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• An analytical methodology for the anal-
ysis of PHCZs by GC-EI-MS-MS was de-
veloped.

• The method demonstrates low quantifi-
cation limits and negligible matrix ef-
fects.

• GC–MS/MS enabled simultaneous de-
termination of target analytes.

• PHCZs were observed in nearly all farm-
land soil samples.
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Polyhalogenated carbazoles (PHCZs) are emerging environmental contaminants that have causedwide concerns
due to their dioxin-like toxicity and environmental persistence. It would be desirable to determine all of these
chemicals using a simple analytical method. Within this study, a simple and sensitive method combining accel-
erated solvent extraction (ASE) with gas chromatography-triple quadrupole tandem mass spectrometry (GC–
MS/MS) was established to simultaneously analyze eleven frequently detected PHCZs in soil, including CCZ-3,
CCZ-36, CCZ-1368, CCZ-2367, BCZ-3, BCZ-27, BCZ-36, BCZ-136, BCZ-1368, 1-B-36-CCZ, 18-B-36-CCZ. The calibra-
tion curves of the target analytes showed good linearity (R2 N 0.99, level = 6), and method detection limits
(MDLs) ranging from 1.5 to 14.6 pg g−1. The average recoveries of the analytes in soil samples ranged from
64% to 126% with the RSD ranging from 2.0% to 10%. The developed method was successfully used for determi-
nation of these eleven PHCZs in soil samples from a tie-dye area in southwest China. Total concentrations of
these eleven PHCZs ranging up to 46.3 ng g−1 dw. CCZ-36, BCZ-3, CCZ-3, 1-B-36-CCZ, 18-B-36-CCZ, and BCZ-
1368 were the most abundant compounds in soil.
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1. Introduction
Polyhalogenated carbazoles (PHCZs) are a group of chemicals that
are structurally different chlorinated, brominated, and iodinated com-
pounds (Parette et al., 2015). In recent years, a number of PHCZs have
been detected in various environments such as air, soil, sediments and
biota from North America (Guo et al., 2014; Mumbo et al., 2016; Peng
et al., 2016; Peng et al., 2015; Wu et al., 2017b), Canada (Zhu and
Hites, 2005), Germany (Heim et al., 2004; Kronimus et al., 2004;
Parette et al., 2015; Pena-Abaurrea et al., 2014), Greece (Fromme
et al., 2018) and China (Wu et al., 2017a; Zhou et al., 2019a). These re-
sults indicate that the chemicals are wide distributed in the environ-
ment; and illustrates the persistence and bioaccumulation of some
PHCZs. The most frequently detected PHCZs reported are bromo- or
chloro-compounds including 3-Chloro-9H-carbazole (CCZ-3), 3,6-
Dichloro-9H-carbazole (CCZ-36), 1,3,6,8-Tetrachloro-9H-carbazole
(CCZ-1368), 2,3,6,7-Tetrachloro-9H-carbazole (CCZ-2367), 3-Bromo-
9H-carbazole (BCZ-3), 2,7-Dibromo-9H-carbazole (BCZ-27), 3,6-
Dibromo-9H-carbazole (BCZ-36), 1,3,6-Tribromo-9H-carbazole (BCZ-
136), 1,3,6,8-Tetrabromo-9H-carbazole (BCZ-1368), 1-Bromo-3,6-
dichloro-9H-carbazole (1-B-36-CCZ), 1,8-Dibromo-3,6-dichloro-9H-
carbazole (18-B-36-CCZ). The structures for these compounds are
shown in Fig. 1. Structurally, they resemble polyhalogenated dibenzo-
p-dioxin and their potential toxicities have caused increasing concern.
Results of both aryl hydrocarbon receptor (AhR)-mediated induction in-
vestigations and zebrafish developmental toxicity experiments suggest
that a few polyhalogenated carbazoles (mainly bromocarbazole and
chlorocarbazole) have potential dioxin-like toxicity (Fang et al., 2016;
Mumbo et al., 2015; Wu et al., 2016). Over the past decades, the wide-
spread occurrence of PHCZs in the environment has generated great
concern and interest in their origin due to their persistent (Riddell
et al., 2015) and toxic biological effects (Fang et al., 2016; Mumbo
et al., 2015; Riddell et al., 2015). Previous studies suggest that PHCZs
have natural and anthropogenic sources, and can be detrimental to eco-
systems and human health. (Benedik et al., 1998; Gribble, 2004; Kuehl
Fig. 1. The chemical structures of the e
et al., 1984; Mumbo et al., 2013; Takasuga et al., 2009). Although
these PHCZs are attracting emerging concern due to their potential
dioxin-like toxicity and environmental persistence, information on
their environmental distribution/behavior and fates to date remains
very limited overall, which necessitate further studies such as environ-
mental monitoring and laboratory research.

