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g r a p h i c a l a b s t r a c t
� PFOS and PFBA were the predomi-
nant PFAAs in soil and groundwater
samples.

� PFAA concentrations decreased with
increasing distance from the
manufactory.

� Shorter-chain PFAAs showed higher
proportions in groundwater than in
soil samples.

� Linear PFAA isomer proportions were
lower in groundwater than in soil
samples.

� Direct exposure to PFOS and PFOA
posed relatively low health risk in
this study.
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a b s t r a c t

In this study, 32 surface soil samples, 24 groundwater samples, and 6 tap water samples were collected
around a perfluorosulfonates (PFSAs) manufactory in China to analyze the distributions of perfluoroalkyl
acids (PFAAs) including linear and branched isomers. The total concentrations of PFAAs (

P
PFAAs) ranged

from 1.30 to 913 ng/g on a dry weight basis (dw), 31.4e15656 ng/L, and 11.8e59.7 ng/L in soil, ground-
water and tap water samples respectively. Perfluorooctanesulfonate (PFOS) and perfluorobutanoic acid
(PFBA) were the predominant PFAAs in the soil whereas PFBA was the predominant congener in
groundwater. PFAA concentrations in the soil and groundwater decreased with increasing distance from
the manufactory. Shorter-chain PFAAs showed higher proportions in groundwater than in soil samples
and that shorter-chain PFAAs exhibited faster decreasing rates in soil samples, which may be due to the
differences in the polarity and hydrophobicity of these molecules. For isomer profiles, n-PFHxS, n-PFOS,
and n-PFOA were the main isomer in soil samples and groundwater samples. Direct exposure to PFOS
and PFOA via the soil and tap water posed relatively low risk to the residents’ health.

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

Perfluoroalkyl acids (PFAAs), particularly perfluorocarboxylates
(PFCAs) and perfluorosulfonates (PFSAs), have been recognized as
environmental pollutants since they were reported to be bio-
accumulative, toxic, persistent, and ubiquitous in the environment
(Wang et al., 2009). Perfluorooctanesulfonate (PFOS) was the first
PFAA to be listed in the Stockholm Convention as a kind of persis-
tent organic pollutants (POPs) (UNEP, 2009). Subsequently, per-
fluorooctanoic acid (PFOA) and perfluorohexanesulfonate (PFHxS)
were listed as POP candidates (UNEP, 2017).

PFAAs have been used in several areas in applications such as
lubricants, metal plating, textile coating, and fire-fighting foams
(Prevedouros et al., 2006). PFAAs can be released to the environ-
ment during their production and use (Prevedouros et al., 2006).
The two primary processes for manufacturing PFAAs-related
products were electrochemical fluorination (ECF) and telomeriza-
tion (Benskin et al., 2010a). The ECF process produces a mixture of
linear and branched PFAA isomers while the telomerization process
mostly produces linear PFAAs (Benskin et al., 2010a).

Even after 3M stopped the production of PFOS, ECF processes
were still used in some countries including China (Jiang et al., 2015;
Xie et al., 2013). As a result, PFAAs isomers have been detected in
various environmental samples (Beesoon et al., 2011; Benskin et al.,
2011, 2012; Chen et al., 2015; De Silva and Mabury, 2006; Jin et al.,
2015) and exhibited different environmental and bioaccumulative
behaviors such as trophic magnification factor values, tissues dis-
tribution and elimination behaviors (Fang et al., 2014a, 2014b; Gao
et al., 2015; Greaves and Letcher, 2013; Jin et al., 2016). The differ-
ences may be due to their different physical-chemical properties.
Our previous study indicated that the manufactory was an impor-
tant source of the PFAAs in its surrounding environment (Wang
et al., 2010). High levels of PFAAs and their isomers have been
detected in the environment in the vicinity of the manufactory and
in the food and human serum samples of the workers involved in
the manufacturing (Fu et al., 2015; Gao et al., 2015; Wang et al.,
2010, 2019; Zhang et al., 2017). Isomer-specific distribution pat-
terns in the surrounding environment of the manufactory facility
deserved further investigation.

In this study, surface soil, groundwater, and tap water samples
were collected around the PFSA manufactory. The objectives of this
study were to systematically determine the isomer-specific PFAA
concentrations and isomer profiles in different environmental
matrices and to investigate the transport behaviors of PFAAs with
different carbon chain lengths, functional groups and isomers.
Moreover, the potential health risks posed by PFAAs in the vicinity
of the manufactory were assessed.

