

atoms are provided.



Fig. 1. Formation of polychlorocarbazoles from chloroperoxidase-catalyzed chlorination of carbazole in the reaction solutions with 1.0 � 103 mmol/L (A) and 5.0 � 105 mmol/L of Cl�

(B). The reactions were carried out in pH 3.0 phosphate buffer solution and the initial concentrations were 1.0 mmol/L for carbazole, 0.1 units/mL for CPO, and 1.0 � 102 mmol/L for
H2O2. Error bars are standard deviations from triplicate treatments. The I.D. numbers of reaction products are the same as those in Table 1.
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m-nNClmBrn, where m and n respectively represent chlorine and
bromine atoms and 1� (m þ n) �8. Multiple products sharing the
same molecular formula and similar fragmentation patterns
occurred at different retention times, representing isomers with
the same numbers of chlorine and/or bromine atoms but different
substitution patterns. For example, products 3 and 4 yielded
identical MS spectra to that of 3,6-dichlorocarbazole (Fig. S3), while
products 11 and 12 shared the same mass spectra with 3,6-
dibromocarbazole (Fig. S7). Overall, a total of 25 PHC congeners
were identified in the CPO-catalyzed halogenation of carbazole
under different experimental conditions (Table 1). Among them,
products 2, 5, 8, 10, 13, 15, 16, and 18were further confirmed, given
that their retention times in addition to mass spectra agreed well
with those of corresponding reference standards. The other 17
products were tentatively identified based on their MS spectra,
although the halogenation positions were not determined due to
the lack of corresponding reference standards.

Mumbo et al. (2013) only found 3-, 3,6-, 1,3,6, and 1,3,6,8-
substituted isomers for chlorinated and bromated carbazoles in
their incubations. Besides these isomers, there were four other
isomers were observed in the reactions with either chloride or
bromide in this study. It should be noted that Mumbo et al. (2013)
utilized silica gel, alumina columns to cleanup their samples prior
to analysis. Such a cleanup process may cause the loss of some PHCs
not substituted in the 1,3,6,8-positions (Riddell et al., 2015).



Fig. 2. Formation of polybromocarbazoles from chloroperoxidase-catalyzed bromination of carbazole in the reaction solutions with 1.0 mmol/L of Br� (A), 10 mmol/L of Br� (B), and
1.0 � 103 mmol/L of Br� (C). The reactions were carried out in pH 3.0 phosphate buffer solution and the initial concentrations were 1.0 mmol/L for carbazole, 0.1 units/mL for CPO, and
1.0 � 102 mmol/L for H2O2. Error bars are standard deviations from triplicate treatments. The I.D. numbers of reaction products are the same as those in Table 1.
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3.2. Formation of chlorinated and brominated carbazoles

The formation of PHCs from CPO-catalyzed halogenation was
firstly investigated in reaction solutions with either Cl� or Br�.
Results clearly showed that formation of PHCs was highly depen-
dent on the halide concentrations (Figs. 1 and 2). For example,
mono- (1 and 2), di- (3, 4, and 5), and trichlorinated carbazoles (6
and 7) were synthesized in the presence of 1.0 � 103 and



Fig. 3. Formation of polyhalogenated carbazoles via chloroperoxidase-catalyzed halogenation of carbazole in reaction solutions with 5.0 � 105 mmol/L of Cl� and 1.0 � 103 mmol/L of
Br�. The reactions were carried out in pH 3.0 phosphate buffer solution and the initial concentrations were 1.0 mmol/L for carbazole, 0.1 units/mL for CPO, and 1.0 � 102 mmol/L for
H2O2. Error bars are standard deviations from triplicate treatments. The I.D. numbers of reaction products are the same as those in Table 1.
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5.0 � 105 mmol/L of Cl�, whereas 1,3,6,8-tetrachlorocarbazole (8)
was only produced in the latter reaction. However, no chlorinated
carbazoles were detected in the reactions with 1.0 � 102 mmol/L of
Cl�. In contrast, brominated carbazoles could be steadily produced
in the reactions in the presence of 1.0, 10, and 1.0 � 103 mmol/L of
Br�. Mono-to tetrabrominated carbazoles (9e13, 15, and 16) were
produced in the treatments with 10 and 1.0 � 103 mmol/L of Br�,
while only two monobrominated carbazoles (9 and 10) were
observed in the treatments with 1.0 mmol/L of Br�. The successful
production of brominated carbazoles at lower Br� concentrations
suggests that carbazole is more susceptible to CPO-catalyzed
bromination compared to chlorination. This result is possibly due
to the fact that hypobromous acid is a more active halogenation
agent towards aromatic species than hypochlorous acid in water
(Voudrias and Reinhard, 1988). In general, formation of PHCs was
firstly dominated by monohalogenated congeners and subse-
quently by di- and trihalogenated congeners. For example, in the
reaction with 5.0 � 105 mmol/L of Cl�, mono- and dichlorinated
carbazoles (1e5) increased sharply to maximum concentrations in
1 min and decreased rapidly thereafter. In contrast, tri- and tetra-
chlorinated carbazoles (6e8) increased steadily to their maximum
concentrations in 60 min and remained almost unchanged there-
after (Fig. 1B). Similar product patterns were also observed for
brominated carbazoles (Fig. 2). These results together suggest that
the CPO-catalyzed chlorination and bromination of carbazole fol-
lowed a successive substitution process.

