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Abstract: Perfluoroalkyl substances (PFASs) in rivers; drinking water sources (reservoirs and ground-
water); and various types of drinking waters (tap waters, barreled pure waters, and bottled mineral
waters) in Qingdao, Eastern China were quantified by high-performance liquid chromatography
tandem mass spectrometry (HPLC-MS/MS). The total concentrations of PFASs (XPFASs) in the river
waters ranged from 28.3 to 292.2 ng/L, averaging 108 + 70.7 ng/L. PFBS was the most abundant
compound, with a maximum concentration of 256.8 ng/L, followed by PFOA (maximum concentra-
tion: 72.4 ng/L) and PFBA (maximum concentration: 41.6 ng/L). High levels of PFASs were found
in rivers in the suburban and rural areas. The estimated annual mass loading of the total PFASs to
Jiaozhou Bay (JZB) was 5.9 tons. The PFASs in the drinking water reservoirs were relatively low.
The ~PFASs in the tap water ranged from 20.5 ng/L to 29.9 ng/L. Differences in the PFAS levels and
composition profiles were found among barreled water at different market sites and for different
brands of mineral water products. The sequence of the contamination levels of the waters related
to drinking water was reservoir water > tap water > barrel water > groundwater > bottled mineral
water. The PFASs in drinking water may not pose a serious risk to the drinking water consumers of
Qingdao City.

Keywords: perfluoroalkyl substances; surface water; drinking water sources

1. Introduction

Perfluoroalkyl substances (PFASs) are widely used in the industry, agriculture, and peo-
ple’s daily lives because of their excellent hydrophobic and oleophobic characteristics due
to the strong polarity and high bonding energy of the C-F bond in the molecules. They are
difficult to degrade and easy to enrich in organisms [1]. PFASs have been widely detected
in aquatic environments [2,3], drinking waters [4,5], wildlife, and the human body [6,7].
PFASs with saturated carbon—fluorine bonds appear to be incompletely removed during
conventional chemical/physical (coagulation, flocculation, sedimentation, and filtration)
and biological (activated sludge) treatment processes [8].

Perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS) were reported as
the main compounds in the early publications on PFASs in tap water in China [4,5]. PFOA
and PFOS are considered to have carcinogenic potency in animals [9]. In 2009, PFOS
was classified as a persistent organic pollutant (POP) under the Stockholm Convention.
The early reports showed that PFOS was the predominant type of PFAS present in Chinese
tap water collected from several large cities such as Shenzhen, Shanghai, and Hong Kong
during 20042008, accounting for at least 50% of the total PFASs [5]. In a recent survey of
PFASs in tap water from 17 cities in China, Tan et al. (2017) observed a lower proportion of
PFOS in tap water (averagely accounting for 6.4% of the total PFAS). They found that PFOA
became the predominant type of PFAS and increasing proportions of perfluoro-n-butanoic
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acid (PFBA) in areas north of the Yangtze River and sodium perfluoro-1-hexaneslufonate
(PFHXxS) in areas south of the Yangtze River [10]. The status of the contamination level of
PFASs in tap water has become a pressing public concern in recent years [11]. Information
about the relations between surface waters and tap water with respect to the contamination
level and composition profile of PFASs is still lacking, especially under the context of
replacements of PFOA and PFOS with compounds less hazardous but relatively more
resistant to degradation, which has been implemented in China and worldwide since 2009.
Reports on the occurrence of PFASs in bottled pure water and mineral water are sparse [12].
Such information may help evaluate the regional trends of PFAS contamination levels
and composition profiles and reveal the PFAS sources for tap waters and the removing
efficiency for PFASs in various types of commercial drinking water production.

Qingdao, a large coastal city in North China, may represent an interesting case study to
investigate the occurrence and exposure of PFASs along the rural-urban environmental and
socioeconomic gradients. The tap water in Qingdao City is a mixed water from several raw
water sources. In this study, the contamination level of the PFASs in river water; drinking
water sources (reservoirs and groundwater); and in various types of drinking water (tap
water, barreled pure water, and bottled mineral water) from Qingdao were investigated.
The objective was to assess the impact of PFAS contamination in surface water on drinking
water and human health. The mass loading of PFASs in the rivers and human risk via the
route of the drinking water were also discussed.

2. Materials and Methods
2.1. Sample Collection

Field sample collections of surface water, groundwater, tap water, barreled pure water,
and bottled mineral water were completed in March 2017. Twenty-four river water and
two reservoir water samples were collected. Three shallow groundwater sampling sites
(6-10 m deep) in Xiashan Village of Chengyang District, Lijiaxia Village of Laoshan District,
and Beizhai Village of Laoshan District were selected in this study. Yukuang Reservoir and
Laoshan Reservoir in Laoshan District were selected as the surface water source sites for
drinking water. Seven tap water and six barreled pure water samples were collected in
six districts of Qingdao City. The barreled pure water was sampled in areas with dense
populations. Three locally popular brands of mineral water produced in Qingdao were
purchased in the market. All sampling sites are shown in Figure 1.

