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There is limited information on contaminations of per- and polyfluoroalkyl

substances (PFASs) in the water source affected by agricultural activities. The

contamination of PFASs was investigated in the sources of agricultural

groundwater and nearby surface water from an important vegetable production

base supply for Beijing and Tianjin, located in North China. Σ13PFAS concentrations
ranged from 0.321 to 8.285 ng/L, with an average concentration of 2.022 ng/L in

the groundwater and 19.673 ng/L in the surface water. With the increase in the

carbon chain length, the mean concentrations of PFASs in groundwater generally

showed a decreasing trend. The dominated congeners of short-chain

perfluorobutanesulfonate and perfluorooctanoate acid (PFOA) were detected in

all groundwater samples, with mean concentrations of 0.944 and 0.654 ng/L. The

differencewas that PFOA and perfluorooctanesulfonate (PFOS)were the dominant

congeners in nearby surface water, with concentrations of 7.585 and 3.421 ng/L.

Thus, the concentrations of PFOA and PFOS in the surface water were about

8.5 times higher than those in the groundwater, indicating that Σ13PFAS
concentrations might decrease with the water migration from the overground

to the underground. In addition, significant correlations were observed between

PFASs and DOC/TN related to agricultural activities, suggesting a certain

relationship existed between PFAS conger distributions and organic carbon/

nutrients in water. Health risk assessment indicated that the PFAS exposure

caused insignificantly immediate harm to residents in the studied area. This

survey provided information on the sources, spatial distribution, and potential

migration characteristics of PFASs in a typical agricultural area of North China.
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Introduction

Per- and polyfluoroalkyl substances (PFASs) have occurred

ubiquitously in the environment, causing global concerns due to

their long-distance migration, bioaccumulation, and severe

toxicity (Cao et al., 2019; Chen et al., 2022). Serious organic

pollution in the water body leads to a decrease in the availability

of usable fresh water. Additionally, they have some proprietary

properties such as low surface energy and high surface-active

effect as uniquely hydrophobic and lipophobic characteristics

(Tang et al., 2022). However, limited information is available on

PFAS contaminations in the sources of groundwater and surface

water affected by agricultural activities. The Chinese government

issued the Regulations on Groundwater Management (Order No.

748 of the State Council of the people’s Republic of China) at the

end of 2021 to further strengthen the monitoring and protection

of groundwater, especially in agriculture and rural areas. Besides,

the limit values for PFOS and PFOA in drinking water are 40 and

80 ng/L, respectively, according to the Standards for Drinking

Water Quality of China (GB5749-2022).

PFASs have been widely applied in various fields involving

people’s daily consumer goods, business, and industry, such as

surfactants, fire retardants, additives, lubricants, carpet cleaners,

paper coatings, and cosmetics (Sims et al., 2022). PFASs have also

been widely used in pesticides (herbicides, insecticides, etc.) as

auxiliary agents and their packaging (Nascimento et al., 2018). As

always, concerns about PFASs are increasing owing to their

particular features and wide applications, as well as their

global distributions and potential hazards. Therefore, PFOS,

perfluorooctanoic acid (PFOA), and related compounds were

listed as priority pollutants in the International Stockholm

Convention (Chen et al., 2022). In the past decades, short-

chain PFASs or no-fluorinated substances have been

recommended by global manufacturers instead of short-chain

PFASs (Sims et al., 2022; Tang et al., 2022).