PHCZs were mainly discovered in sediment and soil samples during
routinemonitoring or non-targeted screening of persistent organic con-
taminants. (da Silva et al., 2014; Grigoriadou and Schwarzbauer, 2011;
Heim et al., 2004; Kronimus et al., 2004; Mundt and Hollender, 2005).
Most of the previous methods were based on gas chromatography
coupled with mass spectrometry (GC–MS) (Grigoriadou and
Schwarzbauer, 2011; Kronimus et al., 2004; Kuehl et al., 1984; Trobs
et al., 2011; Zhu and Hites, 2005) or two dimensional GC coupled with
time-of-flight MS (Pena-Abaurrea et al., 2014). However, the measure-
ments of PHCZs in these studies were largely qualitative and semi-
quantitative due to lack of reference standards for most PHCZs. The de-
tection methods based on GC–MS mostly adopted full scan or selected
ion monitoring (SIM) mode, and detected only few PHCZs. However,
using SIM analysis has the limitation of not collecting any data other
than the target ion, such that GC–MS has limited selectivity and sensi-
tivity even in SIM mode. Although GC-HRMS could provide more reli-
able results at trace levels, it is difficult for routine maintenance, and
its advantage is mainly for qualitative analysis. GC connected with tan-
dem mass spectrometry (MS/MS) demonstrates excellent selectivity
and better detection sensitivity thanGC–MS.Multiple reactionmonitor-
ing (MRM) allows for selection of only the analytes of interest and im-
proved sensitivity by reducing the chemical noise generated by other
components of the sample extract. It also reduces the matrix effect,
which often affect the recovery and sensitivity of the method.

In recent years, with some reference standards of PHCZs becoming
available, multi-residue analysis in soil and sediments has been devel-
oped. Chen et al. (2016) established an ultratrace targeted analysis
method for carbazole and halogenated carbazoles in sediments using
GC–MS/MS, in which the MDL range was 4.54–52.9 pg g−1. Wu et al.
leven commonly detected PHCZs.
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(2016) developed an efficient and sensitive method to determine 11
PHCs and carbazole in aquatic sediment, usingGC–MSanalysis operated
in either electron impact mode or electron-capture negative ionization
mode. The same study showed that the method limits of quantification
(MLOQs) ranging from 0.11 to 0.53 ng g−1 dry weight (dw) of target
analytes. To date, few reports have focused on determination of PHCZs
using GC–MS/MS (Chen et al., 2016). Further study should be carried
out to exhibit the strengths (more convenient, sensitive and reliable
performances) of GC–MS/MS for analysis of PHCZs. As well more effi-
cient methods of sample preparation and instrumental analysis are
also needed.

The aim of the present studywas to develop amethod for the simul-
taneous analysis of eleven of the most environmentally relevant PHCZs
(bromo-and chlorocarbazoles) in soil samples using GC–MS/MS, an in-
strumental technique that can provide good sensitivity and selectivity.
In order to check the applicability of thedevelopedmethod, soil samples
from the tie-dye area were analyzed. Results of this study are expected
to contribute to the understanding of current concentrations of PHCZs
in China's environment.

