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topsoil samples from different functional areas in Tianjin were comprehensively investigated. Seventeen PFAS congeners were identified, with concentrations ranging from 0.21
ng/g to 5.35 ng/g, with a mean concentration of 1.25 ng/g. The main PFAS in the topsoil
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was perfluorooctanoic acid (PFOA). 6:2 chlorinated polyfluorinated ether sulfonate (6:2 Cl-
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PFESA; <MDL–1.95 ng/g, mean 0.11 ng/g), as an emerging substitute for perfluorooctane sul-
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fonate (PFOS), was also detected in the topsoil. It showed slightly higher concentrations than

6:2 Cl-PFESA

PFOS (<MDL–1.62 ng/g, mean 0.10 ng/g), indicating it has gradually replaced legacy PFOS in

Source

this area. Based on the positive-definite matrix factor (PMF) receptor model, the major PFAS

Distribution

sources was dominated by textile treatment, metal electroplating plants, and some potential precursors of PFAS with longer chains (>C8) were the major sources (43.4%), followed
by food packaging as well as coating materials (25.5%). In addition, Spearman correlation
analysis and the structural equation model showed that population density significantly
impacted the PFAS distribution in the topsoil of Tianjin.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Per- and perfluoroalkyl substances (PFAS) are a class of
aliphatic hydrocarbon compounds in which the hydrogen

∗

∗∗

atoms connected to carbon atoms are completely (prefix: per) or partially substituted (prefix: poly-) with fluorine atoms
(Abunada et al., 2020). Since their surface activity is far better
than hydrocarbon or silicone surfactants and because they are
highly stable, hydrophobic, and oleophobic, PFAS have been
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applied in many fields such as energy, aerospace, materials,
medical care, automobiles, and everyday chemicals since the
1940s. Due to their adverse environmental impact and the potential biological toxicity of certain PFAS monomers, typical
C8-PFAS, including perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA), were listed as globally restricted
and eliminated pollutants by the Stockholm Convention in
2009 and 2019, respectively (UNEP, 2019a).
The phase-out of legacy PFAS has led to the compensatory
manufacture and employment of alternatives. At present, the
main alternative strategies are the use of short-chain perfluoroalkyl acids (PFAAs) or the insertion of ether groups into the
perfluorocarbon chain, such as chlorinated polyfluorinated
ether sulfonate (Cl-PFESA, denoted as F-53B) and hexafluoropropylene oxide-dimer acid (HFPO-DA, denoted as GenX;
Wang et al., 2019a). Short-chain PFAS are thought to have
lower persistence and bioaccumulation than their long-chain
homologs due to their lower molecular weight and polarity. By
inserting ether bonds into the perfluorocarbon chain, PFESAs
can potentially be degraded by the environment (Strynar et al.,
2015), however, recent reports have shown that certain novel
PFAS not only have greater environmental persistence and
long-distance migration than traditional PFAS, but also have
similar or even higher bioaccumulation and toxicological effects than PFOS and PFOA. For example, 6:2 Cl-PFESA is considered to be the most bio-persistent PFAS (Wang et al., 2019b),
and its half-life in the human body (median 15.3 years) is even
longer than that of PFOS (median 6.7 years) (Shi et al., 2016;
Munoz et al., 2019); therefore, emerging PFAS, including shortchain analogs, precursor substances (such as long-chained
fluorotelomer sulfonates, FTS), and perfluoropolyether substitutes, have attracted widespread attention in recent years.
Perfluorohexane sulfonic acid (PFHxS) and its related chemicals were included in the Stockholm Convention persistent
organic pollutants (POPs) candidate list in 2017 (UNEP, 2017).
It is necessary to investigate the levels of multiple PFAS in the
environment—especially novel PFAS—to provide data support
for their reasonable management and control.
Soil is a major sink for POPs. In general, PFAS can be discharged into the soil from point sources (e.g., fluoride manufacturing and processing sites, sewage treatment plants,
aqueous film-forming foams (AFFF), and landfills) or diffusion sources (e.g., atmospheric deposition, runoff, and pesticide spraying) (Kim et al., 2014). PFAS in the soil can be transferred to the atmosphere, surface water, and groundwater by
volatilization, diffusion, leaching, and runoff (Armitage et al.,
2009). PFAS can also be transferred through the food chain
from soil to plants to organisms, and finally to humans, where
they pose a health hazard (Meng et al., 2018); therefore, research on the levels, distributions, and sources of PFAS in the
soil is of great importance for understanding the fate and migration of PFAS in the environment. Tianjin is located in northern China and faces the Bohai Sea to the east. In recent years,
the rapid development of traditional and emerging industries in Tianjin, such as textiles, electronics, automobiles, and
aerospace industry, inevitably releases many PFAS-based materials into the environment, posing a potential threat to the
environment and human health (Sun et al., 2017; Meng et al.,
2015). Liu et al. (2021) reported that PFOS, 6:2 Cl-PFESA, and
PFOA were the major PFAS in the serum of pregnant women

