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Chlorinated paraffins (CPs) have been widely used as halogenated flame retardants and plasticizers since the
mid-20th century. The prevalence of CPs in soil has been widely reported, but the distribution pattern of CPs in
urbanized zones and their association with multiple socioeconomic variables have not been adequately explored.
Herein, short-chain and medium-chain chlorinated paraffins (SCCPs and MCCPs) were investigated in surface soil
samples from Tianjin, China, a typical urbanized area. The concentration distributions of SCCPs and MCCPs
showed similar trends in different administrative divisions and land use types: urban areas > suburbs > outer
suburbs (p < 0.001) and residential areas > greenbelts > agricultural areas (p < 0.001). The CP congeners in
residential surface soils mainly included those with longer carbon chains and high degree of chlorination, while
the CP congeners in agricultural surface soils mainly consisted of those with shorter carbon chains and fewer
chlorine substituents. Multiple statistical approaches were used to explore the association between socioeco
nomic factors and CP distribution. CP concentration was significantly correlated to population density and gross
domestic product (GDP) (p < 0.001), and structural equation models incorporating administrative regional
planning showed an indirect impact on the distribution of MCCP concentration due to the influence of regional
planning on population density. These results highlight the association between CP contamination and the de
gree of urbanization, and this paper provides useful information toward mitigating the exposure risk of CPs for
urban inhabitants.

1. Introduction
Chlorinated paraffins (CPs) have one of the highest production vol
umes of industrial chemicals currently in use. They are widely applied as
plasticizers in polyvinyl chloride (PVC), flame retardants, and metal
cutting fluids (POPRC(Persistent Organic Pollutants Review Commit
tee), 2016). CPs have the general molecular formula CnClxH2n+2-x and
are subdivided into short-chain chlorinated paraffins (SCCPs, C10–C13),

medium-chain chlorinated paraffins (MCCPs, C14–C17), and long-chain
chlorinated paraffins (LCCPs, C≥ 18). It has been verified that SCCPs
have persistent organic pollutant (POP) characteristics, including
persistence (Li et al., 2021; Zhang et al., 2019), bioaccumulation (Liu
et al., 2020; Sun et al., 2020; Yuan et al., 2020a), long-range transport
potential (Ma et al., 2014), and carcinogenicity (Gong et al., 2019).
SCCPs are listed as POPs by the Stockholm Convention (POPRC(Persis
tent Organic Pollutants Review Committee), 2017) and are regulated by
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the European Union, the United States, Canada, and other countries
(POPRC(Persistent Organic Pollutants Review Committee), 2016).
MCCPs have been used as an alternative after regulations of SCCPs take
effect (Glüge et al., 2018), but due to their similar structures, they may
exhibit similar or even greater toxicity compared with SCCPs (Wang
et al., 2017).
CPs in consumer products can enter the environment and have been
detected in environmental matrices such as sediment (Li et al., 2021;
Zhang et al., 2019), food (Cui et al., 2020), and the atmosphere (Die
fenbacher et al., 2015), indicating their spread in the natural environ
ment and high potential exposure risk for humans. Soil is a large sink of
organic pollutants in terrestrial ecosystems, pollution characteristics of
soil are useful for assessing specific contaminants in local areas. In recent
years, CP contamination has been found to be a significant issue in China
(Jiang et al., 2017). The MCCP/SCCP ratio was determined to be greater
than 1 in soil (Wu et al., 2020) and sediment (Xu et al., 2019) found in
industrial areas and e-waste disposal sites. Even agricultural soils in
China contain a higher concentration of MCCPs than SCCPs, indicating
that MCCP usage likely exceeds SCCP usage (Aamir et al., 2019).
However, previous studies on CP contamination have mainly focused on
soils with limited land use types or areas with similar economic devel
opment, hampering our overall understanding of the occurrence,
composition, features, and driving factors of CPs in soils.
To fill this gap, it is necessary to perform a well-organized survey on
CPs within a typical urbanized area, with diverse land use, different
economic conditions, and a wide range of industries. As the largest
economic center along the northern coast of China, Tianjin is a suitable
urbanized area for this purpose. Tianjin is densely populated with
numerous residential and forested areas. Many industrial activities are
potential sources of CPs, with industrial parks for manufacturing plas
tics, rubber, aerospace components, electronic components, and auto
mobiles located mainly in Tianjin’s suburbs. The outer suburbs of
Tianjin contain a vast amount of arable land and some large industrial
parks. The large presence of the chemical industry results in significant
organic chemical pollution in Tianjin’s surface soils. The mean con
centration of polycyclic aromatic hydrocarbons (PAHs) in the surface
soil was measured to be 84.2 ng/g (Tao et al., 2003), and organochlorine
pesticides remained in the surface soil and further contaminated vege
tables (Tao et al., 2005). Furthermore, Tianjin has one of the highest
consumption rates of CP flame retardants among cities in China (Zhang
et al., 2017). Therefore, the selection of urbanized zones in Tianjin to
investigate CP contamination in surface soils is expected to provide
significant insight.
To clarify the emergence and influencing factors of CPs in the
representative urbanized zone in Tianjin, China, a systematic investi
gation was performed to profile the concentration level, spatial distri
bution, and congener characteristics of CPs in different administrative
divisions, industrial layouts, and land use types. SCCP and MCCP con
centrations were quantified in a total of 398 surface soil samples. The
objectives of this study were to 1) explore the occurrence and
geographical distribution of SCCPs and MCCPs in surface soil samples
from the urbanized area; 2) compare the variations in SCCPs and MCCPs
among local administrative divisions, areas of industrial output, and
between diverse land use types; and 3) link the CP profile with multiple
socioeconomic factors (particularly administrative regional planning,
presence of industries, and population density) using multivariate sta
tistical approaches. Our study depicts the distribution pattern of CPs in a
typical urbanized area together with the surrounding outer suburbs and
calls attention to the significant contribution of anthropogenic activities
to CP prevalence in surface soil. It is expected that the reported distri
bution pattern of CP residues in Tianjin will provide a useful reference
for other countries and cities with varying urbanization levels.