A great amount of information has been available presently

on the contaminations of PFASs in various environmental media

such as soil (Gao et al., 2019; Sammut et al., 2019), water (Zhang

et al., 2019; Wang et al., 2022), and air-dust (Liu et al., 2011;

Zhang et al., 2020). PFASs have also been detected in biological

tissue and blood (Valsecchi et al., 2013; Hu et al., 2023), human

blood and urine (Zhang et al., 2013; Szabo et al., 2018), and

remote polar regions (Pedersen et al., 2016). However, solving the

problem of the exposure pathways of PFASs to the ecosystem is

still the focus of all future work. Several studies indicated that

drinking water sources could also be a potential exposure source

(Gao et al., 2019; Barton et al., 2022). Evidently, there is a

potential health risk of drinking water with PFAS

contaminations for human bodies (Li et al., 2020; Lu et al.,

2022). Notably, groundwater accounts for about one-third of the

total water resources and twenty percent of the water supply in

China. Groundwater, as one of the main global water resources,

has been facing the pollution of various pollutants (i.e., PBDEs,

PAHs, nitrobenzene, and chloroethylene). Nevertheless,

information on groundwater as a water source slightly

contaminated by PFASs, including irrigation and drinking

water sources, remains limited. A few existing reports

suggested that the globally detected PFASs in groundwater

were at various levels ranging from the typically measured

levels of ng/L to several μg/L, dominated by perfluorinated

carboxylates (PFCAs) with less than or equal to eight carbons

and PFOS (Murakami et al., 2009; Bao et al., 2011; Sammut et al.,

2019; Wang et al., 2022).

This study was focused on the occurrence of PFASs in

groundwater sources from an important vegetable production

base supply for Beijing and Tianjin, located in North China. The

spatial distribution, compositional profiles, migration and source

identification, and human health assessment of PFASs were

conducted. This study will help develop effective strategies to

monitor PFAS pollution by providing systematic data on the

PFASs in this area. To accomplish the above goals, a total of

13 PFASs, including 9 PFCAs (C6–C14) and 4 PFSAs (C4, C6,

C8, and C10), were analyzed for groundwater samples collected

from 16 private wells and one nearby surface water sample.

Materials and methods

Materials and chemicals

The standards, PFBS, perfluorohexanoic acid (PFHxA), PFHxS,

perfluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic acid

(PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid

(PFUnDA), perfluorododecanoic acid (PFDoDA),

perfluorotridecanoic acid (PFTrDA), and perfluorotetradecanoic

acid (PFTeDA) were purchased from Sigma-Aldrich (Steinheim,

Germany). PFOS was purchased from Dr. Ehrenstorfer GmbH

(Germany). Perfluorodecanesulfonate (PFDS) and the internal

standards of sodium perfluoro-1-[1,2,3,4–13C4]octanesulfonate

(13C4-PFOS, MPFOS) and perfluoron-[1,2,3,4–13C4]octanoic acid

(13C4-PFOA, MPFOA) were obtained from Wellington

Laboratories (Guelph, Ontario, Canada).

Sample areas, collection, and preparation

Samples from groundwater and surface water were collected

from a typic vegetable production area, an important vegetable

production base supply for Beijing and Tianjin in North China in

October 2021 (Figure 1). Groundwater samples from shallow

aquifers were collected from 16 private wells at depths of

1.47–3.79 m (S1~S16). The groundwater from these wells is

used for vegetable irrigation and drinking water for residents.

Meanwhile, one surface water sample was collected from the

Beijing–Hangzhou Grand Canal nearby the groundwater wells

(S17). Three trip blanks filled with ultrapure water were
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prepared. Meanwhile, six field spikes (three with target analytes

of 50 ng/L, other three with target analytes of 100 ng/L) were also

prepared to understand the recovery percentages of target

analytes. All actual water samples were collected in duplicate.

Formic acid (pH = 3–4) was added to prevent bacterial activity in

water. Lastly, samples were stored at 4°C before analysis.

Sample extraction, cleanup, and
instrumental analysis

The extraction, cleanup, and analysis procedures for these

water samples were similar to those described previously (Wei

et al., 2018). One liter of water samples was filtered through

prebaked GF/F glass fiber filters (pore size: 0.7 μm, Whatman,

United States) and spiked with 2 ng of 13C4-PFOA and 13C4-

PFOS as internal standards. Subsequently, the filtrates were

loaded onto a single-use cartridge (Oasis® WAX),

preconditioned with 4 ml of 0.1% ammonium hydroxide (in

methanol), 4 ml of methanol, and 5 ml of water sequentially.