in Tianjin, with geographic mean of 7.05, 5.31, and 2.82 ng/mL,
respectively. Through the detection of serum samples from
women with pregnancy in Tianjin, it was found that the levels of PFOA exposure in Tianjin increased sharply from 2010 to
2017 (Liu et al., 2021). In addition, as one of China’s four municipalities, Tianjin is one of China’s most populous and urbanized industrial cities (Yao et al., 2014). Therefore, the source
analysis of PFAS in the topsoil of Tianjin is of great significance for PFAS management. This work provides new data on
the release of legacy and emerging PFAS in China’s urbanized
and industrialized cities. In particular, investigating the occurrence, composition, and spatial distribution of PFAS in the topsoil of five different functional areas in Tianjin, it is helpful to
understand the influence of human activities and socioeconomic development conditions on the environmental burden
of PFAS.
Herein, this work aimed to implement a systematic study
of legacy and novel PFAS in the topsoil in Tianjin. The aims
were to (1) comprehensively investigate the level and distribution of legacy and novel PFAS in the topsoil from different
functional areas in Tianjin; (2) analyze possible sources and
their contributions to PFAS with the positive-definite matrix
factor (PMF) analysis model; and (3) assess possible associations between socioeconomic activity and PFAS pollution (including legacy and emerging congeners) in the topsoil of Tianjin.

1.

Materials and methods

1.1.

Standards and chemicals

Both high-purity PFAS standards and isotopic internal standards were purchased from Wellington Laboratories, Canada
(detailed chemicals are listed in the Appendix A). The target
compounds in this study included eight perfluorinated sulfonic acids (PFSAs), twelve perfluorinated carboxylic acids (PFCAs), seven precursors, and four perfluoropolyether substitutes. The categories, names, CAS numbers, and molecular
weights of the 31 compounds are shown in Appendix A Table
S1.
Methanol (HPLC grade) and acetonitrile (HPLC grade) were
purchased from Fisher (U.S.A.). The ultrapure water used in
this study was obtained using a Milli-Q water purification
system (Millipore System, Bedford, MA). Ammonium acetate
(97%) and acetic acid (99.9%) were provided by Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). ENVI-Carb (250 mg,
3 cm3 ) solid-phase extraction (SPE) cartridges were obtained
from Supelco (Bellefonte, USA).

1.2.

Sample collection

In this study, Tianjin was divided into the following 11 districts
according to the government’s administrative district: Central
District (CD), Beichen District (BC), Xiqing District (XQ), Jinnan
District (JN), Dongli District (DL), Jinghai District (JH), Wuqing
District (WQ), Baodi District (BD), Ninghe District (NH), Jixian
District (JX), and Binhai New District (BH). The Central District includes Heping District, Hedong District, Hexi District,
Nankai District, Hebei District, and Hongqiao District. Because
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of their small area, these six districts are regarded as a whole
(CD).
All the topsoil samples were collected from 2017 to 2018,
the selected sampling sites were more related to background
or residential areas and not characterized with any potential point sources such as WWTPs, landfills, and industries.
Topsoil sample collection followed the grid dot method (see
Appendix A Fig. S1 for the sampling diagram). The sampling
depth was 20 cm. Topsoil samples were collected and placed
in polypropylene (PP) bags. They were then brought back to the
laboratory, freeze-dried after removing impurities, and ground
through a 150-mesh sieve. A total of 171 topsoil samples were
collected from five functional areas, including farmlands (orchards, paddy lands, vegetable fields, etc.), grasslands (woodlands, greenbelts), residential areas, water environment (tidal
flats, riverside meadows, fishponds, etc.), and other functional
areas (highways, salt flats, wastelands, etc.). Appendix A Table
S2 lists the longitude and latitude of the sampling sites and
information about the land-use status.

1.3.