2. Materials and methods

2.1. Chemicals and reagents

The native standards, including 3-Chloro-9H-carbazole, 3,6-
Dichloro-9H-carbazole, 1,3,6,8-Tetrachloro-9H-carbazole, 2,3,6,7-
Tetrachloro-9H-carbazole, 3-Bromo-9H-carbazole, 2,7-Dibromo-9H-
carbazole, 3,6-Dibromo-9H-carbazole, 1,3,6-Tribromo-9H-carbazole,
1,3,6,8-Tetrabromo-9H-carbazole, 1-Bromo-3,6-dichloro-9H-carbazole,
1,8-Dibromo-3,6-dichloro-9H-carbazole as well as the Surrogate stan-
dards 3,6-Dichloro-9H-[13C12]carbazole (MCCZ-36) and internal stan-
dards 1,3,6,8-Tetrachloro-9H-[13C12]carbazole (MCCZ-1368) were
purchased fromWellington Laboratories (Guelph, ON, Canada). Copper
(50 mesh, granular, reagent grade) and high-performance liquid chro-
matography (HPLC) grade solvents were purchased from Fisher Scien-
tific (USA). ProElut Silica and ProElut AL-N SPE column (50 mg/mL,
Dikma) were purchased from Dikma (Beijing, China).

2.2. Sample collection and preparation

Twenty-five surface soil samples (XZ1-XZ25) were collected from
farmland between the village of Zhoucheng and Erhai Lake in southwest
China (Fig. S1, Supplementary data) inMay 2017. The sites were chosen
for their proximity to the local tie-dye workshops. Sampling sites were
selected according to the HJ/T 166-2004: The Technical Specification for
soil Environmental monitoring (MEP, China, 2004), which covered the
main farmland next to the tie-dye workshop areas of Zhoucheng. The
top soil samples (a mixture of soil from the upper approximately
10 cm) were collected using pre-cleaned stainless steel shovel, placed
into a solvent-rinsed glass bottle with Teflon cap and frozen for trans-
port to the laboratory. The soil samples were air dried at room temper-
ature,milled and passed through a 65mesh sieve. The soil sampleswere
then stored frozen at−20 °C until extraction.

Soil samples were prepared as previously described (Tao et al.,
2015) with some modifications. Briefly, approximately fifteen g of
dried soils were ground with celite. After spiking with recovery stan-
dard (MCCZ-1368, 5 ng), the sampleswere subjected to accelerated sol-
vent extraction (ASE) (Dionex ASE-300, Sunnyvale, CA), employing two
5-min extraction cycles with acetone: n-hexane 1:1 (v/v) at 120 °C and
1500 psi, followed by a 70% vessel flush and purged for 100 s. The eluent
was then concentrated to ~1 mL using rotary evaporators. A laboratory
blank using celite as thematrix, aswell as a duplicate and a spiked sam-
ple randomly selected from the sampling site (n = 4) were analyzed
with the actual samples in the batch.

Activated copper was added to each sample extract for desulfuriza-
tion. After sulfur removal, the extractwas further cleaned and separated
on a ProElut Silica SPE column (5 g/20 mL, Dikma, China) connected
with a ProElut AL-N (5 g/20 mL, Dikma, China). Concentrated extract
was added to the prepared columns and eluted with 60 mL of hexane,
70 mL (4:1, v/v) hexane: dichloromethane, and followed by 70 mL di-
chloromethane. The cleanup eluateswere concentrated under gentle ni-
trogen streamand transferred to an insert tube in a gas chromatography
(GC) vial. The internal standard MCCZ-36 was added prior to instru-
mental analysis.

2.3. Instrumental analysis

GC-electron impact (EI)-MS-MS analyses were performed in a GC
Agilent 7890A equippedwith a 7000GC–MSTriple Quadrupole (Agilent
Technologies, Palo Alto, CA). A 30mHP-5MS column (0.25mm i.d., 0.25
μm film thickness, J&W Scientific, USA) was used and helium (purity
99.999%) as the carrier gas was employed with a constant flow of
1.5 mL min−1. One microliter of the sample was injected with splitless
mode and held at 240 °C. Initial oven temperature was held at 50 °C
for 3 min, increased to 150 °C at 10 °C min−1, and then ramp to 250
°C at 8 °C min−1 and held for 3 min, and finally increased to 300 °C at
5 °Cmin−1, held for 10min. The quadrupole, transfer line and ion source
were set at 150, 280 and 270 °C respectively. Electron ionization (EI)
mode was set at 70 eV.