Generally, 3-mono-, 3,6-di-, 1,3,6-tri-, and 1,3,6,8-tetra-
substituted isomers were more abundant than isomers in their
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respective homologues. For example, in the reactions with Cl� the
formed products 2, 5, and 8 had markedly higher concentrations
than their corresponding isomers (Fig. 1). The peak concentrations
were 8.3 � 10�2 mmol/L for 2, 0.14 mmol/L for 5, 0.15 mmol/L for 7,
and 4.6� 10�2 mmol/L for 8 in the reactionwith 5.0� 105 mmol/L of
Cl� Likewise, 10, 13, 15, and 16 were the dominant isomers of their
respective homologues in the reactions with Br� (Fig. 2). In the
reaction with 1.0 � 103 mmol/L of Br�, the peak formation con-
centrations were 3.4 � 10�2 mmol/L for 13, 0.16 mmol/L for 15, and
1.7 � 10�2 mmol/L for 16. These results clearly suggested that CPO-
catalyzed halogenation followed an electrophilic aromatic substi-
tution pattern in favor of halogen substitution taking place at ortho
and para positions relative to nitrogen atom in carbazole (Katritzky
and Taylor, 1990; Bonesi and ErraBalsells, 1997). On the basis of
density functional theory calculations, Mumbo et al. (2013) also
predicted that 2, 5, and 8 among mono-to trichlorinated carbazoles
and 10, 13, 15, and 16 among mono-to tetrabrominated carbazoles
were the more stable intermediate sigma complexes than their
other corresponding isomers. Using other computational method-
ology of Fukui index of electrophilic attack, Xu et al. (2017) pre-
dicted that the favor sites of the chlorination of carbazole followed
the order of C3 > C1 > C4 > C2.

Formation of PHCs from CPO-catalyzed halogenation of carba-
zole may help explain the widespread occurrence but unclear
source of PHCs in the environment. CPO is commonly found in plant
pathogenic ascomycetes and fungal biomass in soils and aquatic
environments (Asplund et al., 1993; Hofrichter and Ullrich, 2006),
while carbazole and derivatives (e.g., alkylated and benzo [a]
carbazole) are biogenic compounds widely present in soils and
sediments (Mumbo et al., 2015; Wu et al., 2016; Clegg et al., 1997).
Almost all natural waters contain various concentrations of Cl�. The
reported average concentrations of Cl� are normally less than
2.9 � 103 mmol/L in freshwater lakes and streams and may reach as
high as 5.4 � 105 mmol/L in seawater (Goldman and Horne, 1983;
Stumm and Morgan, 2012). In contrast, the concentrations of Br�

