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’ INTRODUCTION

In recent years, the input of polyfluoroalkyl compounds (PFCs)
to the atmosphere and their fate has been recognized as one of the
emerging issues in environmental chemistry. PFCs comprise a
diverse group of chemicals that have been widely used as processing
additives during fluoropolymer production and as surfactants in
consumer applications, including stain repellents in textile, furniture
and paper products for over 50 years.1During production andusage,
PFCs can be released into the environment,2,3 where they have been
found to be ubiquitous in water,4 air,5,6 sediment,7 and organisms.8

Once released in the environment, fluorotelomer alcohols
(FTOHs), perfluorooctane sulfonamides (FOSAs) and perfluor-
ooctane sulfonamidoethanols (FOSEs) can be degraded in the
atmosphere or under aerobic conditions to perfluoroalkyl carboxylic
acids (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs).9�11

PFCAs and PFSAs are resistant to typical environmental degra-
dation processes and PFSAs and longer chain PFCAs are known

to be bioaccumulative12 and have possible adverse effects on humans
and wildlife.13,14 They can be transported by ocean currents4 and
atmosphere15 and their volatile precursors (i.e., FTOHs, FOSAs,
FOSEs) can undergo long-range transport via the atmosphere.5,6,16

As a result, perfluorooctane sulfonic acid (PFOS) has been added
to the persistent organic pollutants (POPs) list of the Stockholm
Convention in May 2009 resulting in global restrictions on its
uses and production.17

Based on the production volume, historic emissions are estimated
to be 6800�45 300 t for perfluorooctylsulfonyl fluoride (POSF)
(1972�2002).3 The majority of the emissions were estimated to
have been released to the aqueous environment (∼45 000 t) and
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ABSTRACT: Polyfluoroalkyl compounds (PFCs) were deter-
mined in air around a wastewater treatment plant (WWTP) and
two landfill sites using sorbent-impregnated polyurethane foam
(SIP) disk passive air samplers in summer 2009. The samples
were analyzed for five PFC classes (i.e., fluorotelomer alcohols
(FTOHs), perfluorooctane sulfonamides (FOSAs), sulfonami-
doethanols (FOSEs), perfluoroalkyl sulfonic acids (PFSAs),
and perfluoroalkyl carboxylic acids (PFCAs)) to investigate
their concentration in air, composition and emissions to the
atmosphere. ∑PFC concentrations in air were 3�15 times higher within theWWTP (2280�24 040 pg/m3) and 5�30 times higher
at the landfill sites (2780�26 430 pg/m3) compared to the reference sites (597�1600 pg/m3). Variations in the PFC pattern were
observed between the WWTP and landfill sites and even within the WWTP site. For example, FTOHs were the predominant PFC
class in air for all WWTP and landfill sites, with 6:2 FTOH as the dominant compound at theWWTP (895�12 290 pg/m3) and 8:2
FTOH dominating at the landfill sites (1290�17 380 pg/m3). Furthermore, perfluorooctane sulfonic acid (PFOS) was dominant
within the WWTP (43�171 pg/m3), followed by perfluorobutanoic acid (PFBA) (55�116 pg/m3), while PFBA was dominant at
the landfill sites (101�102 pg/m3). It is also noteworthy that the PFCA concentrations decreased with increasing chain length and
that the emissions for the even chain length PFCAs outweighed emissions for the odd chain length compounds. Furthermore, highly
elevated PFC concentrations were found near the aeration tanks compared to the other tanks (i.e., primary and secondary clarifier)
and likely associated with increased volatilization during aeration that may be further enhanced through aqueous aerosol-mediated
transport. ∑PFC yearly emissions estimated using a simplified dispersion model were 2560 g/year for the WWTP, 99 g/year for
landfill site 1, and 1000 g/year for landfill site 2. These results highlight the important role of WWTPs and landfills as emission
sources of PFCs to the atmosphere.
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only a small amount into the air (∼235 t).3 The emissions for
PFCAs range between 3200 and 7300 t (1951�2004), from
which the indirect emissions (PFCA impurities and/or pre-
cursors) were estimated to be ∼1�5% of the total source emis-
sions.2 A recent study indicates that the aqueous phase can act as
a net source for perfluorooctanoic acid (PFOA) to the atmo-
sphere;18 however, field measurements of PFOA in the atmo-
sphere are rare. Industrial or municipal wastewater treatment
plants (WWTPs) are mostly discussed as point sources for PFCs
into the aqueous environment.19,20 WWTP mass flow studies
found similar or higher PFC concentrations in the effluent in
comparison to the influent, indicating that conventionalWWTPs
are not effective for removing PFCs. In fact, biodegradation of
precursor compounds within the WWTP could actually increase
concentrations of PFCAs and PFSAs.19,20 Recently, landfill
leachate was also identified as a potential point source to the
aquatic environment.21 However, these studies focused on the
discharge into the aquatic environment, whereas to our knowl-
edge, there are no data available on the emissions of PFCs to the
atmosphere from this potential source.