2.4. Analytical parameters of the developed methods

Method validation for PHCZs quantification in soils involved the as-
sessment of the linearity andmatrix effect, precision of themethod, and
instrumental detection limits. In order to evaluate the precision of the
method, the mixed standards solution was analyzed for five replicates
under the optimum conditions during the same day (intra-day preci-
sion) and on five different days (inter-day precision). Linearity was
evaluated by the correlation coefficient (R2) of the calibration curve,
which was constructed by plotting the concentrations of each analyte
versus the ratios between analyte peak area and the isotopically labeled
internal standard peak area at six level from 5 to 500 ngmL−1, analyzed
in triplicate. Instrumental detection limits (IDL) for each analyte were
determined as the minimum detectable amount of analyte giving a
signal-to-noise (S/N) ratio equal to 3. The values were determined by
direct injection of decreasing amounts of the standard mixture. Method
detection limits (MDL) and method quantification limits (MQL) were
also calculated for each selected analyte using pre-cleaned celite as
the matrix. MDL and MQL were determined from the spiked celite, as
the lowest observable concentration of the analyte giving signal to
noise ratios of 3 and 10, respectively. Recovery tests were carried out
by spiking two levels (0.5 and 5 ng g−1) for each compound, five repli-
cates and a procedural blankwas also carried out. Quartz sandwas used
to carry out the tests. Recoveries were determined by internal standard
calibration. Thematrix effect was evaluated by comparing the signal in-
tensity of sample spiked post-extraction (A) with that of pure standard
solution containing an equivalent amount of the analyte (B). The ratio
(A-B)/B × 100was used to evaluate thematrix effect. The extraction re-
covery and matrix effect of IS were also evaluated using the same
procedure.

3. Results and discussion

3.1. MRM method development

In this study, the MS/MS transitions for PHCZs were optimized. For
this purpose, the precursor ion of each compound was determined by
full scan (range 30–600m/z) acquisitionmode, after which the collision
energies (CE) (modifying its value from 5 to 60 eV, in intervals of 5 V)
were optimized for each analyte. The optimal energy that produced
the most abundant precursor ion fragmentation and intense product
ions was chosen. GC-EI-MS/MS conditions were optimized for PHCZs



Table 2
Instrumental linearity, inter- and intra-day precision and instrumental detection limits
(IDLs) of selected analytes with GC-EI-MS-MS.

Analyte Precision (% RSD, n =
5)

Linearity IDLs (pg)

Intra-day Inter-day Range (ng mL−1) R2

CCZ-3 0.8 1.4 5–500 0.999 0.09
BCZ-3 0.9 2.7 5–500 0.999 0.24
CCZ-36 1.7 3.1 5–500 0.999 0.19
CCZ-1368 1.3 1.9 5–500 0.998 0.28
1-B-36-CCZ 1.9 2.5 5–500 0.999 0.51
BCZ-27 1.2 3.1 5–500 0.999 0.23
BCZ-36 1.9 2.0 5–500 0.999 0.35
18-B-36-CCZ 2.3 4.1 5–500 0.999 0.46
BCZ-136 1.1 2.4 5–500 0.999 0.78
BCZ-1368 2.7 3.3 5–500 0.999 1.4
CCZ-2367 2.1 6.4 5–500 0.998 0.99
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as well as for the labeled surrogates MCCZ-36 and MCCZ-1368. Table 1
presents these optimized conditions (precursor, product ions and colli-
sion energies). These optimized transitionswere used for determination
of PHCZs in soil samples. Multiple reactionsmonitoring (MRM)mode is
more specific than selected ion monitoring (SIM), such that MRM was
applied in order to enhance the sensitivity, minimizing matrix interfer-
ence and background noise. Fig. S2 presents a GC-EI-MS/MS chromato-
gramof a standardmixture solution containing the target PHCZs aswell
as recovery and internal standards. With this optimized chromato-
graphic program, all the target analytes were completely separated in
b30 min.

