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a b s t r a c t

The concentrations, spatial distributions, and sources of short-chain chlorinated paraffins (SCCPs) and
medium-chain chlorinated paraffins (MCCPs) in soil at a chemical industrial park were determined. The
samples were analyzed by two-dimensional gas chromatography coupled with electron capture-negative
ion mass spectrometry. The risks posed by SCCPs and MCCPs to soil biota were assessed. The SCCP and
MCCP concentrations were 37.5e995.7 and 15.1e739.6 ng/g dry weight, respectively, and the chlorine
contents were 60.5%e63.0% and 56.7%e58.3%, respectively. The CP concentrations in soil were at me-
dium levels relative to concentrations at other areas. The median CP concentration in soil from the
sewage treatment plant was higher than the median concentration in road soil, and this was attributed to
wastewater being treated centrally. No significant correlations were found between the total organic
carbon content and CP concentrations (p > 0.05), so the total organic carbon content did not strongly
affect the CP concentrations in the study area. Hierarchical cluster analysis divided the soil samples into
three groups. C10Cl6e7, C11Cl7e8, and C14Cl7e9 were the main congeners in most soil samples. Principal
component analysis and correlation analysis indicated that the relative abundances of MCCP and SCCP
were correlated and that the SCCPs may have been derived from the CP-42 and CP-52 commercial
products. A preliminary risk assessment indicated that CPs in soil at the industrial park do not pose clear
risks to the environmental organisms.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Chlorinated paraffins (CPs, also called polychlorinated n-
alkane) are complex mixtures with the molecular formula
CnH2nþ2�mClm, containing a large number of different homologs
and structural isomers (Friden et al., 2011; Chen et al., 2016). CP
mixtures are classed as short-chain chlorinated paraffins
(SCCPs)(carbon chains C10e13), medium-chain chlorinated paraf-
fins (MCCPs) (C14e17), and long-chain chlorinated paraffins (LCCPs)
(C18e30) (Feo et al., 2009). CPs are very chemically stable, viscous,
e by Dr. J€org Rinklebe.
fu Road 8, Wuhan 430056,
and flame resistant and have low vapor pressures, so have been
widely used as, for example, additives in metal cutting fluids used
at extreme pressures, flame retardants in rubber products and
paints, leather processing lubricants, and plasticizers in coatings
(Bayen et al., 2006; Commission, 2008; Wang et al., 2013). Carci-
nogenic effects of SCCPs have been observed in rats and mice, and
there is also evidence of toxic to aquatic organisms (UNEP, 2011).
SCCPs were listed as persistent organic pollutants (POPs) in Annex
A of the Stockholm Convention in May 2017 (POPRC, 2017). The
restrictions result in an increasing of MCCPs as substitutes. CPs
have been detected in various environmental media, including air
(Friden et al., 2011; Wang et al., 2012; Wang et al., 2013), dust
(Chen et al., 2016; Hilger et al., 2013), water (Ma et al., 2014; Zeng
et al., 2011b), soil (Huang et al., 2016; Wang et al., 2014; Wang
et al., 2017), sediment (Ma et al., 2014; Zeng et al., 2011a),
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animal feed (Dong et al., 2019), biota (Luo et al., 2015; Sun et al.,
2016), human food (Cao et al., 2015; Huang et al., 2018; Wang
et al., 2018), human breast milk (Xia et al., 2017), and human
blood (Li et al., 2017; Qiao et al., 2018). Soil is an important
environmental receptor for many POPs (Ockendena et al., 2003; Li
et al., 2006; Gevao et al., 2011). CPs can be released directly into
the atmosphere through industrial processes and transferred from
the atmosphere to soil by precipitation (Huang et al., 2016). It has
been predicted using a level III fugacity model that CPs released
into the environment will mostly be distributed to soil and sedi-
ment (Agency, 2007). When CPs accumulate in the soil, soil be-
comes a secondary source of CPs. The chemical pollutants can
enter other environmental media from soil by surface runoff and
volatilization. CP concentrations and distributions have been
determined in various types of soil around the world, including
urban soil (Wang et al., 2014), agricultural soil (Aamir et al., 2019),
and soil in electronic waste (e-waste) dismantling areas (Xu et al.,
2019). It is improved that MCCPs shared the most similar cyto-
toxicity and metabolic perturbation with SCCPs in recent research
(Ren et al., 2019), so it is necessary to pay attention to the contents
of MCCPs in the environment.

