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• PFAAs in tap water of eastern China
were at a relatively higher level.
• The transport behaviors of PFAA in
DWDS were studied.
• Long-chain PFAA is more easily accumulated in the loose deposits in the DWDS.
• DOC probably increased the potential of
short-chain PFAA to retain in bulk
water.
• PFAA accumulated in loose deposits can
result in potential health risks at taps.
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a b s t r a c t
Although human exposure to perﬂuoroalkyl acids (PFAAs) through tap water is an ongoing concern, knowledge
of the PFAAs occurrence in the tap water and the associated transport behaviors of PFAAs in drinking water distribution systems (DWDSs) are scarce. This investigation proﬁled the occurrence of 17 kinds of PFAAs in tap
water of some Chinese cities, and the transport behaviors of PFAAs in DWDS were observed in eastern China.
Tap water samples both along trunk pipelines and at the distal ends were collected to display the PFAAs occurrence scenarios. Loose deposit solids were also obtained to reveal their possible accumulation effect on PFAAs.
The results showed that perﬂuorooctanoic acid (PFOA) and perﬂuorobutanoic acid (PFBA) widely existed in
tap water samples, and were the predominant PFAAs in eastern China areas. The mean concentration of the 17
PFAAs was 77.49 ng/L (ranging from 9.29 ng/L to 266.68 ng/L). Short-chain PFAAs (mainly PFBA) concentrations
were relatively stable from water treatment plant to consumer taps, while long-chain PFAAs (mainly PFOA) exhibited a signiﬁcant decrease in concentration, which could be attributed to their accumulation by the loose deposits in the DWDSs. It was calculated that PFOA has a higher partition coefﬁcient than PFBA; this means that the
former has a stronger potential to be adsorbed by loose deposits. In addition, the accumulation ability of loose
deposits might be associated with the composition of Al, Fe and Si in the loose deposits. The positive correlation
between the short-chain PFAAs and dissolved organic carbon (DOC) indicated the possible interactions between
PFAA and natural organic matter could favor short-chain PFAAs to retain in bulk water. When water quality
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conditions change or hydraulic disturbance occur, loose deposits may enter tap water bringing accumulated
PFAAs with it, which may result in potential health risks.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
Perﬂuoroalkyl acids (PFAAs) are characterized as a hydrophobic
perﬂuorinated carbon chain attached by a hydrophilic functional
group (e.g.,\\COOH and \\SO3H), and they have extremely high thermal and chemical stabilities (Giesy and Kannan, 2002). PFAAs are primarily used in industrial and household products, such as ﬁre-ﬁghting
foams, surfactants, food packaging, nonstick cookware, and carpets
(Lindstrom et al., 2011). Long-chain perﬂuoroalkyl carboxylic acids
[CnF2n+1COOH; n ≥ 7 (PFCAs)] and long-chain perﬂuoroalkyl sulfonic
acids [CnF2n+1SO3H; n ≥ 6 (PFSAs)] (Wang et al., 2013) were present
ubiquitously in various environments and even detected in indoor
dust (Björklund et al., 2009; Yao et al., 2016), wildlife (Houde et al.,
2011; Zhou et al., 2014) and human blood (Poothong et al., 2017;
Zhang et al., 2013). Many countries and organizations have taken actions to restrict or prohibit the production and emissions of long chain
PFAAs due to their persistence, bioaccumulation potential, and toxicity.
Moreover, short-chain PFAAs (PFCAs: CnF2n+1COOH, n b 7; PFSAs: CnF2n
+1SO3H; n b 6), which have been widely used as substitute compounds
to eight-carbon PFAAs, were detected more frequently, and their levels
increased rapidly in recent years (Ahrens et al., 2010). A previous study
reported that perﬂuorobutanoic acid (PFBA (C4)) and perﬂuorobutane
sulfonate (PFBS (C4)) were the major PFAAs in surface water, efﬂuents
of wastewater treatment plants and drinking water (Liu et al., 2016;
Ullah et al., 2011; P. Wang et al., 2015; Zhou et al., 2013), which indicated a change in production and usage patterns (Rahman et al., 2014).
Human exposure to PFAAs through drinking water is an ongoing
concern; however, fewer studies have reported the occurrence of
PFAAs in drinking water compared with natural surface and ground
water, possibly due to the relatively low concentrations (usually at the
nanogram level) (Mak et al., 2009). In fact, the PFAAs levels in the drinking water of some studies exceeded 70 ng/L, the health advisory level for
perﬂuorooctane sulfonate (PFOS (C8)) and perﬂuorooctanoic acid
(PFOA(C8)) in drinking water established by USEPA (United States Environmental Protection Agency) in 2016 (USEPA, 2016). Elevated PFAAs
concentrations in the drinking water of the U.S. have been reported in
different areas, especially near ﬂuoropolymer manufacturers
(Hoffman et al., 2011; Hu et al., 2016); therefore, the pollution degree
of source water and the removal efﬁciency of drinking water treatment
plants (DWTPs) (Rahman et al., 2014; Steinle-Darling and Reinhard,
2008; Takagi et al., 2011; Xiao et al., 2013; Xu et al., 2013) are being
paid more attention. Meanwhile, these studies focused primarily on
PFOS and PFOA (Hurley et al., 2016; Post et al., 2012), little is known
about the PFAAs more commonly used in recent years, such as PFBA,
PFBS, and perﬂuorohexane sulfonate (PFHxS).
It is common knowledge that the drinking water distribution process in pipelines is an important part affecting the tap water quality,
but the effects of this process on PFAAs in tap water are still unknown.
Some studies on natural water sediments found that organic carbon
content in sediments was the dominant factor affecting the sorption of
longer chain PFAAs by hydrophobic interaction, while electrostatic interaction could affect the transport behaviors of short-chain PFAAs between natural water and sediments (Higgins and Luthy, 2006; P.
Wang et al., 2015; Zhao et al., 2012). Cations and pH can change the
charge on the natural sediment surface, thus affecting the adsorption
capacity (Higgins and Luthy, 2006; Shih and Wang, 2011; S.L. Wang
et al., 2015; You et al., 2010). However, these studies were all about natural water bodies, and almost no studies have focused on the drinking
water distribution system (DWDS) environment. Many studies have