Sample extraction and clean-up

The extraction and clean-up steps were performed according
to Wang et al. (2019a), with slight modifications. Briefly, 1 g
topsoil was weighed into a 15 mL PP tube, and then 1 ng masslabeled internal standard mix was added into the tube. Afterward, 4 mL of methanol was added as the extraction solvent,
followed by vortexing and mixing for 1 min, ultrasonic extraction for 30 min, and centrifugation for 10 min (4500 r/min,
20°C). Then, the supernatant was collected and transferred to
a new 15 mL PP tube. The above extraction steps were repeated
for three times, followed by the collection and combination of
supernatants.
SPE was used for clean-up. The final extract (about 12 mL)
was concentrated to 2 mL under high-purity nitrogen at 40°C.
A Supelco® ENVI-Carb cartridge was pretreated with 3 mL
methanol. The extract was loaded onto the pretreated cartridge and collected. The tube was further rinsed with 3 mL
methanol and load onto the cartridge. The solution (5 mL) was
collected and blow with nitrogen until the solvent completely
volatilized. Afterward, the eluent was re-dissolved using 200
μL methanol, followed by centrifugation and transfer to a 1.5
mL PP tube. Finally, the resulting solution was frozen at -20°C
overnight to remove possible impurities, followed by centrifugation (10,000 r/min) at 4°C for 15 min. Then the supernatant
was transferred to injection vials for analysis.

1.4.

PFAS analysis

Target PFAS was analyzed using a Shimadzu LCMS-8060 triple
quadrupole mass spectrometer. The column used for separation was Waters ACQUITY UPLC® BEH C18 column (2.1 × 100
mm, 1.7 μm). The guard column was a Waters ACQUITY
UPLC® Protein BEH C18 VanGuardTM (2.1 × 5 mm, 1.7 μm),
and the column temperature was maintained at 40°C. The injection volume was 5 μL, and the flow rate was 0.2 mL/min.
The mobile phases were 10 mM ammonium acetate aqueous solution (A) and acetonitrile (B). Gradient elution was performed using the mobile phase proportions shown in Appendix A Table S3. During mass spectrometry, the negative ion
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mode (ESI− ) was used, and multiple reaction monitoring mode
was used for qualitative and quantitative analysis of analytes.
Other parameters of the mass spectrometer are shown in Appendix A Table S4, and the fragmentation voltage and collision
voltage of each analyte are shown in Appendix A Table S5.

1.5.

Quality assurance and quality control

All materials used in the experiments were rinsed with
methanol before analysis. To ensure the reliability and accuracy of the experiments, during sample pretreatment, two 15
mL empty centrifuge tubes were added to every 10 samples as
program blanks, and the same extraction process was used for
analysis to track possible contaminants during the extraction
process. During instrument testing, two injections of blank
solvent (pure methanol) and a standard solution with a known
accurate concentration were added to every ten samples to
check for potential instrument contamination during analysis
and ensure that the instrument remained stable throughout
the analysis. In terms of accuracy and precision, the standard
curves of the target compounds were 0.05–50 ng/mL, and the
regression coefficients (r2 ) were all greater than 0.99. For PFAS
in the sample, the method detection limit (MDL) and method
quantification limit (MQL) were based on the concentration of
the low-contamination sample when the signals were 3 and
10 times the baseline noise, respectively. The MDL and MQL of
target PFAS in all soil samples are listed in Appendix A Table
S6. Matrix spike recovery tests of topsoil samples showed a
relatively high level of accuracy (mean recovery 70% to 137%)
and precision (relative standard deviation 0.3% to 8.7%) for all
the analytes ( Appendix A Table S7). Data analysis and concentration calculations were performed by LabSolutions software.
The concentration of the target analytes in all solvent blank
samples was lower than the MDL, and concentration calibration was performed using analyte concentrations greater than
the MDL in the program blank.

1.6.
(TOC)

Determination of the total organic carbon content

A TOC-L CPH analyzer (Shimadzu) was used to determine the
TOC of topsoil. Before the experiment, the sample boat was
immersed in 2 mol/L hydrochloric acid for 1 hr to remove inorganic carbon. After cleaning with ultrapure water, it was
baked in a muffle oven at 900°C for 1 hr to remove any carbon
in the sample boat. Then, approximately 50 mg of uniformlyscreened particles was weighed in a pretreated sample boat
for analysis.

1.7.

