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Production and use of perfluorooctane sulfonate (PFOS) is regulated worldwide. However,

numerous potential precursors that eventually decompose into PFOS and other per-

fluoroalkyl acids (PFAAs) such as perfluorooctanoic acid (PFOA) are still being used and

have not been studied in detail. Therefore, knowledge about the levels and sources of the

precursors is essential. We investigated the total concentration of potential PFAA pre-

cursors in the Tama River, which is one of the major rivers flowing into the Tokyo Bay, by

converting all the perfluorinated carboxylic acid (PFCA) and perfluoroalkyl sulfonic acid

(PFSA) precursors into PFCAs by chemical oxidation. The importance of controlling PFAA

precursors was determined by calculating the ratios of PFCAs formed by oxidation to the

PFAAs originally present (SD[PFCAC4eC12]/S[PFAAs]before oxidation) (average ¼ 0.28 and 0.69 for

main and tributary branch rivers, respectively). Higher total concentrations of D[PFCAs]

were found in sewage treatment plant (STP) effluents. However, the ratios found in the

effluents were lower (average ¼ 0.21) than those found in the river water samples, which

implies the decomposition of some precursors into PFAAs during the treatment process.

On the other hand, higher ratios were observed in the upstream water samples and the

existence of emission sources other than the STP effluents was indicated. This study

showed that although the treatment process converting a part of the PFAA precursors into

PFAAs, STPs were important sources of precursors to the Tama River. To reduce the levels

of PFAAs in the aquatic environment, it is necessary to reduce the emission of the PFAA

precursors as well.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Perfluorooctane sulfonate (PFOS), the production of which

was voluntarily phased out by its primary manufacturer in

2001/2002, was added to the list of persistent organic pollut-

ants in the Stockholm Convention in 2009. Eight major man-

ufacturers agreed to a PFOA stewardship program in

conjunctionwith the US EPA to regulate PFCAs that are greater

than C7, and that of their precursors. On the other hand, their

production by other manufacturers might continue. Accord-

ing to Butt et al. (2007), Hart et al. (2009), and Olsen et al. (2012),

the PFOS concentration in tissues has decreased rapidly in

human and wildlife species over the past decade; however,

samples from someparts of theworld have shown an increase

in the levels of PFOS even after the 2002 phaseeout (Long et al.

(2012) and Reiner et al. (2011)). Moreover, Zushi et al. (2011)

conducted a study on several major rivers in Tokyo and

showed that significant changes in the PFOS and per-

fluorodecanoate (PFDA) concentration were not observed be-

tween 2005 and 2009 in some of the rivers, which suggests that

the regulations on the use/production/emission of per-

fluoroalkyl acids (PFAAs) have not mitigated contamination of

PFAAs in river water. In addition, a study by Gewurtz et al.

(2013) on multimedia assessment including air, water, sedi-

ment, fish, and birds across Canada showed that the recent

temporal trends varied depending on media and locations,

and phase-outs and regulations were not consistently re-

flected in the temporal trends.

Some studies have focused on the PFAA precursors that

eventually decompose into PFAAs such as PFOS and PFOA. In

addition to being emitted during synthesis and use, PFAAs are

produced from abiotic or biotic degradation of their pre-

cursors. Rhoads et al. (2008) and Xu et al. (2004) reported that

the biotransformation of PFAA precursors is the potential

source of PFAAs, e.g., the decomposition of perfluorooctane

sulfonamide (FOSA) into PFOS. Butt et al. reviewed

fluorotelomer-based polyfluoroalkyl substances, which ulti-

mately degrade into PFCAs; numerous studies have shown

that the metabolism of 8:2 FTOH results in the formation of

PFOA (Butt et al., 2014). According to Murakami et al. (2009),

Shivakoti et al. (2010), and Sun et al. (2012), the increase in
Fig. 1 e Map of the Tama River and sampling locations. Squares

numbers represent STP effluent sampling sites, and non-under
the PFOA and other PFAA concentrations during the sewage

treatment process is due to the biodegradation of their pre-

cursors. However, according to Benskin et al. (2012), Motegi

et al. (2013), and Zushi et al. (2011), the total concentrations

of a limited number of routinely monitored PFAA precursors

in the river water were much lower than the concentration of

the PFAAs. Martin et al. (2010) showed that only a small

number of the numerous precursors available have been

monitored, and hence, only limited information on these is

available.