The Yangkou Chemical Industrial Park in the Yangtze River
Delta on the north coast of Jiangsu Province contains a wide range
of chemical plants. Large number of factories that release pollut-
ants have caused serious environmental problems around the
Yangkou Chemical Industrial Park. The industrial park contains
plants that produce new types of materials, such as engineered
plastics, functional materials, and special fibers. CPs are often used
as flame retardants in these new materials. CPs are also used as
plasticizers in engineered plastics. There are also specialty chem-
ical plants in the park, including plants that produce materials
used to produce gloves using the dipping method and plants that
produce polyurethane adhesives. CPs are added to both types of
materials. The park also contains feed additive production plants
and plants that produce chemicals used in electronic industries.
CPs have been found in feed additives (Dong et al., 2019). High CP
concentrations have been found in e-waste dismantling areas (Xu
et al., 2019), suggesting that electronic products are important
sources of CPs to the environment. CPs can be released into the
environment during the production, storage, transportation, and
use of products containing CPs in the chemical park (Chen et al.,
2011). The CPs released can sorb to airborne particulate matter
and be deposited to and accumulate in the soil (Feo et al., 2009).
The aquatic system around Yangkou Chemical Industrial Park is
complex. CPs in soil can be transferred to sediment in the aquatic
system in runoff. When CPs in the soil enter the sediment and
aquatic system, they can pose risks to the environmental
organisms.

In this study, two-dimensional gas chromatography (GC � GC)
coupled with electron capture negative ion mass spectrometry
(ECNI-MS) was used to determine the SCCP and MCCP concen-
trations in soil at the Yangkou Chemical Industrial Park. The aim
was to investigate the CP concentrations and distributions in soil
at the Yangkou Chemical Industrial Park. The relative abundances
of the CP homologs and possible sources of CPs and pathways
through which the CPs were transferred to soil were assessed to
identify the factors affecting the CP congener distribution patterns.
Toxicity data for CPs were used to perform a preliminary assess-
ment of the risks posed by CPs in soil at the Yangkou Chemical
Industrial Park to the environment and human health. The results
will improve our understanding of CP pollution in chemical in-
dustrial areas and support the development of measure to
decrease the amounts of CPs released from chemical industrial
parks.
2. Materials and methods

2.1. Sample collection

A stainless steel scoop was used to collect 20 soil samples
(labeled S1eS20) from Yangkou Chemical Industrial Park, Jiangsu
Province, in November 2018. Three of the samples were collected
from near the industrial park, and the other 17 were collected from
within the park. Each soil sample was classified, from the sampling
location and the surrounding area, as soil from a sewage treatment
plant (STP Soil), soil along a canal (Canal Soil), or soil from a
roadside (Road Soil). Each surface soil sample (from 0 to 20 cm
deep) was prepared from five initial samples (collected from the
four corners and the center of a square about 5 m � 5 m) from the
sampling site. Each sample was wrapped in aluminum foil and
packed in a sealed polyethylene bag, then transferred to the labo-
ratory, where stones and plant roots were removed. Each sample
was freeze-dried, ground, passed through a 60 mesh stainless steel
sieve, and then stored at �20 �C until it was analyzed.

2.2. Chemicals and materials

Dr. Ehrenstorfer brand standard SCCPs with chlorine contents of
51.5%, 55.5%, and 63.0% and standard MCCPs with chlorine contents
of 42%, 52.0%, and 57.0%, each at a concentration of 100 ng/mL in
cyclohexane, were purchased from LGC (Teddington, UK). SCCP
solutions with chlorine contents of 53.5% and 59.2% were prepared
by mixing equal volumes of the 51.5% and 55.5% chlorine SCCP
standard solutions and equal volumes of the 55.5% and 63.0%
chlorine SCCP standard solutions, respectively. MCCP solutions
with chlorine contents of 47% and 54.5% were prepared by mixing
equal volumes of the 42% and 52% chlorine MCCP standard solu-
tions and equal volumes of the 52.0% and 57.0% chlorine MCCP
standard solutions, respectively. The surrogate standard was 13C10-
trans-chlordane, purchased from Cambridge Isotope Laboratories
(Tewksbury, MA, USA), and the internal standard was ε-hexa-
chlorocyclohexane (Dr. Ehrenstorfer brand), purchased from LGC.
Silica gel (63e100 mm; Merck, Kenilworth, NJ, USA) was baked at
550 �C for 6.5 h before use, and Florisil (60e100 mesh; Merck) was
baked at 550 �C for 12 h before use. Anhydrous sodium sulfate
(Sinopharm Chemical Reagent Co., Beijing, China) was baked at
660 �C for 6.5 h before use. Acidic silica gel (44% w/w H2SO4) was
prepared by mixing 100 g of silica gel with 43 mL concentrated
sulfuric acid. All solvents were pesticide residue analysis grade and
were purchased from Sinopharm Chemical Reagent Co.