shown that water quality deterioration is related to loose deposits,
which ubiquitously exist in DWDSs. The trace toxic metals contained
in loose deposits (Liu et al., 2018) on inner pipe walls can be resuspended under a hydraulic disturbance, which is considered to be a
well-known reason for the water discoloration in DWDSs (Li et al.,
2018). Loose deposits could also act as reservoirs of microorganisms in
DWDSs (Berry et al., 2006; Sun et al., 2014). In addition, various water
parameters (e.g., calcium, sulfate, chloride, turbidity) (Shi et al., 2018;
Sun et al., 2017) and natural organic matters (NOM) (Broo et al.,
1999) that were adsorbed by loose deposits or exist in bulk water can
affect the chemical stability of water transportation in DWDSs. Overall,
the DWDS environment has unique conditions, such as complex loose
deposits, unstable ﬂow, which could affect the transport behaviors of
PFAAs during pipeline distribution. Understanding this process will
help to accurately assess the risks of consumer exposure to PFAAs
through tap water.
The objectives of this study are to present a proﬁle concerning the
level of PFAAs in tap water, and to demonstrate the transport behaviors
of PFAAs in DWDSs as well as its link to tap water quality. To accomplish
these goals a relatively large-scale investigation of the PFAAs in tap
water was conducted initially, and then transportation behaviors in
DWDS were observed in areas with relatively high PFAAs concentrations. In addition, the PFAAs in the pipe loose deposits of DWDSs were
extracted and identiﬁed to understand the transport mechanisms of
the PFAAs. The potential consumer exposure risks for PFAAs were also
discussed.
2. Material and methods
2.1. Sampling design and collection
A total of 107 water samples (10 source water, 10 ﬁnished water, 87
tap water) were collected from 10 DWTPs of 5 areas in eastern China
from April to June of 2018. The reason why we chose eastern China
was based on the results of our large-scale survey on the occurrence
of PFAAs in tap water. The results showed that the level of PFAAs in
the eastern region is more prominent than those in other regions in
China. Therefore, the study on the transport behaviors of PFAA in
DWDSs was carried out in eastern China.
The information, including name, location, source water type, and
water treatment process of the DWTPs, is provided in Table S2. Most
of the tap water sampling sites were distributed along the trunk pipes
starting at the DWTPs, and some of the sampling sites were located on
the branch pipes. In our study area, plastics was the most commonly
used pipe materials (PVC or PE). All of the tap water samples we collected were supplied directly from the local DWTPs and were not
treated with household water puriﬁer. The tap water samples were
taken after 2–3 min turning on the taps to ensure that the long-term
stagnant water in the indoor pipes was discharged. All water samples
were collected using 1 L polypropylene bottles. An additional 20 mL
water sample was collected at each sampling point and preﬁltered
through 0.45 μm ﬁber membrane for dissolved organic carbon (DOC)
measurement.
To obtain the loose deposits from the DWDSs, three drain outlets
were selected for the ﬂushing of pipeline in the DXL area (restricted
by the ﬁeld conditions, only the water supply area of the DXL had the
available conditions for collecting loose deposits). Before ﬂushing, the
downstream valve and branch section valve of the ﬂushing pipe section
were closed, and the upstream water inlet valve was open. The efﬂuent

R. Chen et al. / Science of the Total Environment 697 (2019) 134162

3

ﬂow was large enough to observe a signiﬁcant increase in turbidity. Five
L ﬂushing water samples were collected after 0.5 h. Loose deposits were
collected by ﬁltration of the ﬂushing water using a glass ﬁber ﬁlter
membrane (GF/F, Whatman). All glass ﬁber membranes were baked
at 450 °C for 4 h to a constant weight before use. The loose deposit samples were vacuum freeze-dried and homogenized by sieving through a
stainless steel 100-mesh sieve and stored in polypropylene bottles for
further characterization.