Buck et al. (2011) defined all the polyfluorinated alkyl sub-

stances by classifying them into various families and recom-

mended a pragmatic set of common names and acronyms for

the families as well as their individual members. Trier et al.

(2011) identified more than 115 molecular structures of poly-

fluorinated surfactants in industrial blends (used to coat food

paper and board packaging, and in packaging) from the Eu-

ropean Union, the Unites States of America, and China. The

occurrence of some precursors, namely polyfluoroalkyl

phosphoric acid diesters in house dust and biosolid-applied

soil were studied by De Silva et al. (2012) and Lee et al.

(2014), respectively. Ahrens et al. (2011) reported that fluo-

rotelomer alcohols, FOSAs, and perfluorooctane sulfonami-

doethanols, which may be degraded to PFCAs or PFSAs in the

atmosphere or under aerobic conditions, were emitted to the

atmosphere from STPs and landfills. Since there are no

routine analytical methods for most precursors, limited in-

formation regarding the occurrence of many individual pre-

cursors and the overall behaviors of the precursors is

available.

Recently, Houtz and Sedlak (2012) developed a newmethod

for quantifying the total concentration of PFAA precursors in

urban runoff. In brief, water samples were exposed to hy-

droxyl radicals (�OH) generated by the thermolysis of persul-

fate (S2O8
2�) under basic pH conditions. The PFAA precursors

were transformed to PFCAs with the corresponding per-

fluorinated chain length. The concentrations of the total PFAA

precursors could be inferred by comparing the PFCA concen-

trations before and after oxidation. It was reported that the

total concentrations of PFCAs with 5e12 carbon chains

increased owing to oxidation in the range from 2.8 to 56 ng L�1

(a 69% increase in the median compared to the concentration
represent sewage treatment plants (STPs). The underlined

lined numbers represent river water sampling sites.
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before oxidation) in runoff samples. The precursors that pro-

duced perfluorohexanoic acid (PFHxA) and per-

fluoropentanoic acid (PFPeA) upon oxidation were more

prevalent than those that produced PFOA.

Limited information is available on the PFAA precursors

which decompose into per- and polyfluorinated alkyl sub-

stances. Thus, in this study, we studied the total PFAA pre-

cursor concentrations in the Tama River, which is one of the

major rivers in Tokyo. According to the Bureau of Sewerage,

Tokyo Metropolitan Government (2012), up to 50% of the

river water was composed of STP effluents. Hence, we applied

the proposedmethod to demonstrate the increase of PFCAs by

the oxidation of PFAA precursors (D[PFCAs]). This method

converts both PFCA and PFSA precursors into PFCAs, which is

a potential source of PFAAs in river water. We showed the

spatial distribution of PFAAs, including the D[PFCAs] from the

PFAA precursors in urban river water and STP effluents. The

importance of these PFAA precursors as a potential source of

PFAA was determined by estimating the ratio of the PFCAs

formed against PFAAs originally present (SD[PFCAC4eC12]/

S[PFAAs]before oxidation), and the importance of controlling the

PFAA precursors was examined. To our knowledge, this is the

first study to quantify the concentration of total PFAA pre-

cursors in urban river water and STP effluent samples and

show the spatial distribution in a river system.
2. Materials and methods

2.1. Sample collection

Sampling was conducted in the Tama River basin (Fig. 1), and

according to the Bureau of Sewerage, Tokyo Metropolitan

Government (2012), the middle and downstream water

reportedly consisted of approximately 50% STP effluents.

Twelve river water samples and 3 STP effluent samples were

collected from upstream to downstream sites of the main

river and its upstream tributaries on 7th Oct. 2013 (Table S1).