2.3. Sample extraction and cleanup

The methods used to extract and clean the samples for SCCP and
MCCP analysis were described in detail in a previous publication
(Gao et al., 2012). Briefly, about 10 g of a sample was mixed with
10 g of anhydrous sodium sulfate and spiked with 2.5 ng of 13C10-
trans-chlordane (the surrogate standard). The spiked sample was
allowed to equilibrate for 24 h, then extracted with a 1:1 v/v
mixture of dichloromethane and n-hexane in a Dionex ASE350
accelerated solvent extraction system (Thermo Fisher Scientific,
Waltham, MA, USA). The extract was evaporated to about 2 mL and
then passed through a gel permeation chromatography column to
remove sulfur-containing compounds. The extract was then evap-
orated to a small volume and then passed through a Florisilesilica
gel column containing, from bottom to top, 3 g of Florisil, 2 g of
silica gel, 5 g of acidic silica gel (containing 44% by weight H2SO4),
and 4 g of anhydrous sodium sulfate. The columnwas cleaned with
50 mL of n-hexane before the sample was applied. Once the extract
had been added, the column was eluted with 40 mL of n-hexane,
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which was discarded, and then 100 mL of a 1:1 v/v mixture of
dichloromethane and n-hexane, which was evaporated almost to
dryness. A 50 mL aliquot of cyclohexane and 2.5 ng of ε-hexa-
chlorocyclohexane (the injection/internal standard) were added to
the extract, and the extract was then analyzed by GC � GC-ECNI-
MS.

2.4. Instrumental analysis

The concentrations of 48 SCCP andMCCP homolog groups in the
extracts were determined by GC � GC-ECNI-MS. The first-
dimension column was a DB-5MS (30 m long, 0.25 mm i.d.,
0.25 mm film thickness; Agilent Technologies, Santa Clara, CA,
USA), and the second-dimension column was a BPX-50 (1 m long,
0.1 mm i.d., 0.1 mm film thickness; SGE, Melbourne, Australia). The
carrier gas was helium, and the flow rate was 0.8 mL/min. The in-
jection volume was 1 mL, and the injection port temperature was
280 �C. The injection port was used in splitless mode. The oven
temperature program started at 100 �C, which was held for 1 min,
then increased at 10 �C/min to 140 �C, then increased at 1.5 �C/min
to 310 �C, which was held for 5 min. The mass spectrometer was
used in selected ion monitoring mode, and the reagent gas was
methane. The transfer line and ion source temperatures were 280
and 200 �C, respectively. The modulation period was 7 s. The sol-
vent delay was 7 min. The 48 CP homolog groups were divided into
12 groups, each of which had the same total number of carbon
atoms and chlorine atoms. The quantification procedure was
described in a previous publication (Reth et al., 2005). The two
most abundant [M�Cl]� ions were monitored and used as the
quantification and qualification ions. Linear correlations between
the total response factors and chlorine contents of the CP standards
were established to allow differences between the chlorine con-
tents of the samples and control CP mixtures to be corrected for.
The data were analyzed using GC Image® R2.1 software (GC Image,
Lincoln, NE, USA).

The total organic carbon (TOC) content of each soil sample was
determined by adding 5% phosphoric acid to about 50 mg of the
sample and then analyzing the sample using a TOC Analyzer (O.I.
Analytical, College Station, TX, USA).