The LODs and LOQs ranged from 0.01 to 0.1 ng/L and 0.05 to 0.5 ng/L for
the water, and 0.01 to 0.1 ng/g and 0.02 to 0.5 ng/g for the loose deposit,
respectively. Recovery tests were also conducted. The mean matrix
spike recovery of the PFAAs ranged from 76 to 118% for water, and 88
to 123% for loose deposits. The procedure recovery ranged from 81 to
120%, and 85 to 122% for the water and loose deposits, respectively. Detailed QA/QC information of the PFAAs is shown in Supplementary material and Table S5.

2.2. Standards and reagents

2.6. Statistical analysis

All samples were analyzed for 17 PFAAs (13 PFCAs and 4 PFSAs), including PFBA, perﬂuoropentanoic acid (PFPeA), perﬂuorohexanoic acid
(PFHxA), perﬂuoroheptanoic acid (PFHpA), PFOA, perﬂuorononanoic
acid (PFNA), perﬂuorodecanoic acid (PFDA), perﬂuoroundecanoic acid
(PFUnDA), perﬂuorododecanoic acid (PFDoA), perﬂuorotridecanoic
acid
(PFTrDA),
perﬂuorotetradecanoic
acid
(PFTeDA),
perﬂuorohexadecanoic acid (PFHxDA), perﬂuorooctadecanoic acid
(PFODA), PFBS, PFHxS, PFOS, and perﬂuorodecane sulfonate (PFDS). Native standards and mass-labeled internal standards were purchased
from Wellington Laboratories (Ontario, Canada). Detailed information
on the standards and reagents is given in the Supplementary material.

Pearson's correlation analysis was used to assess the correlations between PFAAs and the possible inﬂuencing factors in the water samples.
The signiﬁcance level was set at p b 0.05. For data analysis, half of the
LOQs were used for calculation when their concentrations were below
the corresponding LOQs and above the LODs.

2.3. Extraction procedure
The tap water and loose deposits in DWDSs were pretreated following published methods (Taniyasu et al., 2005; Zhou et al., 2013) with
some modiﬁcations. A 500 mL water sample was ﬁltered through a
glass ﬁber ﬁlter membrane (GF/F, Whatman) and then spiked with
2 ng mass-labeled standards. Oasis WAX SPE cartridges (6 cc, 150 mg,
30 μm Waters, Milford, MA, USA) were used for the water sample extraction. For the loose deposits, 0.2 g samples were treated by ultrasonic
extraction. The extract was cleaned by ENVI-Carb (Supelco, Bellefonte,
PA, USA) and then loaded onto a preconditioned Oasis WAX cartridge
with the same SPE method as the water samples. Detailed information
on the extraction is given in the Supplementary material.
2.4. Instrument analysis
PFAAs analysis was performed using an Agilent 1290 Inﬁnity HPLC
System coupled to an Agilent 6460 Triple Quadrupole LC/MS System
(Agilent Technologies, Palo Alto, CA) that was operated in the negative
electrospray ionization (ESI-) mode. Detailed MS/MS and instrument
parameters are listed in Tables S3 and S4. The dissolved organic carbon
(DOC) was measured using TOC-VCPH analyzer (Shimadzu, Japan). The
organic carbon fraction (foc) of loose deposit samples were measured
using Vario MAX Cube: Elemental Analyzer (Elementar, Germany). Elemental analysis of loose deposits sample was conducted by XRF (X-ray
ﬂuorescence, Thermo ARL Perform' X 4200). The crystalline structure
information was obtained by XRD (X-ray diffraction, Shimadzu
XRD7000) and software Jade 6 was used for identiﬁcation of characteristic peaks.
2.5. QA/QC
During the entire sampling and pretreatment process, contact with
polytetraﬂuoroethylene (PTFE) or other ﬂuoropolymer materials was
avoided to minimize background contamination. Field, transportation,
procedure, and solvent blanks were prepared with every sample batch
to monitor potential contamination. The quantiﬁcation of all PFAAs
was carried out using external and internal quantiﬁcation curves with
concentrations of native standards ranging from 0.01 to 100 ng/mL.
The regression coefﬁcients (r2) of the calibration curve for all target
analytes were over 0.99. The limits of detection (LODs) (signal-tonoise ratio of N3) and limits of quantiﬁcation (LOQs) (signal-to-noise
ratio of N10) for the various analytes were determined for each sample.