There was no rain on and before the day of sampling. There-

fore, the influence of rainfall on the water flow was found to
Fig. 2 e Concentration of perfluoroalkyl acids (PFAAs) before an

precursors (n ¼ 3) before oxidation in all sampling sites. b) PFAA

c) Average concentration of individual PFAA in all sampling sites

oxidation and black bars represent the increase in the concentr
be minimal. Most of the river water samples were collected

from the center of the river. The STP effluent samples were

collected from the outflow of the plant connected to the river.

The collected samples were decanted into methanol-rinsed

3 L high density polyethylene (HDPE) bottles and were kept

in ice for up to 12 h. Upon arrival at the laboratory, the samples

were stored at 4 �C until analysis. Care was taken to avoid the

usage of any PTFEecoated materials.
2.2. PFAA precursor oxidation

Hydroxyl radicals were produced by thermolysis of S2O8
2�

under basic pH conditions. Tsao and Wilmarth (1959) showed

that at pH values above 12, thermolysis rapidly converts the

S2O8
2� ion into the sulfate radical (SO4

��), which is then quickly

converted to �OH. The PFAA precursors are converted to PFCAs

with the corresponding perfluorinated chain length. Gauthier

and Mabury (2005) and Plumlee et al. (2009) showed that the

PFOA was not oxidized appreciably by the �OH. Based on the

aforementioned observations, an oxidation method was

developed by Houtz and Sedlak (2012) as follows: an excess of
�OHwas generated in the samples for the complete conversion

of the PFAA precursors to PFCAs. In brief, 125 mL unfiltered

water samples were transferred to 125 mL HDPE bottles. One

sample from each site was subsampled in triplicate (n¼ 3) and

was added with 2 g (60 mM) of potassium persulfate and

1.9 mL of 10 N NaOH (150 mM). The HDPE bottles were placed

in a temperatureecontrolled oil bath (Personal He10 SH;

TAITEC, Saitama, Japan) at 85 �C for 6 h. Then, the samples

were cooled to room temperature in an ice bath prior to

analysis. The pH of the samples was adjusted between 5 and 9

by concentrated HCl prior to the extraction.
2.3. Extraction and analysis

Isotopeelabeled surrogate standards (Table S2) 4 ng were

added to the samples and blanks prior to the extraction in

order to correct their recovery rates for each batch analysis.

The original samples (before oxidation) and the samples ob-

tained after the oxidation treatment were subjected to solid
d after oxidation (ng L¡1). a) PFAAs (n ¼ 16) and their

s and their precursors after oxidation in all sampling sites.

; the gray bars represent the average concentrations before

ation after oxidation.
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Table 1 e Increased concentration of perfluorinated carboxylic acids (PFCAs, ng L¡1) upon oxidation of PFAA precursors in
samples; the ratio of increased total PFCAs to perfluoroalkyl acids (SPFAAs) before oxidation; and the ratio of increased
individual PFCA to PFCA before oxidation.

River
water/
STP
effluent

Main/
branch

Sampling
sites

Increased concentration of PFCAs
by oxidation of PFAA precursors

D[PFBA] D[PFPeA] D[PFHxA] D[PFHpA] D[PFOA] D[PFNA] D[PFDA] D[PFUnDA] D[PFDoDA]

River

water

Main river 1 0.32 0.52 0.73 <0.01 0.51 <0.01 <0.01 <0.01 <0.01
3 2.6 0.54 0.78 0.15 0.32 <0.01 <0.01 0.17 <0.01
7 1.4 0.74 1.2 0.52 1.4 <0.01 <0.01 <0.01 <0.01
9 0.47 0.43 1.5 0.78 <0.01 0.12 0.29 <0.01 <0.01