Statistical analysis

All concentrations in this study were calculated as dry weight
(dw). IBM SPSS v26.0 software was used for data processing,
and the significance level of samples was set at p < 0.05. For
data processing, the actual sample concentrations below the
MDL were replaced with 1/2 MDL, and concentration greater
than the MDL and less than the MQL were left unchanged. Before correlation analysis, a normal test was performed to ensure that data matched the assumptions used in subsequent
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data analysis. Spearman correlation was used to analyze possible correlations among different PFAS in actual samples, and
the Mann-Whitney U test was used to indicate the degree of
significant differences among PFAS. Origin Pro 2020b (Origin
Lab Corporation, Northampton, MA, USA) was used for data
visualization. The ArcMap component of ArcGIS v10.7 (ESRI,
Redland, CA) was used to draw the spatial distributions of
PFAS.

1.8.

Positive-definite matrix factor analysis model (PMF)

Positive-definite matrix factor analysis (PMF) is a relatively
mature quantitative pollution source analysis method in the
environmental sciences field. PMF takes uncertainties and inaccurate/missing data into account when evaluating the accuracy and reliability of each dataset (Qi, et al., 2017).
If the concentration ≤ provided MDL, the uncertainty (Unc)
was calculated with the fixed part of the MDL:
Unc = 5/6 × MDL
If the concentration > MDL, the calculation was made according to the measured concentration and MDL:

Unc =

2
(Error × Concentration ) + MDL2

Referring to a previous study, the error value was set to 20%
(Shi et al., 2021).
In the model, two 17 × 171 sample matrix and uncertainty
matrix datasets (17 target compounds and 171 sample sites)
were imported into EPA PMF 5.0 software for analysis. Q is
an objective function of the PMF model, and Q (True) is a
goodness-of-fit parameter that includes all data points. Q (Robust) is a goodness-of-fit parameter used to calculate data
points excluding mismatched models. In the research model,
Q (Robust) = 9287.8, and Q (True) = 9494.7.

2.

Results and discussion

2.1.
Levels and composition characteristics of PFAS in the
Tianjin topsoil
The levels and detection frequencies (DF) of all PFAS measured
in the topsoil are shown in Table 1. Among the 31 identified
PFAS, 14 legacy and 3 novel PFAS were detected in the Tianjin topsoil. The highest PFAS concentration was found in JN4 and JN-5, wherein the corresponding mean concentrations
were 5.35 and 5.09 ng/g, respectively. The highest concentrations of PFOA were found in JN-4, BC-6, and CD-1, with a range
of 1.30–1.45 ng/g. The highest concentrations of novel PFAS
occurred in JN-5 and CD-3 (1.98 and 1.75 ng/g, respectively).
PFOA, PFDA, 6:2 Cl-PFESA, and PFOS were the main PFAS, accounting for 37.7%, 9.2%, 8.5%, and 8.1% of the total PFAS, respectively. Chen et al., (2020) monitored PFAS in surface water, groundwater, seawater and sediments of rivers in Tianjin area, found that 6:2 Cl-PFESA, PFOA and PFOS were the
main PFAS. A recent study investigated the concentrations of
legacy PFAS and Cl-PFESAs in blood samples from the common population in Tianjin in 2017, showing that PFOA, PFOS

Table 1 – Concentrations (ng/g) and detection frequency
(DF) of PFAS in topsoil of Tianjin
Compound

Mean

SD

Min

Median

Max

DF (%)

PFBS
PFOS
PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFDA
PFUdA
PFDoA
PFTrDA
PFTeDA
PFHxDA
6:2 Cl-PFESA
HFPO-DA
4:2 FTS
Emerging PFAS
Legacy PFAS
PFAS

0.01
0.10
0.09
0.03
0.04
0.05
0.47
0.10
0.12
0.04
0.03
0.01
0.01
0.03
0.11
0.03
<MDL
0.14
1.11
1.25

0.01
0.17
0.07
0.04
0.06
0.04
0.28
0.07
0.15
0.04
0.07
0.01
0.03
0.03
0.22
0.03
0.01
0.22
0.71
0.81