3. Results and discussion
3.1. Survey of PFAAs in tap waters
Because the concentration of PFAAs in drinking water is usually extremely low (at ng/L levels) and the detection procedures are rather difﬁcult, it would be more reasonable to ﬁnd an area with a relatively high
concentration of PFAAs for the study of the transport behaviors in
DWDSs. Therefore, a relatively large-scale survey for PFAAs was ﬁrst
conducted in China (sampling locations are shown in Fig. S1). The occurrence and concentrations proﬁle of the PFAAs in tap water are illustrated in Fig. 1(A) and Table S6. A wide range of PFAAs were detected
throughout China, in which the detection rates of PFBA, PFPeA, PFOA,
PFDA reached N88% in all 62 tap water samples in the 31 provinces involving 48 cities. PFPeA was found in all samples. PFBA and PFHxS
were the dominant PFCAs and PFSAs, followed by PFOA, PFPeA, and
PFBS. The concentration ranges of PFBA, PFOA, PFPeA, PFHxS, and PFBS
were ND (not detected)-56.84 ng/L, ND-30.80 ng/L, 0.464–14.93 ng/L,
ND-12.15 ng/L, and ND-23.22 ng/L, respectively. It was conﬁrmed that
with the change of the production and consumption patterns of the
ﬂuorochemical industry, the use of substitute compounds to
eight carbon PFAAs were becoming more widespread, and their concentrations and detection frequencies increased rapidly in recent years.
PFOA and PFHxS have been listed in the Stockholm Convention as candidate POPs, and their restrictions will be strengthened in the future.
The C9-C14, C16, and C18 PFCAs (PFNA, PFDA, PFUdA, PFDoA, PFTrDA,
PFTeDA, PFHxDA, and PFODA) and the C8 and C10 PFSAs (PFOS, PFDS)
were detected at low frequencies and low concentrations, indicating
that they might be less commonly used in China.
The concentrations of total PFAAs (ΣPFAAs) ranged from 2.83 ng/L to
215.29 ng/L in the tap water samples, and the mean ΣPFAAs concentration was 30.36 ng/L. Compared to global levels, the concentration ranges
were greater than those reported for some tap waters in Japan
(0.16–84 ng/L) Canada (b12 ng/L) (Mak et al., 2009), but mainly within
the range reported in Ghana (84.34–255.97 ng/L) (Essumang et al.,
2017) and the Ruhr area of Germany (2–519 ng/L) (Skutlarek et al.,
2006). Further dividing the samples into subgroups of Eastern, Southern, Northern, Central, North, Northwestern, and Southwestern China,
according to the sampling locations (Table S1 and Fig. S2(A)), the levels
of PFAAs in tap water from eastern China were found to be signiﬁcantly
higher than those from other regions and cover a wide range of concentration levels. A mean concentration of 50.54 ng/L ΣPFAAs was obtained
in the samples from eastern China, which was higher than the mean
concentration of whole China (30.36 ng/L) (Fig. 1(B)). Furthermore,
PFAAs have been used in a large number of consumer products; thus,
their concentration levels should be closely related to the level of economic development. Interestingly, an apparent positive correlation
was observed when the ΣPFAAs in tap water were related to the annual
GDP (gross domestic product) of the corresponding provinces (Fig. S2
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Fig. 1. Mean concentrations of the PFAAs in tap water across China (n = 62) (A) and in different regions (B).

(B)). It indicated that the reason for the higher PFAAs in eastern China
might be related to the local economic development level. This might
be due to the economic wealth and its associated purchase capacity
reﬂected by GDP could inﬂuence the consumption, use and disposal
trends of products containing PFAAs, and might consequently impact
emissions (Meng et al., 2015; Lindim et al., 2015; Piao et al., 2017). Consequently, eastern China was selected as the target area for the following study in DWDS.
3.2. Occurrence of speciﬁc PFAAs in the tap water of eastern China
The proﬁle of the 17 PFAAs in the tap water samples from 10 DWTPs
in eastern China is illustrated in Fig. S3. A total of 15 PFAAs were observed, whereas PFUdA and PFDS were not detected. PFBA, PFHxA,
PFHpA, PFOA and PFBS were detected in all of the tap water samples.
As indicated in Fig. 2(A), the mean concentration of total PFAAs
(∑PFAAs) was 77.49 ng/L (ranging from 9.29 ng/L to 266.68 ng/L).
The tap water from GJG had the highest ∑PFAAs concentration compared to those from the other DWTPs, followed by the concentrations
from SJY and ST. The mean concentration of the PFAAs in tap water supplied by these DWTPs reached 224.31 ng/L, 156.68 ng/L and 88.88 ng/L,
respectively. The tap water concentrations of the PFAAs from the other