11 2.4 1.5 2.5 0.38 1.5 0.52 0.46 <0.01 <0.01
13 3.3 1.5 1.8 0.71 0.40 0.47 0.23 0.04 <0.01
14 0.40 1.8 2.0 1.3 2.9 0.54 0.42 <0.01 <0.01
16 <0.01 1.4 1.7 1.2 3.0 0.42 0.56 <0.01 <0.01
17 2.7 1.2 1.4 0.96 1.3 <0.01 <0.01 0.21 <0.01

Average 1.5 1.1 1.5 0.67 1.3 0.23 0.22 0.05 <0.01
Branch

river

19 0.95 0.69 1.6 1.3 1.6 0.56 <0.01 <0.01 <0.01
21 2.0 1.1 2.0 1.8 2.2 <0.01 <0.01 0.38 <0.01
22 2.0 0.64 1.5 1.5 2.3 0.34 <0.01 <0.01 <0.01

Average 1.6 0.81 1.7 1.5 2.0 0.30 <0.01 0.13 <0.01
STP

effluent

23 0.80 3.7 5.7 4.8 2.4 0.40 0.30 0.18 <0.01
6 1.6 <0.01 2.1 1.3 4.9 0.66 0.93 <0.01 <0.01

12 5.3 0.99 5.6 1.3 3.7 1.0 0.69 0.49 <0.01
Average 2.6 1.5 4.5 2.4 3.7 0.70 0.64 0.22 <0.01

River &

effluent

Average 1.8 1.1 2.1 1.2 1.9 0.34 0.26 0.10 <0.01

To calculate the ratio of D[PFCA]/[PFCA]before oxidation and average concentration, < LOD was assume to be 0.

“-” indicates that the value could not be calculated because the denominator ([PFCA]before oxidation) was 0 or < LOD.
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phase extraction (SPE) (Oasis WAX SPE cartridges, 6 cm3,

150 mg, 30 mm; Waters, Milford, MA) which was a modified

procedure of that reported by Taniyasu et al. (2005). The car-

tridges were preconditioned with 4 mL of 0.1% NH4OH (in

CH3OH), CH3OH, and ultraepure water, respectively. Both the

original and oxidized samples (125 mL) were pulled through

the SPE cartridges under vacuum using a gum tube connected

to an SPE manifold (GL Sciences, Tokyo, Japan). After sample

loading, the HDPE bottles were rinsedwith 4mL of 50% CH3OH

in ultraepure water, which was also pulled through the SPE

cartridges for extraction. After extraction, the cartridges were

rinsed with 4 mL of ultraepure water and dried. Following the

drying step, the SPE cartridges were eluted with 2 mL of

CH3OH followed by 2 mL of 0.1% NH4OH in CH3OH. The eluate

was evaporated to 400 mL to avoid the loss of the target com-

pounds during the drying process. The concentrations of the

14 PFAAs and 3 precursors of PFOS and PFOA (Table S2) were

quantified by high performance liquid chromatography

(HPLC, Agilent 1100LC, Agilent Technologies, Palo Alto, CA,

USA) interfaced with a tandem mass spectrometer (MS/MS;

Micromass Quattro, Waters, Milford, MA, USA).
2.4. Method validation

The total concentration of PFCAs was 0.42 ng L�1 in the blank

tests without oxidation, whereas the concentration was

3.85 ng L�1 in the first blank oxidation test (blank conducted

with ultra-pure water). By comparing the two tests, it was

revealed that the total concentration of PFCAs in the first

blank oxidation was about 9 times higher than that in the

blank test without oxidation. The contamination in the first
blank oxidation test may come from the precursors present in

ultra-pure water (used instead of a real sample) and/or

oxidation reagents. In the second blank test, oxidized ultra-

pure water was used (contained no precursors). Therefore,

the different concentration between the first and second

blank tests was due to contamination from oxidation reagents

and/or the operation of the experiment. As ultra-pure water

was not used during the sample analysis, the increased con-

centration (in the second blank oxidation test as compared to

that of the first test) was used as the oxidation blank to correct

the measured values for each batch analysis. The total in-

crease in concentration from the first to the second blank test

was 0.75 ng L�1 (the average concentrations of PFAAs pro-

duced by oxidation in the upstream, downstream, and STP

samples were 6.5, 7.6, and 16 ng L�1, respectively). Spike and

recovery tests were performed. The recoveries of the target

compounds, except for 8:2 FTCA and NMeFOSA, ranged from

53% to 126%. Due to the low recovery of NMeFOSA (4%), this

compound was not quantified. Although the recovery of 8:2

FTCA (41%) was less than 50%, we quantified it as a reference

value.