<MDL
<MDL
<MDL
<MDL
<MDL
<MDL
0.023
<MDL
<MDL
<MDL
<MDL
<MDL
<MDL
<MDL
<MDL
<MDL
<MDL
0.01
0.16
0.21

0.01
0.06
0.07
0.02
0.02
0.04
0.42
0.09
0.08
0.03
0.01
<MDL
<MDL
0.02
0.05
0.02
<MDL
0.08
0.97
1.06

0.10
1.62
0.33
0.36
0.49
0.27
1.45
0.49
1.17
0.21
0.68
0.12
0.32
0.13
1.95
0.16
0.08
1.98
5.15
5.35

54
97
97
82
58
99
100
96
94
88
70
22
46
78
98
73
11
100
100
100

Emerging PFAS: 6:2 Cl-PFESA, HFPO-DA, 4:2 FTS Legacy PFAS: C4 –
C16 PFAAs

and 6:2 Cl-PFESA were the major PFAS (Duan, et al., 2019).
Li et al. (2020) found that the average concentration of PFDA
in residential soil of China was 120 pg/g (DF: 9.4%), which is
similar to the content of PFDA in this study (mean: 0.12 ng/g,
DF: 94%). The concentrations of short-chain PFAAs (C < 8) and
long-chain PFCAs (C > 8) ranged from 0.01–1.30 ng/g and 0.02–
2.77 ng/g, respectively. The concentrations of novel PFAS (including 6:2 Cl-PFESA, HFPO-DA, and 4:2 FTS) ranged from 0.01–
1.98 ng/g. PFOA and PFOS concentrations in topsoil ranged
from 0.02–1.45 ng/g and <MDL–1.62 ng/g, respectively. Of the
novel PFAS, 6:2 Cl-PFESA showed the greatest contribution rate
(77.5%), and the concentration was <MDL–1.95 ng/g, followed
by HFPO-DA, whose contribution rate was 20.3% and whose
mean concentration was 0.03 ng/g. While the concentration of
4:2 FTS ranged from <MDL to 0.08 ng/g with a much lower DF
(11%). The novel PFAS, 6:2 Cl-PFESA, was found in the topsoil of
Tianjin at a mean concentration of 0.11 ng/g, which is comparable to the concentration of regulated PFOS (mean: 0.10 ng/g).
Similar to the results of this study, an analysis of PFAS in the
farmland of the Beijing-Tianjin-Hebei urban core area showed
that 6:2 Cl-PFESA was the primary component of F-53B, and
the DF of 6:2 Cl-PFESA (98%) in soil samples was higher than
that of PFOS (83%). The concentration of 6:2 Cl-PFESA (<MDL–
1.20 ng/g) was comparable to that of PFOS (<MDL–0.55 ng/g)
(Lan et al., 2020). As substitutes for PFOS, F-53B has been used
in the hard chrome plating industry in China for more than
30 years as a chrome spray suppressor (Wang et al., 2013). The
concentration of 6:2 Cl-PFESA in surface water in China was
comparable to, or even higher than that of PFOS (Pan et al.,
2018). Studies have shown that the bioconcentration potential
of 6:2 Cl-PFESA is equal to or greater than that of C8-PFAAs
and other short-chain PFAS (Pan et al., 2017). When 6:2 ClPFESA enters the soil, it is likely to accumulate in organisms
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and amplify through the food chain, leading to increased levels of PFAS in organisms, therefore, it is necessary to further
investigate the occurrence and migration characteristics of 6:2
Cl-PFESA in environmental media.
As shown in Appendix A Fig. S2, Spearman correlation
analysis was used to identify the correlation between individual PFAS. Significant positive correlations (p < 0.05) were
observed among most of the PFAS except for PFBS, PFHxDA,
HFPO-DA, and 4:2 FTS in topsoil. Specifically, the concentrations of PFDA (r = 0.86, p < 0.05) and PFUnDA (r = 0.85, p < 0.05)
were positively correlated with the concentration of PFNA,
indicating that these long-chain PFCAs may have common
sources and are difficult to degrade in the environment. In
addition, the concentration of 6:2 Cl-PFESA was significantly
correlated with the concentration of PFOS (r = 0.64, p < 0.05),
suggesting a common source, possibly because PFOS replaced
legacy C8-PFSAs, and 6:2 Cl-PFESA is used as its ether-based
substitute. The positive correlation between 6:2 Cl-PFESA and
PFOS probably imply similar sources from metal plating industry (Wang et al., 2013). In addition, 6:2 Cl-PFESA is also significantly associated with most long-chain PFCAs, which may
be due to their similar logarithmic values of the organic carbon/water partition coefficient (logKoc).
Appendix A Fig. S2 shows that the TOC in this study was
significantly positively correlated with the concentration of
most PFAS (p < 0.05), except for PFBS, C13- and C16-PFCAs,
HFPO-DA and 4:2 FTS, this may be attributed to the relatively low concentration and detection frequencies of these
monomers. Previous studies have shown that soil with a
higher organic matter content can more strongly fix organic
chemicals (Tang et al., 2021). Sewage irrigation and fluorinecontaining compound waste disposal can directly cause soil
to be polluted by PFAS, it is also subject to non-point source
pollution by PFAS through atmospheric migration and subsequent wet and dry precipitation (Rankin et al., 2016; Lan et al.,
2020). The PFAS adsorption by the soil matrix is a crucial factor in reducing the toxicity of PFAS to soil microbes. Increasing the organic matter content improves the adsorption and
fixation capacity of the soil, which results in a positive correlation between organic matter content and PFAS (Du et al.,
2014; Cai et al., 2019).

