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Abstract 

Background: In recent years, the widespread presence of perfluoroalkyl and polyfluoroalkyl substances (PFASs) in 
the environment and the related exposures and adverse health effects has received increasing attention. However, 
PFASs are not routinely monitored in drinking water in many parts of the world, including China. PFAS data are mainly 
generated by research studies. This paper provides an overview of the available research studies on PFASs in Chinese 
drinking water to better understand the current status of PFAS contamination and the potential for exposure.

Results: The available studies provided PFAS data from 526 drinking water samples across 66 cities in China with a 
total of approximately 452 million inhabitants. We mapped the risk distribution associated with PFAS-contaminated 
drinking water in China by comparing the measured levels with recent international guidelines. The PFAS concentra-
tions reported in more than 20% of the studied cities, likely affecting 98.5 million people, were above the maximum 
contaminant level issued by Vermont in 2019. Furthermore, we also investigated the human exposure to PFASs in 
drinking water by estimating total daily intakes based on Exposure Factors Handbook of Chinese Population. This 
study revealed that East China and the Southwest regions posed a relatively higher risk to the Chinese population and 
some cities in the Yangtze River basin such as Zigong, Jiujiang, Lianyungang and a considerable share of other cities 
have exceeded the health-based guidelines issued by EU and US agencies.

Conclusion: Drinking water in many cities and regions in China is contaminated with PFASs at levels of concern. PFAS 
elimination of PFASs from drinking water in contaminated cities and affected regions in China is urgently needed. 
PFAS releases from industries and other sources need better control and reduction. Further monitoring in remote 
Chinese regions is needed to overcome the knowledge gaps for a more comprehensive understanding of population 
exposure. The current risk assessment of PFASs in China should be re-evaluated considering the most recent toxico-
logical studies, to clarify if the guidelines need to be lowered as recently done in Europe and the United States. This is 
necessary to have the best national base for risk assessment and a science-based driver for countermeasures.
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Background
Perfluoroalkyl and polyfluoroalkyl substances (PFASs) 
have been extensively manufactured and consumed 
worldwide since the 1950s, and since then, their use has 
increased dramatically [1]. They are characterized by 
their amphiphilic properties, making them useful for 
various applications such as aqueous film-forming foams, 
semiconductors, electronics, stain-resistant coatings, oil-
repellents, and additives to industrial products [2].
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The massive production and application of PFASs com-
bined with their very high persistence and mobility have 
resulted in their ubiquitous presence in aquatic environ-
ments, sediments, air, biota and humans [3–7]. There-
fore, they are recognized as environmental contaminants 
of high and emerging concern [8]. In recent years, there 
has been growing concern regarding the presence of 
PFASs in drinking water due to their potential for toxic 
effects and direct exposure to humans [9, 10]. Animal 
toxicity studies found an association between exposure to 
perfluorooctanoic acid (PFOA) and adverse health effects 
on fertility, pregnancy and many organs and systems [11, 
12]. Epidemiological studies have found a connection 
between PFASs (especially perfluorooctanesulfonic acid 
(PFOS) and PFOA) exposure and health issues, including 
an increase in cholesterol and liver enzymes, increased 
incidence of testicular and kidney cancer, reduced fertil-
ity and fecundity, immune suppression and thyroid disor-
ders, among others [13, 14]. PFOS and PFOA were listed 
in Annex B and Annex A of the Stockholm Convention as 
Persistent Organic Pollutants (POPs) in 2009 and 2019, 
respectively, with a range of exemptions allowing further 
use [15, 16]. Although banned by an increasing num-
ber of countries, PFOS and PFOA have been frequently 
detected in drinking water around the world in recent 
years, such as in the U.S, Japan, Ghana, Turkey, Australia 
and China [3, 17–21].