The aim of this study was to examine atmospheric PFC
concentrations at numerous sites on and around one WWTP,
and upwind and on-site at two solid waste landfills in Ontario,
Canada, using passive air samplers (PAS). The specific objectives
of this study include (i) to determine if WWTPs and landfills are
important emission sources of PFCs to air bymeasuring five PFC
classes (i.e., FTOHs, FOSAs, FOSEs, PFSAs, PFCAs) in the
atmosphere at theWWTP and landfill sites, (ii) to investigate the
composition of PFCs in these samples in order to identify sector-
specific differences, and (iii) to model and quantify for the first
time, emissions of PFCs to air from a WWTP and landfills.

’EXPERIMENTAL SECTION

Sampling. A new type of PAS comprising sorbent-impreg-
nated polyurethane foam (SIP) disks was deployed in two in-
dependent field campaigns to assess PFCs in air from a WWTP
and two landfill sites. Details on the preparation of SIP disk
samplers have been previously reported.22 Briefly, precleaned
polyurethane foam (PUF) disks (14 cm diameter � 1.35 cm
thick; surface area 365 cm2, mass 4.40 g, volume 207 cm3, Tisch
Environmental, Cleves, OH) were impregnated with finely ground
XAD-4 resin (Supelco, Bellefonte, PA) (∼0.5 g per PUF disk).
During field deployment, the SIP disks were individually housed
inside precleaned stainless steel chambers (model TE-200-PAS,
Tisch Environmental) and deployed ∼2 m above the ground/
water surface. This new PAS type improves the sorptive capacity
of the conventional PUF disk for more volatile and polar
chemicals such as PFCs.22,23

To assess emissions of PFCs to air from the WWTP, SIP disks
PAS (n = 12) were deployed for 63 days around a municipal
WWTP in Ontario, Canada, between July and September 2009.
The samplers were deployed at the primary clarifier (sites 4 and
5), aeration tank (sites 6�9), secondary clarifier (sites 10 and
11), which were all open to the atmosphere, and at four nearby
reference sites (sites 1�3 and 12) (Figure 1 and Figure S1 in the
Supporting Information (SI)). In terms of process flow, the
wastewater which is first screened to remove large debris begins
at the primary clarifiers, where solids separate from the waste-
water through gravity sedimentation. From there, the liquid
effluent goes through an aeration stage where activated sludge
(microorganisms/bacteria) is used to degrade the organic

matter. Air is injected through the bottom of the aeration tanks
to enhance microbial activity. This introduces turbulence to the
water surface and bubbling/aqueous aerosol emission. The aeration
tank effluent then goes through a secondary clarifier, where the
bacteria and remaining particles undergo further settling from
the wastewater. The secondary clarifier effluent is then passed
through a closed chlorination process (disinfection) prior to
discharge to the lake. Four field blanks were collected by placing
the SIP disks in the sampler housing and then removing them
after 1 min. To check reproducibility, duplicate samples were
collected at sites 8 and 9, between two aerations tanks (∼5 m
from each tank).
To assess emissions to air from landfills, SIP disks PAS were