2.2.
Spatial distribution characteristics of PFAS in the
topsoil of Tianjin
The samples were divided into five functional areas according
to different land-use types as displayed in Fig. 1. The total PFAS
contents followed the order: residential areas (0.27–5.35 ng/g,
mean = 1.93 ng/g) > farmlands (0.21–4.16 ng/g, mean = 1.17
ng/g) > grasslands (0.22–3.15 ng/g, mean = 1.14 ng/g) > water
environment (0.52–2.15 ng/g, mean = 1.12 ng/g) > other functional areas (0.30–2.76 ng/g, mean = 1.08 ng/g). The highest
content of PFAS occurred in the topsoil of residential areas, indicating that the contamination of PFAS was greatly affected
by human activities.
PFOA was the most abundant PFAS in all functional areas.
In residential areas, farmlands, grasslands, and water environment, PFOA accounted for 34%, 38%, 40% and 48% of PFAS,
respectively. Notably, the concentrations of PFOS were significantly lower than those of PFOA in all functional areas. This

75

outcome was contrary to previous studies that found higher
concentrations of PFOS than PFOA in the topsoil of a U.S.
metropolitan area (Xiao et al., 2015). For 6:2 Cl-PFESA, which
is used as a substitute for PFOS, had the highest proportion
of novel PFAS in residential areas. All types of PFAS displayed
the highest detection rate and concentration in residential areas. PFAS in the topsoil of residential areas may come from
multiple sources, including atmospheric dry and wet deposition, surface water runoff, application of composted waste
in home gardens, and leachate from various PFAS-containing
products (including textiles and clothing) (Tang et al., 2021;
Oliaei et al., 2013; Kwok et al., 2010). The distribution characteristics of PFAS in water environment (riverside grasslands,
ponds, tidal flats, etc.) showed that the concentration of shortchain PFAS was higher than that of long-chain PFAS, indicating that short-chain PFAS tend to be concentrated in aquatic
environment and surrounding areas due to their higher water
solubility.
The spatial distributions of PFAS, PFOA, short-chain
analogs (C < 8), and novel PFAS concentrations in topsoil from
the entire city of Tianjin are depicted in Fig. 2. The PFAS concentration decreased from urban and suburban areas (mean
concentration of each district: 1.21–2.36 ng/g) to outskirts
(mean concentration of each district: 0.82–1.30 ng/g). The PFAS
concentration in the topsoil of the BD district was the lowest
(mean: 0.82 ng/g). The PFOA concentration in the topsoil in the
southern part of Tianjin was higher than that in the northern
part, with the highest PFOA concentration in the urban and
suburban areas (mean concentration in each district: 0.48–0.74
ng/g), followed by PFOA in the BH district (mean: 0.62 ng/g).
The highest level of short-chain PFAAs was found in the JN
district (mean: 0.36 ng/g), and a high content of short-chain
PFAAs was also found in the DG district. The concentration
of short-chain PFAAs in the XQ district was the lowest (0.10
ng/g). It was found that the spatial distribution characteristics of emerging PFAS were similar to the distribution characteristics of legacy PFAS. The levels of emerging PFAS in the JN
(mean: 0.38 ng/g) and CD districts (0.33 ng/g) were the highest.
In addition, emerging PFAS (0.10 ng/g) were also detected in
the BH district, especially 6:2 Cl-PFESA. The Binhai New Area
is in the eastern coastal area of Tianjin and is the center of
the Bohai Rim Economic Circle. In recent years, Binhai New
Area has formed advantageous industries represented by electronic information, aerospace, automobiles, equipment manufacturing, new energy and new materials, and food processing industries. Human activities in this area are likely responsible for the detection of relatively higher concentrations of
PFAS.