in freshwater are usually much lower, with typical mean concen-
trations ranging between 0.4 mmol/L and 6.0 mmol/L (Flury and
Papritz, 1993). The main natural source of Br� is seawater with a
concentration near 1.0 � 103 mmol/L (Flury and Papritz, 1993).
Several studies showed that 2, 5, and a trichlorinated carbazole
isomer were widely present in soil samples from Germany and
Greece (Reischl et al., 2005; Grigoriadou and Schwarzbauer, 2011;
Tr€obs et al., 2011; Mumbo et al., 2015). Without knowing indus-
trial sources of 2 and 5, these studies attributed their possible or-
igins to xenobiotic formation in the environment. It is likely that the
abundance of Cl� in soil facilitates the formation of chlorinated
congeners such as 2 and 5. The PHC congeners are more diverse in
aquatic environments where both Cl� and Br�may be available. For
example, both chlorinated and brominated carbazoles (2, 5, 8, 10,
13, 15, and 16) were found in river and lake sediments (Kuehl et al.,
1984; Zhu and Hites, 2005; Kronimus et al., 2004; Wu et al., 2016).
Particularly, more than 3.3 � 10�2 mmol/kg of 16 could be found in
Lake Michigan's sediment cores dating from before 1900, sug-
gesting the existence of natural sources (Zhu and Hites, 2005).
Recently, Wu et al. (2016) found a significant linear relationship
(F1,9 ¼ 7.57, p < 0.05) between carbazole and total PHCs concen-
trations in sediments from the Saginaw River watershed, implying
that PHCs may originate from the transformation of carbazole via
natural pathways like CPO-catalyzed process. The same study also
found that 2 and 5 were the dominant compounds while bromi-
nated carbazoles were much less abundant. Such PHC profiles
seemed to follow the production patterns of the CPO-catalyzed
halogenation of carbazole in freshwater, where high
concentrations of Cl� but ultra-low levels of Br� are generally
present (Goldman and Horne, 1983; Stumm and Morgan, 2012).

3.3. Formation of mixed halogenated carbazoles

Trace levels of Br� commonly coexist with Cl� in aquatic envi-
ronments, although the former is usually present at far lower
concentrations. Therefore, CPO-catalyzed halogenation of carba-
zole was further investigated in reaction solutions containing both
Cl� and Br�. The reaction in solutions with 1.0 � 103 mmol/L of Br�

and 5.0 � 105 mmol/L of Cl� (simulated seawater concentrations)
produced two chlorinated carbazoles (2 and 5), six brominated
carbazoles (10e13, 15, and 16), and five mixed halogenated carba-
zoles (17, 19, 21, 22, and 25) (Fig. 3). The dominant products and
their maximum observed concentrations were 0.10 mmol/L for 15,
1.8 � 10�2 mmol/L for 16, 1.4 � 10�2 mmol/L for 21, and
2.3 � 10�2 mmol/L for 22. In addition, the maximum concentrations
of 2, 5, 10, 13, and 17 were observed at 1 min and then decreased
rapidly to below detection limits in 60 min, suggesting that these
compounds were vulnerable to further reaction. However, the
other formation products (11,12,15,16,19, 21, 22, and 25) generally
increased in the first few min and decreased slightly thereafter.

In contrast, seventeen congeners including three chlorinated
carbazoles (5, 7, and 8), five brominated carbazoles (12e16), and
nine mixed halogenated carbazoles (17e25) were formed in the
reaction in the presence of 10 mmol/L of Br� and 1.0 � 105 mmol/L of
Cl� (simulated slightly saline water) (Fig. 4). The dominant prod-
ucts and their highest formation concentrations were 0.57 mmol/L
for 15 and 0.56 mmol/L for 16, followed by less abundant products
2.2 � 10�3 mmol/L of 8 and 4.8 � 10�2 mmol/L of 18. These results
suggest that the concentrations of Br� and Cl� in the reaction so-
lutions influenced PHC formation profiles, likely due to the
competitive reaction of reactive bromine and chlorine species with
carbazole in CPO-catalyzed halogenation process. Limited by the
available standards of PHCs, we did not further study the
competitive chlorination and bromination during CPO-catalyzed
halogenation of carbazole.

As described before, many of the chlorinated and brominated
carbazoles produced in the reactions with Cl� and Br� in this work
have been found in aquatic environments. It is worth noting that
the products in the reactions with both Br� and Cl� were appar-
ently dominated by 15 and 16. It is interesting that 15 and 16 were
the common congeners in sediment samples from Lake Michigan
(Zhu and Hites, 2005; Guo et al., 2014). Five different tri-
bromocarbazoles were identified in Lake Michigan whereas only
two tribromocarbazoles (14 and 15) were detected in this study,
suggesting that there are other PHC origins other than CPO-
catalyzed synthesis. Like chlorinated and brominated carbazoles,
mixed halogenated carbazoles are increasingly found in aquatic
environments. Substitution patterns of mixed halogenated carba-
zoles in the reactions in the present study included -BrCl (17),
-BrCl2 (18 and 19), -BrCl3 (20), -Br2Cl (21 and 22), -Br2Cl2 (23 and
24), and -Br3Cl (25). In a previous study, 1,8-dibromo-3,6-
dichlorocarbazole was found in stream sediments from the
southern region of Ontario, Canada (Pena-Abaurrea et al., 2014).
However, it was not found as a reaction product in the present
study. Instead, its isomers 23 and 24 were observed. This discrep-
ancy may suggest that 1,8-dibromo-3,6-dichlorocarbazole
observed in the sediments was less likely from CPO-catalyzed
synthesis. Wu et al. (2016) found that 18 widely occurred in sedi-
ment samples from the Saginaw River and Saginaw Bay Lake Huron,
with concentrations ranging from 0 to 4.1 � 10�3 mmol/kg. Guo
et al. (2014) reported the presence of isomers of 21, 22, and 25 in