deployed for 55 days at two municipal solid waste landfill sites in
Ontario, Canada, between June and August 2009. The samples
were deployed upwind and on-site of the active zone of each
landfill site (n= 4) and one field blank was collected at each site as
described earlier (Figure S2 in the SI). It should be noted that
both sites collected landfill gas and the active area of the landfill
was kept to a minimum by covering the waste with soil and a
plastic film. Details of the meteorological data during the sampling
period of the WWTP and landfill sites can be found in Table S1
and Figure S3 and S4 in the SI. All SIP disk samples and field
blanks were stored in amber glass jars having aluminum-lined lids
at �20 �C until analysis.
Deriving Concentrations in Air. The individual air concentra-

tions derived from the SIP disks were calculated as previously
described.22,23 The air sample volume is chemical specific and based
on the passive sampler�air partition coefficients (KSIP�A) for each
chemical and the kinetic sampling rate. The sample volumes for the
55�63daydeployment at theWWTPwere calculated tobe106�114
m3 for FTOHs and 188�236m3 for FOSAs and FOSEs, respectively.
The lower value for the FTOHs reflect their lowerKSIP�A and the fact
that the SIP disk reaches saturation (maximum capacity) for the
FTOHs.For thePFCAsandPFSAs, an average sampling rate of 4m3/
day was used.23 It is important to note that the calculation of the air
sample volume is only an estimation based on the previous calibra-
tion of the samplers. The sample air volume is a function of
deployment time, average temperature and KSIP�A. Recent field
intercomparison studies have shown a good agreement between
SIP disk PAS and high-volume samplers, with the exception of
PFOS which showed that concentration was underestimated
(i.e., sample air volume overestimated) using SIP disk PAS.24,25

The existing passive sampler configuration results in the co-
llection of mainly gas-phase contaminants.22 For the particulate

Figure 1. Sampling sites on and around the wastewater treatment plant.
Prevailing wind direction is indicated by the red arrow.
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phase sampling rate, we referred to the study by Kl�anov�a et al.26

which showed this to be ∼10% of the gaseous phase rate. One
major advantage of the PAS is that it performs time-integrated
sampling which provides the “average” air concentration over the
deployment period. This is especially useful in cases of air
concentrations that fluctuate greatly with time, since short-term
high volume air samplers that are collected typically for several
hours to a daymay not adequately represent the average scenario.
Chemicals. The target analytes include 22 PFCs (i.e., C4�C12,

C14 PFCAs, C4, C6, C8, C10 PFSAs, 6:2, 8:2, 10:2 FTOH,
perfluorooctane sulfonamide (PFOSA), methyl and ethyl FOSA
and methyl and ethyl FOSE) plus 16 mass-labeled internal
standards (IS) andN,N-dimethylperfluoro-1-octanesulfonamide
(N,N-Me2FOSA),

13C8 PFOS, and 13C8 PFOA as injection
standards (InjS) (for details see Table S2 in the SI).
Sample Extraction and Instrumental Analysis. SIP disks

were extracted as described previously.23 Briefly, prior the
extraction the SIP disks were spiked with 5 ng and 50 ng absolute
of an IS mixture containing mass-labeled PFSAs, PFCAs and
FTOHs, FOSAs, FOSEs, respectively. SIP disks were Soxhlet
extracted with petroleum ether/acetone (50/50, v/v) for 18 h,
followed by a 4 h extraction with methanol. The petroleum
ether/acetone and methanol extracts were concentrated by
rotary evaporation followed by gentle nitrogen blow down to
0.5 and 1 mL, respectively. The methanol extract was further
purified using the dispersive clean up with ENVI-Carb (100 mg,
1 mL, 100�400 mesh, Supelco, St. Louis, MO) and glacial acetic
acid.27 After centrifugation 0.5 mL was transferred into a poly-
propylene vial. Prior to injection, 10 ng of N,N-Me2FOSA and 4
ng of 13C8 PFOS and

13C8 PFOA were added to the petroleum
ether/acetone and methanol extract as InjS, respectively.
Analysis was performed using gas chromatography (Agilent