2. Materials and methods

2.1. Chemicals and reagents

All of the standards including perfluorobutanoic acid (PFBA),
perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic acid
(PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid
(PFUnDA), perfluorododecanoic acid (PFDoDA), per-
fluorobutanesulfonate (PFBS), PFHxS, perfluoroheptanesulfonate
(PFHpS), PFOS, and perfluorodecanesulfonate (PFDS), and PFAAs
isomers including n-, 1m-, 3m-, 4m-, 5m-, iso-, 3,5m2-, 4,4m2,
4,5m2- and 5,5m2-PFOS; n-, 3m-, 4m-, 5m-, iso-, 3,5m2-, 4,4m2,
4,5m2- and 5,5m2-PFOA, n-PFHxS and n-/br-PFHxS mixture were
purchased from Wellington Laboratories (Guelph, ON, Canada).
Internal standards of 13C3PFBA, 13C3PFPeA, 13C2 PFHxA, 13C4PFHpA,
13C4PFOA, 13C6 PFDA, 13C3PFHxS, and 13C8PFOS were also purchased
from Wellington Laboratories. Methanol (HPLC grade) was pur-
chased from J.T. Baker (Center Valley, PA, USA). Ammonium acetate,
formic acid, and ammonium hydroxide were purchased from Alfa
Aesar (Ward Hill, MA, USA). Water was prepared using a Mili-q
Advantage A10 system (Millipore, USA). OASIS WAX (6 cc, 150mg)
cartridges were purchased from Waters (Milford, MA, USA).

2.2. Sample collection

The PFSA manufacturing facility was located in the Hubei
Province, China (Wang et al., 2010). PFBS, PFHxS, PFOS and related
products were made in this manufactory. The annual production
amounts of PFSAs related products were about 30e80 tons. In all,
34 surface soil samples, 24 groundwater samples, and 6 tap water
samples were collected in October 2015. The surface soil and
groundwater sampling sites are illustrated in Fig. S1. The soil
samples were collected from abandoned soil. Each of the soil
samples was obtained as a mixture of 6 points within 1m2. The soil
samples were freeze-dried after the removal of stone, leaves and
grass and were ground by a grinder and stored in polypropylene
bags at �20 �C until analysis. The water samples were collected
from the wells and taps from the nearby villages. The groundwater
and tap water samples were collected in polypropylene bottles that
were rinsed by methanol prior to the collection. The water samples
were analyzed immediately upon the arrival at the laboratory.

2.3. Sample preparation

Soil samples (1 g) were spiked with 5 ng internal standards, and
extracted with methanol (10mL) twice. The extract was concen-
trated to 1mL under nitrogen and then diluted with water (50mL).
The diluted extracted solution was loaded onto a preconditioned
WAX cartridge for clean-up. Water samples (250mL) were spiked
with 5 ng internal standards and loaded onto the preconditioned
WAX cartridge for clean-up.

The WAX cartridge was preconditioned with 0.1% ammonium
hydroxide (4mL) in methanol, methanol (4mL) and water (4mL).
The diluted soil extraction sample or the water sample was loaded
onto the cartridge. The cartridge was washed by ammonium ace-
tate (4mL, pH¼ 4) and then dehydrated by centrifugation. The
cartridge was eluted with methanol (4mL) and then 0.1% ammo-
nium hydroxide in methanol (4mL). The eluate was concentrated
to 1mL under nitrogen. The concentrated solution was transferred
to the sample vial for LC-MS/MS analysis.