Immediately, the interferences on the cartridge were washed off

with 4 ml of 25 mmol/L acetate buffer solution (pH 4) and 10 ml

of water. After the removal of the residual water by centrifugation

for 30 min at 3,000 rpm, target analytes were eluted with 4 ml of

methanol and 4 ml of 0.1% ammonium hydroxide (in methanol)

successively. The flow rate was kept at 1 drop during the whole

process. Then, eluate with 8 ml was concentrated to 200 µL with a

gentle stream of high-purity nitrogen before injection.

Analyses were performed for 13 PFASs using a high-

performance liquid chromatography (HPLC, P680 pump, Ultimate

3000 autosampler, Dionex, Sunnyvale, CA, United States) equipped

with an electrospray ionization tandem mass spectrometer (ESI/MS/

MS, API 3200, Applied Biosystems/MDS SCIEX, United States)

operated in negative ion and MRM mode. PFASs were separated

on a 120 C18 column (5 μm, 4.6 mm i.d. ×150mm length; Dionex,

Sunnyvale, CA, United States) with an aliquot of 10 µL injection. A

10min dualistic gradient of 0.1% ammonium hydroxide (in

methanol) (A) and 50mM NH4OAc (B) delivered at a flow rate

of 1 ml/min was started with 28% B, ramped to 5% B in 4 min, held

for 3 min, and then increased to 28% B gradually until the 10th min.

Quality assurance, quality control, and
statistical analysis

Quantification was performed using the internal standard

method. The instrumental limits of detection (LODs) varied

from 0.015 to 0.047 ng/ml for each kind of PFASs at a signal-

to-noise ratio (S/N) of 3 or better than 3. No detectable

concentrations of PFASs were detected in trip blanks, field

blanks, procedural, as well as in solvent blank in this study.

Recoveries of field spikes and spiked blanks ranged from 90.2% to

107.4%, with relative standard deviations (RSD) lower than 3.8%.

Average matrix spike recoveries (n = 6) of PFAAs in samples

ranged from 80.6% to 114.7%. RSD for each kind of PFAAs were

all below 10%.

FIGURE 1
Sampling sites in the vegetable production base supply for Beijing and Tianjin, North China.
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TABLE 1 PFAS concentrations from worldwide in groundwater.

Location Concentration range (mean value), ng/L References

PFOA PFNA PFBA PFOS PFHxS PFBS PFUnDA PFDS PFDA PFHpA

Tianjin, China 0.023–3.94 (0.654) nd–0.345
(0.053)

nd–0.229
(0.026)

nd–0.129
(0.044)

0.016–2.383
(0.944)

nd–0.057
(0.008)

<LOQ nd–0.141
(0.05)

nd–0.473
(0.094)

This study

Tianjin of China nd–5.113 nd–0.204 0.24–5.98 nd–0.502 nd–0.23 0.08–1.21 - - nd–1.12 Cao et al. (2019)

Hubei, China 0.73–87.7 (8.04) <0.03–1.08
(0.15)

22.8–8,764
(1704)

<0.04–776
(35.3)

0.4–340 (33.5) 2.98–2,744 (261) <0.04–0.19
(0.02)

<0.04–214
(18.8)

Gao et al. (2019)

Qingdao, China <LOQ–3.32 <LOQ–3.32 0.2–5.26 <LOQ-4.84 <LOQ–0.48 <LOQ–4.44 - - - 0.11–0.33 Lu et al. (2022)

Shenzhen,
China (Wet)

nd–48.3 (20) nd–10.7 (3.1) 1.2–22.6 (6.6) 0.11–47.8
(20.3)

nd–10.8 (2.2) nd–73.5(28.3) - - nd–12.6 (3.1) nd–48.7(14.4) Li et al. (2020)