7890A; Agilent Technologies, Palo Alto, CA)�mass spectro-
metry (Agilent 5975C; Agilent Technologies, Palo Alto, CA)
(GC/MS) in selective ion monitoring (SIM) mode using
positive chemical ionization (PCI) for the FTOHs, FOSAs and
FOSEs.5 Aliquots of 2 μL were injected on a DB-WAX column

(30 m, 0.25 mm inner diameter, 0.25 μm film, J&W Scientific,
Folsom, CA). The separation and detection of the PFCAs,
PFSAs, and PFOSA was performed by liquid chromatography
(Agilent 1100; Agilent Technologies, Palo Alto, CA) with triple
quadrupole mass spectrometer interfaced with an electrospray
ionization source in negative-ion mode (LC�(�)ESI�MS/MS;
API 4000, Applied Biosystems/MDS SCIEX, Foster City, CA).
Aliquots of 25 μL were injected on a Luna C8(2) 100A column
(50 � 2 mm, 3 μm particle size; Phenomenex, Torrance, CA)
using a gradient of 200 μL/min methanol and water (both with
10 mM aqueous ammonium acetate solution (NH4OAc)).
QA/QC.As part of the QA/QC, duplicate measurements (sites

8 and 9) and field blanks were evaluated. Field blank concentra-
tions (n = 6) were <1% of the concentrations measured in the
samples. Method detection limits (MDLs) were calculated as 3
times signal-to-noise for each compound in the actual air samples
and ranged from 4.0�43.0 pg/m3 for the FTOHs, FOSAs and
FOSEs using GC/PCI�MS and from 0.04�0.87 pg/m3

for PFCAs, PFSAs, and PFOSA using LC�(�)ESI�MS/MS.
Method recovery values calculated from mass-labeled IS spiked
before injection and InjS spiked before injection ranged from
55 to 163% for FTOHs, FOSAs, and FOSEs and from 41�100%
for the PFCAs, PFSAs, and PFOSA. All results were recovery
corrected for PFCs. Further details on the surrogates chosen
for each native compound have been previously reported.4,22

Duplicate measurements showed excellent agreement and very
good reproducibility with a mean standard deviation of∼5% for
the PFCs. In addition to our QA/QC protocol, SIP disks PAS
were evaluated in an international field intercomparison against
active (high-volume) samplers, which showed generally good
agreement between both types of samplers.25

’RESULTS AND DISCUSSION

WWTP Concentrations. Concentrations of PFCs in air
around a WWTP using SIP disk PAS are shown in Figure 2
and 3 (for details see Table S3 and S4 in the SI).

Figure 2. (A) FTOHs, (B) FOSAs, and FOSEs in pg/m3measured in air at the wastewater treatment plant and the two landfill sites using SIP disk air samplers.
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Air concentrations at reference sites (sites 1�3 and 12) of
FTOHs, FOSAs, and FOSEs were usually in the range as re-
ported for urban areas.5,28 However, ∑FTOH concentrations
were 2�10 times higher at the sites 1 and 2 (856�1190 pg/m3)
compared to previous measurements in Toronto (50�123 pg/
m3)5 and Hamburg, Germany (179�531 pg/m3).28 This may
reflect proximity to the WWTP itself (Figure 1). ∑FTOH con-
centrations were lower at the more distant reference sites (sites 3
and 12) (304�504 pg/m3) in comparison to the sites 1 and 2.
Overall, FTOHs, FOSAs, and FOSEs concentrations at site 12
were similar to reported values at urban sites (see Table S5 in the
SI). Site 12 was approximately 600 m from the perimeter of the
WWTP and not downwind and therefore unlikely to be impacted
by the emissions from the WWTP. In contrast, the other
reference sites (i.e., sites 1�3), which were much closer (within
200 m of the treatment tanks) were able to detect the emissions
from the WWTP.
Air concentrations of ∑FTOHwere 11 times higher within the

plant (8080 ( 7250 pg/m3, sites 4�11) compared to the re-
ference locations (sites 1�3, 12); whereas air concentrations of
∑FOSA/FOSE were 4 times higher within the plant (66( 37 pg/
m3). The differences in the magnitude of FTOHs and FOSAs/
FOSEs air concentrations may reflect differences in wastewater
concentrations combined with differences in their volatilization
potentials from water. FTOHs have higher liquid�vapor pres-
sures (PL) (53�1670 Pa at 25 �C) compared to the FOSAs and
FOSEs (0.35�7.0 Pa at 25 �C).29
The most abundant PFC class within the WWTP was the