2. Materials and methods
2.1. Chemicals
SCCP mixture standards (C10–C13, 51%, 55.5%, and 63% chlorina
tion), MCCP mixture standards (C14–C17, 42%, 52%, and 57% chlori
nation), and ε-hexachlorocyclohexane (ε-HCH, 10 ng/μL solutions in
cyclohexane) were obtained from Ehrenstorfer GmbH (Augsburg, Ger
many). Dichloromethane, n-hexane, and cyclohexane (pesticide-grade
solvents) were obtained from J.T. Baker Company (Phillipsburg, NJ,
USA). 13C10-trans-chlordane (99%) in n-nonane was obtained from
Cambridge Isotope Laboratories (Andover, USA). Anhydrous sodium
sulfate (GR) was obtained from Kermel (Tianjin, China). Concentrated
sulfuric acid was obtained from SinoPharm Group Co., Ltd. (Beijing,
China). Silica gel was obtained from Merck (Darmstadt, Germany).
Florisil was obtained from U.S. Silica (Houston, USA).
2.2. Sample collection, pretreatment, and analysis
Surface soil samples were collected (sample depth: 20 cm) using a
clean stainless steel shovel and sent to the laboratory in Ziploc bags from
July to August 2017 and June to July 2018 by the Agro-Environmental
Protection Institute, Ministry of Agriculture and Rural Affairs. The
sampling sites covered land use types including agricultural land,
greenbelts, and residential land. A total of 398 samples were selected in
a grid of approximately 6 × 6 km. Among the 398 sampling points, 192
sampling points were taken from the outer suburbs, 103 sampling points
were taken from the suburbs, 82 sampling points were taken from Binhai
New Area, and 21 sampling points were taken from central urban areas.
The sampling sites are shown in Fig. S1 in the Supporting Information,
and the longitude and latitude of all samples are listed in Table S1.
The analytical method used to extract and purify the target CPs was
based on our previous study with some modifications (Wu et al., 2020).
Briefly, the samples were extracted using the solvent saver mode of a
Dionex 350 accelerated solvent extractor (ASE). Dichloromethane and
n-hexane (1:1, v/v) were used as a mixed extraction solvent. In the
extraction cell, the soil sample (5 g) was mixed with diatomaceous earth
(DE, 5 g), and 10 ng 13C10-trans-chlordane was added as an internal
standard. The extract was concentrated to 1–2 mL by nitrogen blowing.
The concentrate was eluted through a composite multi-layered column
filled with activated Florisil (3 g), activated silica gel (2 g), acidic silica
gel (5 g, 30%, w/w), and anhydrous sodium sulfate (4 g) from bottom to
top. The eluent solvent was 100 mL dichloromethane and n-hexane (1:1,
v/v). The eluate was concentrated by rotary evaporation and nitrogen
blowing to near-dryness. Finally, the volume of the concentrated sample
was adjusted to 50 μL with cyclohexane, and 10 ng ε-HCH was added as
the recovery standard.
Instrument analysis and parameter settings were carried out in
accordance with our previous study (Gao et al., 2016). CPs in the sam
ples were analyzed by an Agilent 7200 GC–QTOF mass spectrometer
(Agilent Technologies, Santa Clara, USA) in negative chemical ioniza
tion (NCI) mode. A linear relationship between response factors and
chlorination degree was used for quantification. The standard curves
used for SCCP and MCCP quantification are shown in Fig. S2, Supporting
Information. The total organic carbon (TOC) analysis of surface soil
samples is described in Text S1, Supporting Information.
2.3. Quality control and quality assurance
All glassware was cleaned with deionized water as well as acid and
alkaline cleaners obtained from Minderheit (Germany). Before use, all
glassware was heated in a muffle furnace at 450◦ С for 4 h and then
washed with methylene chloride three times. The ASE extraction cells
were ultrasonically cleaned twice with n-hexane and dichloromethane
and then dried. After that, 5 g DE was added to the extraction cells, and
the whole system was pre-extracted at 150 ◦ C to minimize interference.
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A laboratory blank was used for every twelve samples. The method
detection limit (MDL) was defined as three times the standard deviation
of all travel blanks. The MDL values for the SCCPs and MCCPs in the
surface soil were 23.1 ng/g and 11.4 ng/g, respectively. The sample
recovery rates ranged from 60% to 115%.