Shenzhen,
China (Dry)

nd–176.9 (31.7) nd–4.2 (1) nd–30.0 (11.6) nd–49.5 (22.2) nd–1.9 (0.58) nd–279.3 (52.5) - - nd–1.5 (0.28) nd–31.6 (15.7)

Suqian, China <0.2–8.7 <0.2–8.5 <0.1–3.24 <0.53–11.6 <0.2–1.31 <0.2–23.9 <0.3–3.28 <0.5 <0.1–3.64 Wei et al. (2018)

Nanjing, China 1.275–32 0.67–16.15 1.065–8.55 0.492–24.7 <0.2–4.01 4.615–143 <0.3–3.605 <0.5 <0.1–30.8

Xuzhou, China <0.2–5.65 0.303–24.9 <0.1–7.85 0.299–3.8 <0.2–1.18 <0.2–29.85 <0.3 <0.5 <0.1–3.835

North China Plain 0.03–3,540.88
(177.34)

0.01–2.85
(0.65)

<LOQ–4.77
(0.93)

<LOQ–9.31
(2.33)

<LOQ–1.09
(0.27)

<LOQ–31.98
(5.68)

<LOQ–0.76(0.04) <LOQ–1.87
(0.23)

<LOQ–29.6
(2.59)

Li et al. (2022)

Melbourne.
Australia

<0.09–6.9 (2.2) <0.05–1.7
(<0.4)

<0.1–13 (6.1) <0.03–34 (11) <0.03–18 (5.9) <0.09–9.1 (4.4) - <0.02–0.23 (<0.4) <0.03–2.1
(0.31)

<0.03–5.3 (0.8) Szabo et al.
(2018)

Malta <LOQ–8.03 nd–0.9 <LOQ–2.63 <LOQ–6.05 nd–0 nd–1.36 Sammut et al.
(2019)

Greece <0.6–0.8 <0.6 - <0.6 <0.6 <0.6 <0.6 - <0.6 <0.6 Zafeiraki et al.
(2015)

Netherlands <0.6–1.6 <0.6 - <0.6–5 <0.6–0.9 <0.6 - <0.6 <0.6
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Statistical analysis was conducted using the SPSS 18.0 (SPSS

International, Chicago, United States) and OriginPro 8.0

(OriginLab, Los Angeles, United States) software. Concentrations

below LOD were assigned as zero during the calculations. The

possible correlations among PFASs in water samples were examined

by the Spearman rank correlation analysis (2-tailed). PFASs are

considered significantly different if p < 0.05.

Other analyses

A TOC analyzer (MultiN/C2100, Germany) was used to

determine DOC after filtrating through glass fiber filters with

0.7 µm (Whatman, United States). TN was measured by the

alkali digestion method with potassium persulfate by a UV

spectrophotometer.

Results and discussion

Levels and congener profiles

Levels and congener profiles of PFASs in the groundwater

were summarized in Figure 1. It was found that Σ13PFASs in

groundwater ranged from 0.321 to 8.285 ng/L (mean 2.022 ng/L).

Table 1 shows that the PFAS levels in this studied area of Tianjin

were close to the levels of the Yuqiao Reservoir in Tianjin found

by Cao et al.(2019). However, the found levels were relatively

lower than most of those in groundwater samples collected from

other areas, such as Hubei, China (2.04 μg/L, nearby a PFSA

manufacturing facility) (Gao et al., 2019), Shenzhen, China (dry)

(135.48 ng/L) (Li et al., 2020), Melbourne, Australia (74 ng/L)

(Szabo et al., 2018), Fuxin, China (485.21 ng/L) (Bao et al., 2011),

and Tokyo (51.649 ng/L) (Murakami et al., 2009). This could be

explanted that there were neither specific point pollution sources

nor heavy industrial or commercial activities observed nearby the

groundwater sampling sites. This suggested that the application

of pesticides might not be a major pollution source for PFASs or a

few PFAS residuals in the environment were brought back by soil,

degraded by organisms in the soil, or transported elsewhere by

atmosphere deposition. However, future research should be

conducted on soil from the upper part, characteristics of

water and soil, and other coexisting matters therein to get a

comprehensive understanding of the distribution and

transformation characteristics of PFASs.