FTOHs with 6:2 FTOH as the dominant compound (58% of the
∑FTOHs), followed by 8:2 FTOH (36%). This is contrary to
results for ambient urban air where 8:2 FTOH typically has
higher concentrations than 6:2 FTOH.5,28,30 However, the PFC
pattern varied within the plant indicating different emissions for
individual compounds and processes. For example, the N-ethyl
perfluorooctane sulfonamidoethanol (EtFOSE) was detected
at the primary clarifier and aeration tank (sites 4�9) but not
at the secondary clarifier. The ∑FTOH concentrations at the
two primary clarifier sites varied by up to a factor of about 2.
Furthermore, the ∑FTOH concentrations at the primary clarifier
(sites 4 and 5) and above the aeration tank (sites 6 and 7) were
5�9 times higher in comparison to the secondary clarifier (sites
10 and 11; Figure 2). The higher FTOH concentration at site 4 is
likely due to the fact that this sampler was mounted 1.5 m above a
metal grate that sat directly above the outflow from the clarifier.

The outflow exhibited some turbulence that may have contrib-
uted to emission of PFCs that impacted the sample. It should be
noted that the primary clarifiers are downwind (prevailing wind
direction) of the aeration tanks and therefore samples 4 and 5
may receive a substantial portion of PFCs emitted from the
aeration process (see Figure 1). In comparison, the ∑FOSA/
FOSE concentrations above the aeration tank (sites 6 and 7)
were 1.5 and 5 times higher in comparison to the primary clarifier
(sites 4 and 5) and secondary clarifier (sites 10 and 11),
respectively (Figure 2). This likely reflects enhanced volatiliza-
tion associated with the turbulence/bubbling of the aeration
process, whereas the primary and secondary clarifiers have a
relatively calm water surface.31 Interestingly, the air concentra-
tions over the primary clarifier (which also has a calm water
surface) were similar to that for the aeration tank for FTOHs,
FOSAs, and FOSEs although the primary clarifier has no aera-
tion. This may reflect higher wastewater concentrations of the
FTOHs, FOSAs, and FOSEs at the upstream stages of the pro-
cess prior to their degradation.10 This is consistent with EtFOSE
not being detected in samples collected above downstream stages
in the secondary clarifier. It is also possible that emissions to air
from the aeration tanks impact the samplers at the primary
clarifiers that are less than 100 m downwind of the aeration tanks
(Figure 1).
Of the PFSAs and PFCAs targeted in this study PFOS and

C4�C12, C14 PFCAs were detected in air at the WWTP, whereas
perfluorobutane sulfonic acid (PFBS), perfluorohexane sulfonic
acid (PFHxS), perfluorodecane sulfonic acid (PFDS) and
PFOSA were below the MDL. Within the WWTP, PFOS was
dominant with air concentrations of 43�171 pg/m3 (41%
of the ∑PFOS/PFCAs), followed by perfluorobutanoic acid
(PFBA) with 55�116 pg/m3 (32%) and perfluorohexanoic acid
(PFHxA)with 10�63 pg/m3 (11%).Mean PFOS (113( 39 pg/
m3) and ∑PFCA (170( 60 pg/m3) concentrations in air within
the WWTP (sites 4�11) were 7 and 2 times higher, respectively,
compared to the reference sites (sites 1�3 and 12; 16 ( 15 pg/
m3 and 89 ( 33 pg/m3, respectively). This indicates that the
wastewater is a source of PFOS and PFCAs to the atmosphere.
Notably, the reference sites 2 and 3, which were within a few
hundred meters of Lake Ontario (Figure 1), had 7.5 times higher
PFOS concentrations (24 pg/m3 and 34 pg/m3, respectively)
compared to the reference sites 1 and 12 (4.7 pg/m3 and 3.0 pg/
m3, respectively). This might be due to the proximity of reference
sites 2 and 3 to the lakeshore where PFOS emissions may be