To control and reduce human risk from PFAS expo-
sure, the levels of PFASs in drinking water are being 
increasingly regulated in many countries [22]. In 2002, 
the first guideline was issued in the US state of West Vir-
ginia, which set a maximum level of 150,000 ng/L PFOA 
in drinking water polluted by a DuPont facility; this was 
recently covered in a documentary film [23]. The manu-
facturing activities of 3  M have also resulted in con-
tamination with PFOA and PFOS, with concentrations 
in groundwater of up to 42,000 and 2700  ng/L, respec-
tively [24]. These exceeded the then groundwater criteria 
of 7000 and 1000  ng/L and were much higher than the 
2009 drinking water criteria of 500 and 300 ng/L set by 
the Agency for Toxic Substances and Disease Registry 
(ATSDR) of the US Department of Health and Human 
Services 2009 [24]. In 2016, the US Environmental Pro-
tection Agency published a non-enforceable 70  ng/L 
health advisory (HA) for the sum of PFOA and PFOS, 
intended to provide protection from a lifetime of expo-
sure from drinking water [14]. In recent years, many US 
states have developed their own non-enforceable HAs 
and enforceable maximum contaminant levels (MCLs), 
some more stringent than the federal guidelines. Until 
now, six US states have set MCLs: New Jersey, Vermont, 
Michigan, New York, New Hampshire and Massachu-
setts have set MCLs (see Additional file 1: Table S1). For 

example, Vermont set an MCL of 20  ng/L for PFOA, 
PFOS, PFHxS, PFHpA, and PFNA individually or com-
bined in 2019 [25]. Grandjean and Budtz-Jørgensen rec-
ommended a health guideline of 1 ng/L for PFOA based 
on the reduced effectiveness of vaccines and impact on 
mammary gland development [26]. In addition, Den-
mark, Canada, Sweden, Australia, Germany and Italy 
have also proposed their own non-enforceable or regu-
latory guidelines for PFAS in drinking water since 2006, 
becoming lower and lower as emerging health studies 
found effects at lower levels, similar to the development 
in the U.S as summarized in Additional file 1: Table S1.

Given that certain PFASs, in particular PFOS and its 
precursors, have been gradually phased out in North 
America and Europe since 2002, some Asian countries, 
especially China, have possibly become the main manu-
facturers of PFOS and PFOA [27, 28]. Following a rapid 
increase in PFAS production and usage in China over the 
past 30 years, China is now one of the largest manufac-
turers and consumers of PFASs in the world [27]. The 
widespread and increasing production have resulted in 
an increasing risk of PFAS environmental releases and 
associated ground- and surface water pollution, and 
finally drinking water contamination in China. Due to 
inefficient removal in traditional drinking water treat-
ment plants, PFASs in drinking water can pose a high 
risk for human exposure [29]. Extremely high levels of 
PFOA and PFOS were found in drinking water in sev-
eral Chinese cities in the Yangtze River basin such as 
Zigong, Lianyungang, Shanghai, etc. [30–32]. However, 
there are currently no guidelines for PFASs in drinking 
water in China [33]. In 2019, Zhang et al. first suggested 
health advisory values of 85 ng/L for PFOA and 47 ng/L 
for PFOS in China based on analyzing the relationship 
between blood PFAS concentration and drinking water 
exposure [31]. Since PFASs are not included in routine 
monitoring of drinking water quality in China, the main 
source of data are the research studies conducted in a 
range of cities and regions in China. These PFAS moni-
toring activities have revealed different pollution levels of 
PFASs in a range of cities. The PFAS levels are associated 
with pollution source, economic activities and factor, 
population density and development of water treatment 
[34]. In addition, China has not yet conducted a national 
census-like PFAS monitoring in drinking water. Thus, the 
national distribution of drinking water PFAS contamina-
tion in China has not yet been assessed. Moreover, to the 
best of our knowledge, there are no reports reviewing 
the national status of PFAS concentrations in drinking 
water and analyzing the associated human health risk for 
China with health risk based exposure limit values. Only 
a review on PFAS levels in environmental matrices in 
China has been compiled [27]. Therefore, this study aims 
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to provide a comprehensive overview of PFASs in drink-
ing water across China from the published peer-reviewed 
literatures and compare the measured levels with avail-
able guidelines.

The objectives of the present study are: (1) to review 
the occurrence of PFASs in Chinese drinking water 
by screening the published literature; (2) to assess the 
human health risk from the contamination of drinking 
water with PFASs by comparing with existing guideline 
levels; and (3) to evaluate the potential human PFAS 
exposure risk from drinking water by calculating total 
daily intake values using Chinese population exposure 
parameters. We have also made efforts to reveal the 
major contamination source, and suggest possible risk 
control measures and future research needs.