Ten congeners of PFASs were traced in all groundwater

samples (Figure 2B), with a detection frequency of 76.9%.

Meanwhile, concentrations of congener PFCAs were also

detected at a comparable frequency in this study. These

chemicals were dominated by PFBS and PFOA, accounting for

46% and 33%, with concentrations of 0–2.382 (mean 1.099) and

0.025–3.942 (mean 0.806) ng/L, respectively. In detail, PFBS

concentrations were significantly two magnitudes higher than

PFHxS and PFOS. Interestingly, a similar phenomenon was

also found in groundwater collected from Fuxi, China (Bao

et al., 2011). Log Koc and Kd values of PFASs were significantly

correlated with the length of the carbon chain. Therefore, higher

short-chain PFASs were detected in the aqueous phase compared

to long chains (Chen et al., 2022). With the replacement of long-

chain perfluorocarbons, the short carbon chain of PFBS is

becoming the main type in environmental media.

PFAS migration and source identification

Figure 2 shows that mean concentrations of PFASs in

groundwater decreased with the increase in carbon chain

length, consistent with the conclusion that short-chain

congeners were easier to reside in groundwater (Boiteux et al.,

2012). Additionally, high water–soil ratios verified the relatively

FIGURE 2
(A) Box plot distributions of PFAS congeners concentrations detected in groundwater samples. Within the box, sampling sites were represented
by numbers ranging from 1 to 16. (B) Composition profiles of PFASs in groundwater samples (S1–S16) and surface water (S17).
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high possibility of transfer from soil to groundwater (Lindstrom

et al., 2011). Similarly, our observation was also embodied

indirectly by the limited removal of short-chain PFCAs by

soils (Washington et al., 2010; Bao et al., 2011). It has also

been noted that short-chain PFASs with a carboxylate head

group presented a decreased sorption trend (Higgins and

Luthy, 2006; Chen et al., 2022). Furthermore, it was also

correlated with the solubility of PFASs, which increased with

the decrease in carbon chain length, suggesting that the

migration ability of short-chain PFASs as the superincumbent

movement of the water body would be enhanced. Moreover, the

point of precursor degradation also gave a reasonable

explanation for the lack of detection of long-chain PFTrDA

and PFTeDA in the present study.

Figure 3A shows that one corresponding surface water

sample was collected from the Beijing–Hangzhou Grand

Canal. It was no surprise that PFOA and PFOS in surface

water were typical PFASs, up to 7.585 and 3.421 ng/L,

respectively. Differently, concentrations of ΣPFASs in surface

water samples were about 8.5 times higher than those in

groundwater. Additionally, concentrations of every kind of

PFASs detected in surface water were higher than those in the

groundwater. PFAS contaminations in surface water might be

influenced by industrial activities nearby.

Correlations among various PFAS congers and total PFAS

contents between groundwater and surface water were assessed, as

shown in Supplementary Table S1 and Supplementary Figure S1. At

different levels, the PFAS compounds exhibited significant

correlations. In particular, there were strong correlations between

PFHpA and PFOA, PFHpA and PFNA, PFHpA and PFBS, PFOA

and PFNA, as well as PFDA and PFUnDA with correlation

coefficients of 0.831, 0.828, 0.792, 0.917, and 0.806, respectively

(p < 0.01). PFAS contents between groundwater and surface water

showed correlation coefficients of 0.814 (p < 0.05). Statistically

significant positive correlations suggested that these chemicals

might be originated from the same or similar pollution sources.

