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Neutral polyfluoroalkyl substances in the global
Atmosphere†

A. Gawor,ab C. Shunthirasingham,ab S. J. Hayward,a Y. D. Lei,a T. Gouin,a

B. T. Mmereki,c W. Masamba,d C. Ruepert,e L. E. Castillo,e M. Shoeib,f S. C. Lee,f

T. Harnerf and F. Wania*a

Concentrations of neutral per- and polyfluoroalkyl substances (nPFAS) in the atmosphere are of interest

because nPFAS are highly mobile percursors for perfluoroalkyl acids. Two calibration studies in Ontario,

Canada and Costa Rica established the feasibility of using XAD 2-resin based passive air samplers (XAD-

PAS) to reliably determine long term average air concentrations of nPFAS under temperate and tropical

climatic conditions. The temporal and spatial distribution of nPFAS was investigated by analyzing XAD-

PAS deployed for one year at between 17 and 46 sites on six continents between 2006 and 2011 as part

of the Global Atmospheric Passive Sampling (GAPS) study. Higher levels of fluorotelomer alcohols

(FTOHs) compared to fluorinated sulfonamides (FOSAs), and fluorinated sulfonamidoethanols (FOSEs)

were observed at all sites. Urban sites had the highest levels of nPFAS compared to rural and remote

sites, which is also apparent in a positive correlation of nPFAS levels with the proximity of a sampling site

to areas of high population density. Levels of FOSAs and FOSEs tended to decrease during the six years

of measurements, whereas an initial decline in the concentrations of FTOHs from 2006 to 2008 did not

continue in 2009 to 2011. A comparison of nPFAS levels measured in national XAD-PAS networks in

Costa Rica and Botswana revealed that the GAPS sites in Tapanti and the Kalahari are representative of

the more remote regions in those countries. XAD-PAS derived absolute nPFAS levels at GAPS sites are

lower than those measured using another PAS, but are within the range of levels measured with active

air samplers. Agreement of relative nPFAS composition is better between samplers, suggesting that the

discrepancy is due to uncertain sampling rates.
Environmental impact

Peruoroalkyl acids have been receiving widespread attention due to their persistence, ability to bioaccumulate and ubiquitous presence in the global envi-
ronment. Some volatile neutral per- and polyuoroalkyl substances (nPFAS) have been implicated in facilitating the transfer by atmospheric long range
transport to remote regions, where they may degrade into the peruoroalkyl acids. This study for the rst time provides insight into interannual time trends of
nPFAS in the atmosphere on a global scale and conrms their ubiquitous presence throughout the global atmosphere.
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Introduction

Over the last decade, per- and polyuoroalkyl substances (PFAS)
have been receiving widespread attention due to their persis-
tence, leading to ubiquitous presence in the global environment
and in biota.1–3 Peruoroalkyl acids (PFAAs), such as the per-
uoroalkyl carboxylic acids (PFCAs) and peruoroalkyl sulfonic
acids (PFSAs) are particularly recalcitrant and bioaccumulative.
While PFAAs have been emitted directly in the environment,
they can also originate from the biotic and abiotic degradation
of neutral precursor compounds.4,5 PFAAs have been detected in
regions far from anthropogenic sources, including the Arctic6,7

and Antarctic.8,9 There are three proposed pathways of long-
range transport of PFAAs to remote regions: volatile precursor
compounds are transported through the atmosphere and
This journal is © The Royal Society of Chemistry 2014
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Table 1 Number of active air samples (AAS) and passive air samples (PAS) provided by four field campaigns for this study. PAS were duplicated,
except in GAPS. The GAPS campaign covers six sampling years

GAPS Botswana Costa Rica Egbert, Ontario

Climate Various Semiarid Tropical Temperate

Year Polar Remote Urban AAS PAS AAS PAS PAS AAS PAS
Network Network Calibration Calibration

2005
8 7 � 2 5 � 2

2006 1 22 11
27 15 � 2 21 5 � 2

2007 4 31 11
2008 1 28 4
2009 2 29 3
2010 3 15 4
2011 2 13 2
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undergo atmospheric oxidation and deposition as PFAAs,5,10

PFAAs are directly transported by oceanic currents,11,12 and
PFAAs, bound to particles, are directly transported through the
atmosphere.13–15

Previous atmospheric measurements of neutral PFAS
(nPFAS) have primarily relied on the use of active air samplers
(AASs) with polyurethane (PUF)/XAD-2 (PXP) sandwiches6,14,16–22

or solid-phase extraction (SPE) cartridges.23 A few studies have
used sorbent impregnated PUFs (SIPs),24–29 activated carbon
ber felts (ACFs),30 or XAD-2 resin31 in passive air samplers
(PASs). Land-based samplers were deployed at various locations
including North America (e.g. Canadian Arctic,6 Eastern Can-
ada,18 Bermuda18), Asia (e.g. South Korea,24 India,26 China and
Japan22,26,30), and Europe (e.g. Germany,32 Ireland,14 Norway,14

and the United Kingdom14). Active air sampling on-board ships
Fig. 1 Map displaying sites for the four field sampling campaigns, wher
Botswana, Costa Rica, and Egbert, Ontario, Canada, respectively. Site
differentiated by symbols. Active sampling sites in the regional campaign
where sample results were combined for geographic comparisons. Ada