Figure 3. PFOS and PFCAs in pg/m3 measured in air at the wastewater treatment plant and the two landfill sites using SIP disk air samplers. Note: The
sample from WWTP site 7 was lost during sample treatment. Based on other work,24 the derived air concentration for PFOS is likely to be
underestimated using the SIP disk sampler.
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elevated because of evaporation and generation of aqueous
aerosols (e.g., wave breaking). A multimedia multispecies envir-
onmental fate model for the Lake Ontario indicates that the
direct volatilization of PFOA accounts for over 99% of the water
to air flux, whereas the aqueous aerosol production of PFOA is
negligible (<1%).18 The volatilization of PFOA from the Lake
Ontario can explain the increased PFOA concentration at the
reference site 3 that was closest to the lake.
Unlike the FTOHs, FOSAs, and FOSEs, which showed little

difference in air concentrations between the primary clarifier and
aeration tank, the PFOS and shorter chain PFCA (C4�C8) con-
centrations above the aeration tanks were elevated (351( 39 pg/
m3) and were ∼1.6 times higher than at the primary and
secondary clarifier (214 ( 12 pg/m3) (Figure 3). This indicates
that the aeration process is especially relevant for emitting PFOS
and shorter chain PFCAs (including PFOA) and not as impor-
tant in emitting the longer chain PFCAs (C9�C14). It has been
shown that PFOA can be emitted directly by volatilization from
the wastewater and/or associated with the aqueous aerosol and
then evaporated to the gas phase in its neutral form.32 These
pathways may contribute to the observed elevated air concentra-
tions of PFOA and the shorter chain PFCAs and PFOS. PFOS
and PFCAs are mainly present in their ionized form in the
wastewater (pH 6�8),33 however, the anion can be protonated
and the protonated form can volatilize to the atmosphere.15

The other possibility is the aqueous aerosol-mediated transport
pathway,32 which is supported by highest air concentrations of
PFOS, PFOA, and the shorter chain PFCA at the aeration tanks,
where aqueous aerosols are generated. This can be further
facilitated by the surface-active characteristics of PFCs which
result in an enrichment of PFCs at the surface microlayer.34

The elevated levels of PFOS and shorter chain PFCAs in air
may also be reflecting their dominance in wastewater in compar-
ison to the longer chain PFCAs.19,35 Wastewater concentrations
of the longer chain PFCAs may be decreased as they become
associated with particles36 that are removed as sludge from the
wastewater. It would be useful in the future to conduct coupled air
and water sampling at the different treatment stages to investigate
the water�air exchange dynamics and how it is affected by
meteorology, water-side concentrations, and operating conditions.
Landfill Concentrations. Air concentrations of PFCs at the

two landfills determined using SIP disks deployed upwind and
on-site are shown in Figure 2 and 3 (for details see Table S3 and
S4 in the SI).
The ∑FTOH/FOSA/FOSE upwind concentrations (658 (

150 pg/m3) are in the same range as for the WWTP reference
sites. Substantially higher ∑FTOH concentrations (5�36 times)
were found on-site at the landfills compared to the upwind
samples, while ΣFOSA/FOSE concentrations were only 2�3
times higher (on-site vs upwind) reflecting lower landfill emis-
sion strength for the FOSA and FOSE classes.
Some key differences were observed between the two landfills.