In our study, most of the samples were analyzed in tripli-

cate and the median values were used for further studies

because outliers were sometimes observed among the tripli-

cate values.
2.5. Statistical methods

Statistical significance was computed using the t test. Welch's
t test was used to determine the difference in the ratios of D

[PFCA] to [PFCAs]before oxidation in river water and STP effluent

http://dx.doi.org/10.1016/j.watres.2014.09.014
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Ratio of
SD[PFCAC4eC12]/

S[PFAAs]before oxidation

Ratio of D[PFCA]/[PFCA]before oxidation

SD[PFCAC4eC12] S[PFAAs]Before
oxidation

PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA

2.1 3.7 0.56 e 0.71 0.89 0 0.87 0 e 0 e

4.6 17 0.26 e 0.33 0.30 0.16 0.11 0 0 0.36 e

5.2 17 0.31 1.0 0.52 0.46 0.51 0.55 0 0 0 e

3.6 29 0.12 e 0.21 0.46 0.35 0 0.03 1.5 0 e

9.2 31 0.29 1.8 0.89 0.49 0.22 0.29 0.11 2.0 0 e

8.5 30 0.28 e 0.64 0.41 0.45 0.09 0.14 1.2 0.09 e

9.5 34 0.28 e 0.85 0.43 0.61 0.59 0.15 2.9 0 e

8.2 5 0.23 1.4 0.66 0.37 0.54 0.53 0.09 3.2 0 e

7.8 37 0.21 e 0.53 0.29 0.43 0.24 0 0 0.51 e

6.5 26 0.28 1.4 0.59 0.45 0.36 0.36 0.06 1.3 0.11 e

6.6 4.1 1.60 e 1.5 6.2 6.3 1.8 2.1 e e e

9.4 15 0.63 e 0.91 1.5 1.0 0.58 0 e 2.4 e

8.3 16 0.51 e 0.42 1.0 0.79 0.69 0.23 e 0 e

8.1 12 0.69 e 0.93 2.9 2.7 1.0 0.78 e 1.2 e

18 48 0.38 e 1.0 0.98 1.7 0.26 0.08 0.44 0.12 e

11 72 0.16 0.50 0 0.22 0.43 0.53 0.06 1.1 0 e

19 109 0.18 1.6 0.16 0.34 0.32 0.31 0.15 0.68 0.47 e

16 76 0.21 1.0 0.39 0.51 0.80 0.37 0.10 0.74 0.20 e

8.8 33 0.40 1.2 0.62 0.95 0.92 0.50 0.21 1.2 0.28 e
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samples. Paired samples t test was used to test the difference

in the total concentrations of the paired samples before and

after oxidation, and to determine the ratios of D[PFCA] to

[PFCAs]before oxidation for individual PFCA in upstream, down-

stream, and STP effluent samples. The difference was deemed

to be significant when the p was <0.05.
3. Results and discussion

3.1. Concentration of PFAAs and their precursors before
oxidation

The concentration of the 15 PFAA and 3 PFAA precursors

before oxidation in the river water sampleswere 3.8e38 ng L�1

(average ¼ 23 ng L�1) (Table S3). The most prevalent PFAAs in

the river water samples were PFOS (0.54e8.0 ng L�1,

average ¼ 5.1 ng L�1), PFOA (0.59e5.7 ng L�1, average ¼
3.7 ng L�1), PFHxA (0.25e5.0 ng L�1, average ¼ 3.0 ng L�1), and

perfluorononanoate (PFNA) (0.26e5.0 ng L�1,

average ¼ 2.8 ng L�1). A study conducted by Zushi et al. (2011)

reported that in 2009 two sites (a site close to site 17 and a site

same as site 13 of this study) exhibited a PFOS concentration

of 20 and 18 ng L�1, PFOA concentration of 12 and 9 ng L�1, and

PFNA concentration of 64 and 58 ng L�1. These previously re-

ported concentrationswere higher bymore than two times for

PFOS and PFOA, and around 10 times for PFNA than those in

sites 17 and 13 of this study. Murakami et al. (2008) reported

that the high PFNA concentrations were due to the industrial

production of PFCAs in Japan.