The surface water samples were taken from 0-0.2 m below the water surface using a
stainless-steel bucket, then transferred into 2L polypropylene (PP) bottles. Groundwater
samples were directly collected from the hand-pressed wells using 2L PP bottles. Samples
were immediately transported to the laboratory and stored at 4 °C until analyzed. Detailed
information about each sampling site is summarized in Tables S1 and S2 for the surface
water and drinking water samples, respectively, in the Supplementary Information.

2.2. Materials and Reagents

Perfluorooctane sulfonamide (PFOSA); a mixture of PFBA, perfluoro-n-pentanoic
acid (PFPeA), perfluoro-n-hexanoic acid (PFHxA), perfluoro-n-heptanoic acid (PFHpA),
PFOA, perfluoro-n-nonanoic acid (PFNA), perfluoro-n-decanoic acid (PFDA), perfluoro-n-
undecanoic acid (PFUnDA), perfluoro-n-dodecanoic acid (PFDoDA), perfluoro-n-tetradecanoic
acid (PFIrDA), perfluoro-n-tetradecanoic acid (PFTeDA), perfluoro-n-hexadecanoic acid
(PFHxDA), perfluoro-n-octadecanoic acid (PFOcDA), potassium perfluoro-1-butanesulfonate
(PFBS), PFHxS, PFOS, and sodium perfluoro-1-decanesulfonate (PFDS); and mixture of
13C4-PFOS, 13C,-PFDA, 13C5-PFNA, 13C4-PFOA, 13C4-PFBA, 13C,PFHXA, 3C,PFUNDA,
13C,PFDoDA, and 80,PFHxS were purchased from Wellington Laboratories Inc. (Guelph,
Ontario, Canada). Purities of the individual chemicals and mass-labeled chemicals are
>98%. Oasis weak anion exchange solid-phase extraction cartridges (WAX; 6¢cc, 150 mg)
were purchased from Waters Corp. (Milford, MA, USA). Methanol (LC-MS grade) was
purchased from Merck Ltd. (Darmstadt, Germany), and ammonium solution (25%) was
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purchased from Sigma-Aldrich GmbH (Seelze, Germany). Milli-Q water was used during
the experiment.
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Figure 1. Map of the water sampling sites in Qingdao. The numbers in red italics denote the locations
of potential anthropogenic contamination sources: (1) Qingdao Tuandao Sewage Treatment Plant.
(2) Qingdao Haibo River Water Operation Co., Ltd. (Qingdao, China). (3) Qingdao Maidao Sewage
Treatment Plant. (4) Qingdao Licun River Sewage Treatment Plant. (5) Jimo Sewage Treatment Co.,
Ltd. (Qingdao, China). (6) Qingdao Fire Training Base.

2.3. Sample Pretreatment

The water samples were extracted using solid-phase extraction (SPE) with WAX
cartridges based on the method of ISO25101 [13]. In brief, 4 mL of 0.1% ammonia/methanol,
4 mL of methanol, and 4 mL of Milli-Q water passed through the cartridges successively.
The unfiltered water samples with mass-labeled standards spiked were passed through
the cartridges at the rate of 1 to 2 drop/s. After loading all samples, the cartridges were
rinsed with 4 mL of 25 mM acetate buffer solution (pH 4), and the PFASs were eluted with
4 mL of methanol followed by 4 mL 0.1% NH4OH. The effluent was concentrated to 1 mL
by nitrogen.

2.4. Instrumental Analysis

Separation of the PFASs was performed using a tandem mass spectrometer (API
4000, Applied Biosystems Inc., Framingham, MA, USA) coupled with high-performance
liquid chromatography (HPLC) (Agilent Technologies 1200, Santa Clara, CA, USA). The LC
column used was an RSpak JJ-50 2D ion exchange column (2.0 mm X 150 mm, 5 um;
Shodex, Tokyo, Japan). The injection volume was 10 pL. The analytes were eluted with a
50 mmol/L ammonium acetate-methanol mixed solution (volume ratio 2:8) in isocratic
elution mode at a flow rate of 300 uL. min~! for 20 min. The column temperature was
40 °C. The electrospray ionization voltage was 4000 V using a negative mode ion source,
and the ion source temperature was 350 °C. The curtain gas pressure was 69 KPa, the ion
source GASI1 pressure was 344.7 KPa, the ion source GAS2 pressure was 344.7 KPa, and the
collision gas pressure was 34.5 KPa. The target compounds were detected using multiple
reaction monitoring (MRM) in negative ion electrospray mode. Calibration curves for the
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instrument were prepared with a series of seven concentrations at 2, 10, 50, 200, 1000, 5000,
and 25,000 pg/mL. The instrumental response of the target analytes was confirmed for
quantification using individual chromatograms.

2.5. Quality Assurance and Quality Control (QA/QC)

To achieve lower detection limits, all of the accessible polytetrafluoroethylene (PTFE)
and fluoropolymer materials in the HPLC instrument and apparatus were replaced with
materials made of polyetheretherketones (PEEK). The procedure and travel blanks for the
water were collected. A recovery test was carried out using both mass-labeled and native
standard chemicals. Matrix recoveries were conducted by adding mass-labeled mixed
standard surrogates and native standard chemicals to real samples.