2.4. Data analysis
Origin 2020, and the package “stats” in R v.3.5.0 were used to plot
data. ArcMap 10.2, IBM SPSS Statistics 25, and AMOS 22 were used to
analyze correlations and differences and to construct structural equation
models (SEMs). The data on Tianjin’s primary industries, secondary
industries, tertiary industries, GDP of districts, population density, the
ratio of total assets to industrial output value (%), and average wages in

Fig. 1. Spatial distribution of (a) SCCP concentrations, (b) MCCP concentrations, (c) total concentrations of SCCPs and MCCPs, and (d) MCCP/SCCP ratio.
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2017 and 2018 were obtained from the Tianjin Statistical Yearbook
(Tianjin Municipal Bureau of Statistics and Survey Office of the National
Bureau of Statistics in Tianjin, 2019, 2018).

industry cluster in west Tianjin. CPs are widely used as plasticizers,
flame retardants, and metal cutting fluids in these industrial parks.
Therefore, the distribution of CPs was affected by the industrial layout
and urban planning of Tianjin. Even in agricultural areas with lower
levels of human activity, 34% of surface soil samples contained more
MCCPs than SCCPs in this survey. In addition, it was found that log10
[SCCPs] was significantly positively correlated with the MCCP/SCCP
ratios (r = 0.213, p < 0.01, Spearman correlation). In summary, our
results were consistent with the highly urbanized and industrialized
nature of Tianjin.