2.3.

Source analysis of PFAS in the topsoil of Tianjin

As shown in Fig. 3, a PMF receptor model was used to clarify
the primary sources of PFAS in the topsoil of Tianjin.
The PFAS composition of a sample can provide information about the source of contaminants. All of these sampling
points with highest concentrations appeared in the residential area, suggesting that human consumption and the disposal of fluorine-containing materials are the main sources of
PFAS. Typical indicators such as short/long-chain PFAS, PFOA,
and PFOS and their substitutes can be used to identify poten-
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Fig. 1 – Concentrations and compositions of PFAS in the topsoil in different functional areas in Tianjin.

tial PFAS sources (Tang et al., 2021). Based on the data from
171 sampling sites, four factors were designed. The long-chain
PFCAs (C > 8), PFOS, and its substitutes (6:2 Cl-PFESA, PFBS) in
factor 1 and factor 3 had higher load values. The long-chain
PFCAs had high loads, except for PFTrDA (DF: 22%) and PFTeDA
(DF: 46%), the DF of other monomers in the sample was 70–
100%. It was reported that these long-chain PFAS are the main
by-product of current aqueous film-forming foam (AFFF) production in China (Mumtaz et al., 2019). In addition, PFUdA and
PFDA are also used as textile treatment agents (Buck et al.,
2011), therefore, fire foam and textile treatment were identified as part of the sources of factor 1 and factor 3. PFOA contamination is often related to the manufacture and processing of fluoropolymers (FPs), such as polytetrafluoroethylene
(PTFE) (Wang et al., 2016). PFOA is widely distributed throughout Tianjin, especially in residential areas. Consequently, fluoropolymer processing aids are identified as one of the sources
of factor 1. PFOS is used as a spray inhibitor in the chromium
plating industry during electrolysis (Lu et al., 2015), however,
due to the Stockholm Convention restrictions on PFOS, shortchain PFBS and novel 6:2 Cl-PFESA are increasingly being produced and used as PFOS substitutes, therefore, metal electroplating plants are identified as a source of factors 1 and 3.
The occurrence of PFOS is mainly due to the direct release of
PFOS and the indirect release generated by the decomposition
of its derivatives (Armitage et al., 2009b). Therefore, the high
loading of PFOS in factor 1 may originate from the degradation of volatile precursor substances in the atmosphere. The
presence of PFNA may come from the degradation of fluorotelomer alcohols (Cao et al., 2019). Studies have shown that
some long-chain PFAS have long-distance transmission capabilities (Wang et al., 2014a). Duo to the sampling sites in

our study were not characterized with any potential point
sources such as fluorine industrial parks, therefore, the highload long-chain PFAAs in factor 1 may be PFAS emitted from
industrial sources into the soil through atmospheric migration and wet and dry deposition. Factor 2 includes short-chain
PFCAs, such as PFBA, PFPeA, PFHxA, and PFHpA, which are alternatives to legacy PFOA. A previous study found that food
packaging and coating materials contain high levels of shortchain PFCAs (Liu et al., 2019), therefore, the sources of factor
2 were mainly food packaging and coating materials. Factor 4
included high loads of PFBA and HFPO-DA, both of which are
alternatives to controlled PFOA and have been widely used as
fluoropolymer processing acids in recent years. Notably, a recent study has found that the release of some PFAS from the
Dagang Oilfield in Tianjin were associated with oil exploitation and refinery activities, including medium- and long-chain
(C≥4) PFAS, short- and long-chain PFAA precursors, and some
emerging PFAS, indicating that the impact of oil exploitation
activities as a potential source of PFAS to the environment
cannot be ignored (Meng et al., 2021). Taking into account PFAS
contamination in topsoil throughout the area, textile treatments, metal electroplating plants and some potential precursors of PFAS with longer chains (> C8) were the major
sources (43.4%), followed by food packaging and coating materials (25.5%).

