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h i g h l i g h t s

� The formation of PFSs from precursors was measured in incubation tests.
� Indigenous microorganisms in groundwater biodegraded FOSA to PFOS.
� Addition of nutrients and soil promoted the formation of PFOS.
� PFSs were formed from precursors in street runoff by microorganisms in groundwater.
� PFS precursors were more abundant in street runoff than in wastewater effluent.

a r t i c l e i n f o

Article history:
Received 11 January 2013
Received in revised form 17 April 2013
Accepted 5 May 2013
Available online 5 June 2013

Keywords:
Biodegradation
Diffuse pollution
Groundwater
Non-point source
Perfluorochemical (PFC)
Urban runoff

a b s t r a c t

The formation of perfluorinated surfactants (PFSs) from their precursors in waters is of concern. In this
study, the formation of PFSs through biodegradation of precursors was measured in incubation tests.
Indigenous microorganisms in groundwater were able to biodegrade perfluorooctane sulfonamide (FOSA)
to yield perfluorooctane sulfonate (PFOS). The addition of nutrients and soil promoted the formation. A
42-d incubation test using sources of groundwater recharge showed that PFOS, perfluorooctanoate,
and perfluorononanoate were significantly and remarkably (P1.5�) formed from precursors in street
runoff through biodegradation, but not in rainwater or wastewater effluent. Significant formation of PFSs
from precursors in street runoff was observed.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Since the manufacture of perfluorinated surfactants (PFSs), such
as perfluorooctane sulfonate (PFOS; C8F17SO�3 ) and perfluorooct-
anoate (PFOA; C7F15COO�), began in the late 1940s, PFSs and their
precursors have been widely used by various industries in products
such as waxes, automotive interiors, windshield fluids, carpet
cleaners, fire retardants, apparel, and fluoropolymer manufacture,
because of their water repellency and oil repellency (Dinglasan-
Panlilio and Mabury, 2006; Prevedouros et al., 2006; Paul et al.,
2009). PFSs are water soluble, bioaccumulative (especially long-
chain PFSs with P8 fluorinated carbons), and environmentally

persistent (Kauck and Diesslin, 1951; Conder et al., 2008). Owing
to these features, PFSs are globally and ubiquitously detected in
various waters, organisms, and humans (Giesy and Kannan,
2001; Kannan et al., 2004; Yamashita et al., 2005). Since some PFSs
are suspected to be carcinogenic, chronic toxicants, and reproduc-
tive toxicants (Biegel et al., 2001; Nakayama et al., 2005; Lopez-
Espinosa et al., 2011), their adverse effects on humans and animals
are of concern. In response to concerns, the United States Environ-
mental Protection Agency and eight manufacturers reduced emis-
sions of PFOA. PFOS and perfluorooctane sulfonyl fluoride were
added to the listing of the Stockholm Convention on Persistent
Organic Pollutants in 2009. Yet PFSs are still detected in
environments.

In addition to the direct discharge of PFSs from point sources
(e.g., wastewater) and non-point sources (e.g., urban runoff), the
formation of PFSs from their precursors is a significant route of
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entry to waters: concentrations or mass loadings of PFSs were in-
creased after wastewater treatment, possibly owing to biodegrada-
tion of their precursors (Schultz et al., 2006; Murakami et al.,
2009b; Guo et al., 2010). Six PFS precursors (N-ethyl perfluorooc-
tane sulfonamido ethanol, N-ethyl perfluorooctane sulfonamido
acetate, N-ethyl perfluorooctane sulfonamide, perfluorooctane sul-
fonamido acetate, perfluorooctane sulfonamide [FOSA; C8F17SO2-

NH2], and potassium perfluorooctane sulfinate [PFOSI]) in
activated sludge were eventually transformed to PFOS (Rhoads
et al., 2008). Fluorotelomer alcohols and acids were biodegraded
to perfluorocarboxylic acids (PFCAs) such as PFOA in microbial
systems (Dinglasan et al., 2004; Myers and Mabury, 2010). The
degradation of fluorotelomer polymers also proved a significant
source of PFSs in soil microcosms (Russell et al., 2008). PFOS was
more abundant in groundwater in Tokyo than in river water, pos-
sibly owing to its production from the degradation of precursors
(Murakami et al., 2009a). This origin was supported by a column
test in which PFOS in street runoff increased during soil infiltration
(Murakami et al., 2008b). Nevertheless, knowledge of the occur-
rence of PFS precursors in waters is limited, because there are sev-
eral types of precursors (e.g., sulfonamide-containing PFSs;
fluorotelomer sulfonates, alcohols, and acids; polyfluoroalkyl phos-
phate mono- and di-esters; fluorotelomer polymers), including
compounds that are difficult to analyze. A method to measure
the overall formation of PFSs from the various precursors in waters
is needed.

In this study, the formation of PFSs from precursors through
biodegradation was measured in incubation tests. Although a
chemical oxidation conversion method was recently developed to
measure overall PFS precursors (Houtz and Sedlak, 2012), this
study focused on microbiological transformation. First, an incuba-
tion test was set up to confirm that FOSA is biodegraded to PFOS by
indigenous microorganisms in groundwater. Nutrients and soil
were added to investigate whether they promote formation. Sec-
ond, a 42-d incubation test was performed to evaluate the forma-
tion of PFSs from precursors in sources of groundwater recharge
(street runoff, rainwater, and wastewater effluent).