3. Results and discussion
3.1. Concentration levels and spatial distribution of SCCPs and MCCPs
All data here are reported on a dry weight (d.w.) basis. SCCPs and
MCCPs were detected in most soil samples with detection rates of 80%
and 84%, respectively. The descriptive statistics of SCCPs and MCCPs in
all surface soil samples (n = 398) are recorded in Table S2, Supporting
Information. Furthermore, the concentration of CPs was positively
correlated with the TOC value (r = 0.249, p < 0.01, Spearman correla
∑
tion). The SCCP concentrations ( SCCP) ranged from ND – 14,285 ng/
∑
g, with a mean value of 361 ng/g. The MCCP concentrations ( MCCP)
ranged from ND – 6760 ng/g, with a mean value of 356 ng/g. The mean
concentrations of this work were 2 orders of magnitude higher than
those reported for Guangzhou and Chengdu (sampled in 2009 and 2010)
(Huang et al., 2016), urban and suburban areas of Shanghai (sampled in
2011) (Wang et al., 2014; Wang et al., 2017), and the Liaohe Industrial
Zone (sampled in 2012) (Gao et al., 2012). Although the average con
centrations of CPs detected in Chinese agricultural soil in 2016 (mean
SCCP, MCCP = 374, 860 ng/g) (Aamir et al., 2019) and in the surface soils
of the Dongguan Industrial Zone in 2011 (mean SCCP, MCCP = 172, 369
ng/g) (Wu et al., 2020) were comparable to this work, the highest
concentration of CPs reported for those areas was 2 orders of magnitude
lower than the concentrations found in this study. Furthermore, the
concentrations found in this work were much lower than those of typical
CP-contaminated areas, such as an e-waste dismantling area in Taizhou
(Xu et al., 2019) and a CP production plant in Dalian (Xu et al., 2016).
Compared with existing reports of CPs in surface soils in various regions,
the SCCP and MCCP concentrations in Tianjin were at a medium-to-high
level.
Fig. 1 shows the spatial distribution trends of the concentrations of
SCCPs, concentrations of MCCPs, and the MCCP/SCCP ratio in Tianjin
based on geostatistical analysis (inverse distance weighted method).
Significant linear relationships were found between the concentrations
of SCCPs and MCCPs (r = 0.851, p < 0.01, Spearman correlation) with
similar spatial distributions (Fig. 1a and b), indicating that SCCPs and
MCCPs in soil samples might share a similar source. CP products in
China are often mixtures of SCCPs, MCCPs, and sometimes LCCPs (Wei
et al., 2016). A previous study on the short-distance migration of SCCPs
and MCCPs showed that the potential sources of CPs in surface soil were
mainly atmospheric input, volatilization, and degradation (Xu et al.,
2016). The migration abilities of CPs were related to their physico
chemical properties. Chemicals with lower KOW (octanol-water partition
coefficient) values (Gluege et al., 2013) and higher KOA (octanol-air
partition coefficient) values (Aamir et al., 2019) spread more easily over
a wider region. Chen et al. investigated SCCP concentrations (log10
[SCCPs]) and the ratios of MCCPs and SCCPs in sediments from the
highly industrialized and urbanized Pearl River Delta in southern China,
finding higher MCCP/SCCP ratios and a significant positive correlation
between log10 [SCCPs] and MCCP/SCCP in this region (Chen et al.,
2011).
In this study, MCCP/SCCP ratios were calculated for the soil at
different sampling sites. The average ratio was in the range of 0–16.6,
with a mean value of 1.26, where values > 1 accounted for 44% of
sampling sites. The occurrence of MCCPs in the surface soil of urban
areas exceeded the occurrence of SCCPs (Fig. S3). Areas with higher
MCCP/SCCP ratios (values > 1) were mainly located in the densely
populated central urban areas and outlying industrial centers (Fig. 1d).
These industrial centers include the special vehicle manufacturing fac
tories in north Tianjin, food processing and manufacturing industrial
clusters, aerospace industry sites, the high-end car industry clusters east
of Tianjin, a plastic products industry cluster, and the electronic parts

3.2. Concentrations and composition of SCCPs and MCCPs in different
administrative divisions
To further investigate the potential relationships between CP distri
bution and anthropogenic influences, the Tianjin Municipal Govern
ment’s 18 districts were used to divide the sampling regions into the
following four categories (Fig. S1, Supporting Information): urban areas
(6 districts), suburbs (4 districts), Binhai New Area (3 districts), and
outer suburbs (5 districts). Binhai New Area, located in the outer sub
urbs of Tianjin, is a free trade zone that has been supported by the state
for economic development in recent years. In 2017, 2018, the GDP of
Binhai New Area reached 803 and 781 billion yuan, respectively, while
each of the other five outer suburbs did not exceed 150 billion yuan
(Tianjin Municipal Bureau of Statistics and Survey Office of the National
Bureau of Statistics in Tianjin, 2019, 2018). Therefore, the economic
strength of Binhai New Area is stronger than that of other outer suburbs.
The spatial trends of SCCP and MCCP concentrations showed the
same significantly decreasing trend in all regions (p < 0.05), from high
to low in the following order: urban areas (median SCCP, MCCP = 161, 188
ng/g), Binhai New Area (median SCCP, MCCP = 73.9, 64.7 ng/g), suburbs
(median SCCP, MCCP = 52.7, 44.1 ng/g), and outer suburbs (median SCCP,
MCCP = 28.4, 23.7 ng/g) (Fig. 2). These results indicated that the urban
areas were the main source of CPs in this area. The CP contamination in
the outer suburbs may primarily come from migration and diffusion
from urban areas and other potential point sources, such as industrial