Materials and methods
Data acquisition
We surveyed the literature on PFAS monitoring data in 
Chinese drinking water. The studies were extracted from 
Google Scholar, Science Direct, Scopus, Web of Science 
and the CNKI databases using the following keywords: 
PFASs, PFCs, PFOA, PFOS, drinking water or tap water, 
and China. Publications in English and Chinese were 
both included in this study, as well as all types of analyti-
cal methods, to better grasp the contamination status of 
drinking water in China. We reviewed and extracted data 
from a total of approx. 30 peer-reviewed publications 
related to PFAS monitoring of drinking water in 66 cities 
in China, which are listed in the supplemental material. 
Some of the papers reviewed did not include their data in 
the text or tables, so the data were extracted using Get-
Data Graph Digitizer software, which can extract values 
from figures by numerical algorithm. Some of the data 
were not used, since we could not obtain a detailed geo-
graphical location corresponding to the PFAS concentra-
tion. All the data points are shown in Additional file  1: 
Table S6.

Data treatment
The arithmetic weighted average concentrations of each 
PFAS in the same city were calculated based on the val-
ues reported in different studies. If a substance was not 
detected (ND), its concentration was regarded as zero. 
When the reported PFAS concentrations were below 
the limit of quantification (LOQ), we used half of the 
LOQ values in subsequent calculation. Statistical analy-
sis was conducted with the IBM SPSS Statistics software. 
Kruskal–Wallis tests were performed to determine the 
significance of differences between regional groups, using 
a P value < 0.05 to indicate statistical significance for all 
tests.

Risk assessment
To evaluate the human health risk associated with expo-
sure to PFAS-contaminated drinking water, risk quotients 
(RQs) were calculated by comparing the concentrations 
of the target PFASs in samples with the health-based 
guidelines for PFASs in drinking water issued by differ-
ent authorities or scholars as follows (Eq. (1)). The aver-
age and maximum concentrations were used in the RQs 
calculation to show the overall and the most serious sta-
tus of PFAS contamination in drinking water. These were 
defined as  RQmean and  RQmax. RQs of PFAS mixtures in 
drinking water were calculated by summing up the RQs 
of different compounds as in Eq. (2) [35]. Due to lack of 
health guidelines and negligible concentrations for cer-
tain PFASs, their RQs were neglected:

where CPFASs is the concentration of PFASs, ng/L; HBVs 
are health-based guideline values of PFASs in drinking 
water proposed by the different agencies or scholars, 
ng/L.

Estimation of daily PFAS intake
The estimated daily intakes (EDIs) of PFASs via drinking 
water were calculated as in other studies [5, 36] and are 
based on exposure handbook data following equation:

where Cw is the concentration of PFASs in drinking 
water, ng/L; Dw is the daily drinking water volume, L/d; 
Bw is body weight, kg.

Since the environmental exposure behavior pattern 
of Chinese residents to water is significantly different 
from that of other nations, a significant difference was 
observed between the daily water consumption per body 
weight in China (31  mL) compared to values from the 
United States (13  mL), Japan (11  mL) and South Korea 
(24  mL). To better understand the PFAS daily exposure 
related to drinking water in different Chinese regions and 
specific age groups, exposure parameters were obtained 
from the Exposure Factors Handbook of Chinese Popula-
tion shown in Additional file 1: Table S2 [37]. Total daily 
PFAS intakes were estimated by dividing EDI by the Rela-
tive Source Contribution factor (RSC %) as in the follow-
ing equation:

(1)RQ =
CPFAS

HBVs

(2)RQmix =

n∑

i = 1

CPFASi

HBVi

,

(3)EDI =
CwDw

Bw

,
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Results and discussion
Levels and mixture profiles of PFASs in Chinese drinking 
water
We reviewed data for a total of eighteen PFASs in 526 
drinking water sampled across 66 cities in China, as sum-
marized in Additional file 1: Table S3. According to the 
sample distribution, East China (208 samples) and South 
China (104 samples) were most thoroughly investigated 
relative to Northeast China (52 samples) and Northwest 
China (23 samples).

As shown in Fig.  1, the mean ΣPFASs in drinking 
water ranged from 0.1–502.9  ng/L. The highest and 
lowest concentrations were founded in Zigong and 
Atushi city, respectively. Zigong (502.9  ng/L), Lianyun-
gang (332.6  ng/L), Changshu (122.4  ng/L), Chengdu 
(119.4  ng/L), Wuxi (93.6  ng/L), Hangzhou (74.1  ng/L), 
Nanning (64.1  ng/L), Suzhou (61.3  ng/L), Kunming 

(4)TDI =
EDI

RSC%
.