2.4. Instrumental analysis

PFAAs were analyzed using an HPLC-MS/MS system. The HPLC-
MS/MS system consisted of an UltiMate™ 3000 liquid chromato-
graph and a TSQ Quantiva triple quadrupole mass spectrometer
(Thermo Scientific, USA). A Thermo Acclaim 120 C18 column (5 mm,
4.6mm� 50mm) was placed upstream of the injector to trap the
instrument background contamination. A Thermo Acclaim 120 C18
column (5 mm, 4.6mm� 150mm) was used for PFAAs analysis.
Acetonitrile (A) and 10mM ammonium acetate aqueous solution
(B) were used as the mobile phases. The flow rate was set to 1.0mL/
min. The dualistic gradient started at 20% A and was maintained for
1.6min, then changed to 95% A in 2.5min linearly and was main-
tained for 4min, then returned to 20% A and then was balanced for
2min. A Waters 2695 Alliance high-performance liquid chro-
matograph coupled with a Waters Quattro Premier XE triple-
quadrupole mass spectrometer (Waters, Milford, MA, USA) was
used for linear and branched PFOS, PFOA and PFHxS isomers’
analysis. A FluoroSep RP Octyl column (3 mm, 2.1mm� 150mm; ES
Industries, West Berlin, NJ, Canada) was used. Methanol (A) and
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5mM ammonium formate (pH¼ 4) aqueous solution (B) were used
as the mobile phases. The flow rate was set to 0.15mL/min. The
gradient was the same as a previous study (Gao et al., 2015), and
detailed description was provided in supplementary materials. The
electrospray ionization (ESI) source was operated in the negative
mode and the detailed information was described in supplemen-
tary materials. Parent ions, product ions and MS parameters were
listed in Table S1.

2.5. Quality assurance/quality control

No fluoropolymer material was used during sample collection,
transportation and sample pretreatment. All of the equipment used
for sample collection and sample pretreatmentwas cleaned prior to
use. One procedural blank was performed for every seven samples.
The procedure of pretreatment was the same as the samples. For
PFAAs with no detectable blank contamination, MQL was the con-
centration in the sample with S/N¼ 10. For PFAAs with detectable
concentrations in blanks, MQLs were defined as the arithmetic
mean plus three times the standard deviation of the blank values.
The MQLs were in the range of 0.01e0.22 ng/g for the PFAAs in the
soil samples, and of 0.03e0.24 ng/L for the PFAAs in the water
samples (Table S2). The matrix spiked recoveries and matrix effect
factors of PFAAs including isomers were listed in Table S3 and
Table S4. Quantification was conducted using an internal standard
calibration curve with regression coefficients (R2) higher than 0.99.
For the quantitation of PFOS and PFOA isomers, standards of indi-
vidual PFOS and PFOA isomer were calculated. For m2-PFOS, con-
centrations in the standards were the summary of individual m2-
PFOS concentration. For PFHxS, n-PFHxS and br-PFHxS were
calculated by the composition of the ECF product. The quantitation
ions were listed in Table S1. A standard of 2 ng/mL was used for
quality control during the analysis.

2.6. Statistical analysis

Statistical analysis was performed using PASW statistics 18.0
software. Spearman's rank coefficients were used for correlation
analysis. A value of p< 0.05 was considered as significant. Con-
centrations below MQLs were assumed as half of the MQLs for
statistical analysis.

3. Results

PFBA, PFPeA, PFHxA, PFHpA, n-/br-PFOA, PFNA, PFDA, PFUnDA,
PFDoDA, PFBS, n-/br-PFHxS, PFHpS, and n-/br-PFOS were analyzed.
Table 1
Concentrations and detection frequencies (df) of PFAAs in soil, groundwater and tap wat

PFBA PFPeA PFHxA PFHpA

Soil ng/g dw n¼ 32 min 0.27 <0.05 0.09 <0.01
max 313 61.2 129 39.5
mean 21.1 3.45 7.09 2.35
median 3.37 0.52 1.43 0.51
df 100% 93.8% 100% 93.8%

Groundwater ng/L n¼ 24 min 22.8 <0.20 0.05 <0.04
max 8764 575 2214 214
mean 1704 87.3 294 18.8
median 238 9.17 27.2 1.94
df 100% 95.8% 100% 66.7%

Tap water ng/L n¼ 6 min 9.48 <0.20 0.24 <0.04
max 33.7 2.94 18.5 1.7
mean 16.2 0.49 3.60 0.28
median 12.0 <0.20 0.70 <0.04
df 100% 16.7% 100% 16.7%
However, the detection frequencies of PFHpS, PFUnDA and PFDoDA
were less than 10% in soil and water samples, and they were not
discussed in this study.