Quantitative responses according to the amount of standards added were evaluated.
Concentrations of analytes were calculated using an external calibration curve. The data
for blanks and recoveries were obtained in duplicate for every 12 samples to ensure stable
repeatability. Samples should be reanalyzed if the results of the blanks and recovery
exceeded the acceptable range. When repeatability was achieved and the signal/noise
ratio (5/N) was >10, the lowest concentration of the target analyte was defined as the
limit of quantification (LOQs) of the method. Table S3 in the Supplementary Information
presents the LOQs and recoveries for individual PFASs in the water samples from this study.
For matrix-spiked water samples, only PFDS, PFHxDA, and PFOcDA showed recoveries
less than 80%.

3. Results and Discussion
3.1. Occurrence of PFASs in River Waters
3.1.1. Detection Rates and Contamination Levels

The concentrations of individual PFAS compounds at each sampling site in this study
are provided in Table 54 in the Supplementary Information. Table 1 presents the statistics
on the analytical results for the PFASs in the water samples from the six rivers, the drinking
water sources, and drinking waters in Qingdao. Of the eighteen PFASs monitored in
the river waters, twelve were detected, including eight perfluorinated carboxylic acids
(PFCAs), three perfluoroalkyl sulfonates (PFSAs), and PFOSA. The detection rates of nine
compounds (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFDA, PFOS, PFHXS, and PFBS) were
100%. The detection rates of PFNA, PFUnDA, and PFOSA were 96.3%, 66.7%, and 33.3%,
respectively. Most of the targeted long-chain (C10-C18) PFASs (i.e., PFDoDA, PFTrDA,
PFTeDA, PFHxDA, PFOcDA, and PFDS) were not detected in all the samples.

The total concentrations of the PFASs (XPFASs) in the river water samples of Qingdao
ranged from 28.3 to 292.2 ng/L, averaging 108 £ 70.7 ng/L. The lowest 2PFASs occurred
at the sampling site W9 in Licun River, while the highest were at site W6 in Zhangcun
River. The compound with the maximum concentration was PFBS (256.8 ng/L), followed
by PFOA (68.4 ng/L) and PFBA (41.6 ng/L). Compared with the reported ~PFASs in
surface waters in other large cities in China, the highest XPFASs observed in this study
were higher than those in the surface waters of Beijing (2.9-222.6 ng/L, target PFASs,
including 11 PFCAs, 3 PFSAs, and 3 chlorinated polyfluoroalkyl ether sulfonic acids) [14];
Shanghai (39-212 ng/L, target PFASs, including 11 PFCAs, 5 PFSAs, and PFOSA) [15];
and Hangzhou (94.3-179.3 ng/L, target PFASs, including 13 PFCAs and 4 PFSAs) [16]
but lower than those in Nanchang (146.2-586.2 ng /L, target PFASs, including 13 PFCAs
and 4 PFSAs) [17]; Changshu (15.6-480.9 ng/L, target PFASs, including 13 PFCAs and
4 PFSAs) [18]; and Taihu Lake in Eastern China (164 to 299 ng/L, target PFASs, including
5 PFCAs and 2 PFSAs) [19].
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Table 1. Statistics on the detected PFASs in water samples from the rivers, the drinking water sources,
and drinking waters in Qingdao.