For example, the ∑FTOH concentration at landfill 2 were about 1
order of magnitude higher (26 000 pg/m3) than for landfill 1
(2590 pg/m3), whereas the ∑FOSA/FOSE concentrations were
about two times higher at landfill 2 (114 pg/m3) compared to
landfill 1 (63 pg/m3). The type of waste deposited at the two
landfills was similar, containing mostly residential waste. How-
ever, the active dumping area of landfill 2 was larger than for landfill
1 which may explain the higher air concentrations at landfill 2.
Air concentrations of PFCs at the landfills were dominated by

FTOHs (93�98% of the ∑PFCs), but, in contrast to the WWTP

where 6:2 FTOH was dominant, 8:2 FTOH was the dominant
compound (∼58% of the ∑FTOHs), followed by 6:2 FTOH
(∼32%). This relative abundance (i.e., 8:2 FTOH greater than 6:2
FTOH) is typical for urban areas.5,28,30 Emissions from the landfills
are likely associated with waste products containing polymeric and
surfactant materials. Theses polymeric materials can contain small
percentages of unbound residual FTOHs and N-methyl perfluoro-
octane sulfonamidoethanol (MeFOSE) (0.04�3.8%).37 PFC
emissions to air can be also affected by the degradation of
contaminated materials during waste aging, by water�air transfer
of water-soluble PFCs in the aqueous phase (i.e., landfill leachate)
and by landfill gas production and utilization.
Themean concentrations of ∑PFCAs (226( 136 pg/m3) and

PFOS (3.9( 1.0 pg/m3) were about 3 times higher at the landfill
sites compared to the upwind sites. The distributions of the
individual PFCAs were consistent, with PFBA (54%) > PFHxA
(12%) > PFOA (8.2%), while at the upwind sites PFBA was
predominant (80%). The PFCA pattern was similar to the
pattern at the WWTP, with dominance of the even chain length
PFCAs. This is consistent with the findings that the PFCAs
originated from the telomer-derived products which contain only
even chain length PFCs,9 whereas biodegradation of FTOHs to
PFCAs produces even and odd chain length PFCAs.38 Similar
PFCA patterns, with dominance of even chain length PFCAs and
shorter chain PFCAs, were observed in landfill leachates from 22
sites in Germany,21 indicating that this pattern is typical for
landfill emissions. It is interesting to note however, that PFOS
exhibited very low air concentrations at the landfill sites (3.9 (
1.0 pg/m3) contributing only ∼2% to the ∑PFOS/PFCAs,
whereas PFOS was predominant at the WWTP with a ∼41%
contribution to the ∑PFOS/PFCAs (113( 39 pg/m3). The low
emissions of PFOS at the landfills may be due to several factors
including: strong sorption of PFOS to landfill solids; efficient
trapping of PFOS in landfill gas collection; and partitioning of
PFOS to landfill leachate.
FTOH Concentration Ratios. Individual FTOH air concen-

trations at the WWTP and landfill sites are positively correlated
with each other (p< 0.0001,R = 0.87�0.98, PearsonCorrelation,
SPSS version 17.0 for Windows). The ratio of 6:2 FTOH to 8:2
FTOH to 10:2 FTOH on a concentration basis may help to
distinguish sources of FTOHs to the atmosphere.30 The 6:2
FTOH to 8:2 FTOH to 10:2 FTOH ratio at the reference sites
was 2.7 to 2.7 to 1.0 which is in the range of values reported for
urban areas.28 It is interesting to note that 8:2 FTOH is enhanced
at the landfill sites (i.e., ratio of 3.1 to 6.1 to 1.0) while 6:2 FTOH
and 8:2 FTOH are elevated relative to 10:2 FTOH at theWWTP
(i.e., 10.6 to 6.5 to 1.0). It should be noted that the generation of
PFCAs from precursor FTOHs in air at the WWTP and landill
sites is unlikely to occur due to the abundance of nitric oxide
(NO) in these predominantly urban/suburban areas. Conver-
sion of FTOH to PFCAs is expected to occur following atmo-
spheric transport to background and remote regions where NO
concentrations are low.9,11 However, biodegradation of FTOHs
is possible in the wastewater and lodged landfill material.19,38