3.1. Levels and composition profiles of PFAAs in soil

As shown in Table 1, PFBA, PFHxA, PFOA, PFBS, PFHxS, and PFOS
were detected in all of the 32 soil samples. The detection fre-
quencies of PFPeA, PFHpA, PFNA and PFDAwere 93.8%, 93.8%, 90.6%
and 78.1%, respectively. The total concentrations of PFAAs
(
P

PFAAs) in soil samples ranged from 1.30 ng/g dw to 914 ng/g dw,
with the mean and median value of 65.0 ng/g dw and 8.36 ng/g dw,
respectively. The highest

P
PFAAs was found for site 3 that was

located at a distance of approximately 100m from themanufactory.
The median concentration of individual PFAAs concentrations

ranked as follows:
PFBA> PFHxS> PFHxA> PFOS> PFOA> PFPeA> PFHpA> PFBS> -
PFDA> PFNA. PFOS concentrations were in the range of
0.06e458 ng/g dw with the mean value of 23.1 ng/g dw and the
median value of 0.71 ng/g dw and the mean PFOS concentration
accounted for 35.5% of the average

P
PFAAs (Fig. S2). PFBA con-

centrations were in the range of 0.27e313 ng/g dw with mean and
median concentration 21.1 and 3.37 ng/g dw, respectively. On the
whole, PFBAwas the most predominant congener of PFAAs and the
average concentration accounted for 32.5% of

P
PFAAs.

Compared to our previous study of this region in 2010, the
average concentration of PFOS was comparable and PFOA concen-
tration was a bit lower than that found in 2010, whereas the
average concentration of PFHxS in soil was higher in this study
(0.63 ng/g dw in the previous study) (Wang et al., 2010). One
possible reason is that the production of PFOS was generally
decreased and PFHxS was produced as PFOS alternatives at this
manufactory.

Compared to previous studies, PFOS concentrations in the vi-
cinity of the manufactory obtained in this study were lower than
those in a napalm-/main firefighting training facility in Sweden,
comparable with the old fire station, whereas higher than those
found in most of the previous studies (Fig. 1a, Table S5) (Filipovic
et al., 2015; Llorca et al., 2012; Meng et al., 2015; Pan et al., 2011;
Plassmann and Berger, 2013; Rankin et al., 2016; Wang et al., 2011,
2012, 2013). PFOA concentrations in this study were lower than
those found at the napalm-/main firefighting training facility in
Sweden and were higher than those obtained in most of the pre-
vious studies (Fig. 1a, Table S5) (Filipovic et al., 2015; Llorca et al.,
2012; Meng et al., 2015; Pan et al., 2011; Plassmann and Berger,
2013; Rankin et al., 2016; Wang et al., 2011, 2012, 2013).
er.
P

PFOA PFNA PFDA PFBS
P

PFHxS
P

PFOS
P

PFAAs

0.32 <0.01 <0.01 0.05 0.19 0.06 1.30
21.9 0.25 0.26 18.1 46.1 458 914
1.54 0.06 0.07 1.79 4.48 23.1 65.0
0.55 0.04 0.06 0.18 2.33 0.71 8.36
100% 90.6% 78.1% 100% 100% 100%
0.73 <0.03 <0.04 2.98 0.40 <0.04 31.44
87.7 1.08 0.19 2744 340 776 15658
8.04 0.15 0.02 261 33.5 35.3 2442
1.76 <0.03 <0.04 50.3 1.45 0.67 391
100% 45.8% 16.7% 100% 100% 91.7%
1.25 0.10 <0.04 0.15 0.31 0.11 11.8
1.82 0.19 <0.04 1.48 0.54 0.30 59.7
1.46 0.14 <0.04 0.45 0.37 0.20 23.2
1.43 0.13 <0.04 0.21 0.35 0.22 14.9
100% 100% 0% 100% 100% 100%



Fig. 1. Comparison of PFAA concentration ranges in soil samples (a) and groundwater samples (b) to the data obtained in previous studies.
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3.2. Levels and composition profiles of PFAAs in groundwater and
tap water

P
PFAA concentrations in the groundwater samples were in the

range of 31.4e15658 ng/L, with the mean and median value of
2442 ng/L and 391 ng/L, respectively. PFBA, PFHxA, PFOA, PFBS and
PFHxS were detected in all of the groundwater samples, and the
detection frequencies of PFPeA, PFHpA, PFNA, PFDA and PFOS were
95.8%, 66.7%, 45.8%, 16.7% and 91.7%, respectively. The highest
P