Generally, environmental sources of PFASs are difficult to

identify as PFASs used in a wide variety of fields are distributed

throughout the globe and undergo complicated transformation

pathways (Prevedouros et al., 2006; Chen et al., 2022). In

particular, in the case that we do not know the specific

activity locally, it will be hard to address source

identification, except that the pollution sources are definite.

Given this situation that no point pollution sources existed near

the sampling sites in the present study, the highest PFBS

concentrations detected may be attributed to the widespread

daily usage of PFASs and then percolated through the soil after

the degradation of other PFSAs, such as PFHxS and PFOS

(Lindstrom et al., 2011; Feng et al., 2015).

To further trace the possible pollution sources, a correlation

analysis was conducted between concentrations of Σ13PFASs and
PFOA/PFBS and DOC/TN (Figures B~E). Positive correlations

were observed between Σ13PFASs/PFOA/PFBS and DOC/TN

contents, conforming well to a linear equation with R2 =

0.5402–0.6784 (DOC) and R2 = 0.7439 (TN), respectively, by

regression analysis. These results indicated that the distribution

FIGURE 3
PFAS source identification. (A) Comparison of total PFAS concentrations and mean concentrations of each kind of PFASs in groundwater (GW)
and surface water (SW). (B–E) Relationships between total PFAS concentrations and DOC/TN contents.
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and levels of PFASs in water body might be related to dissolved

organic carbon, nutrients, and inorganic salts, which came from the

exudation of agricultural fertilizer contaminated by PFASs (Sinclair

et al., 2006; Qi et al., 2016) and domestic sewage influenced by PFAS-

containing products (Xie et al., 2013). The performance was affected

by dissolved organicmatter in groundwater (Li et al., 2022). Besides, it

might be affected by human activities such as organic fertilizer, plastic

film, household garbage, pesticides, and pesticides, whichwere used in

this vegetable production base. However, the recognized interaction

mechanism between organic matter/nitrogen and PFAS in water

remains to be further studied.

Health risk assessment

The Standards for Drinking Water Quality of China (GB5749-

2022) established for PFASs are limited to PFOS and PFOA, with

40 and 80 ng/L, respectively. Obviously, the concentration of PFASs

was lower than the national standard in the studied groundwater and

surface water. Notably, researchers had brought up a new approach by

providing the provisional health-related indication values (HRIVs) to

assess the health risks of lifelong exposure to short-chain PFASs in

drinking water, based on the estimated half-lives for the elimination of

PFASs from the human bodies (Bao et al., 2011). Accordingly, HRIVs

of the short-chain PFASs detected in the present study were separately

set as follows: PFBS 2.96, PFHxA 1.03, PFHpA 0.28, and PFHxS

0.31 μg/L.However, the general precautionary value (PVg) for all PFASs

in drinking water was set to 0.1 μg/L in the long term (Wilhelm et al.,

2010). The total PFAS concentrations, the total PFOA and PFOS

concentrations, and each conger of PFAS concentration were all far

lower than the lowest health-based guidance values reported

accordingly, indicating that exposure to PFASs causes insignificantly

immediate harm to residents in this area of North China.

Conclusion

This study showed that the short carbon chain of PFBS was the

main type of PFASs. The mean concentrations of PFASs in the

groundwater decreased with the increase in the carbon chain length.

There was an insignificant potential risk of PFAS exposure in the

studied groundwater source for vegetable planting and resident

drinking. However, the detection of the dominant PFASs at

relatively higher levels should be especially focused on to prevent

the local residents from health hazards due to their longtime exposure

to PFASs in drinking water. Further work should be done to study the

PFAS contaminations in groundwater on a large scale in China.

Meanwhile, related surface water and soil should be considered to

obtain a comprehensive understanding of PFAS levels, characteristics,

and sources. Therefore, it ismeaningful to connect the occurrence and

distribution of PFASswith the site characterization parameters such as

organic carbon, nutrients, inorganic constituents, and the coexisting

organic contaminants.
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