In the spatial distribution of the Tama River, an increase in

the total concentration of the PFAAs and its precursors before

oxidation was observed from sampling sites 1 to 17 of the
main river and 19 to 22 of its branch (Fig. 2a). Sites 1 (3.8 ng L�1)

and 19 (4.4 ng L�1) were located at the upstream of the main

river and one main branch, respectively and they exhibited

the lowest total concentrations in each stream. In the study by

Zushi et al. (2011), a similar concentration level (2.7 ng L�1)

was observed at the site that was approximately 8 km up-

stream of site 1 in this study. According to Zushi and

Masunaga (2011), the increase in the total concentration of

the PFAAs was observed at sites where the population density

was higher than that in the upper stream. This was explained

by the high correlation between the dissolved perfluoroalkyl

compound concentrations and population density.

The total concentrations of the 15 PFAAs and 3 PFAA pre-

cursors before oxidation in the STP effluent samples (sites 23, 6

and 12) were 48e109 ng L�1 (average ¼ 76 ng L�1) (Fig. 2a). The

most prevalent PFAAs were PFOS (11e31 ng L�1,

average ¼ 19 ng L�1), PFHxS (5.6e24 ng L�1, average ¼
13 ng L�1), PFHxA (5.8e17 ng L�1, average¼ 11 ng L�1), and PFOA

(9.0e12 ng L�1, average ¼ 10 ng L�1). The comparison of median

concentrations showed that the concentrations of the PFAAs in

the effluent samples were 2e5 times higher than those in the

river water samples. Among all the samples, site 12 showed the

highest total concentration (109 ng L�1) for both the river water

and STP effluent samples. Zushi et al. (2011) showed that the

effluents of STPs which were located in different rivers in Tokyo

had higher total concentrations than the river water. The afore-

mentioned results indicated that the STP effluents constituted a

non-negligible source of PFAAs in the aquatic environment.

The total concentrations of the C8 PFAA precursors,

namely 8:2 fluorotelomer carboxylic acid, N-methyl per-

fluorooctane sulfonamide (NMeFOSA), FOSA, and di-

perfluorooctane sulfonamidoethanol-based phosphate

measured prior to oxidation were 0.04e0.61 ng L�1 and the

http://dx.doi.org/10.1016/j.watres.2014.09.014
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Fig. 3 e Average concentrations (ng L¡1) of perfluorinated carboxylic acids before oxidation ([PFCAs]before oxidation) [gray bars],

those increased after oxidation (D[PFCAs]) [black bars], and the ratio of their concentrations (D[PFCAs]/[PFCAs]before oxidation)

[line graph]. a) Upstream river water samples (average of sites 1, 3, 7, 19, 21, and 22). b) Downstream river water samples

(average of sites 9, 11, 13, 14, 16, and 17). c) Sewage treatment plant effluent samples (average of sites 6, 12, and 23).
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concentrations were much lower than those of the total con-

centrations of the PFCAs and PFSAs (Table S3). Lower total

concentrations of the precursorswere observed in the effluent

(average ¼ 0.09 ng L�1) than in river water

(average ¼ 0.23 ng L�1) samples. Among the analyzed PFAA

precursors, the FOSA was the most commonly detected

compound with concentrations as high as 0.61 ng L�1 (site 22).