This journal is © The Royal Society of Chemistry 2014
has covered extensive areas in the Canadian Arctic,19 the
Atlantic and Southern Oceans,20 and the Northwestern Pacic.16

Although three studies20,29,32 examined nPFAS at a very large
spatial scale, a truly global picture of nPFAS presence in the
atmosphere is still missing. In particular, very few land-based
measurements have been conducted at lower latitudes and,
based on our knowledge, none in the southern hemisphere. No
published study to date has covered a sufficiently long period of
time to investigate interannual temporal trends of nPFAS in the
atmosphere. Compiling data from different studies for time
trends analysis may be problematic, especially when methods
have been altered to enhance accuracy and precision in
measurement (i.e. the adoption of isotope labeled nPFAS).27,33,34

In light of the above, the aims of the current study were to
establish, through calibration studies conducted in temperate
e: a-d depicts the global campaign (GAPS) and national campaigns in
classification is indicated by different colors whereas campaigns are
s are depicted with a green flag. Purple dashed lines separate regions,
pted from Shunthirasingham et al.41
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Fig. 2 nPFAS accumulation on XAD-PAS after different deployment
periods in Egbert, Ontario and San Antonio de Belen, Costa Rica, based
on equivalent air volumes, Vi,eq. Plots display compounds that were
detected in the XAD extracts for at least two periods. Regression
parameters are listed in Table S3.†
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View Article Online
and tropical climates, the feasibility of XAD-2-resin based
passive air samplers (XAD-PAS) to reliably determine long term
average air concentrations of nPFAS.35 This sampling method
was then used, within the context of the global atmospheric
passive sampling (GAPS) network, to investigate the spatial
distribution and interannual trends of nPFAS on a global scale.

Materials and methods

Here we report data from three regional studies and one global
eld sampling campaign, all of which have been described in
previous publications (Table 1). In Botswana,36 Costa Rica,37,38

and Ontario,39,40 both XAD-PAS and AAS with PXP sandwiches
were deployed over a one year period. As part of the GAPS
project, XAD-PAS have been deployed for one year periods at a
variable number of sites around the world since 2005. Sampling
locations for these campaigns are shown in Fig. 1 and the
sampling is described in detail in the (ESI†).

Target analytes in these four campaigns were the following
seven chemicals: three uorotelomer alcohols (6 : 2, 8 : 2, 10 : 2
FTOH), two peruorooctane sulfonamides (MeFOSA, EtFOSA)
and two peruorooctane sulfonamidoethanols (MeFOSE,
EtFOSE). Additionally, 8 isotope labeled nPFAS were analyzed
for recovery and volume correction (Table S1†). Details of
sample preparation, extraction and analysis are given in
the ESI.†

The AAS results are presented in units of pg m�3 based on
sampling volumes measured with a calibrated pump. Air
concentrations were all blank corrected by eld and laboratory
samples. Method detection limits (MDL) were dened as 3
times the standard deviations of the sample blanks. When an
analyte was not detected in any of the blanks, 3 times the
instrumental detection limit (IDL) was used to calculate the
MDL. When creating gures and for statistical purposes, any
non-detects (i.e. below the IDL) were assigned a randomized
value between 1/3 and 2/3 of the IDL.42,43 Grubbs test was per-
formed (one way, at 5% signicance level)44 on samples from
the GAPS campaign to remove unusually high concentrations
from the analysis. Such data are highlighted in the ESI.† One-
way ANOVA was performed with post-hoc test using Tukey–
Kramer’s Multiple Comparison Test. 2-tailed Pearson correla-
tions were at 95% condence. Statistical analyses were per-
formed using GraphPad Prism, version 5.0.

Results
Calibration of XAD-2 based passive samplers for nPFASs

Passive air samplers based on SIPs and ACFs have previously
been calibrated for nPFASs using concentrations determined by
AAS (PXP sandwiches).24,28,30,45 Here we report results of the rst
calibrations of XAD-PAS for nPFASs, using eld studies con-
ducted in Egbert, Ontario, Canada40 and San Antonio de Belen,
Costa Rica37 (Table S2†). Low volume AAS (LV-AAS) and short
XAD-PAS were used in Egbert; high volume AAS (HV-AAS) and
long XAD-PAS in San Antonio de Belen.