2.5. Quality control and quality assurance

Strict quality control and assurance measures were taken when
the analyses were performed. All glassware was rinsed three times
with each of methanol, acetone, dichloromethane, and n-hexane
before use to decrease the risk of contamination. Four randomly
selected soil samples were analyzed several times, and the varia-
tion coefficient for the samples analyzed in parallel was <15%. A
procedural blank (containing no soil) was analyzed with each batch
of 10 samples using the same procedure as for the soil samples, to
monitor background contamination. A standard solution contain-
ing 2.5 ng of 13C10-trans-chlordane and 2.5 ng of ε-hexa-
chlorocyclohexane in 50 mL of n-hexane was prepared. The
recoveries, calculated from the surrogate standard to internal
standard ratios in the samples and standard solution, were 44.3%e
106.7%. The limit of detection was defined as the mean concen-
tration in two procedural blanks plus three times the standard
deviation. The SCCP andMCCP limits of detectionwere 23 and 4 ng/
g dry weight (dw), respectively.

3. Results and discussion

3.1. Concentrations of SCCPs and MCCPs in the soil samples

The SCCP and MCCP concentrations in 20 soil samples collected
from different sites within and around the industrial park were
determined. The CP concentrations in the samples are expressed on
a dw basis. Descriptive statistics of the chlorine contents, CP carbon
homolog concentrations, and total SCCP and MCCP concentrations
in the samples are presented in Table 1. The SCCP concentrations
were 37.5e995.7 ng/g dw, and the MCCP concentrations were
15.1e739.6 ng/g dw. The SCCP and MCCP chlorine contents were
60.5%e63.0% and 56.7%e58.3%, respectively. The SCCP concentra-
tions were lower than the concentrations of 210e1170 ng/g dw
previously found in soil in a coastal industrial zone in Barcelona in
Spain (Castells et al., 2008) and of 320e6600 ng/g dw found in soil
in a typical industrial zone in the Yangtze River Delta (Chen et al.,
2011).

The MCCP/SCCP ratios were <1 for most of the soil samples, as
was found in some previous studies (Wang et al., 2014; Wang et al.,
2017). However, the MCCP/SCCP ratios for a few soil samples were
>1, as was found in studies performed by Xu et al. (2019) and Zeng
et al. (2017). The differences in the MCCP/SCCP ratios could have
been caused by different SCCP and MCCP emission and trans-
portation patterns (Qiao et al., 2017). MCCP/SCCP ratios can be used
to determine the CP pollution intensity and identify direct emis-
sions of CPs (Chen et al., 2011). Xu et al. (2019) and Zeng et al. (2017)
found that CPs had been released into the environment directly
during e-waste dismantling or in overflow of wastewater. However,
in other studies, CPs were found not to be released directly into the
environment during industrial processes (Wang et al., 2014; Wang
et al., 2017). Therefore, it can be inferred that CPs may not have
been directly released into the environment from industrial plants
in the Yangkou Chemical Industrial Park. The differences in the
MCCP/SCCP ratios may have been related to the locations of
chemical plants using different commercial CP mixtures and using
different processes. Soil at different sites would also have contained
different types and mixtures of microorganisms (Chen et al., 2011;
Huang et al., 2016; Bezchlebova et al., 2007), and this could have
caused SCCPs and MCCPs to be degraded at different rates at
different sites.

The highest SCCP and MCCP concentrations were found in soil
from near the Bingcha Canal (site S1), 5 km from Yangkou Chemical
Industrial Park. This sampling site was in a busy river trans-
portation area at which human activities are frequent. The high CP
concentrations in soil at this site may have been caused by
household waste piles in the area. The SCCP and MCCP concen-
trations were markedly lower in soil from sites S6 and S8, near the
point at which the Bingcha Canal enters the sea. This could be
because this area is less affected by human activities than site S1
and because offshore tidal currents dilute the concentration of CPs
in canal (Xu et al., 2019).What’s more, it is found that the frequency
of southeast wind in this area is relatively high, and the canal is
located in the northwest of the chemical industrial park, indicating
that the wind is one of factors influencing the deposition of SCCPs
in the soil.