Fig. 2. SCCP and MCCP concentrations in the urban areas, suburbs, Binhai New
Area, and outer suburbs.
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parks and the use of products containing chlorinated paraffins. The
higher concentrations of CPs in urban areas may be due to dense
buildings and the extensive use of consumer products containing chlo
rinated paraffins. Wang et al. speculated that the higher SCCP concen
tration in Shanghai urban areas compared with concentrations in the
Shanghai suburbs was mainly due to the discharge of old building ma
terials and household products containing SCCPs (Wang et al., 2017).
Yuan et al. found that after Norway banned the sale and use of SCCPs in
consumer products in 2002, human exposure to SCCPs in houses was
significantly reduced (Yuan et al., 2020b).
The distribution of the geometric mean values of carbon and chlorine
congeners of SCCPs and MCCPs in soils from different administrative
districts are shown in Fig. 3. Among all surveyed districts, C14-MCCPs
were the most abundant carbon congener group, accounting for 36% of
∑
CPs, followed by C13-SCCP congeners, which accounted for 14% of
∑
CPs. In terms of SCCP carbon congener groups, C13 and C11 congeners
were the predominant groups in urban and suburban soil profiles,
analogous to the soil composition of crowded venues and industrially
polluted areas, such as Beijing plastic sports courts (due to outdoor dust)
(Cao et al., 2019), Shanghai urban areas and suburbs (Wang et al., 2014;
Wang et al., 2017), sewage-irrigated farmland (Zeng et al., 2011a), and
the Dongguan Industrial Zone (Wu et al., 2020). This result indicated
that the congener profiles of CP sources in urban and suburban surface
soils may be derived from dense populations and industrial areas.
However, in the outer suburbs and Binhai New Area, the abundance of
short carbon congener groups of SCCPs increased, with C13 and C10 as
the first and second most common congeners. In contrast to the spatial
distribution of SCCPs, the congener profiles of MCCPs in the soils across
the whole sampling region were indistinguishable, with the following
order: C14 > C15 > C16 > C17. For both SCCPs and MCCPs, Cl7 and Cl8
were the main chlorine-substituted congeners found across the sampling
area, while Cl10 and Cl5 were the least-abundant.
C14 and Cl7-8 were the most common congeners found in Tianjin.
Glüge et al. investigated CP products in China and found that CP-52 was
the most predominant product (Glüge et al., 2018). MCCPs accounted
for 57% of CPs in CP-52, and C14 and Cl7-8 congener groups were the
most abundant (Glüge et al., 2018). The matching congener profiles of
the Tianjin soil samples and those of CP-containing products imply that
the main source of CPs in the sampling regions was the direct emission