seven DWTPs were lower than the average of the above three DWTPs,
especially the concentrations of the PFAAs in tap water from DXL and
JB (mean: 21.63 ng/L, 15.48 ng/L). These different levels can be explained by their different water sources and water treatment processes.
DWTPs might face higher risks of pollution when using inland rivers as
source water. In addition, the overall DWTPs for PFAA did not show an
obvious efﬁcient treatment effect, however, DWTPs with advanced
treatment process have a better removal effect than those with conventional process, which may be mainly due to the activated carbon process. The detailed analyses are provided in the Supplementary
material, Fig. S4, and Table S7.
In the study area, tap water from different DWTPs has different types
of PFAAs composition (Fig. 2(B)). PFOA was the most abundant component in GJG and SJY, with concentrations ranging from 138.59 ng/L to
177.53 ng/L (mean: 145.70 ng/L) and 67.52 ng/L to 113.06 ng/L
(mean: 83.05 ng/L), respectively, accounting for 65.16% and 53.17% of
the total PFAAs on average, respectively. The tap water from 5 DWTPs
(ST, JS, SYYC, SYEC, and CZH) contained PFBA as the dominant PFAAs,
contributing to 42.64–75.25% of the total PFAAs in the tap water from
these DWTPs, with concentrations ranging from 23.99 ng/L to
67.24 ng/L on average. PFHxS (mean: 18.92 ng/L) dominated the tap
water of YZ, accounting for 35.16% of the total PFAAs. The PFAAs in the

Fig. 2. The mean concentration proﬁle of the total PFAAs (A) and composition proﬁle of the 17 PFAAs (B) in the tap water samples from 10 DWTPs in eastern China.
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tap water of DXL and JB were at a low level (b10 ng/L); therefore, the
major PFAAs from these two DWTPs were not further discussed.
Table S2 shows the relationship between the water sources, distribution
area of DWTPs and the predominant PFAA. It was worth noting that tap
water with similar predominant PFAAs usually belonged to the same
area or came from the same source water. In our research, we found
that these DWTPs were all used the open surface water as source
water, such as urban inland rivers, canals, and the Yangtze River. The
pollution of PFAA from such surface water could be mainly attributed
to the consumption, use and emissions of PFAA-containing products.
The level of economic development in the Eastern China is at the forefront of the country, and many ﬂuorochemical industry parks are located there (Shan et al., 2014). The PFAA-containing products are
diversiﬁed and used in relatively large quantities there. The reason
why the water plants we surveyed have different types of
perﬂuorinated compounds is possibly due to the difference in emissions
from the local ﬂuorine industries in these cities.
3.3. Difference of PFAAs in ﬁnished water and distal tap water
The transport behaviors and fates of the PFAAs in DWDS could be affected by many physical, chemical and even biological processes that
occurred in the distribution pipelines, resulting in some uncertain
changes in the distal tap water (located at the end of the research pipeline). It can be seen from Fig. 3(A) that when the concentration of PFAAs
in ﬁnished water was higher than 100 ng/L (GJG, SJY, ST), the corresponding level notably decreased in distal tap water after distribution
through the pipeline (decreased by about 16.58%, 17.54% and 10.88%,
respectively). When the concentration of PFAAs in ﬁnished water is relatively lower, the degree of the concentration decline was reduced accordingly in distal tap water, until the concentration levels of the
ﬁnished water and distal tap water were similar (except YZ whose concentration of the PFAAs in distal tap water dropped by 15.66%). A slight
increase in PFAAs was also observed in the distal tap water from individual DWTPs (SYYC, JB), suggesting that the release of PFAAs could occur
during the distribution process. The compositions of PFAAs in distal tap
water are similar with those in the ﬁnished water, while the percentages of major PFAAs varied in different ways (decreased or increased)
(Fig. 3(B)). It indicated that different kinds of PFAAs could have different
transport behaviors in the DWDSs. Further discussion is carried out in
the following Section 3.4.
3.4. Spatial variations of PFAAs during the pipeline distribution process
To further discuss the transport behaviors of PFAAs in pipeline distribution process, the DWDSs of YZ, SJY and GJG were chosen as
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representative DWDSs for detailed analyses. Among these DWDSs, the
three DWDSs of YZ, SJY and GJG exhibited a clearer trunk-branch
shaped pipeline network than the others, and their trunk pipelines are
not affected by excessive numbers of branch pipelines. In addition,
their levels of main PFAA components (PFBA, PFOA, and PFHxS) in tap
water were relatively higher; therefore, the locations above were selected, and PFBA, PFOA, and PFHxS were selected as target PFAAs for further study. Tap water samples were collected evenly along the trunk
pipelines of the three DWDSs. Fig. 4 shows the spatial variations of
PFBA, PFOA, and PFHxS during the distribution process in tap water
from YZ, SJY and GJG. Site 0 was designated as ﬁnished water for
every DWTP, and the other sample sites were sorted according to the
distance from the DWTPs (one sample site was set up about every
two kilometers). The lengths of the selected trunk pipelines of YZ, SJY,
and GJG were about 25.0, 12.5, and 13.5 km, respectively, and among
them, the No. 3 sampling point of the pipeline network of YZ is
equipped with pressure booster stations.
Fig. 4(A) shows that the concentration ﬂuctuations of PFBA with the
transportation of drinking water through the DWDSs were not obvious.
They were relatively stable in the water phase, and the levels were almost the same as those in ﬁnished water. It was worth noting that the
concentration of PFBA in the YZ tap water samples collected from site
3 increased to a certain extent, which may be related to hydraulic disturbance caused by the pressure booster. Fig. 3(A) also shows that the
concentrations of PFAAs in distal tap water were higher than in ﬁnished
water in individual DWTPs (SYYC, JB). This may be due to the release of
PFAAs within DWDSs.
For PFOA (Fig. 4(B)), when the concentrations in ﬁnished water
were lower (PFOA in ﬁnished water from YZ: 8.01 ng/L), PFOA was
much more stable. However, when the level of PFOA in ﬁnished water
reached a higher concentration, such as 177.53 ng/L in GJG and
113.06 ng/L in SJY, a signiﬁcant decrease was observed in the DWDSs
and the concentration ﬁnally stabilized at a certain lower level. Compared with the concentration of ﬁnished water, the concentrations of
tap water dropped by 16.68% - 23.58% and 2.26% - 40.28% in SJY and
GJG, respectively, and they became stable after transporting 5–6 km in
the pipelines. The reduced PFOA may be accumulated onto the pipe
walls, particularly in the loose deposits of the pipe network, which
were ubiquitously existed. It was observed that the concentration of
PFOA in the tap water at the end of the pipelines of GJG and SJY were
143.31 ng/L and 82.52 ng/L, respectively, which still exceeded the US
EPA drinking water quality standard of 70 ng/L.
Similarly, a slight decrease of PFHxS occurred in the tap water collected from YZ (Fig. 4(C)), with its levels decreased by 4.76% - 45.86%
compared with those in ﬁnished water (for similar concentration levels
of PFBA in SJY and GJG, the decline did not occur). Decrease did not