3.2. Analytical parameters of the developed methods

As shown in Table 2, RSD values ranged from 0.8 to 2.7% (n=5) in
intra-day tests and from 1.4 to 6.4% (n = 5) in inter-day tests, being
always b10%, indicating good intra- and inter-assay variation. As
shown in Table 2, good correlations were obtained within the inter-
val studied, with correlation coefficients N0.99, indicating the con-
cordance of the responses with the linear model for each
compound. The IDLs of the target analytes are presented in Table 2.
The IDLs of PHCZs in this study ranged from 0.09 to 1.4 pg/injection
for GC-EI-MS/MS. MDL and MQL values for the analytes in various
matrices are presented in Table 3. The MDLs for PHCZs range from
1.5 to 14.6 pg g−1dw in soil samples in the present work. Between
the different selected analytes, the least optimal results were ob-
tained for the BCZ-1368, whereas the best results were found for
the CCZ-3. Chen et al. (2016) reported that the MDLs of PHCZs by
GC–MS/MS analysis were in the range of 4.54 to 55.5 pg g−1 in sedi-
ment, which were generally higher than those observed in this study
(Chen et al., 2016). Other published work (Fromme et al., 2018) re-
ported MDL values obtained by GC–MS/MS: MDLs for PHCZs ranged
from 4 pg g−1 to 170 pg g−1 for dust samples. These values were
higher than our MDLs obtained by GC–MS/MS. The MDLs of PHCZs
using ultra performance liquid chromatography-tandem mass spec-
trometry (UPLC-MS/MS) operated with electrospray ionization (ESI)
source ranged from 3.0 to 220 pg g−1 for sediment samples (Zhou
et al., 2019a). These values were generally higher than to those ob-
tained in our study by GC–MS/MS. Comparison with the available
studies suggested that the established method provided a greater
or comparable analytical sensitivity for most target PHCZs. Recover-
ies (without adjustment with surrogate standard recovery) ranged
from 64% to 126% with the RSD ranging from 2.0% to 10% for the
PHCZs (Table 3). Matrix effects were determined to range from 68%
to 121% for all target PHCZs are presented in Table 3. The results
show that minimal matrix effects in the analysis of PHCZs in soils,
which demonstrates satisfactory sample preparation and instrumen-
tal performances.
Table 1
Ions used for MRM determination, MRM parameters, and retention time.

Polyhalogenated carbazoles Acronym Rt(min)

3-Chloro-9H-carbazole CCZ-3 18.18
3-Bromo-9H-carbazole BCZ-3 19.48
3,6-Dichloro-9H-carbazole CCZ-36 21.07
3,6-Dichloro-9H-[13C12]carbazole MCCZ-36 21.07
1,3,6,8-Tetrachloro-9H-carbazole CCZ-1368 21.61
1,3,6,8-Tetrachloro-9H-[13C12]carbazole MCCZ-1368 21.61
1-Bromo-3,6-dichloro-9H-carbazole 1-B-36-CCZ 22.67
2,7-Dibromo-9H-carbazole BCZ-27 24.16
3,6-Dibromo-9H-carbazole BCZ-36 24.39
1,8-Dibromo-3,6-dichloro-9H-carbazole 18-B-36-CCZ 24.61
1,3,6-Tribromo-9H-carbazole BCZ-136 26.39
1,3,6,8-Tetrabromo-9H-carbazole BCZ-1368 28.34
2,3,6,7-Tetrachloro-9H-carbazole CCZ-2367 28.75
3.3. Application of the method for analysis of soil samples