(60.4 ng/L) and Chaohu (59.9 ng/L) were the top 10 cit-
ies with the most PFAS contamination in drinking water. 
It should be noted that relatively high concentrations of 
PFASs are present in East China, South China and sev-
eral cities in Southwest China. ANOVA analysis indi-
cated that the mean ΣPFASs values in East China were 
2.6 folds higher than in North China. This is mainly due 
to the intensive industrial activities and high population 
density in those regions, as reported in another study 
[38]. High concentrations of ΣPFASs in Southwest China 
were in particularly found in Zigong city, with extreme 
PFOA concentrations up to 3165  ng/L near a fluoro-
chemical plant revealed by Fang et al. in [30].

The mixture profiles demonstrated that the PFASs in 
Chinese drinking water were dominated by the PFOA 
(0.1–93.0%), PFBA (0–98.7%) and PFOS (0–82.7%) as 
shown in Fig.  2, with variations across different cit-
ies. PFBA was the most abundant compound found in 
Chengdu, Nanning, Yinchuan, Fuzhou, Zhengzhou, 
Hohhot, Taiyuan, Guiyang, Xi’an, Kunming, Wuhan, 
Hefei, Urumqi, Harbin, Xining, Changchun, and Lhasa. 

Fig. 1 Spatial distribution of PFASs in drinking water in China
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Short-chain PFASs possess limited adsorption to sedi-
ments and soils due to their lower Koc, contributing to 
a relatively high percentage of total PFASs in the aquatic 
environment [39]. In addition, the removal efficiency of 
short-chain PFASs during drinking water treatment is 
relatively limited, even with advanced treatment pro-
cesses such as granular activated carbon, ion-exchange, 
and membrane treatment [40]. In some remote areas like 
Urumqi, Lhasa, and northeastern China, the PFASs in 
drinking water are thought to mainly originate from long-
distance transport. The high percentage of PFBA in these 
cities is likely due to precursor conversion in the atmos-
phere [41]. The PFASs in drinking water in other cities 
were dominated by PFOA and PFOS. The PFOA levels 
were higher than those of PFOS most likely because of 
restrictions for several major uses of PFOS since 10 years 
ago. Extremely high concentrations of PFOA in drink-
ing water were found in Zigong (3165 ng/L) and Jiujiang 
(268  ng/L) due to industrial point sources, in particu-
lar a fluorochemical plant and multiple industries such 

as leather, textile and paper manufacturing, which use 
PFASs in their processes [30, 42]. Previous studies have 
revealed how the surrounding communities can be con-
taminated by PFOA emissions from PTFE production 
facilities, thus resulting in significant human exposure 
[43]. We investigated the PTFE production capacity of 
different companies across China in 2018, and the cor-
responding PFOA concentrations in adjacent cities 
are summarized in Table  1. The PFOA concentrations 
in drinking water in the cities with PTFE production 
were significantly higher than in those without PTFE 
production (p < 0.05). The extremely high concentra-
tions of PFOA were mostly observed in provinces with 
PTFE production such as Sichuan (3165 ng/L), Zhejiang 
(115.4 ng/L), Shanghai (78 ng/L), Jiangsu (61.4 ng/L) and 
Guangdong (53.4  ng/L). These levels were significantly 
higher than those detected in Korea, Australia and some 
European countries [3, 44, 45], but comparable to con-
tamination in other cities affected by fluorochemical 
production such as in Minnesota and New Jersey [24, 46, 

Fig. 2 Profiles of PFASs in drinking water in different Chinese cities
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47]. The emission source, especially the presence of fluo-
rochemical plants, the major local PFAS industrial users, 
the use of PFAS-containing firefighting foam [17, 41, 48], 
and the quality of the drinking water treatment processes 
and precursor conversion [48, 49] can impact the pat-
tern and concentration of PFASs in drinking water. To 
better inform management and mitigation measures to 
reduce contamination of PFASs in drinking water, further 
research is needed to clarify and quantify how these fac-
tors impact the specific PFAS mixture profiles observed.

Temporal trend
Despite their the global phaseout, of PFOS and especially 
PFOA are still the dominant PFAS species detected in tap 
water samples across China due to their continued use in 
China, extreme persistence and long-term release from 
groundwater reservoirs, and the possible contribution of 
precursors conversion over time [48, 49]. In recent years, 
several companies have announced efforts to research 
PFOA alternatives. However, the monitoring study in 
Zigong city revealed the continuous use and production 
of PFOA by the local company, suggesting that the tran-
sition to an alternative is challenging. Thus, better pro-
cess recovery, emission reduction measures and efficient 
advanced drinking water processes to control the PFAS 
contamination in drinking water in China are urgently 
needed in addition to the search and use of eco-friendly 
alternatives in the PFAS-producing and using plants 
which can e.g. degrade in the environment and are not of 
concern for health.