PFAAs was found at sampling site 6, which was located very close
to the manufactory. PFBA was the predominant congener ac-
counting for 69.8% of

P
PFAAs (Fig. S2), followed by PFHxA and

PFBS. PFBA levels ranged from 22.8 to 8764 ng/L with the mean
and median value of 1704 ng/L and 238 ng/L, respectively. PFHxA
concentrations were in the range of 0.05-2214 ng/L with the
mean and median PFHxA concentration of 294 ng/L and 27.2 ng/L,
respectivley. PFBS concentrations were in the range of
2.68e2744 ng/L with the mean and median concentration of
261 ng/L and 50.3 ng/L, respectivley. PFOS concentrations were in
the range of no detection to 776 ng/L with the mean and median
PFOS concentration of 35.3 ng/L and 0.67 ng/L, respectively, which
accounted only for 1.45% of

P
PFAAs.

Compared with the PFAA concentrations in the groundwater
samples examined in previous studies (Fig. 1b, Table S6), with the
exception of PFBA, the PFCA concentrations found in this study
were much lower than those in a fluorochemical industrial park in
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Shandong Province. For PFSAs, PFBS concentrations in groundwater
in this work were at a lower level while PFHxS and PFOS concen-
trations were much higher than those in the industrial park (Liu
et al., 2016), whereas similar to those for the Daling river basin
near a fluorochemical industrial park in China (Wang et al., 2016).
Comparison to the typical polluted areas in other countries, the
PFAA concentrations in the groundwater in the vicinity of this
manufactory were much lower than those at a military airport in
Sweden (Filipovic et al., 2015) and the PFCA concentrations were
comparable to those found for French Overseas Territories and U.S.
Air Force aqueous film-forming foam release sites (Anderson et al.,
2016; Munoz et al., 2017). For PFSA congeners, the concentrations
were comparable to those in French Overseas Territories but much
lower than the concentrations at the U.S. Air Force aqueous film-
forming foam release sites (Anderson et al., 2016; Munoz et al.,
2017). And PFASs concentraions in this study were much higher
than those in Huai River Basin and Ganges River Basin (Sharma
et al., 2016; Zhu et al., 2017).

P
PFAAs in tap water samples were in the range of 11.8e59.7 ng/

L with a mean andmedian concentration of 23.2 ng/L and 14.9 ng/L,
respectively, which was much lower than the concentrations for
the groundwater samples. PFBA was the predominant PFAA with a
mean and median concentration of 16.2 ng/L and 12.0 ng/L,
respectively. The mean PFBA concentration accounting for 69.8% of
P

PFAAs (Fig. S2). Additionally, PFAA concentrations in tap water
samples found in this work were much lower than those in the
Daling river basin near a fluorochemical industrial park (Wang
et al., 2016) but were comparable to the background locations
(Kuroda et al., 2014).
3.3. Isomer-specific levels of PFAAs in soil, groundwater and tap
water samples

Linear and branched PFOS, PFOA and PFHxS isomers were
analyzed in this study (Table 2). For the soil samples, n-PFOS was
detected in all samples and branched PFOS was detected in 24 of 32
samples. n-PFOS proportions were in the range of 63.2%e100%,
which was higher than in previous study on a Chinese fluo-
rochemical manufacturing park in Jiangsu Province (54.2%e100%)
(Jin et al., 2015) and branched PFOS isomer concentrations were
found to be in the order of (3 þ 5)m-> iso-> 4m->m2-> 1m-PFOS
(Table 2). n-PFOA was detected in all of the samples and accounted
for 76.4e100% of

P
PFOA. Branched PFOA isomers were only

detected in 15 samples and the mean concentrations of branched
PFOA isomers were in the order of iso- > 5m- > 4m- > 3m->m2-
Table 2
Linear and branched PFHxS, PFOS, PFOA concentrations in soil, groundwater and tap wa

PFHxS PFOS

n- br-
P

n- 1m- (3 þ 5)m- 4m

Soil ng/g dw n¼ 32 min 0.19 <0.02 0.19 0.06 <0.03 <0.02 <0
max 37.2 8.93 46.1 290 7.12 96.6 13.
mean 3.79 0.69 4.48 16.7 0.24 3.64 0.4
median 1.89 0.39 2.33 0.60 <0.03 <0.02 <0
dn 32 31 32 32 6 13 8