Fig. 3. The concentration of the total PFAAs (A) and composition proﬁle of the PFAAs (B) in ﬁnished water and distal tap water in eastern China (F: ﬁnished water; D: distal tap water).
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Fig. 4. Spatial variations of PFBA(A), PFOA(B), and PFHxS(C) in the tap water in the partial trunk pipes of the YZ, SJY, GJG DWTPs (sampling point serial numbers were sorted according to
the distance from the DWTPs).

occur in SJY and GJG, which could be caused by the hydraulic conditions
of the DWDSs. According to the length of the pipe network, the SJY and
GJG had a shorter water age than YZ. Moreover, there was no booster
station in the second half of pipeline of YZ to keep the ﬂow rate,
which made the ﬂow rate at the end of the pipeline slower, thus the
water age could be prolonged. As a result, PFHxS in YZ could have longer
contact times with loose deposits, and the likelihood of accumulation by
the loose deposits increased. Otherwise, if the pipe network had good
hydraulic conditions and the concentration level of PFHxS was at a
low level, just like SJY and GJG, it could be difﬁcult to observe a signiﬁcant decrease in the pipe network.
Loose deposits in DWDS are usually considered a sink of pollutants.
To verify whether long-chain PFAAs accumulate in the loose deposits,
three loose deposits S1, S2, and S3 (information of the sampling sites
is given in Supplementary materials) on inner pipe walls were collected

by ﬂushing from DWDS in DXL (Fig. 5(A)). In the case of a low concentration of PFAAs in the tap water from DXL (mean: 21.63 ng/L), 8 types
of PFAAs were detected from loose deposits, including PFUdA, which
were not detected in any water samples. This suggested that PFAAs
could accumulate in the loose deposits of the pipeline. The concentrations of the total PFAAs in the loose deposits were 10.93 ng/g,
20.12 ng/g and 40.17 ng/g, respectively.
PFOA and PFBA were the main PFAAs of the loose deposits. Fig. 5
(B) shows that the proportions of long-chain PFAAs in the loose deposits
(48.29%, 51.19%, and 60.39%, respectively) were signiﬁcantly higher
than those of the corresponding ﬂushing water (25.39%, 16.81%,
22.98%, respectively). Short-chain PFAAs dominated in the aqueous
phase, while long-chain PFAAs were more likely to account for a larger
proportion in the loose deposits. This phenomenon conﬁrms that
long-chain PFAAs in tap water tend to accumulate in loose deposits,

Fig. 5. The concentration of the PFAAs in three loose deposits (S1, S2, S3) on inner pipe walls (A) and the composition proﬁle of short-chain and long-chain PFAAs in the loose deposits and
corresponding ﬂushing water (W1, W2, W3) (B) collected from the DWDS.