In addition, a strong increase in short chain PFASs was 
observed by comparing the samples taken before 2010 

[20, 32] with those taken after 2010 [38, 41], indicating 
that short chain PFASs in Chinese drinking water need 
more attention and source tracking, followed by efficient 
control and reduction [50, 51]. Furthermore, in recent 
years, some newly identified PFASs were detected in 
Chinese drinking water, such as FHxSA, PFEtS, F-53B 
and HFPO-TA [52, 53]. It is likely that with the further 
elimination of long-chain PFASs, the production and use 
of new PFAS alternatives will further increase, leading 
to their wider occurrence in surface water [54]. There-
fore, these PFASs and their precursors in drinking water 
should receive more attention, monitoring and regulation 
considering the insufficient assessment of their health 
effects and the inability of common drinking water treat-
ments to remove these PFASs.

Risk assessment of PFASs in Chinese drinking water
To further understand the geographical risk distribution 
of PFASs in Chinese drinking water, risk quotients (RQs) 
were calculated by comparing average and maximum 
concentrations with several recent health-based guide-
line levels, which were denoted as  RQmean and  RQmax. 
Using the Chinese health advisory values of 85 ng/L for 
PFOA and 47 ng/L for PFOS derived by Zhang et al. [31], 
the  RQmean of sum PFOA and PFOS in 66 cities were in 
the range of 0.0004–5.54 as illustrated in Fig. 3a. The cit-
ies of Zigong, Lianyungang and Jiujiang had the three 
highest  RQmean: 5.54, 4.68, and 1.89, respectively. The 
 RQmax, calculated using the highest detected concentra-
tions, in Zigong exceeded 37, reaching an excessive level. 
Twenty-four of the 66 cities had  RQmean in the range of 
0.1–1, indicating medium health risk from drinking 

Table 1 Distribution of PTFE production capacity and PFOA concentration in drinking water in nearby cities

Provinces Companies PTFE production 
capacity (10,000 tons)

PFOA concentration in drinking 
water in the neighboring city 
(ng/L)

Shandong Shandong Dongyue Chemical Co., Ltd. 4.5 0–15.89

Shandong Luxi Chemical Co., Ltd. 0.1

Shandong Shandong Huafluorin Chemical Co., Ltd. 0.3

Sichuan Zhonghao Chenguang Chemical Research Institute Co., Ltd. 1.5 18.4–3165

Shanghai Daikin Fluorine Chemical (China) Co., Ltd. 1 0–78

Jiangsu Sanaifu New Material Technology Co., Ltd. 1 8.1–26.33

Jiangsu Jiangsu Meilan Chemical Co., Ltd. 0.6

Jiangsu Changshu Solvay Special Polymer Co., Ltd. 0.5

Jiangxi Jiangxi Liwen Industrial Co., Ltd. 0.65 45–268

Fujian Fujian Sannong Chemical Co., Ltd. 0.6 0.13–2.6

Zhejiang Zhejiang Juhua Co., Ltd. 0.6 0.53–115.4

Zhejiang Zhejiang Quzhou Xinju Fluorine Material Co., Ltd. 0.06

Guangdong DuPont (China) Co., Ltd. 0.3 1–53.4

Liaoning Liaoning Fuxin Fluorine Chemical Co., Ltd. 0.3 0–4.76
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water according to the Chinese national standard [38]. 
The other thirty-nine cities had negligible risk, with an 
RQ < 0.1. To better understand the overall risk derived 
from PFASs in different regions, concentrations found 
in the studies reviewed here were used for the RQ cal-
culation, as shown in Fig. 3b and d. The spatial risk dis-
tribution revealed that East China and Southwest China 
have a significantly higher risk (p < 0.05) relative to other 
regions due to the presence of fluorochemical plants, the 
high population density, and the intensive paper, textile, 
and leather industries, as mentioned above.