Water Type Statistics PFBA PFPeA PFHxA PFOA PFNA PFDA PFUnDA PFHpA PFBS PFHxS PFOS PFOSA
Th;g:;bo Detection rate (%) 100 100 100 100 100 100 0 100 100 100 100 66.7
Ave. * (ng/L) 1576 391 345 2427 036 015 <LOQ 201  33.63 468 277 1.70
SD* (ng/L) 636 069 08 1207 008 013 <LOQ 060 1844 409 202 201
Median* (ng/L) 1760 391 379 1944 039 021 <LOQ 212 3660 236 224 1.70
Min. * (ng/L) 868 322 252 1536 027 <LOQ <LOQ 136 1388 228 106 028
Max. * (ng/L) 2100 460 404 3800 042 024 <LOQ 254 5040 940  5.00 3.12
The
Zhangcun Detection rate (%) 100 100 100 100 100 100 0 100 100 100 100 0
River
Ave. (ng/L) 1618 303 309 1374 028 018 <LOQ 276 7194 785 061 <LOQ
SD (ng/L) 473 061 120 607 027 010 <LOQ 127 10480 1453 045 <LOQ
Median (ng/L) 1368 277 284 1264 034 017 <LOQ 244 3240 134 054 <LOQ
Min. (ng/L) 1212 242 216 704 <LOQ <LOQ <LOQ  1.60 788 100 <LOQ <LOQ
Max. (ng/L) 1992 390 291 2340 054 029 <LOQ 281 25680 3384 124 <LOQ
Thﬁi%fr““ Detection rate (%) 100 100 100 875 875 750  25.00 875 100 875 100 12.5
Ave. (ng/L) 2848 1475 1486 2713 1049 885 287 1345 2639 1145 1214 149
SD (ng/L) 947 167 247 1122 099 078 021 346 1076 193 111 033
Median (ng/L) 1776 406 345 2210 063 035 <LOQ 385 1624 129 093 <LOQ
Min. (ng/L) 1000 140 113 <LOQ <LOQ <LOQ <LOQ <LOQ 464 <LOQ <LOQ <LOQ
Max. (ng/L) 4160 736 884 3640 316 246  0.60 1172 4000 580  3.65 0.92
TheRiierha Detection rate (%) 100 100 100 100 100 100 66.7 100 100 100 100 333
Ave. (ng/L) 1509 620 465 3887 112 063 018 450 1819 097 467 017
SD (ng/L) 455 142 081 2990 019 013 016 073 427 038 455 0.30
Median (ng/L) 1568 624 440 2920 115 058 025 488 1740 092 206 <LOQ
Min. (ng/L) 1028 476 400 1500 092 052 <LOQ  3.66 1436 061 203 <LOQ
Max. (ng/L) 1932 760 556 7240 130 077 030 496 2280 137 992 051
TheRI;fIZihm Detection rate (%) 100 100 100 100 100 100 100 100 100 100 100 50
Ave. (ng/L) 2204 1637 1898 5075 354 266 055 914 2349 329 1537  0.19
SD (ng/L) 932 871 1163 2025 243 216 034 484 1084 194 947 023
Median (ng/L) 2450 1654 1876 5650 354 256 050 960 2668 340 1538  0.14
Min. (ng/L) 884 756 820 2160 131  0.69 0.25 3.68 788 082 378 <LOQ
Max. (ng/L) 3032 2484 3020 6840 576 484 095 1368 3272 556 2696 047
The
Hongjiang ~ Detectionrate (%) 100 100 100 100 100 100 100 100 100 100 100 100
River
Ave. (ng/L) 50.73 50.17 5540 5524 3558 3433 3351 4503 4377 3673 5585  52.60
SD (ng/L) 161 998 1146 054 081 06l 0.04 297 059 014 11.06 2135
Median (ng/L) 2610 2526 3310 3286 337 149 0.27 1754 1566 510 3378 2890
Min. (ng/L) 2496 1820 25.00 3248 280 106 024 1544 1524 500 2596  13.80
Max. (ng/L) 2724 3232 4120 3324 394 193 030 19.64 1608 520 4160  44.00
Reservoirs Detection rate (%) 100 100 100 100 100 100 0 100 100 100 100 0
Ave. (ng/L) 1258 241 191 1022 056 015 <LOQ  2.18 312 060 029 <LOQ
SD (ng/L) 585 003 024 38 02 002 <LOQ 084 227 085 026 <LOQ
Median (ng/L) 920 122 107 705 041 009 <LOQ 151 2690 072 027 <LOQ
Min. (ng/L) 844 239 174 748 037 014 <LOQ 158 151 <LOQ 010 <LOQ
Max. (ng/L) 1672 243 208 1296 074 017 <LOQ 277 472 120 047 <LOQ
Groundwater  Detection rate (%) 66.7 66.7 66.7 66.7  33.33 0 0 100 66.7 33.3 66.7 0
Ave. (ng/L) 1839 1680 1677 1771 841 <LOQ <LOQ 2519 1818 845 1799 <LOQ
SD (ng/L) 264 017 011 172 019 <LOQ <LOQ 013 221 028 268 <LOQ
Median (ng/L) 140 020 019 085 <LOQ <LOQ <LOQ 033 152 <LOQ 043 <LOQ
Min. (ng/L) 020 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 011 <LOQ <LOQ 0.00 <LOQ
Max. (ng/L) 526 035 020 332 032 <LOQ <LOQ 033 444 048 484 <LOQ
Tap water Detection rate (%) 100 100 100 100 100 0 0 100 100 100 100 0
Ave. (ng/L) 515 169 131 778 038 <LOQ <LOQ 132 165 354 172 <LOQ
SD (ng/L) 036 020 012 151 008 <LOQ <LOQ  0.19 039 115 045 <LOQ
Median (ng/L) 510 168 125 766 035 <LOQ <LOQ 132 162 414 171 <LOQ
Min. (ng/L) 462 144 118 604 030 <LOQ <LOQ  1.03 108 187 109 <LOQ

Max. (ng/L) 5.80 2.04 1.52 9.64 052 <LOQ <LOQ 1.65 2.34 474 2.32 <LOQ




Int. |. Environ. Res. Public Health 2022, 19, 5722

6 of 13

Table 1. Cont.

Water Type Statistics PFBA PFPeA PFHxA PFOA PFNA PFDA PFUnDA PFHpA PFBS PFHxS PFOS PFOSA
B:;;fé’id Detection rate (%) 100 333 333 667 3333 0 0 333 333 333 333 0

Ave. (ng/L) 221 059 042 270 012 <LOQ <LOQ 045 055 128 051 <LOQ

SD (ng/L) 277 092 065 411 020 <LOQ <LOQ  0.72 086 207 084 <LOQ

Median (ng/L) 066 <LOQ <LOQ 028 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

Min. (ng/L) 0.18 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

Max. (ng/L) 632 191 136 952 048 <LOQ <LOQ  1.64 189 476 195 <LOQ
I\/V[;I;tesral Detection rate (%) 100 333 100 0 0 0 0 333 333 0 0 0

Ave. (ng/L) 157 059 023 <LOQ <LOQ <LOQ <LOQ  0.05 013 <LOQ <LOQ <LOQ

SD (ng/L) 234 103 030 <LOQ <LOQ <LOQ <LOQ 0.9 022 <LOQ <LOQ <LOQ

Median (ng/L) 022 000 006 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

Min. (ng/L) 0.22 0.00 0.05 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

Max. (ng/L) 428 178 058 <LOQ <LOQ <LOQ <LOQ  0.16 038 <LOQ <LOQ <LOQ

* Ave.: Average concentration; SD: Standard deviation; Min.: Minimum concentration; Max.: Maximum concentration.