R. Chen et al. / Science of the Total Environment 697 (2019) 134162

while short-chain PFAAs are more likely to migrate in water during the
distribution process.
Previous studies have focused on the sorption potentials of PFAAs
between natural water and sediment, which found that individual
PFAA showed a different distribution proﬁle (Ahrens et al., 2010). Partition coefﬁcient (log Kd) values can describe the distribution for individual PFAA. Kd was deﬁned as the ratio of the concentration of PFAA in
sediment (Cs) to the concentration of PFAA in water phase (Cw)
(Eq. (1)). Organic carbon fraction (foc) was the predominant parameter
inﬂuencing sorption of PFAAs to natural water sediments (Ahrens et al.,
2010; Higgins and Luthy, 2006; Zhao et al., 2012), therefore, the organic
carbon normalized adsorption coefﬁcient (log Koc) was proposed as a
better indicator of the partitioning (Eq. (2)) (Buck et al., 2011; Pan
and You, 2010.; Zhou et al., 2013).
K d ¼ C s =C w  103

ð1Þ

K OC ¼ K d  100=f OC

ð2Þ

As the log Koc increases, the sorption potential is enhanced. Koc are
associated with the carbon chain length of PFAAs (Higgins and Luthy,
2006) The long-chain PFCAs and PFSAs (Buck et al., 2011; Wang et al.,
2013) have higher log Koc than their short-chain counterparts, respectively (P. Wang et al., 2015).
Our result was consistent with these previous studies. With an increased foc of the loose deposits, the concentrations of total PFAAs increased, and the proportion of long-chain PFAAs increased accordingly
(Fig. 5(A)). The content of each PFAA and foc in the loose deposits, and
the calculated log Kd, log Koc values are given in Tables S8, S9, and
Fig. S5. The log Koc value of PFOA was higher than PFBA. This may explain why the short-chain PFAAs (PFBA (C4)) have a higher potential
for long-range transport in the water phase, whereas the long-chain
PFAAs (PFOA (C8) and PFHxS (C6)) can accumulate in the loose deposits
on inner pipe walls and show a gradual decrease in their concentrations
in tap water along the pipelines in the previous section. Meanwhile, the
log Koc of PFHxS is less than that of PFOA (Zhou et al., 2013), therefore,
the phenomenon of a weaker decrease of PFHxS can be understood.
3.5. Effect of environmental factors on PFAAs transport in DWDSs
For PFAAs accumulated in loose deposits in DWDSs, their fate and
migration were inﬂuenced by the characteristics of loose deposits. The
compositions of loose deposits of DWDSs were diverse, and it was conceivable that the accumulation process of PFAAs was very complicated.
Though the contribution of the organic carbon of loose deposits to the
accumulation of PFAAs could be predominant, there were still many factors that might affect the PFAAs transport in DWDSs. For example, inorganic components of loose deposits could be taken into consideration as
factors affecting the accumulation ability. Previous studies have reported the adsorption behavior of PFAAs on various minerals, such as
goethite, silica, boehmite. PFAAs adsorption onto goethite and boehmite
might be dominated by electrostatic interactions, while it may be
mainly adsorbed by silica through non-electrostatic interaction
(Johnson et al., 2007; Shih and Wang, 2013; Tang et al., 2010). The compositions of these minerals mainly include Al, Fe, Si, etc.
The XRF results showed the major elemental composition (weight
%) of the three loose deposit samples collected from DWDS in DXL
(Table S10). It can be seen that Si, Al, Mn, Fe were signiﬁcantly higher
in loose deposits than other elements, which is consistent with the composition of loose sediments collected from plastic pipes in previous investigations (Gao et al., 2019; Li et al., 2018). The XRD patterns
(Fig. S6) show that there is no obvious crystal structure in the sediments, and only the presence of silica could be determined by software
analysis. Combined with XRF results, it can be concluded that amorphous mixtures of Mn, Al, and Fe may exist in loose deposits, which
were similar to the composition of the minerals with the ability to
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adsorb PFAAs mentioned in the previous literature. It is suggested that
loose deposits might have the similar property of accumulating PFAAs.
This may help to explain the behavior of PFAA migration to the loose deposit on pipeline. It is worth noting that, when hydraulic disturbances
occur, amorphous loose deposits could resuspend much easier than
crystalline minerals and carry PFAAs attached to them into the tap
water (Gao et al., 2019; Li et al., 2018). It might cause consumers to be
exposed to a high level of PFAAs in a short time after a long-term accumulation of PFAAs in loose deposits, even if the concentration of PFAAs
in the normal water is very low.
For PFAAs existed in water phase in DWDSs, their fate and migration
were inﬂuenced by PFAA structure and water quality parameters
(Ahrens et al., 2010; Higgins and Luthy, 2006). In our study, a positive
correlation was observed between dissolved organic carbon (DOC)
and short-chain PFAAs in tap water from all DWTPs (r = 0.739, p =
0.000; Fig. 6). It needs to be explained that although PFAA is also a
part of DOC in water, no relationship was found between DOC and the
total PFAAs in this study (p = 0.245; Table S11). Therefore, it can be
considered that the effect of nanogram level PFAAs on milligram level
DOC is too small to affect the above conclusion that DOC and shortchain PFAAs have positive correlation. This result is similar to those reported for the sorption of PFAAs on natural sediments, for which the
main mechanism could be hydrophobic interactions between the carbon chain of PFAAs and carbonaceous matter. This indicated that the
short-chain PFAAs in bulk water could be affected by DOC, while longchain PFAAs are more likely to be accumulated in the loose deposits because they have longer chain lengths with higher log Koc, which have
been veriﬁed in the previous section.
In addition to the above ﬁndings, no correlation between PFAAs
levels and turbidity in water was found (Table S11). The effect of pH
was not discussed here because the pH range of most the water samples
was relatively small (within 7.5–8.0). Further studies on the effects of
main water quality parameters and the involved mechanisms are
necessary.
3.6. Potential exposure and risk considerations
In this study, risk quotient (RQ) was introduced as an assessment indicator of risk, which was calculated as the ratio of the measured environmental concentrations to corresponding advisory guideline value.
Various government agencies have developed a range of health advisories and standards for partial PFAAs in drinking water, In addition,
many states in the U.S. proposed stricter standards for PFAAs, especially
for the longer chain PFAAs, such as PFOA, PFOS, PFHxS and PFNA
(Table S12) (USEPA, 2016; Minnesota Department of Health, 2019;