However, increasingly stricter standards have recently 
been established in other countries. Comparing with 
the MCL of 20 ng/L for PFOA, PFOS, PFHxS, PFHpA, 
and PFNA individually or combined issued by Vermont 
in 2019, which is still greater than the recent TWI rec-
ommended by EFSA [55], the  RQmean of sum PFOA 
and PFOS in 66 cities were in the range of 0.005–23.94 

(Fig.  3c). The  RQmean of Zigong, Lianyungang, Jiujiang 
reached 23.94, 13.46 and 8.12, respectively. Further-
more, high  RQmean (> 1) were observed in sixteen cities 
including Wuxi, Hangzhou, Foshan, Chaohu, Suzhou, 
etc., suggesting that approximately 98.5 million peo-
ple, based on the population distribution as shown in 
Additional file  1: Table  S4, are at significant risk from 
exposure to PFASs in drinking water. Considering 
this standard, twenty-four cities, Yinchuan, Nanning, 
Atushi and Heihe, etc. have negligible  RQmean below 
0.1. In addition, the drinking water in more than 40% of 
the studied cities, likely affecting 192.6 million people, 
exceeded the notification levels of 5.1  ng/L for PFOA 
and 6.5 ng/L for PFOS issued by California in 2019 [56], 
as summarized in Additional file  1: Table  S5. Using 
the more precautionary limit of 1  ng/L suggested by 
Grandjean and Budtz-Jørgensen [26], almost all the cit-
ies studied exhibited risk levels > 1.

Fig. 3 RQmean distributions when comparing with Chinese health advisories (a) and MCL issued by Vermont in 2019 (c); Box plots of calculated RQs 
in different regions when comparing with Chinese health advisories (b) and MCL issued by Vermont in 2019 (d)
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These results indicate that PFASs in drinking water 
in some of the Chinese city have exceeded the Chinese 
health advisories and most of the cities have exceeded 
stringent international guideline levels. Therefore, con-
trol and treatment measures are urgently needed.

Daily exposure to PFASs via drinking water for the Chinese 
population
We estimated the exposure of the Chinese population 
to PFASs from drinking water according to the Chinese 
population exposure parameter manual. To do so, we 
used the average and maximum concentrations of PFOA/
PFOS widely recognized as posing a health concern with 
tolerable intake values. Six major districts were used 
including North China, East China, South China, North-
west China, Northeast China, Southwest China, and the 
population of each region was divided into 14 age groups 
shown in Additional file  1: Table  S2. The  EDImean and 
 EDImax of adults in the aforementioned highly contami-
nated cities were significantly higher than in other stud-
ies [57, 58].

In addition, total daily intakes (TDI) of PFASs were 
estimated by applying a conservative Relative Source 
Contribution factor (RSC) equal to 10%, assuming that 
10% of the PFAS exposure comes from direct drink-
ing water consumption [59]. Similarly, the average and 
maximum PFAS concentration were used to calculate 
 TDImean and  TDImax. The estimated  TDImean of PFOA 
and PFOS for adults ranged from 0 to 121.7  ng/kg/day 
and 0–61.43  ng/kg/day across China, respectively. The 
estimated  TDImean of highly PFOA/PFOS contaminated 
drinking water is compiled in Fig. 4. Infants and toddlers 
from 9 months to 2 years of age had the highest risk of 
PFOA/PFOS exposure due to their relatively higher water 
consumption per unit weight. This is in line with other 
studies [5, 35]. Some discriminations regarding to the 
risk variation trends among specific age groups were also 
found, since the varied population exposure parameters 
were used [35]. Moreover, we used toxicity values show-
ing no adverse effects for long-term human exposure, 
such as Tolerable Daily/Weekly Intake and Reference 
dose values, to assess the PFAS exposure risk for the Chi-
nese population.

The Agency for Toxic Substances and Disease Registry 
(ATSDR) proposed updated Tolerable Daily Intake val-
ues of 2 ng/kg/day for PFOS and 3 ng/kg/day for PFOA 
in 2018 [60]. Furthermore, the European Food Safety 
Authority (EFSA) derived the slightly lower Tolerable 
Weekly Intake values (TWIs) of 6 ng/kg/week for PFOA 
and 13  ng/kg/week for PFOS in 2018 [61]. In 2020, the 
EFSA published a scientific opinion establishing a new 
tolerable weekly intake of 4.4 ng/kg for the sum of PFOA, 
PFOS, PFHxS and PFNA, which lowers the EFSA 2018 

regulation in practice [55]. These Tolerable Daily/Weekly 
Intake values are significantly lower than the health-
based guidance values for tolerable intake previously 
issued by other international bodies, as summarized in 
Table 2.