Groundwater ng/L
n¼ 24

min 0.37 <0.08 0.40 <0.06 <0.10 <0.08 <0
max 251 116 340 311 5.09 288 40.
mean 21.2 12.3 33.50 14.1 0.21 13.1 1.8
median 1.13 0.40 1.45 0.43 <0.10 0.10 <0
dn 24 20 24 22 1 12 7

Tap water ng/L
n¼ 6

min 0.28 <0.08 0.31 0.11 <0.10 <0.08 <0
max 0.54 0.12 0.54 0.30 <0.10 <0.08 <0
mean 0.37 0.03 0.40 0.20 <0.10 <0.08 <0
median 0.35 <0.08 0.38 0.22 <0.10 <0.08 <0
dn 6 2 6 6 0 0 0
PFOA. The detection frequencies of branched PFOA isomers were
lower than those in the fluorochemical manufacturing park in
Jiangsu Province (Jin et al., 2015). n-PFHxS and br-PFHxS were
detected in all of the samples with the n-PFHxS proportions
ranging from 45.8% to 95.4%.

For groundwater samples, branched PFOS were detected in 16
samples. n-PFOS ranged from 10.0% to 100% with the average
proportion of 39.9%. The average concentrations of the branched
isomers were in the order of (3 þ 5)m-> iso-> 4m->m2-> 1m-
PFOS. For PFOA, n-PFOA was still the predominant congener with
the average value of 50.8% for

P
PFOAs in groundwater. The

branched PFOA isomers were detected only in 17 samples and the
mean concentrations of branched PFOA isomers were in the order
of iso- > 3m- > 4m- > 5m->m2-PFOA. Branched PFHxS were
detected in 20 of the 24 groundwater samples and the average n-
PFHxS proportion was 63.2% for

P
PFHxS. Little information is

available for PFAAs isomers in groundwater. Some previous studies
revealed the PFAAs isomers profiles in seawater, river water and
drinking water samples, as summarized in Table S7. Generally, n-
PFOS and n-PFOA proportions in groundwater samples in the vi-
cinity of the manufactory were lower than those in the water
samples of previous studies, possibly due to the direct release of
PFOS and PFOA during the ECF process (Benskin et al., 2010b; 2012;
Chen et al., 2015; Fang et al., 2014a; Jin et al., 2015; Yu et al., 2013;
2015.). For tap water samples, only 5m-PFOA and br-PFHxS were
detected in 2 samples while the concentrations of the other
branched isomers were all lower than the MQL.
4. Discussion

4.1. Comparison of PFAAs transport and isomer profiles of soil and
groundwater

PFAA concentrations decreased with increasing distance from
the manufactory in both soil and groundwater samples. For soil
samples, PFAA concentrations deceased sharply to below one
percent of the highest concentration that was found at the site
closest to the manufactory with the distance of 2 km. Regression
analyses were carried out to examine the relationships between the
individual PFAA concentration and distance in soil samples (Fig. 2).
PFAA concentrations decreased logarithmically with increasing
distance (p< 0.05). Comparison of different PFAAs congeners in soil
samples showed that the shorter-chain PFCA concentrations
decreased faster than the longer-chain PFCA concentrations. PFCA
concentrations decreased faster than PFSA concentrations with the
ter samples.

PFOA

- iso- m2-
P

n- 3m- 4m- 5m- iso- tb-
P

.03 <0.01 <0.02 0.06 0.32 <0.05 <0.03 <0.02 <0.01 <0.02 0.32
36 43.9 7.90 458 16.7 1.03 1.13 0.99 1.92 0.08 21.9
9 1.76 0.27 23.1 1.35 0.03 0.04 0.04 0.08 0.002 1.54
.04 0.05 <0.02 0.71 0.55 <0.05 <0.03 <0.02 <0.01 <0.02 0.55

21 7 32 32 1 1 9 10 1 32
.10 <0.04 <0.08 <0.04 0.67 <0.20 <0.12 <0.07 <0.04 <0.08 0.73
4 102 31.0 776.19 46.0 9.43 8.82 8.42 14.0 1.10 87.7
3 4.57 1.53 35.35 4.03 0.95 0.93 0.85 1.17 0.11 8.04
.10 0.10 <0.08 0.67 1.55 <0.20 0.06 0.12 <0.04 <0.08 1.76