Fig. 6. Positive correlation between the concentrations of short-chain PFAAs and DOC in
the tap water of 10 DWTPs.
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Fig. 7. The risk quotients of ﬁnished water and distal water samples of 10 DWTPs based on different threshold values proposed by different agencies.

New Jersey Department of Environmental Protection (NJDEP), 2017;
Vermont Department of Health, 2018).
To assess the health risks of PFAA in tap water after the distribution
process of DWDSs to consumers, the RQs of PFAAs restricted in the
above standards in the drinking water at the beginning and the end of
the pipeline of the 10 DWTPs we investigated were calculated. Health
risks were divided into three levels according to RQ values: minimal
risk (b0.1), medium risk (0.1–1), and high risk (N1) (Pan et al., 2019).
Fig. 7 shows the RQs of ﬁnished water and distal water samples of 10
DWTPs based on different threshold values proposed by different agencies. After distribution, the health risks of PFAAs in drinking water were
overall reduced. It can be seen that the PFAAs with reduced risks at the
end of pipelines were mainly long chain PFAAs (e.g. PFOS and PFNA),
which were converted from medium risk to minimal risk level (concentration being b10 times the threshold values). However, the health risks
brought by PFOA have not changed signiﬁcantly after distribution.
Therefore, compared to other PFAAs, such as PFOS, PFNA, PFHxS and
PFHpA, PFOA is still the highest risk PFAA in the study area.
Although the PFAA concentrations of most tap water samples in this
investigation do not pose a high health threat, when the water quality
conditions change or hydraulic disturbances occur, PFAAs accumulated
in loose deposits may enter tap water, and thus result in increased
health risks to consumers. On the other hand, with the production conversion of the long-chain PFAAs to short-chain PFAAs, the associated
risks should be paid more attention to in the future.
4. Conclusions
This investigation presented an occurrence proﬁle of PFAAs in China.
Eastern China area was found to have relatively higher PFAAs in tap
water samples, and PFBA and PFOA were identiﬁed as the dominant
constituents. The concentrations of PFAAs in tap water can be signiﬁcantly affected by the pipeline distribution process. Short-chain PFAAs
have higher stability in the water phase so that they can migrate to
the far end of the pipeline. In addition, positive correlations were
found between the short-chain PFAAs and DOC in tap water, suggesting
that their possible interactions could enhance the short-chain PFAAs to
retain in the water. Long-chain PFAAs could be accumulated in the loose
deposits on inner pipeline walls and exhibited a gradual decrease in
concentration in the DWDSs. Organic carbon of loose deposits was the
predominant factor inﬂuencing the accumulation ability of PFAAs in
loose deposits. Furthermore, the accumulation ability of loose deposits
were found to be associated with the composition of Al, Fe and Si in
loose deposits. When hydraulic disturbances occur, loose deposits can

carry PFAAs accumulated in them to consumers' taps, and thus result
in higher potential health risks.
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