Compared with these recent standards, the total PFOA 
intake for all age groups exceeds 3 ng/kg/day in Zigong, 
Jiujiang, Lianyungang, Foshan, Suzhou, Wuxi, Hain-
ing, Changshu, Shijiazhuang, Zibo and Shanghai. These 
high exposures are mostly concentrated in East China 
given the high PFOA contamination and daily intake 
from water. Concerns about human exposure risk in 
these cities deserve more attention. As for PFOS, the 
 TDImean for adults in Lianyungang, Dongguan, Shen-
zhen, Shijiazhuang, Wuxi, Macao, HongKong, Taipei, 
Foshan, Guangzhou, Jinan, Chaohu, Changshu ranged 
from 1.27 to 61.44  ng/kg/day, while ranging from 3.54 
to 171.28  ng/kg/day for infants between 9  months and 
1 year, significantly exceeding the tolerable daily/weekly 
intake values of 2 ng/kg/day and 13 ng/kg/week, respec-
tively. It should be noted that the  TDImax in Zigong city 
ranged from 822.9 to 2975.1 ng/kg/day for different age 
groups, exceeding the tolerable daily intake value issued 
by ATSDR 274.3 times and 991.7 times, respectively. 
This highlights that the human exposure via drinking 
water daily intake in highly contaminated regions such 
as Zigong, Lianyungang and Jiujiang is excessive consid-
ering these science-based tolerable intake values, with a 
particular high risk for infants.

Conclusion
As the most populated country with a large produc-
tion and use of PFASs, including PTFE, China is at high 
risk of PFAS exposure for millions of its residents, as 
already documented in the United States [62]. There-
fore, this study reviewed and assessed all available 
PFAS drinking water data in China and compared the 
levels with recently lowered drinking water guidelines 
and tolerable daily/weekly intake values from other 
industrial countries. This is the first comprehensive 
study reviewing the PFAS levels in Chinese drinking 
water and assessing the associated heath risk. PFASs 
have been frequently detected in drinking water across 
China, sometimes at high concentrations [63]. The 
results showed that PFOA, PFOS and PFBA were the 
dominant PFAS species in Chinese drinking water. East 
China and Southwest China had higher concentrations 
of PFASs compared with other regions. The cities of 
Zigong, Lianyungang, and Jiujiang, with point sources 
like fluorochemical plants and multiple PFAS-using 
industries such as leather, textile and paper, etc., where 
found to generally pose a higher risk to humans from 
PFAS exposure via drinking water, above Chinese and 
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international risk limits. These and other 13 of the total 
66 cities with available PFAS data exhibited high RQs 
(> 1) when comparing with the MCL issued by Vermont 
in 2019. The total daily intake of PFOA and PFOS also 
exceeded the Tolerable Daily/Weekly Intake values 

issued by ATSDR and EFSA in the aforementioned 
regions, especially for infants and toddlers 9 months to 
2 years. Therefore, the PFAS contamination of drinking 
water in highly polluted areas needs urgent attention 
and point source control. More than 20% of the studied 

Fig. 4 Estimated  TDImean of PFOA (a) and PFOS (b) in Chinese highly-contaminated cities
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cities, likely affecting 98.5 million people, had drinking 
water with PFAS levels above stringent and science-
based international limits, which demonstrates a need 
for urgent attention and countermeasures.

However, this study also has some uncertainties. Given 
the wide variability in the number of measurements in 
different regions, the analytical methods used in different 
studies, the sampling dates, toxicity studies considered, 
etc., all of which influence the calculated concentrations 
and risk assessment, we included all the published data 
points in Additional file 1: Table S6 to inform future stud-
ies. More research is needed to understand the possible 
health effect associated with long-term exposure in hot 
spots, especially in areas with PFASs-related manufac-
turing plants, and in particular PTFE manufacturing. 
Moreover, better monitoring of PFASs in drinking water 
is needed in remote areas, to provide a full overview of 
PFAS contamination in Chinese drinking water [64].

Finally, the current risk assessment of PFASs in China 
should be re-evaluated in light of the most recent toxico-
logical studies, to determine if the guideline values need 
to be lowered as recently done in Europe and the United 
States. This is critical to have the best national basis for 
risk assessment and a strong driver for countermeasures.
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