14 9 22 24 8 12 13 10 5 24
.10 <0.04 <0.08 0.11 1.18 <0.20 <0.12 <0.07 <0.04 <0.08 1.25
.10 <0.04 <0.08 0.30 1.82 <0.20 <0.12 0.07 <0.04 <0.08 1.82
.10 <0.04 <0.08 0.20 1.45 <0.20 <0.12 0.01 <0.04 <0.08 1.46
.10 <0.04 <0.08 0.22 1.43 <0.20 <0.12 <0.07 <0.04 <0.08 1.43

0 0 6 6 0 0 1 0 0 6



Fig. 2. Relationship between individual PFAA concentration in soil and the distance from the manufactory.
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same carbon chain length. The difference between the PFAAs
congeners may be due to the polarity and hydrophobicity of
different congeners. PFAAs with weaker polarity and stronger hy-
drophobicity were prone to be adsorbed to the soil samples, leading
to the relatively lower decreasing rates.

Opposite trends were found for the groundwater samples.
Longer-chain PFAA concentrations decreased faster than those of
the shorter-chain PFAAs. PFSAs decreased faster than PFCAs with
the same carbon chain length. PFOA, PFBS, PFHxS and PFOS con-
centrations decreased faster than the concentrations of the shorter-
chain PFCAs. These differences may also be due to the differences
between the polarity and hydrophobicity of the different conge-
ners. Shorter-chain PFAAs got stronger polarity and hydrophilicity
than longer chain PFAAs. And the solubility and mobility of shorter
chain PFAAs were better in groundwater compared to the longer-
chain PFAAs. Regression analysis revealed that individual PFAA
concentrations in groundwater samples also decreased logarith-
mically with the distance from the manufactory (p< 0.05) (Fig. 3).

Comparison of the PFAAs composition profiles of soil and water
samples (Fig. S2) showed that the fractions of shorter chain PFAAs
such as PFBA and PFBS of

P
PFAAs in the groundwater samples

were higher than those in the soil samples, whereas longer chain
PFAAs such as PFOS and PFOA showed opposite profiles. Generally,
the lgKow of PFAAs increased with increasing carbon chain length
(Wang et al., 2011), indicating the stronger hydrophobicity of the
longer-chain PFAAs. For the PFCA and PFSA with the same carbon
chain length, the lgKow of PFSA was higher than PFCA (Wang et al.,
2011). As a result, shorter chain PFAAs such as PFBA and PFBS
showed stronger solubility and mobility in groundwater than PFOA
and PFOS due to their higher solubility, resulting in higher pro-
portions and relatively lower decreasing rates in the groundwater
samples. By contrast, PFOA and PFOS showed a higher binding ca-
pacity to the soil than PFBA and PFBS, leading to the weaker
mobility of PFOA and PFOS and their higher proportions in the soil
samples. Similar results were obtained in a previous study of PFAAs
distribution in the water and surface sediment samples, which
revealed that PFBA and PFBS were dissolved in water and trans-
ported by thewater current while PFOS and PFOAwere adsorbed by
the sediments during water flow (Zhou et al., 2013). These phe-
nomena may contribute to explain the distribution of PFAAs in
solid-liquid system.

To explain the differences between the different PFAAs and
environmental matrix, principal component analysis (PCA) was
conducted (Fig. 4). The first two principal components are shown in
Fig. 4a, and explain 79.3% of the total variance. PFAAs were mainly
separated into 3 groups related to the chain length. Short chain
PFAAs including PFBA, PFBS, PFPeA, PFHxA and PFHxS were in the
first group. Medium chain PFAAs including PFHpA, PFOA and PFOS
were in the second group. This result further proved that the dis-
tribution or migration of PFAAs in soil and groundwater was



Fig. 3. Relationship between individual PFAA concentration in groundwater and the distance from the manufactory.

Fig. 4. The loading plot (a) and the score plot (b) for PFAAs in soil, groundwater and tap water using the first two principal components. It was found that Component 1 can explain
67.4% of the variance, and Component 2 can explain 11.9% of the variance.
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strongly related to their physico-chemical properties. Longer-chain
PFAAs including PFNA and PFDA were in the third group. The
relative lower levels of PFNA and PFDA in the water and soil sam-
ples (Table 1) may indicate that the manufactory is not the direct
source of these two compounds.