The second highest CP concentrations were found in soil from
site S2, which was next to the Yangkou Chemical Industrial Park
STP. Wastewater, regenerated wastewater, and sludge from STPs
have been found to be important sources of SCCPs to the environ-
ment (Zeng et al., 2012). CPs may be released into the environment
in leaks from pipes used to transport wastewater and facilities in
which wastewater is stored, and the CPs released may accumulate
in soil. The wastewater from all the plants in the industrial park is
transported to the STP in pipes. CPs in wastewater will be pre-
dominantly attached to suspended particles, and CPs in released
wastewater may volatilize or be retained by the soil. The high CP
concentrations in soil from near the STP indicate that CPs may have
been released in wastewater leaks or through volatilization and
deposition to the soil. As shown in Fig. 1, the SCCP and MCCP



Table 1
Short-chain chlorinated paraffin (SCCP) andmedium-chain chlorinated paraffin (MCCP) relative concentrations and their homolog (Cx) relative abundance in soil samples from
the Yangkou Chemical Industrial Park in Jiangsu Province, China.

Sample No. Soil Type Cl%-SCCPs C10 (%) C11 (%) C12 (%) C13 (%) SSCCPs (ng/g dw) Cl%-MCCPs C14 (%) C15 (%) C16 (%) C17 (%) SMCCPs (ng/g dw)

S1 Canal Soil 61.2% 20.9 13.6 22.0 43.7 996 58.3% 53.0 29.1 13.0 4.8 740
S2 STP Soil 60.9% 38.8 22.2 15.0 23.9 706 57.6% 55.1 26.3 13.0 5.5 254
S3 STP Soil 61.3% 28.2 20.1 14.4 37.4 210 58.2% 73.8 20.0 4.7 1.5 591
S4 STP Soil 63.0% 23.6 56.6 8.6 11.6 212 57.1% 64.9 21.9 9.3 4.0 83.1
S5 STP Soil 61.3% 29.7 19.3 19.0 32.1 284 58.0% 64.8 24.6 7.8 2.7 199
S6 Canal Soil 60.8% 32.1 16.6 19.4 32.1 234 57.8% 56.5 28.2 11.3 4.1 142
S7 Road Soil 61.4% 47.8 21.5 14.0 16.7 72.6 57.1% 61.7 23.2 9.7 5.1 30.3
S8 Canal Soil 61.8% 33.5 22.1 17.2 27.0 137 57.8% 69.9 21.3 6.1 2.8 100
S9 Road Soil 61.0% 46.8 20.8 12.5 19.9 156 57.2% 70.1 20.1 6.8 3.0 86.9
S10 Road Soil 61.3% 63.3 20.4 7.8 8.5 65.6 57.8% 69.7 20.7 6.9 2.9 17.8
S11 Road Soil 60.8% 17.3 16.2 22.0 44.2 267 57.3% 62.4 25.3 9.1 3.7 194
S12 Road Soil 61.4% 49.6 23.0 11.3 16.1 75.8 57.4% 68.3 21.1 7.3 3.4 31.2
S13 Road Soil 61.6% 24.7 18.9 17.2 39.2 152 58.0% 70.8 21.3 5.8 2.4 216
S14 Road Soil 62.0% 25.9 25.3 17.7 30.8 104 57.2% 65.0 23.3 8.2 3.8 183
S15 Road Soil 60.5% 31.4 18.0 17.4 33.1 207 56.8% 56.4 26.6 12.2 4.8 68.3
S16 Road Soil 62.2% 34.9 18.8 18.2 27.9 68.0 58.2% 64.9 23.0 8.5 3.6 74.9
S17 Road Soil 61.1% 36.3 27.7 15.5 20.3 110 56.7% 68.5 21.5 6.8 3.2 62.8
S18 Road Soil 62.0% 54.4 22.5 11.5 11.6 37.5 57.2% 69.5 16.0 6.9 7.2 15.1
S19 Road Soil 61.9% 34.2 27.5 16.2 22.2 92.8 57.8% 68.0 20.6 7.1 3.8 150
S20 Road Soil 61.2% 22.0 18.4 16.0 43.6 321 57.8% 69.8 22.5 5.7 1.9 295