The other three C8 precursors were not detected (<0.06 ng L�1)

in the samples except for NMeFOSA, which was detected at

site 1. The low concentrations of the PFAA precursors and a

relatively high concentration of FOSA were observed in

studies by Motegi et al. (2013) and Zushi et al. (2011), which

were conducted on the major rivers in Tokyo.

3.2. Importance of PFAA precursors estimated by the
oxidation of samples

Oxidation treatment increased the average concentrations of

total PFCAs by 6.5, 7.6, and 16 ng L�1 for upstream river water,

downstreamriverwater, and STP effluent samples, respectively

(Table S3 and Fig. 2b), which led to increased total concentra-

tionsof thePFAAs.TheoxidationmethodconvertedPFCAs from

both the PFCA and PFSA precursors, which were a potential

source of PFAAs in riverwater. The concentrations of the PFCAs

after oxidation treatment included the originally existed PFCAs

as well as those formed from the oxidation of the precursors (D

[PFCAs]) (Fig. 2c). The total concentrations of the PFCAs with

4e12 perfluoroalkyl carbon chains which were produced upon

oxidation (SD[PFCAC4eC12]) were 2.1e19 ng L�1
(average¼ 8.8 ng L�1, Table 1). As reported by Houtz and Sedlak

(2012), the PFCAs with carbon chains containing more than 12

carbons did not noticeably increase. This indicated that the

PFAA precursors with carbon chains containing more than 12

carbons were not present in the aquatic environment at a

considerable level. Sulfonates are not formed from the oxida-

tion of PFAA precursors (Houtz and Sedlak (2012). Although a

slight increase in PFHxS (average of 0.3 ng L�1) was observed

(Fig. 2c), this was considered to be within the range of experi-

mental error. It was indicated that the precursors of PFAAs

having more than 12 carbons are present in aquatic environ-

ment at very low concentration level. The threemost increased

PFCAs were of the following order: PFHxA (average D

[PFHxA] ¼ 2.1 ng L�1) > PFOA (average D[PFOA] ¼ 1.9

ngL�1)> PFBA (averageD[PFBA]¼ 1.8 ng L�1) (Table 1). The ratios

of increased concentrations of the aforementioned PFCAs to the

respective PFCA concentrations before oxidation ([PFAA]before

oxidation) were 0.95, 0.50, and 1.2. The total concentrations of

PFAAs were significantly different before and after oxidation

(p < 0.05), indicating the existence of PFAA precursors in the

environment. Thus, PFAA precursors cannot be neglected.

Notably, the observed large percentage of D[PFBA] among D

[PFCA]C4eC12maybedue to its shorter carbon chain lead tomore

formation from the various precursors with longer carbon

chains (Fig. 2c). In most of the samples, the D[PFCA]C4eC12 by

oxidation could not be explained by the degradation of the four

PFAA precursors measured before oxidation.

The spatial distribution in riverwater is shown in Fig. 2aeb.

The increased concentrations of the PFCAs by oxidation (SD
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[PFCAC4eC12]) increased in the upstream along the river flow

but did not change much in the middle to lower reach of the

river. The concentrations of SD[PFCAC4eC12] were

2.1e9.5 ng L�1, and the average concentrations of the main

and branch river were 6.5 and 8.1 ng L�1, respectively (Table 1).

At the sampling site 1, which was the most upstream site of

the main river, the lowest concentrations of SD[PFCAsC4eC12]

were observed, while the highest concentrations were

observed in site 14 at the downstream of themain river. These

results indicate that increased concentrations of the PFAA

precursors exist in the middle to lower reach than the up-

stream of the river.