For PFAAs isomers, linear isomer proportions were lower in the
groundwater samples than in the soil samples for PFHxS, PFOS and
PFOA (Fig. 5). The phenomenon may result from the physico-
chemical properties of linear and branched PFAAs isomers, which
was in accordance with a previous study of PFAAs isomer patterns
in water/suspended particulate matters (SPM)/sediment system
(Chen et al., 2015), where n-PFOA exhibited higher proportions in



Fig. 5. PFHxS, PFOS and PFOA isomer composition profiles in soil and groundwater.

Y. Gao et al. / Chemosphere 227 (2019) 305e314312
sediment and SPM phases. The lg Koc values were calculated in their
study, which indicated the values of n-PFOA were higher than
branched PFOA isomers. In another study of PFAAs isomer analysis,
the eluting behavior on PFO stationary phase was also discussed.
Linear PFAAs was the latest eluting on PFO, indicating the stronger
hydrophobicity and weaker polarity than the branched isomers of
linear PFAAs (Benskin et al., 2007). Therefore, linear PFAAs isomers
may tend to adsorb to the soil phase. For different branched iso-
mers, the proportions of each isomer were greater in the ground-
water samples than in the soil samples. Comparative studies of the
mechanism of PFAAs isomers distribution patterns of different
environmental interfaces were rare and deserved further
investigation.
4.2. Residents’ health risk assessment

Residents' direct exposure pathways via soil included inhala-
tion, ingestion and dermal exposure. The United States Environ-
mental Protection Agency (USEPA) set the residential soil screening
guidance values for PFOA and PFOS at 16000 ng/g and 6000 ng/g,
respectively (USEPA, 2014). In this study, PFOA and PFOS concen-
trations in soil samples were much lower than the EPA's residential
soil screening guidance values, indicating that the health risks of
PFOS and PFOAvia direct ingestion, inhalation and dermal exposure
to contaminated soil were relatively low. The estimated daily
exposure (EDE) of PFAAs via the outdoor soil were assessed using
CSOIL model (Brand et al., 2007; Song et al., 2012). Detailed infor-
mationwas described in supplementary material. Dermal exposure
and inhalation exposure were calculated using the maximum
concentration of PFAAs (Table S8). The maximum estimated daily
exposure of PFOS were 0.04 ng/kg bw/d for adult and 0.194 ng/
kg bw/d for child. However, PFAAs can be bioaccumulated in plants
such as crops and vegetables (Zhang et al., 2017) and thus may still
pose potential risk to human health via diet intake.

Compared to these standards values, the PFAA concentrations in
tap water samples in this study were all below the threshold values
(Table S9) (DWI, 2009; MDH, 2011; Paterson et al., 2012; USEPA,
2016; Valsecchi et al., 2017), implying that the direct risks to local
residents were relatively low. For the groundwater samples, PFOS
concentrations within 500m of the manufactory were higher than
most of the limits. PFBA concentrations within 500m of the
manufactory were around the chronic health risk limit (7000 ng/L).
According to our survey, the groundwater from the wells was not
used as the drinking water, effectively decreasing the residents’
direct PFAAs exposure.

However, the groundwater was still used for irrigation, show-
ering and washing in the daily life of some families. Additionally,
groundwater was used as drinking water for poultry and livestock
in some cases. The intake of these polluted products may also lead
to potential risks. Strict restrictions should be imposed to reduce
the exposure routes.

5. Conclusions

Levels, spatial distribution and isomer profiles of PFAAs in soil,
groundwater and tap water samples in the vicinity of a manufac-
tory were investigated in this study. Manufacturing was found to be
an important PFAA source of release to the surrounding environ-
ment. Different exponential decreasing trends of PFAAs and their
isomer concentrations in soil and groundwater samples were due
to their different polarity and hydrophobicity properties. To date,
studies of PFAAs, and particularly, the linear and branched PFAS
isomer transport between soil and water have been rare. The
isomer-specific migration and partition behavior in different
environmental media should be investigated further. A preliminary
risk assessment indicated that the direct exposure to PFOS and
PFOA via soil, groundwater and tap water posed little risk to the
residents. However, there were still potential risks due to the
diverse use of these compounds and their bioaccumulation in the
food chain.
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