from the usage of CP-52 products.
3.3. SCCP and MCCP concentrations, composition characteristics and
potential sources of different land use types
A box plot of the concentration of SCCPs and MCCPs for different
land-use types in Fig. 4 shows that CP occurrence significantly depended
on the function of a land area. Overall, CP concentrations in residential
areas were higher than concentrations in agricultural regions, waste
lands, and forests. Moreover, the concentration of CPs in urban resi
dential areas was significantly higher than in rural residential areas (p <
0.01). Xu et al. studied pollution diffusion from a CP plant in Dalian and
found that the CP concentration of the sampling points in residential
areas was even higher than the area affected by the diffusion of pollution
from the CP plant (Xu et al., 2016). Therefore, frequent activities by
residents caused high CP concentrations. The CP concentrations in parks
and greenbelts in this study were also higher than the concentrations in
other non-residential areas. The surface soil of parks and greenbelts is
irrigated by reclaimed water from sewage treatment plants. Our previ
ous research has found that reclaimed water from sewage treatment
plants contained a relatively high concentration of CPs (Zeng et al.,
2011b). The concentrations of SCCPs and MCCPs in samples from
agricultural regions were generally low. Among these samples, 90% and
85% contained SCCP and MCCP concentrations ranging 0–200 ng/g,
respectively. However, a few samples with extremely high concentra
tions were taken from farmland, woodland, or wasteland in the outer
suburbs which were unexpected sources of pollution diffusion. For
example, in the northwest of Tianjin, CP concentrations were extremely
high in two farmland samples adjacent to the suburbs of Beijing. Beijing
is a city with more intense anthropogenic activities than Tianjin.
Nevertheless, during the sampling period, high summer temperatures
enhanced the evaporation potential of CPs in soil particles to the at
mosphere (Wang et al., 2013), and the wind direction during the sam
pling period was the sea breeze blowing from the southeast. Moreover,
CP concentrations were generally low in most of the farmland samples
even they are close to the suburbs of Beijing. Therefore, CP contami
nation caused by anthropogenic activities from Beijing was considered
limited. Simultaneously, these samples were located beside roads or
near bridges, with consistently high concentrations of SCCP and MCCP.

Fig. 3. The distribution of the geometric mean of (a) carbon and (b) chlorine congeners in Tianjin districts.
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congeners with fewer chlorine substituents (Cl5, 6, 7) were distributed in
the first and third quadrants, while congeners with more chlorine sub
stituents (Cl8, 9, 10) were distributed in the second and fourth quadrants.
In Fig. 5a, the variance contribution rate of the first principal component
was 62%, which was positively correlated with the length of the carbon
chain. In addition, in Fig. 5b, both the first and second principal com
ponents were positively correlated with the carbon chain length. That is,
for MCCPs, the short carbon chain congener group (C14) was in the third
quadrant, and the long carbon chain congener groups (C15-17) were in
the second quadrant.
Furthermore, the samples taken from residential areas (Fig. 5) were
mostly concentrated in the second and fourth quadrants, where the
congeners had longer carbon chains and more chlorine substituents.
Samples were taken from greenbelts diffused outward from the original
point, meaning that the CP congeners from various carbon congener
groups and chlorine-substituted congeners were more evenly distributed
in the greenbelts. Greenbelts are generally close to roads and are irri
gated with reclaimed water. The sources of CP contamination in
different districts led to various CP congeners in road dust and reclaimed
water, which increased the abundance of CP congeners in greenbelts.
Compared with samples from residential areas and greenbelts, samples
from agricultural regions were more concentrated in the first and third
quadrants, with C10, C14, and Cl5-7 as the main congeners. The presence
of C14 as the main congener group in the surface soil of agricultural areas
may be due to the use of sewage sludge composting. It has been reported
that MCCPs, particularly C14, are the primary type of CP in sewage
sludge, which contains low concentrations of SCCPs and LCCPs
(Brandsma et al., 2017). Moreover, the higher proportion of C10 in
agricultural areas may be due to the migration of short carbon chain
congeners by dry and wet deposition methods such as wind and pre
cipitation (Aamir et al., 2019).
3.4. The relationship between CP concentration and socioeconomic
factors

Fig. 4. SCCP and MCCP concentrations in various land use types.

The environmental fate of organic pollutants is closely related to
anthropogenic factors. For instance, the distribution of PAHs in inter
tidal sediment is related to human activities (Lv et al., 2020), and ur
banization and industrialization have a significant impact on the
distribution of polybrominated diphenyl ethers, and hex
abromocyclododecanes (Ramu et al., 2010). Positive correlations have
been found between CP concentrations in sediments and population
density (Zeng et al., 2017). Based on these studies, we investigated the
associations between different socioeconomic factors and CP concen
tration. Because the data were normally distributed (Table S3, Sup
porting Information), the Pearson correlation was used for data analysis.
Overall, the CP concentration had no correlation with primary and