The developed GC-EI-MS/MS method was finally applied to the si-
multaneous determination of polyhalogenated carbazoles in soil sam-
ples from the tie-dye area. PHCZs (including CCZ-3, CCZ-36, CCZ-1368,
CCZ-2367, BCZ-3, BCZ-27, BCZ-36, BCZ-136, BCZ-1368, 1-B-36-CCZ,
18-B-36-CCZ) were detected in all soil samples with frequencies of de-
tection ranging from 8% to 100%, revealing their wide distribution in
the tie-dye area (Fig. 2).The total PHCZs concentrations (sumof the con-
centrations of all detectable PHCZs, ∑PHCZs) were in the range from
0.028 to 8.2 ng g−1 dw, with a median value of 1.1 ng g−1 dw (Fig. 3
and Table S1). Our PHCZs levels are lower than those reported in soils
in Fengjiang Town of Taizhou (Zhejiang Province, China)
(2.47–81.2 ng g−1 dw, median value of 24.6 ng g−1 dw) (Zhou et al.,
2019b). The levels of PHCZs in this study were also compared to those
in selected previous studies. The median concentration of PHCZs in sur-
face soil (approximately 10 cm) was lower than the literature value of
64.4 ng g−1 dw (Mumbo et al., 2016). Figs. 2 and S3 show themeasured
concentrations in soil from the paddyfields, with high concentrations of
CCZ-36, BCZ-3, 1-B-36-CCZ, 18-B-36-CCZ, BCZ-1368, BCZ-136 and low
concentrations of CCZ-1368, BCZ-36, BCZ-27, CCZ-2367. The composi-
tion pattern of PHCZs is shown in Fig. S3. It is clear that the most abun-
dant compound was CCZ-36, accounting for 67% of total PHCZs in soil
samples, followed by BCZ-3 (8.4%) and CCZ-3 (8.3%). The dominance
of CCZ-36 in soil samples in the present study is consistent with previ-
ous reports in sediments and biotas from other regions of the world
(Chen et al., 2016; Wu et al., 2016; Wu et al., 2017a; Wu et al., 2017b).
This consistency may suggest the relative abundance of the particular
PHCZ congener during the synthesis and manufacturing process or its
stability during degradation (Wu et al., 2017b). In soil samples, concen-
tration levels ranged from 0.014 to 4.3 ng g−1 dw for CCZ-36 and not
Transition 1 (m/z) CE(eV) Transition 2 (m/z) CE(eV)

201 N 166 20 203 N 166 20
245 N 166 20 247 N 166 20
235 N 200 20 200 N 164 20
247 N 212 20 212 N 176 20
305 N 270 18 303 N 268 15
317 N 282 18 315 N 280 15
315 N 164 35 313 N 234 20
325 N 165 35 323 N 244 25
325 N 165 35 323 N 244 25
393 N 198 40 395 N 233 42
403 N 164 47 405 N 245 40
483 N 323 35 483 N 404 37
305 N 270 30 305 N 198 40



Table 3
Recoveries, relative standard deviations (RSDs), method limits of detection (MDLs) and matrix effects of GC-EI-MS/MS analysis of selected analytes in soil samples.

Analyte Average recovery (RSD), % (n = 5) Matrix effect (%) MQL (pg g−1 dw) MDL (pg g−1 dw)

0.5 ng g−1 5 ng g−1

CCZ-3 89 (5.1) 92 (3.1) 95 3.4 1.5
BCZ-3 97 (3.2) 111 (2.0) 110 8.7 3.3
CCZ-36 110 (2.4) 126 (2.6) 107 7.1 2.4
CCZ-1368 94 (3.9) 97 (4.7) 97 13.8 5.0
1-B-36-CCZ 108 (4.8) 101 (8.4) 92 23.2 8.6
BCZ-27 110 (5.9) 108 (6.5) 105 9.9 4.2
BCZ-36 105 (4.5) 116 (3.7) 118 13.4 4.9
18-B-36-CCZ 82 (7.9) 87 (9.3) 77 38.9 9.2
BCZ-136 99 (3.5) 98 (2.7) 93 35.4 13.7
BCZ-1368 69 (7.1) 64 (8.9) 68 102 32
CCZ-2367 111 (6.7) 113 (10) 121 35.6 14.6
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detectable (nd) to 3.2 ng g−1 dw for CCZ-3. Our CCZ-36 and CCZ-3 levels
are lower than those reported in Germany (around 10 ng g−1 dw for
CCZ-3) (Mumbo et al., 2016) and in Greece (up to 3500 and
1600 ng g−1 dw for CCZ-36 and CCZ-3 respectively) (Fromme et al.,
2018). BCZ-36 and CCZ-2367 were detected in only three samples,
and their concentrations are relatively low (0.11 ng g−1 dw for total
BCZ-36 and 0.13 ng g−1 dw for total CCZ-2367). BCZ-27 was only
found in two samples with the lowest concentration (0.044 ng g−1 dw
in total).