WWTP and Landfill Inputs to the Atmosphere. A simplified
Gaussian dispersion model was applied to the study results to
estimate emissions of PFCs. For a point source with instanta-
neous emissions, the simplified Gaussian formula is defined by:39

e ¼ c�uΔyΔz ð1Þ
where c is air concentration (pg/m3), e is the emission rate
(g/day), Δy and Δz are a horizontal fetch (m distance away
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from the sampling site) and the height of sampler above a
ground surface (m), and u is the mean wind speed (m/s) at the
sampling height (note: air concentrations from the reference
sites were not subtracted from the air concentration c, for details
see text in the SI). The calculations are based on the air
concentrations at the landfills determined for the on-site sample
and the average for sites 6 and 7 at the WWTP, which were
situated above the aeration tank. The calculated emission rates
for the WWTP were multiplied by 8 to account for emissions
from all eight identical aeration tanks. This calculation assumes
that the aeration tanks were the predominant point source for
PFCs at the WWTP. This is supported by the data and knowl-
edge of the importance of aeration in enhancing water�air
exchange of PFCs. However, if the other tanks have non-
negligible contributions to air emissions, then this calculation
underestimates the emission rate from the WWTP. The calcu-
lated residence time over the WWTP due to advection was only
77 s (for details see the SI). Ultimately, the yearly PFC emission
rates (g/year) were estimated based on the average daily
emission rates (g/day) and are summarized in Figure 4 (for
details see Table S6 in the SI). The estimated average yearly PFC
emissions from theWWTP and landfills are subject to additional
uncertainties due to the variations in PFC concentrations in
wastewater and air and variable wind speeds during different
seasons of the sampling year. The influence of rain events could
not be determined due to the lack of temporal resolution of PAS.
However, substantial rain events did occur during the sampling
period (see Figure S3 and S4 in the SI) and it would be
interesting to examine this influence in future studies. Further
studies should also include the sampling of wastewater from all
treatment stages in order to follow changes in PFCs throughout
the process; investigation of which types of landfill materials are
contributing most to air emissions is another question that should
be addressed.
∑PFC yearly emissions were estimated to be approximately

2560 g/year for theWWTP, 99 g/year for landfill 1 and 1000 g/
year for landfill 2 in 2009. Emissions of FTOHs predominated
and were about 2 orders of magnitude higher than the other
PFC classes investigated in this study. Emissions of 6:2 FTOH
at the WWTP were dominant, whereas 8:2 FTOH was domi-
nant at landfill site 1 and 2. Among the PFSAs and PFCAs,
PFOS and PFBA had the highest emissions to the atmosphere
from the WWTP and PFBA emissions were highest at the
landfill sites. These results are consistent with lake studies
where upward fluxes were also found.15,40 It should be noted
that both landfills investigated here had processes for capturing

landfill gas and further reduced volatilization to air by keeping
the active, exposed area to a minimum.
The per capita emissions for the WWTP were estimated using

the emissions rates in μg per year and the population served by
the WWTP (∼1 000 000 people) (see Table S6 in the SI). This
per capita estimation must be considered with caution because
it is based on one WWTP and does not account for possible
commercial and industrial wastewater contributions. The esti-
mated per capita emissions of the ∑PFCs from WWTPs to air
were 2560 μg/year/person. In comparison, the reported WWTP
discharge of PFCs to the aqueous environment in effluents is
∼2�10 times higher.20,35 For example, the mean ∑PFC dis-
charge in effluents from 7 WWTPs in Switzerland was ∼34 000
μg/year/person (85�2670 g/year) and dominated by PFOS,20

and the mean ∑PFC discharge in effluents from 9 WWTP in
Germany was ∼4400 μg/year/person (18�20 300 g/year),
dominated by PFOA.35 In the case of landfill discharges to the
aqueous environment, a study of 22 landfill sites in Germany
estimated that the mean ∑PFC discharge was∼49 g/year, much
lower compared to effluents from WWTPs.21 Aqueous dis-
charges of FTOHs were not identified in any effluents from
the WWTP and landfill studies discussed above. Thus, for the
FTOHs in particular, emissions to air fromWWTPs and landfills
are important in contributing to atmospheric burdens and for
their role as precursors in the long-range atmospheric transport
of PFCAs. The emission data for PFCs presented here provide a
basis and justification for future waste sector studies.
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