Fig. 4. Formation of polyhalogenated carbazoles via chloroperoxidase-catalyzed halogenation of carbazole in reaction solutions with 1.0 � 105 mmol/L of Cl� and 10 mmol/L of Br�.
The reactions were carried out in pH 3.0 phosphate buffer solution and the initial concentrations were 1.0 mmol/L for carbazole, 0.1 units/mL for CPO, and 1.0 � 102 mmol/L for H2O2.
Error bars are standard deviations from triplicate treatments. The I.D. numbers of reaction products are the same as those in Table 1.
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Lake Michigan's sediment. Unfortunately, a direct comparison of
the other formation mixed halogenated carbazoles (17, and 19e25)
with documented literature was difficult due to the undetermined
substitution patterns of halogen atoms in these congeners and lack
of reference standards. Therefore, additional PHC standards are
critically needed for a more thorough investigation of their occur-
rence, distribution, and sources in aquatic environments.



Fig. 5. Effect of pH on formation of polyhalogenated carbazoles via chloroperoxidase-catalyzed halogenation of carbazole in reaction solutions with 5.0 � 105 mmol/L of Cl� and
1.0 � 103 mmol/L of Br�. The initial concentrations were 1.0 mmol/L for carbazole, 0.1 units/mL for CPO, and 1.0 � 102 mmol/L for H2O2. The reaction time was 60 min. Error bars are
standard deviations from triplicate treatments. The I.D. numbers of products are the same as those in Table 1. Note the concentrations are in log scale.
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3.4. Effect of pH on PHC formation

Although the optimum CPO-catalyzed chlorination activity was
generally observed at pH 3.0, CPO may maintain classical peroxi-
dase activity in a pH range of 3.0e7.0 (Thomas et al., 1970a, 1970b).
In this study, the pH effect on PHC formation was evaluated in
solutions containing 1.0� 103 mmol/L of Br� and 5.0� 105 mmol/L of
Cl� at a pH range of 3.0e8.0. The results showed that PHCs could be
formed at pH 3.0e7.0, while no PHCs were observed in 60 min
reaction at pH 8.0 (Fig. 5). The formation of congeners was appar-
ently pH dependent. Only mono-chlorinated and brominated car-
bazoles (2, 9, and 10) were formed in the reactions at pH 7.0. In
contrast, PHC products were more diverse from reactions at pH
3.0e6.0. The dominant products were 15 and 16 at pH 3.0 and 4.0,
15 and 13 at pH 5.0, and 10 and 13 at pH 6.0, suggesting the pref-
erential formation of higher substituted bromocarbazoles under
acidic conditions. This result agreed well with a previous report
suggesting that the reaction rate constants of CPO-catalyzed halo-
genation decreased with increasing pH in the pH range 3.0e6.0
(Thomas et al., 1970a).
4. Conclusion

This study clearly demonstrated that mono-to tetra-substituted
chlorinated, brominated, and mixed halogenated carbazoles could
be produced from CPO-catalyzed halogenation of carbazole in the
presence of various concentrations of Br� and Cl�. The PHC product
profiles were apparently dependent on the halide concentrations. A
total of 25 congeners were formed in CPO-mediated reactions with
various concentrations of Br� and Cl�. In the CPO-mediated chlo-
rination of carbazole, 2 and 5 predominated in the formation
products. In addition to the less abundant mixed halogenated car-
bazoles (21 and 22), 15 and 16 were the dominant products in re-
actions in presence of both Br� and Cl�. Many congeners (2, 5, 8,10,
13, 15, 16, and 18) from the CPO-catalyzed halogenation of carba-
zole have been found in the environment. The environmental
occurrence of the other products is possible but needs to be further
verified by reference standards, which are not available at this
stage. Although the formation of congeners was pH dependent,
CPO-catalyzed halogenation of carbazole could take place in the pH
range 3e7. Therefore, CPO-catalyzed halogenation of carbazolemay
represent an important biogenic source of PHCs in the natural
environment.
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