3.1.2. Spatial Distributions

Qingdao is a highly unevenly distributed city with respect to the population, industry,
and agriculture. The Moshui River, the Hongjiang River, the Baisha River, and the upstream
of the Licun River flow through the rural areas of Qingdao, while the Haibo River and
Zhangcun River and the downstream of the Licun River flow through the urban areas of
Qingdao. In recent decades, most of industries in Qingdao have been moved from the
urban areas to the rural areas. Higher contamination levels of PFASs, as well as special
composition profiles of PFASs from packaging and industrial parks, were observed in the
rural areas of Qingdao (Figure 2). The differences in the concentrations and compositions
of PFASs from the rural area to the urban area are particularly obvious for Licun River.
The average XPFASs were in the sequence of Hongjiang River > Moshui River > Zhangcun
River > Haibo River > Baisha River > Licun River > reservoirs. Due to tides, the seawater
flowing backward into the lower reaches of Haibo River, Licun River, and Moshui River
may dilute the PFAS concentrations at the river mouth sampling sites (W3, W20, and W24).
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A higher proportion of PFBS in XPFASs was observed in Haibo River and Zhangcun
River (averaging 35.6% and 42.5% of the total PFASs, respectively). The proportion of
PFBS in the XPFASs decreased from the upper reaches to the lower reaches of Haibo River
and Zhangcun River but increased from the upper reach to the lower reach in Licun River.
Though short-chain compounds have been widely used as the substitute of PFOS and PFOA
in this part of China [20], the degradation of long-chained perfluoroalkane sulfonates can
also be an important source of PFBS [21,22]. Several waste water treatment plants (WWTPs)
are located near sites W2, W19, and W25. It has been reported that PFBS exists in effluents
from many WWTPs in Europe and, recently, in China [23-25].

The general contamination level of PFASs in Moshui River and Hongjiang River
(XPFASs: 186.1 and 223.4 ng/L, respectively) was more serious than in the other rivers,
characterized by relatively higher proportions of PFOA and PFOS. In contrast, high levels
of the short-chain compounds PFBS (256.8 ng/L) and PFHXS (33.8 ng/L) were observed
in Zhangcun River at sites W6 and W7, respectively. Elevated PFHxS concentrations
were observed when compared to earlier reports in the Yangtze River Delta region in
South China [26]. PFHXS has already been listed as a substance of very high concern by
the European Chemicals Agency (Helsinki, Finland) [27]. However, the production and
use of PFOS and PFHXS still take place in China for firefighting foam [28,29]. There is
a firefighting training site and a furniture factory in the vicinity of site W6 and several
electronic manufactures near site W7. PFHXS can be used as a repellent and is widely
utilized in firefighting foam, printing inks, and sealants. It is not expected to undergo
hydrolysis or photolysis, and no biodegradation is expected [30]. Large proportions of
PFOS (14.9% at W19 and a mean of 15.0% at W21 and W22) and PFOSA (12.1%) in the total
PFASs were observed in Moshui River and Hongjiang River. The concentrations of PFOSA
were also high (44.0 and 13.8 ng/L at W22 and W21, respectively). Along these two rivers,
poultry breeding and packaging have developed, which may relate to PFOSA, as it is used
in food packaging [1]. PFOSA is an important PFOS precursor and was phased out by 3 M
in the United States during 2000-2002, but it has grown in China by other producers. On the
other hand, in Licun River and Baisha River, PFOA, PFBA, and PFHxA were the three most
abundant compounds. Higher PFHxA concentrations were also found in Moshui River
and Hongjiang River, which flow through the rural areas of Qingdao. PFHxA is regarded
as a highly stable and ultimate transformation product from several precursors [31].