While the concentrations of SD[PFCAC4eC12] increased in

the lower reach of the main river (Figure S2), the ratios of the

PFCAs formed against PFAAs originally present (SD

[PFCAC4eC12]/S[PFAAs]before oxidation) were much higher in the

upstream of the main river and in the branch river (0.56 and

1.6 at sites 1 and 19, respectively) than the other sites of the

river (Table 1 and Figure S2). According to Lei et al. (2004), this

could be due to the existence of relatively important sources

of PFAA precursors other than the STP effluents, such as un-

treated sewage in the upstream of the river, where the river

water flow is less. A higher ratio was observed in upstream

sites in mountainous areas where the temperature is lower

than that in urban areas. Thus, the atmospheric deposition of

volatile fluorinated precursors in water might be more pre-

dominant than that in urban areas. Notably, in the upstream

of the Tama River, there is a large lake, which serves as a large

surface for the deposition of volatile compounds. Further-

more, lower upstream concentrations could also explain why

the deposition is larger than that downstream, where the

overall PFCA concentration is higher. According to Ahrens

et al. (2011), volatile precursors were emitted from the STPs

and landfill sites to the atmosphere.

The difference in the ratios of individual PFCAs (D[PFCA]/

[PFCA]before oxidation) in all the upstream (sites 1, 3, 7, 19, 21, 22)

and downstream (sites 9, 11, 13, 14, 16, 17) sites of the river

and STP effluents (sites 23, 6, 12) are shown in Fig. 3aec and

Table S4. For PFCAs with carbon chains containing 4 and 5

carbons, similar ratios were observed for all sites, while for

PFCAs with chains containing 6 to 9 carbons, the ratios

decreased significantly (p < 0.05) from the upstream to

downstream sites. These results implied that there could be

different sources of PFAA precursors with different carbon

chain lengths.

The concentrations of SD[PFCAC4eC12] in the 3 STP effluent

samples (site 23, 6, 12) were 18, 11, and 19 ng L�1

(average ¼ 16 ng L�1), respectively (Table 1). Increased con-

centrations of SD[PFCAC4eC12] were observed in the STP ef-

fluents compared to the river water samples (Fig. 3). These

results indicated that the STP effluents were one of the major

sources of the PFAA precursors in the aquatic environment.

However, the ratios of SD[PFCAC4eC12] to S[PFCAC4eC12]before

oxidation in the STP effluents (average ¼ 0.21) were slightly

lower than those in the river water samples (average of main

river ¼ 0.28 and branch river ¼ 0.69) (Fig. 3 and Table 1),

whereas the differences were not statistically significant

(p > 0.05). The elevated concentration and the lower ratios of

SD[PFCAC4eC12] in the STP effluents indicated the degradation

of precursors during the sewage treatment process. This
observation supported the studies by Shivakoti et al. (2010)

and Sun et al. (2012), which showed the increase of PFAAs

during the sewage treatment process.

The average ratios of SD[PFCAC4eC12] in the river water

samples were 0.28 and 0.69 for the main and branch rivers,

respectively. These ratios were much higher than that of the

previous studies by Benskin et al. (2012), Motegi et al. (2013),

Murakami et al. (2009), and Zushi et al. (2011) on aquatic

environment in which the individual precursors were deter-

mined. Hence, it can be concluded that the previous studies

underestimated the occurrence of the PFAA precursors in the

aquatic environment and that a greater number of precursors

beyond the commonly measured ones existed.
4. Conclusion

To our knowledge, this is the first study regarding the spatial

distribution of total PFAA precursors in urban river water and

STP effluents. The importance of PFAA precursors in river

water and STP effluent samples were revealed by the signifi-

cant difference in the total concentrations of PFAAs before

and after oxidation (p < 0.05). Therefore, the commonly

measured precursors were only a part of the total precursors

present in the environment. The ratios of SD[PFCAC4eC12]

against S[PFCAC4eC12]before oxidation found in the STP effluent

samples were lower (average ¼ 0.21) than those found in the

river water (average ¼ 0.28 and 0.69) samples, which implied

that the precursors might have decomposed into PFAAs dur-

ing the sewage treatment process. On the other hand, higher

ratios were observed in the upstream water samples which

indicated the existence of emission sources other than the

STP effluents. This study showed that although the treatment

process converting a part of the PFAA precursors into PFAAs,

STPs were important sources of precursors to the Tama River.

Further studies on the original sources of precursors are

required to reduce the emission of PFAAs and their PFAA

precursors in the aquatic environment.
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