Fig. 1. Short-chain chlorinated paraffin (SCCP) and medium-chain chlorinated paraffin
(SCCP) concentrations in soil from a sewage treatment plant (STP) and soil from
roadsides.
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concentrations in soil from near the STP (sites S2eS5) were
210e706 ng/g dw (mean 353 ng/g dw) and 83.1e591 ng/g dw
(mean 282 ng/g dw), respectively. These concentrations were
slightly higher than the concentrations found in road soil (from
sites S7eS20) in the industrial park. Wastewater from different
kinds of factories enters the STP, so the CP concentrations would
have been higher inwastewater at the STP than inwastewater from
some individual factories. High CP concentrations in soil near a STP
can be caused by atmospheric transport and dry or wet deposition
of CPs as well as direct emissions from the STP in wastewater leaks
or through volatilization and deposition (Zeng et al., 2012). The
MCCP concentrations were higher than the SCCP concentrations in
the soil from near the STP regulating pool but not in soil from the
other three sites at the STP. This could have been because of
changes in the wastewater pH and temperature in the regulating
pool and wastewater leaking from the regulating pool into the soil
changing the properties of the soil near the pool and causingMCCPs
to be retained more effectively than SCCPs.
The SCCP and MCCP concentrations in soil from roadsides (sites
S7eS20) were 37.5e321 ng/g dw (mean 133 ng/g dw) and
15.1e295 ng/g dw (mean 109 ng/g dw), respectively. The CP con-
centrations were higher in the soil samples from roadsides than
recently found in soil fromurban areas in Shanghai (mean SCCP and
MCCP concentrations 15.7 and 7.98 ng/g, respectively) (Wang et al.,
2014), surface soil from Guangzhou (SCCP concentrations
1.45e25.5 ng/g dw, mean 10.3 ng/g dw), and soil from Chengdu
(SCCP concentrations 0.218e3.26 ng/g dw, mean 1.43 ng/g dw)
(Huang et al., 2016). However, the CP concentrations were lower in
the soil samples from roadsides than recently found in soil from
agricultural areas in China (SCCP and MCCP concentrations
39e1609 ng/g (mean 374 ng/g) and 127e1969 ng/g dw (mean
860 ng/g), respectively) (Aamir et al., 2019) and in surface soil from
a farmland irrigated with wastewater in Beijing (SCCP concentra-
tions 159.9e1450 ng/g dw) (Zeng et al., 2011a). Factories in the park
may not have directly discharged CPs to road soil, but CPs could be
released during industrial processes and then be transferred to the
soil through wet or dry deposition. CPs are more intensively used in
industrial areas than urban areas, so larger amounts of CPs enter
the atmosphere and accumulate in soil in industrial areas than
urban areas. CPs are widely used as flame retardants in truck tires
(POPRC, 2015). CPs in dust released by tires will form part of road
dust and will accumulate in soil next to roads, particularly busy
roads (Huang et al., 2016). The CP concentrations were lower in soil
from the industrial park than in soil irrigated with wastewater and
with sewage sludge applied, possibly because of the industrial park
management practices and centralized STP. The results indicated
that CPs in the soil were not from direct discharges of sewage or
sludge in the factories, but the chemical factories in this industrial
park indirectly affected CPs contents.

3.2. Homolog group profiles, CP sources to soil, and the behaviors of
SCCPs and MCCPs in soil

The concentrations of the carbon-chain-length homolog groups,
determined by ECNI-MS, are shown in Table 1. Only CPs containing
5e10 chlorine atoms were determined because of the poor reso-
lution of the ECNI-MS system.

The distributions of the mean carbon-chain-length and
chlorine-atom-number homologs of the SCCPs and MCCPs in the
different types of soil are shown in Fig. 2. The C10 and C13 homolog



Fig. 2. Mean short-chain and medium-chain chlorinated paraffin congener group profiles in soil from along the Bingcha Canal (Canal Soil), soil from around the sewage treatment
plant (STP Soil), and soil from roadsides (Road Soil) in and near Yangkou Chemical Industrial Park.
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groups were the most abundant SCCP carbon-chain-length homo-
logs in the Canal Soil, contributing 28.8% and 34.3%, respectively, of
the total SCCP concentration. The SCCP homolog distributions in
soil from roadsides were similar to the distributions in Canal Soil,
the C10 and C13 homologs contributing 37.6% and 25.7%, respec-
tively, of the total SCCP concentration. In contrast, the C10 and C11
homologs were the predominant homologs (but only slightly) in
soil from near the STP. Themean C10 and C11 homolog contributions
to the total SCCP concentrations in soil from near the STP were
30.0% and 29.5%, respectively. The C11 homolog contribution was
26.2%, and the C12 homolog contribution was only 14.3%. The
C14Cl7e9 homolog groups were the dominant MCCPs in all of the
soil samples. As shown in Fig. 2, the most abundant MCCP carbon-
chain-length homolog group was C14, which contributed 53.1%e
73.7% of the total MCCP concentrations. The two dominant
chlorine-atom-number homolog groups were Cl7 and Cl8, which
contributed 17.4%e44.5% and 31.1%e46.3% of the total MCCP con-
centrations. The Cl9 homolog contributed 11.0%e28.6% of the total
MCCP concentrations. It can be seen from Fig. 2 that the mean
relative abundances of the C12 and C13 homologs were higher for
Canal Soil from outside the park than for soil from inside the park. It
has previously been found that the C12 and C13 homologs are more
likely than other homologs to accumulate in sewage sludge (Zeng
et al., 2013), so the high heavy SCCP abundances in soil from
outside the park could have been caused by domestic sewage dis-
charges and solid household waste.