2. Materials and methods

2.1. Chemicals

R2A nutrient medium was purchased from Nihon Pharmaceuti-
cal Co. Ltd. It contained peptone 0.16 g g�1, yeast extract
0.16 g g�1, casamino acids 0.16 g g�1, glucose 0.16 g g�1, amylogen
0.16 g g�1, dibasic potassium phosphate 0.10 g g�1, magnesium sul-
fate 0.016 g g�1, and sodium pyruvate 0.10 g g�1. 8:2 Fluorotelomer
unsaturated carboxylate (8:2 FTUCA; C8F16CHCOO�) was purchased
from Wellington Laboratories. Details of other chemicals are re-
ported elsewhere (Murakami et al., 2008a; Nishikoori et al., 2011).

2.2. Sample collection

Groundwater was collected twice in 2011 from a well on the
campus of The University of Tokyo for the two incubation tests.
A clayey loam soil sample (29.9% clay, 51.9% silt, 18.2% sand) had
been collected at 4.0–6.5 m below ground level from the same site
in 2007 and air-dried. Street runoff, rainwater, and wastewater
effluent were collected in 2011. The first flush of street runoff
was collected from the gutter of National Route 122 (45 249 vehi-
cles d�1 in 2010) in Tokyo. Rainwater was taken from a rainwater
tank, which collects runoff from 5035 m2 of asphalt and concrete
roof, in Sumida Ward, Tokyo. Wastewater effluent was collected
from a sewage treatment plant (temporal trends of PFSs were re-
ported in Murakami et al. (2011)). The samples were filtered

through prebaked glass fiber filters (pore size, 0.3 lm; Advantec)
and stored at 5 �C before analysis.

2.3. Incubation test 1 (FOSA biodegradation test)

With reference to previous studies (Ang and Abdul, 1992; Orga-
nisation for Economic Co-operation and Development, 1992;
Myers and Mabury, 2010), six treatments were compared to
confirm biodegradation of FOSA to PFOS by indigenous microor-
ganisms in groundwater and to reveal the role of nutrients and soil
in the formation:

C1 (groundwater + soil): 8.5 mL groundwater + 2 g soil in a 20-
mL prebaked glass bottle.
C2 (groundwater + soil, sterilized): as in C1 and sterilized in an
autoclave.
C3 (groundwater + soil + nutrients): as in C1 + 1 mL 4 g L�1 R2A.
C4 (groundwater + nutrients): 8.5 mL groundwater + 1 mL
4 g L�1 R2A.
C5 (groundwater): 8.5 mL groundwater only.
C6 (distilled water): 8.5 mL distilled water only.

FOSA (500 lL of 2 mg L�1) was added into each bottle. Nine bot-
tles were prepared for each treatment except C6 to supply samples at
1, 4, 9, 14, 21, 28, 35, 42, and 49 d. Samples of C6 were analyzed at 28
and 49 d. All bottles were shaken at 40 rpm in the dark at 20 �C in
aerobic condition. The incubated water was mixed with methanol
at 1:1 (v/v) and filtered through a 0.2-lm nylon filter (Pall). The soil
was freeze-dried for later analysis. Suspended solids (SS) in 5 mL of
supernatant were collected on a 0.3-lm glass fiber filter. Although SS
were not present in C6, PFSs retained on the glass fiber filter were
analyzed. For samples without soil (C4, C5, and C6), the remaining
particles were flushed with 1 mL of distilled water, and 5 mL of
methanol was then added to the bottle, which was sonicated to ex-
tract PFSs adsorbed on the bottle. The addition of 5 mL of methanol
and sonication were performed twice and the extracts were mixed.

2.4. Incubation test 2 (PFS formation test)

The conditions for the second incubation test were based on the
results of the first with some modifications. To confirm whether
PFS precursors are biodegraded, 50 mL of groundwater (as an inoc-
ulum of microorganisms), 450 mL of distilled water, and 5 mL of
40 g L�1 R2A were mixed in a prebaked bottle and then FOSA and
8:2 FTUCA were spiked to achieve a final concentration of 40 ng L�1

each, and the bottles were incubated for 42 d. In addition, three
treatments were tested to evaluate the formation of PFS from pre-
cursors in street runoff, rainwater, and wastewater effluent:

A (with nutrients): 450 mL water sample + 50 mL groundwa-
ter + 5 mL 40 g L�1 R2A in a 1-L prebaked glass bottle.
B (with nutrients, sterilized): as in A with 1 g L�1 sodium azide
(final concentration) for sterilization.
C (without nutrients): 450 mL water sample + 50 mL ground-
water in a 1-L prebaked glass bottle.

Treatments A and B were tested on all three samples, and treat-
ment C on street runoff only. All bottles were shaken at 40 rpm in
dark at 20 �C in aerobic condition for 42 d. PFSs in street runoff,
rainwater, wastewater effluent and groundwater samples were
analyzed in triplicate to calculate the concentrations at t = 0. Treat-
ments A–C were run in triplicate batches (three different bottles).
After incubation, samples were filtered through 0.3-lm glass fibers
filters to obtain filtrate and SS. Methanol (10 mL) was added to
each bottle, which was sonicated to extract PFSs adsorbed on the
bottle. This was performed twice and extracts were mixed.
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