3.1.3. Mass Loading of PFASs to the Sea

The rivers in this study eventually flow into Jiaozhou Bay, and the coastal sea water
and sediments will become the sink of the PFASs, which may have a direct impact on
the water quality and ecology of Jiaozhou Bay. Therefore, the annual input of the PFASs
from the five rivers (Zhangcun River merges with Licun River before flowing into the sea)
into the coastal waters was estimated as a first-order approximation based on the PFAS
concentrations and the water discharge data available. The annual input of the PFASs from
the riverine outlets into the sea in Qingdao are shown in Table 2. The estimation results
show that a total of 5.9 tons per year of 10 PFAS compounds were discharged into Jiaozhou
Bay, with individual PFAS loads ranging from 0.038 to 1.32 tons per year. It should be
noted that these data were obtained based on the concentrations of PFASs in their dissolved
forms and in the dry season of the region. The annual inputs of PFOA, PFBS, PFBA,
and PFOS into the sea were 1.3, 1.2, 0.9, and 0.4 tons per year, respectively. These estimated
discharges of the PFASs were much lower than those of the large rivers in China and the
world, such as the Yangtze River, which contributed a considerable proportion (>60%) of
riverine discharge for PFASs in China [26]. For example, the annual loads of PFOA, PFOS,
and XPFASs in the Yangtze River were 6.8, 8.2, and 20.7 tons, respectively [32]; the annual
loads of PFBA, PFBS, and ~PFASs from the river Rhine into the North Sea were 10.5, 5.1,
and 17 tons, respectively [33]. The mass loading of the PFASs into the rivers of Qingdao was
slightly higher than that in Daling River in Northeast China, with annual mass loadings of
PFBA, PFBS, and XPFASs into the Bohai Sea of 0.14, 0.23, and 0.46 tons, respectively [34].
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The annual discharges of PFBA, PFHxA, PFOA, PFOS, and the total PFASs in Jiulong River
in Southeastern China were 0.05, 0.16, 0.04, 0.09, and 0.47 tons, respectively [35].

Table 2. The annual input of the PFASs from the riverine outlets to the sea in Qingdao.

Watershed Area Annual Water Discharge PFOA PFNA PFBA  PFHxA PFDA

km? 10*m3/a kg/a kg/a kg/a kg/a kg/a
The Haibo River 14 381 39.4 0.7 223 6.5 0.0
The Licun River 132 3576 2.2 0.0 3219 90.9 0.9
The Baisha River 215 3133 616.4 242 217.0 117.4 16.2
The Moshui River 317 3734 543.4 329 2224 206.3 17.4
The Hongjiang River 56 558 125.0 10.5 93.8 94.0 4.0
PFUnDA PFHpA  PFOS PFHxS  PFOSA Total
kg/a kg/a kg/a kg/a kg/a kg/a
The Haibo River 0.0 3.5 2.7 6.1 0.7 126
The Licun River 0.0 0.0 18.3 1.1 0.0 960
The Baisha River 5.3 103.0 209.4 289 10.8 1990
The Moshui River 6.3 92.7 95.0 20.5 543.4 2169
The Hongjiang River 0.9 58.1 97.6 18.8 51.9 683

The mass load contributions of all the rivers into Jiaozhou Bay were in the sequence
of Moshui River > Baisha River > Licun River > Haibo River > Hongjiang River. Moshui
River, Baisha River, and Licun River contributed about 86% of the total PFAS loading,
which may be attributed to the higher volumes of water discharge of the three rivers.
Moshui River constituted the largest proportion (36.6%), followed by Baisha River (33.6%).
Wang et al. (2016) estimated the total Chinese riverine mass discharges of PFOA (mean:
80.9 t/y; range: 16.8-168 t/y), which were in good agreement with the theoretical PFOA
emission estimates (range: 17.3-203 t/y), whereas the riverine had mass discharges of PFOS
(mean: 3.6 t/y; range: 1.9-5.6 t/y) [36]. Our results indicated that the PFOA input from
the rivers in Qingdao contributed to approximately less than one percent of China’s total
PFOA emissions.

3.2. Occurrence of PFASs in Drinking Water Sources
3.2.1. Reservoirs

Since the municipal water supply in Qingdao takes the way of multiple-source water
mixing, the surface waters of Laoshan Reservoir and Yukuang Reservoir were collected
as the representatives of large and small reservoirs, respectively. Though there are several
reservoirs as the drinking water sources for Qingdao City, some rural villagers in Laoshan
District and Chengyang District of Qingdao City still take the groundwater as their drink-
ing water source; therefore, the reservoirs and groundwater samples are compared and
discussed together. Comparisons between PFASs in the raw waters for drinking purposes
and in the tap water of Qingdao City will be discussed in the next section.

The £PFASs in the surface waters of Laoshan Reservoir (W13) and Yukuang Reservoir
(W8) were 39.4 ng/L and 28.6 ng/L, respectively, which were much lower than those in the
rivers. However, the concentrations of PFBA in the reservoirs were comparable to those of
several rivers in Qingdao. PFOA and PFBA were the dominant PFASs in the two reservoirs.
With more PFBS and PFHxS but less PFBA and PFOA, the composition profile of the
PFASs of Laoshan Reservoir was different from that of Yukuang Reservoir. The presence
of PFASs in these reservoirs could be attributed to sewer leakage or a discharge of raw
sewage and storm water runoff from the surrounding villages. The concentrations of PFOA
were 12.96 and 7.48 ng/L for Laoshan Reservoir and Yukuang Reservoir, respectively.
These values were higher than those of Guanting Reservoir (PFOA ranging from 0.55 ng/L
to 2.3 ng/L) [37] and Miyun Reservoir (XPFASs ranging from 5.30 ng/L to 8.50 ng/L) [38],
both in Beijing, China, but comparable to Marina Reservoir, Singapore (PFOA ranging from
8ng/L to 37 ng/L) [39].
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3.2.2. Groundwater