Hierarchical cluster analysis using the relative abundances of
the CPs was performed to analyze the CP congener group profiles to
attempt to identify the sources of CPs to the soil samples. As shown
in Fig. S2, the soil samples were divided into three clusters with
different relative abundances of the 48 CP homolog groups. Cluster
1 contained 13 sites, cluster 2 contained six sites, and cluster 3
contained one site. It is showed in Fig. S3 that there was no sig-
nificant difference in the homologs of MCCPs in three clusters, in
which C14-MCCP were the main components.

The clustering results indicated that the C13-SCCP



Fig. 4. Principal component analysis factor loading diagram for eight carbon-chain-
length congener group concentrations in the soil samples.
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concentrations were relatively high in cluster 1 and the C10-SCCPs
were the main components of cluster 2. Cluster 3 was different
from the other clusters in that the most abundant homolog group
was the C11-SCCPs. It can be seen from Fig. 3 that SCCPs with long
carbon chains (C12 and C13) dominated the SCCPs in cluster 1 but
SCCPs with shorter carbon chains (C10 and C11) were dominant in
cluster 2 and cluster 3. Most of the cluster 2 and cluster 3 sampling
sites were near the river in the industrial park or the canal, so CPs
could have been transported to the sampling sites in either the
atmosphere or water. CP degradation by microbes in the soil near
rivers probably affected the SCCP homolog distributions. Most of
the sample sites in cluster 1 were some distance from the river.
SCCPs with long chains are not easily degraded and can accumulate
in soil. The sampling site in cluster 3 was near the STP wastewater
inlet. The distinctive SCCP distributions found at this site may have
been affected by the wastewater and other complex factors.

Principal component analysis, based on the carbon-chain-
length CP homologs, was performed to attempt to identify the
sources of CPs to soil in the study area. The first two principal
components (PC1 and PC2) accounted for 93.5% of the total vari-
ance. The PC1 and PC2 loadings for eight carbon-chain-length ho-
molog groups are shown as a factor loading diagram in Fig. 4. PC1
explained 82.4% of the total variance. The C14, C15, C16, and C17MCCP
homologs had high loadings, suggesting that MCCPs in soil in
different parts of the industrial park may have had similar sources.
PC2 accounted for 11.1% of the total variance. The C10, C11, C12, and
C13 SCCP homologs had high PC2 loadings, indicating that SCCPs in
soil in the study area had similar sources. It was not possible to
determine whether the SCCPs and MCCPs in soil in the study area
had similar sources from the factor loading diagram.

Soil can accumulate CPs from the atmosphere after airesoil
exchange of CPs (Wang et al., 2013). The TOC of soil plays an
important role in the sorption and accumulation of organic com-
pounds from the air. Chen et al. (2011) found significant relation-
ships between the TOC content and CP concentrations, indicating
that a high TOC content could cause CPs to accumulate in soil. The
TOC contents of the 20 samples analyzed in this study were
0.068%e1.37% (Table S3). The SCCP, MCCP, and carbon-chain-length
homolog group concentrations and the TOC contents did not have
normal distributions according to Shapiro Wilk tests (p < 0.05).
Kendall’s tau-b correlation analyses were therefore performed to
calculate correlation coefficients for the relationships between the
SCCP, MCCP, and carbon-chain-length homolog group concentra-
tions and the TOC contents. The correlation coefficients are shown
in Table S5. The relationships between the SCCP concentrations and
TOC contents and between the MCCP concentrations and TOC
Fig. 3. Relative abundances of the carbon-chain-length and chlorine-atom-num
contents were not statistically significant (p > 0.05). None of the
carbon-chain-length homolog concentrations except the C13 ho-
molog concentration correlated with the TOC contents (p > 0.05).
The TOC content therefore did not control the CP concentrations in
soil in the industrial park. This could have been because CPs in air
and soil had not reached equilibrium. However, significant corre-
lations were found between the SCCP, MCCP, and carbon-chain-
length homolog concentrations, indicating that SCCP may be
degraded by MCCP in this industrial area. But it is also not clear
whether the sources of CPs are similar.