It is speculated that the use of CP-containing products such as plastic
debris mixed in these samples caused the high CP concentrations.
Three typical functional areas—residential areas, greenbelts, and
agricultural areas—were selected to further analyze how different landuse types affected carbon and chlorine congener concentrations (Fig. 5).
Principal component analysis (PCA) was used to explore the character
istics of congeners, ignoring samples with a concentration lower than
the MDL and higher than the extreme outliers. Extreme outliers are
defined as values outside of Q3+3IQR, where Q3 is the upper quartile,
and IQR is three times in the interquartile range (IQR). The PCAs for
SCCP congeners (Fig. 5a) and MCCP congeners (Fig. 5b) showed that the

Fig. 5. Principal component analysis for (a) carbon and chlorine congeners of SCCPs, and (b) carbon and chlorine congeners of MCCPs.
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factors and CP pattern is complex, and different socioeconomic factors
also influence each other. Therefore, an SEM approach was applied to
explore the degree of influence of administrative regional planning,
population density, and primary, secondary, and tertiary industries on
MCCP (Fig. 6c) and SCCP (Fig. 6d) concentration distributions. The re
sults demonstrated that administrative regional planning significantly
affected the distribution of primary, secondary, and tertiary industries,
which in turn affected the spatial distribution of SCCP and MCCP con
centrations. Population density had a direct and significant impact on
MCCP concentrations (p < 0.05), and administrative regional planning
affected MCCPs mainly by changing population density. Furthermore,
population density was positively correlated with SCCP concentrations,
but this was not significant. The relatively strong mobility of SCCPs

secondary industries, but it was significantly related to tertiary in
dustries (Fig. 6a). The detection of CPs in primary industry areas may be
due to emission by point sources such as films and other plastic items.
Tertiary industries are characterized by a large flow of people and
include a variety of services that use large quantities of CP-containing
products. In addition, the recycling of car tires (Brandsma et al., 2019)
and plastic products (Zhan et al., 2017) in tertiary industries may also
release CPs into the environment. Population density, which is the
manifestation of urbanization, was also positively correlated with CP
concentrations in Tianjin surface soil samples (Fig. 6b), in agreement
with previously reported sediment CP levels from an urbanized coastal
area (Zeng et al., 2017).
The direct and indirect relationship between multiple socioeconomic

Fig. 6. Contribution of socioeconomic factors to SCCP and MCCP concentrations. (a) The correlation between different socioeconomic factors and CP concentrations.
(b) SCCP and MCCP concentrations and population densities of Tianjin districts. Structural equation models (SEMs) quantifying the direct and indirect effects of
different socioeconomic factors on (c) MCCP and (d) SCCP concentrations; *p < 0.05, **p < 0.01, ***p < 0.001. The width of the arrows corresponds to the numeric
size of the path coefficient. Positive path coefficients are represented by solid-line arrows, while negative path coefficients are represented by dashed-line arrows. R2
values represent the proportion of the variance explained by the tested variable.
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resulted in a more uniform final concentration distribution on the
regional scale, weakening the relevance of socio-economic factors in the
distribution of SCCP concentrations. In contrast, MCCPs likely stay near
their emission source for a longer period of time, leading to a stronger
correlation between MCCPs and population density.
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4. Conclusion
Both this study and other recent studies (Wang et al., 2021) have
shown that the concentration of MCCPs in environmental matrices is
comparable to or even higher than the concentration of SCCPs, indi
cating that the environmental contamination caused by products con
taining MCCPs is of great concern. Moreover, the CP emission sources
most relevant to human exposure may not be the locations where CPs
are produced, but rather the ubiquitous CP-containing consumer prod
ucts used without restraint. This work revealed the differences in the
concentration distribution of SCCPs and MCCPs in various administra
tive divisions and land use types in Tianjin, China. In districts and land
use types with a large flow of people, such as urban areas and residential
areas, CP concentrations were relatively high. CPs in these areas were
dominated by longer carbon chain congeners and congeners with more
chlorine substituents. Although the social and economic indicators
selected in the SEMs were relatively broad, the research results herein
provided a reasonable explanation for why population density appears
to determine the intensity of CP emission sources. This research revealed
the direct and indirect effects of socioeconomic factors on the concen
tration distribution of CPs, providing further data support for the man
agement of emerging pollutants.
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