Detailed analytical results for the groundwater and drinking water samples are shown
in Table 1 and Table S4. The XPFASs in the groundwater samples (GW1-GW3) ranged from
0.41 to 19.5 ng/L, averaging 8.3 £ 10.0 ng/L. The detection rates of PFBS and PFBA were
100%. Overall, PFBA and PFBS were the two compounds with the highest concentrations
found in the three groundwater samples, accounting for 35.1% and 25.7% of the average
YPFASs, respectively, reflecting the downward movement of highly water soluble PFASs
such as PFBS [22]. The highest ZPFASs were observed at GW1, located along Zhangcun
River and surrounded by many wood, furniture, and wood carving factories. The most
abundant PFASs at GW1 were PFBA, PFOS, PFBS, and PFOA, accounting for 26.9% 24.8%,
22.7%, and 17.0% of the ZPFASs, respectively. Although the contamination level at this
site was higher than those of the other two groundwater sampling sites, on the whole,
the XPFASs in this groundwater sample were less than those of the reservoir waters
(average: 24.4 ng/L) and the tap waters (average: 24.5 ng/L; see the following section on
tap water). The lowest ZPFASs in groundwater were observed at GW3 situated in Laoshan
Mountain characterized by a high terrain with no industrial zone around it and a relatively
small population. Only PFBA, PFHpA, and PFBS were detected at GW3, and their contents
were low. Sampling site GW2 is also close to the Laoshan Scenic Spot at the foot of the
mountain, but the surrounding residential areas are larger, with a denser population and
an animal breeding industry. The XPFASs in the groundwater in Qingdao are comparable
to the published values for groundwater in the cities in Eastern China (0.20-8.5 ng/L) [40]
and Northeastern China (3.1 ng/L) [3].

3.3. Occurrence of PFASs in Drinking Water
3.3.1. Tap Water

Nine target compounds (PFOA, PENA, PFBA, PFPeA, PFHxA, PFHpA, PFOS, PFHXS,
and PFBS) in the tap water samples (TW1-TW?7) from six districts of Qingdao City were
detected in all of the samples, with detection rates of 100%. The XPFASs ranged from
20.5ng/L to 29.9 ng/L, averaging 24.5 £ 3.6 ng/L. PFOA and PFBA were the most abun-
dant PFAS compounds in the tap water samples. The proportion of each compound in
the total measured PFASs was as follows: PFOA (31.6%) > PFBA (21.3%) > PFHXxS (14.2%)
> PFOS (6.9%) = PFPeA (6.9%) > PFBS (6.8%) > PFHpA (5.4%) = PFHxA (5.4%) > PFNA
(1.5%). In contrast, PFHxA and PFOA were the two major PFASs in the tap water of most
cities in Eastern China [17]. The Yellow River, Baisha River, and Laoshan Reservoir are the
three most important drinking water sources for Qingdao City. The Yellow River is the
second-largest river in North China. In the last decade, a project “Yellow River Diversion
to Qingdao” has been implemented to bring water through canals to Qingdao so as to meet
the increasing needs of fresh water in Qingdao City. A previous study showed that PFBA
and PFOA were the two major PFAS compounds in the Yellow River water [41].

The average concentration of PFOA in the tap water samples from Qingdao was
7.8 £ 1.5ng/L and that of PFBA was 5.2 & 0.4 ng/L. PFHxXS was the third-highest com-
pound, ranging from 1.9 ng/L to 4.7 ng/L and averaging 3.5 & 1.1 ng/L. The other PFAS
compounds were generally below 2 ng/L, with detection rates less than 7%. The replace-
ment of PFOS with less hazardous compounds has been implemented in China since 2009.
Compared with the early reports on PFASs in tap water in China [4,5], the proportion of
PFOS in the tap water samples of Qingdao was lower (averagely accounting for 6.9% of
the total PFASs), and the average concentration was 1.7 &= 0.5 ng/L. In contrast, PFOS
was once the predominant type of PFAS present in Chinese tap water (mean: 3.9 ng/L)
more than 10 years ago during 2004-2008 [5]. The PFASs in tap water from Qingdao
were at a level from low to moderate amounts of contamination, higher than those of
Tokyo, Japan (0.72-95 ng/L, target PFASs, including 11 PFCAs and 5 PFSAs) [42]; Thai-
land (0.58-1.15ng/L, target PFASs, including 8 PFCAs and 3 PFSAs) [43]; and Turkey
(0.08-11.27 ng/L, target PFASs, including 7 PFCAs and 3 PFSAs) [12].
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It was noted that the detection rates, the concentrations, and the proportions of
each PFAS compound were similar in all tap water samples in Qingdao City (Figure 2).
This situation is not accidental. There are three major tap water plants in Qingdao, i.e.,
Xianjiazhai, Baishahe, and Laoshan Waterworks, which deal with the water of the Yellow
River, the Dagu River, and the reservoirs, respectively. The three major waterworks mix
the treated tap waters evenly in the Qingdao Urban Pipelines and then enter the residents’
water pipelines so that the daily tap water used by the residents is the mixed water of each
waterwork. Therefore, the similarity of the characteristics of the tap water in each district is
very high, which was preliminarily verified by this study.