The composition profiles of PHCZs (Fig. 2) in soil were similar cross
the most sampling sites (excluding XZ12, XZ16 and XZ22), where
CCZ-36 generally dominated the 11 target PHCZs, followed by CCZ-3
and BCZ-3. Among all sampling sites, higher concentrations of
∑PHCZs were found in soil samples from site XZ7, site XZ 12, site XZ
6 and site XZ 24 (Fig. 3). The highest level of∑PHCZs was detected in
soils at the upper reaches of agriculture fields (XZ7, 8.2 ng g−1 in
total), which is downstream of a large tie-dye workshop. It has been re-
ported that halogenated indigo dyes could be a likely source of CCZ-
1368, BCZ-1368, 18-B-36-CCZ and some other PHCZs (Kuehl et al.,
1984; Parette et al., 2015). The levels of CCZ-1368 found in sediment ap-
pear to be highest near a dye factory (Kuehl et al., 1984). BCZ-1368 and
18-B-36-CCZ may be formed in the manufacture of 5,5′,7,7′-
tetrabromoindigo and 7,7′-dibromo-5,5′-dichloroindigo (Parette et al.,
2015). Tie-dye (commonly known as zharan in Chinese) is one of
China's ancient folk crafts and a major economic activity for the people
of Zhoucheng village. Tie-dye fabric is popular for tourists due to its va-
riety of patterns and colors. Themost common traditional dye source for
tie-dye is indigoid dye plant (Sun, 2012). Today, tie-dye survives by ap-
plying mainly synthetic dyes, as because natural plant dyes are limited
Fig. 2. Concentration and compositio
in color shades and time consuming to produce. With the aid of syn-
thetic dyes, color variations andmore brilliant colors are easily obtained
(Gausa and Abubakar, 2015; Oguntade et al., 2018). Synthetic dyes can
make products more fashionable and popular, which also leads to more
contaminated dyestuff waste from the dyeing process (Zhang, 2010;
Oguntade et al., 2018). Therefore, we hypothesized that CCZ-1368,
BCZ-1368, 18-B-36-CCZ and some other PHCZs in soil samples or at
least a major portion of its abundance may originate from anthropo-
genic input. Besides synthetic dye usage, the occurrence of PHCZs in ag-
ricultural soil maybe caused by several reasons such as the exuberant
local tourism, and p-chloroaniline herbicides usage (Parette et al.,
2015). Since PHCZs exhibits dioxin like effects, and developmental,
cardiotoxic, and mutagenic activities (Fang et al., 2016; Mumbo et al.,
2015; Riddell et al., 2015; Wu et al., 2017b), the contamination levels
detectedmay pose an ecotoxicity for organisms. The frequency of detec-
tion of PHCZs in soil samples showed that the contamination of these
compounds was widespread in Zhoucheng agriculture fields. Therefore
more studies are needed on the occurrence and fates of these chemicals.

4. Conclusions

In this study, a sensitive method for the simultaneous analysis of
eleven the most environmentally relevant PHCZs (bromo- and chloro-
carbazoles) in soil samples by gas chromatography coupled to positive
electron impact-tandem mass spectrometry was developed and vali-
dated. The simultaneous use of the isotope-labeled internal standards
for all stages of the procedure ensures the accuracy of the quantification
of these compounds. PHCZs were all detected in soil samples. Among
the analyzed PHCZs, CCZ-36, CCZ-3 and BCZ-3 were the most abundant
n of PHCZs in agricultural soils.



Fig. 3. Concentrations of ∑PHCZs in each sampling sites.
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compounds in soils. The generated data on occurrence of these emerg-
ing compounds show their widespread presence in environment, and
future studies are needed to determine their occurrence and effects,
considering their concentration levels and toxicological data. Hence
highly sensitive and reliable analytical methodologies are required.
The analytical method developed in this study meets all these
requirements.
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