The relative abundances of CPs in the soil samples from the
Yangkou Chemistry Industrial Park were different from the relative
abundances of CPs in the commercial CP mixtures CP-42, CP-52,
and CP-70, which are widely used in China (Gao et al., 2012).
However, the main SCCP homolog groups contained sixeeight
chlorine atoms (Chen et al., 2011; Gao et al., 2012), similar to the
commercial CP mixtures CP-42 and CP-52. Taking into consider-
ation the contributions of different commercial CP mixtures to total
CP production in China, it was concluded CP-42 and CP-52 may be
the main commercial CP mixtures used in Yangkou Chemical In-
dustrial Park and the main sources of the SCCPs in soil around the
park. The relative abundances of different CPs may have been
different because of the CPs used in the different plants in the
ber short-chain chlorinated paraffin homolog groups in the soil samples.
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industrial park coming from different CP manufacturing plants
using different raw materials and mixing techniques, meaning the
CP-42 and CP-52 produced would have quite different congener
profiles (Huang et al., 2016). Identifying the sources of CPs to soil in
the study area will therefore require a detailed survey of CP use by
industrial plants in the industrial park.

3.3. Risk assessment

Different environmental health standards for CPs in soil are used
in different countries, and exposure parameters for CPs have are not
well-defined. It is therefore difficult to evaluate the risks posed by
CPs in soil to the environment and human health. The risks posed
by CPs in soil to the environment were assessed using published
toxicity data, most of which were about soil organisms. The half-
effect concentration (EC50) for SCCPs on candida in soil has been
found to be 1230 mg/kg dw (Bezchlebova et al., 2007), and a pre-
dicted no effect concentration for SCCPs in soil of 5.28 mg/kg has
been published (Bezchlebova et al., 2007). A MCCP no-observed-
effect concentration for reproduction in earthworms in soil of
280 mg/g dw and a predicted no effect concentration for MCCPs in
soil for the earthworm Eisenia fetida of 28 mg/g dw have been
published (UNEP, 2011). The maximum SCCP and MCCP concen-
trations in soil in the study area were 996 and 740 ng/g dw,
respectively. These concentrations were lower than the toxic con-
centrations that have been published, indicating that CPs in soil in
Yangkou Chemical Industrial Park do not pose risks to soil biota.
Based on the risk assessment, it can be inferred that there is no
significant exposure and impact on humans from CPs in this in-
dustrial park.

4. Conclusions

The SCCP, MCCP, and CP homolog concentrations in soil from the
Yangkou Chemistry Industrial Park were determined by GC � GC-
ECNI-MS. The SCCP and MCCP concentrations were higher than
have been found in soil in urban areas but lower than have been
found in farmland soil, soil at e-waste disassembly sites, and soil in
other industrial areas in which CPs are released directly into the
environment. The highest CP concentrations were found in soil
near a canal, and the CP concentrations in soil from near a STP were
higher than CP concentrations in soil from roadsides. The spatial
distributions of CPs were related to industrial processing, human
activities, and the surrounding environment. C10Cl6e7, C11Cl7e8, and
C14Cl7e9 were the main congeners in most of the soil samples.
Principal component analysis and correlation analyses indicated
that SCCP may be degraded by MCCP. The commercial CP mixtures
CP-42 and CP-52 may be the sources of CPs to soil in the study area,
but a detailed survey will be required to unambiguously identify
the sources of CPs in soil in the study area. CPs in the study area do
not pose risks to soil biota or human health. The results are helpful
to analyze the sources and behaviors of CPs around Yangtze river
estuary and the surrounding areas.
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