3.3.2. Commercial Drinking Waters

In addition to tap water, residents in Qingdao also consume commercial barreled pure
water and bottled mineral water, especially in the workplace. The concentrations of PFASs
in the barreled pure water (BW1-BW6) and bottled mineral water (MW1-MW3) samples
are presented in Table 1 and Table S4. The X.PFASs in the barreled pure water ranged from
0.2ng/L to 28.4 ng/L, with a median of 0.9 ng/L and mean: 8.8 & 12.9 ng/L. The PFASs in
most of the barreled pure waters were low, except for the two barreled pure water samples
BW4 and BW5 (XPFASs were 28.4 and 22.2 ng/L, respectively). Compared with the tap
waters and groundwater, BW1, BW2, BW3, and BW6 were obviously much better with
respect to the PFAS contents. It has been reported that the PFAS contents of bottled waters
were generally lower than the tap waters in The Netherlands, Greece, and Turkey [12,44].

It can be seen that there is a great difference between different barreled pure waters.
In BW1 and BW2, and PFBA was the only PFAS compound detected. PFBA and PFOA were
detected in BW3 and BW6, though at very low levels (both below 0.5 ng/L). In contrast,
the XPFASs in BW4 and BW5 were as high as those of the tap waters (averaging 24.5 ng/L),
and similar composition profiles to those of the tap waters were observed, with nine com-
pounds (PFOA, PENA, PFBA, PFPeA, PFHxA, PFHpA, PFOS, PFHxS, and PFBS) being
detected, suggesting that they were unqualified pure water products, if not fakes.

The mineral water samples were from two different manufacturers. MW1 and MW2
were from Laoshan Mineral Water Company, Qingdao, and MW3 from Kelan Mineral
Water Company, Qingdao. Laoshan Mineral Water with a high mineral content and low
salinity is from the wells penetrating the cracks of deep granite of 117 m underground
at the Laoshan Scenic Spot area. The production of Laoshan Mineral Water is less than
20,000 tons a year due to too-few deep-well water sources. In contrast, Kelan Mineral
Water is an ordinary mineral water that is produced from relatively shallower wells in
Taiping Mountain, Qingdao. The price of Kelan Mineral Water is lower than that of Laoshan
Mineral Water.

The analytical results of the bottled mineral water samples showed that there were
differences in the PFAS composition profiles among the different brands of mineral water
products. Only one compound (PFBA) was detected in MW1 and MW2, with a very low
concentration of 0.22 ng/L in both samples. In contrast, PFBA, PFPeA, PFHxA, and PFBS
were detected in MW3, with a XPFASs of 7.02 ng/L. The concentration of PFBA (4.28 ng/L)
in MW3 was about 20 times higher than that in MW1 and MW2 but was only one-third of
that in the tap water samples, indicating that the mineral water produced from the relatively
shallower aquifer was still cleaner than the tap waters with respect to PFAS contamination.

Table 1 summarized the statistics on PFASs in drinking water source sites and various
types of drinking waters in Qingdao. The order of the contamination levels expressed by
the sequence of the YPFASs from high to low is reservoir water (34.0 ng/L) > tap water
(24.5 ng/L) > barreled pure water (8.8 ng/L) > groundwater (8.3 ng/L) > bottled mineral
water (2.5 ng/L). The USEPA has developed lifetime drinking water health advisories for
PFOS [45] and PFOA [46] of 70 ng/L for each and 70 ng/L for the sum of the concentrations
of PFOS and PFOA when both occur in the same drinking water supply. Based on this,
the potential risk for the drinking water consumers in Qingdao is generally low. The Chi-
nese standards for drinking water quality [47] which will be implemented in 1 April 2023,
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set the limit values of the PFOA and PFOS concentration in drinking water as 80 ng/L and
40 ng/L. Based on this, the potential risk for the drinking water consumers in Qingdao is
generally low.

4. Conclusions

PFASs were widely detected at relatively high levels in river waters in Qingdao.
Compared with the rivers of other large cities in China and the world, the XPFASs in the
river waters in Qingdao were at moderate to high contamination levels.

The rivers flowing through the rural areas of Qingdao showed high PFAS contamina-
tion levels, because most of the industries in Qingdao have been moved from the urban
areas to the rural areas in recent decades.

PFOA, PFBA, and PFBS were the predominant PFAS compounds in the raw waters
(reservoir water and groundwater) for drinking purposes in Qingdao, while PFBA, PFOA,
and PFHxS were the dominant components in the tap waters. The contamination level of the
PFASs in the reservoir waters was higher than in the tap waters, but the contamination level
of the PFASs in the groundwater was lower than in the tap waters. The PFASs in drinking
water may not pose a serious risk to the drinking water consumers of Qingdao City.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ijerph19095722 /s1: Table S1: Information on the surface water
samples in Qingdao. Table S2: Information on the drinking water and groundwater samples from
Qingdao. Table S3: The precursor and product ions in mass spectrometry, the limits of quantification
(LOQs), recoveries, and the repeatability of the matrix spike recoveries for individual PFASs in the
water samples. Table S4: Concentrations of the PFASs in the water samples.
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