2.4.
Effects of socioeconomic development and human
activities on PFAS levels in the topsoil of Tianjin
The main indicator to measure economic development is per
capita GDP. The discharge of pollutants in a region depends on
its area, geographic location, population, and socio-economic

journal of environmental sciences 112 (2022) 71–81

77

Fig. 2 – Spatial distribution of (a) PFAS, (b) PFOA, (c) short-chain PFAAs, and (d) 6:2 Cl-PFESA in the topsoil of Tianjin.

development. In this work, the population density, per capita
GDP, and proportion of tertiary industry were used to indicate
the intensity of human activities.
From the perspective of administrative divisions, the JN
district showed the highest PFAS concentration. Overall, the
PFAS concentration decreased with increasing distance from
the central district (Fig. 4). This finding is contrary to previous
studies that reported that PFAS content in the suburban soil
of Tianjin (6.97 ng/g) was slightly higher than that in the urban
soil (6.15 ng/g) (Meng et al., 2015). PFOA and long-chain PFAS
showed the greatest contributions to the PFAS concentration
in the BH and WQ districts, respectively, while novel PFAS contributed the most to the PFAS pollution in the CD and DL districts. Meng et al. (2015) quantitatively compared PFAS soil pollution in different urbanized areas, and found that the average

PFAS contamination in Tianjin (3.55 ng/g) was the highest,
where the urbanization level was significantly highest. This
finding was similar to the result of this study, indicating that
intensive urbanization had led to an increase in industrial and
domestic PFAS emissions.
Regarding the hypothesis that PFAS pollution in various
districts of Tianjin may reflect different intensities of human
activities, the concentration of PFAS (r = 0.88, p < 0.05) was
significantly correlated with the population density of the
Tianjin area (Appendix A Fig. S3). Specifically, PFOA (r = 0.66,
p < 0.05), PFOS (r = 0.89, p < 0.05), long-chain PFAS (r = 0.66,
p < 0.05) and novel PFAS (r = 0.78, p < 0.05) were all significantly related to the population density, while there was no
significant correlation between short-chain PFAAs and population density. The results further confirmed that PFAS pollu-
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Fig. 3 – PMF receptor model predicted the source composition of PFAS in the topsoil of Tianjin.

Fig. 4 – Concentrations and compositions of PFAS in the topsoil of various districts in Tianjin.

tion in the Tianjin area topsoil may be strongly affected by human activities and population. Previous studies have shown
that the total concentration of PFCAs in urban sewage was significantly positively correlated with GDP and population density (r = 0.89, p < 0.001), while the total PFAS concentration
was not significantly correlated with the population density
(Zhang et al., 2013).

Structural equation model (SEM) is a multivariable analysis method (Ding et al., 2020). It integrates factor analysis and
path analysis, which can test the causal relationship between
theoretical variables in the model, and then obtain the direct
and indirect effects of independent variables on dependent
variables (Wang et al., 2018; Han et al., 2021). Based on the
SEM, the indirect and direct influences of administrative divi-
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tion caused by novel PFAS cannot be overlooked. In addition,
the concentration of most PFAS was positively correlated with
the TOC of soil, which indicated the adsorption of pollutants
by soil organic matter was a key factor affecting the accumulation of PFAS in the soil. Potential sources of PFAS emissions
in the area were identified with a PMF receptor model, which
showed that human activities greatly affected the occurrence
of PFAS in the environment. The potential risks caused by
PFAS pollution in densely populated areas were greater, which
implies that it is necessary to investigate human exposure levels and health risks in densely populated areas with severe
PFAS pollution, especially emerging PFAS.
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direct effect on the PFAS concentration, while per capita GDP
and population density had negative effects, this may indicate that wastewater treatment plants, landfills or industrial
areas resided in suburban regions with low GDP and population density are the major indirect sources of PFAS emissions
(Ahrens, 2011; Xu et al., 2021). Overall, the results of the SEM
further verified the results of the correlation analysis: higher
levels of PFAS in topsoil corresponded to more intense socioeconomic activities in central district of Tianjin.

3.

Conclusion

The results of this study clearly revealed that the topsoil of
Tianjin was contaminated by legacy and novel PFAS, in which,
PFOA, 6:2 Cl-PFESA, and PFOS were the dominant contaminants. In different functional areas, the total concentration
of novel PFAS was higher than that of PFOS in the topsoil.
Notably, the contribution of 6:2 Cl-PFESA to the total novel
PFAS was 77.5%, and its concentration level was comparable to
PFOS, which implied the production and use of PFAS in Tianjin
has shifted from legacy PFAS to novel PFAS, therefore, pollu-
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