Uptake curves plotting the equivalent sampling volume per
substance i, Vi,eq (m

3), against deployment period are shown in
406 | Environ. Sci.: Processes Impacts, 2014, 16, 404–413
Fig. 2. The Vi,eq values were calculated as the ratio between the
mass of a nPFAS accumulated in a XAD-PAS (mi,PAS in pg PAS�1)
divided by the mean air concentration during the duration of
that XAD-PAS’s deployment (Ci,AAS in pg m�3):

Vi;eq ¼ mi;PAS

Ci;AAS

(1)

Since the PAS used in Ontario were half the size of those used
in Costa Rica, the equivalent air volumes from Ontario need to
be doubled to be comparable with those from Costa Rica.37 The
sampling rates, (R, m3 day�1) for individual nPFAS were deter-
mined from Fig. 2 by the slopes of the linear least-squares tting
(LLSF) through all the duplicated points. nPFAS were not
detected in either PAS or AAS during the rst 58 days of
sampling, most likely due to cold temperatures during this
time. As such, these 58 days of sampling were not included in
the regression. Forcing the regressions through the origin
would result in poorer linearity and in sampling rates in Costa
Rica that are lower by approximately 25 percent.

For both Costa Rica and Egbert, the curves in Fig. 2 appear to
show a slowing of uptake at the end of the deployment period,
which may be interpreted as suggesting that the nPFAS are
approaching equilibrium between the atmospheric gas phase
and the XAD-resin during a one-year deployment. However, the
uptake curves for different nPFAS tend to have a similar shape
(e.g. all nPFAS experience a slight decrease in Vi,eq at the longest
deployment in Costa Rica), even though the wide range in the
volatility of the nPFAS wouldmake it unlikely that they would all
approach equilibrium at the same time. Furthermore, there is
no indication in the data displayed in Fig. 2 that the uptake
curve becomes shallower earlier for the samplers deployed
under warm tropical conditions than under cooler temperate
conditions. Additionally, the end of the sampling period in
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Box and whiskers plot for the nPFAS detected in active air
sampling campaigns in temperate Egbert, Canada (#1), tropical San
Antonio de Belen, Costa Rica (#2), and subtropical Maun, Botswana
(#3). nPFAS detection limits are displayed as horizontal brown lines
and the number of samples with levels above detection limits is shown
below the boxes. Boxes correspond to the interquartile range, where
the upper and lower edges are designating the 75th and 25th
percentiles, respectively. The ends of the whiskers correspond to
minimum and maximum concentrations. Median and arithmetic
means are shown by the horizontal bar in the box and a plus sign,
respectively.
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Egbert was in winter, when uptake of nPFAS is slower (see
below). We therefore believe it is more likely that differences in
slope (and particularly the lower uptake in the samplers
exposed the longest in Costa Rica) are due to slight differences
in the wind exposure of the samplers.

In Egbert and Costa Rica samples, both FTOHs (8 : 2 and
10 : 2) and FOSAs (Me- and Et-) displayed similar equivalent
sampling volumes onto the PAS media, whereas those for the
FOSEs (Me- and Et-) were one-third to one-half lower.
Conversely, when calibrating SIPs, Shoeib et al.28 observed that
uptake of EtFOSA was similar to that of the FOSEs rather than
the FTOHs. Another SIP calibration study by Kim et al.24 deter-
mined similar uptake rates for FTOHs, FOSAs and FOSEs. This
is likely due to differences in the processes controlling the
uptake kinetics, which vary between chemicals, and between
different types of samplers and different types of environments
(i.e. SIP calibration studies were conducted indoors, whereas
XAD-PAS calibrations were conducted outdoors).27

Whereas FOSEs had similar sampler-length corrected
sampling rates in both Egbert and Belen, those for the FTOHs
and FOSAs were on average higher in Belen than in Egbert by a
factor of �2.75. Even if regressions forced through the origin
were used, sampling rates in Costa Rica are still more than
double those in Ontario. Higher uptake rates at higher
temperature have previously been noted for the XAD-PAS35,37

and were recently rationalized with a mechanistic model.46

Based on the results of the calibration studies in Egbert and
Belen, Table 2 includes a set of recommended sampling rates to
use for the uptake of nPFASs in long XAD-PAS in tropical and
temperate locations. The three FTOHs andMeFOSA, and the two
FOSEs are assumed to have the same sampling rates, respec-
tively. The R for FOSEs is assumed to be the same in tropical and
temperate locales, whereas the R for FTOHs and FOSAs is
assumed to be �2.5 times higher in tropical than in temperate
regions. These rates have considerable uncertainty and should
be reassessed when additional calibration data should become
available. The data from Egbert should be given more weight
than those fromCosta Rica. The Egbert study not only included a
much larger set of AAS (n ¼ 21) than Costa Rica (n ¼ 8), but the
low volume AASs in Egbert sampled continuously whereas the
AAS in Costa Rica sampled only during a small fraction of time
Table 2 Compound specific sampling rates (R, m3 day�1) in XAD-PAS (equ
Ontario and San Antonio de Belen, Costa Rica. Sampling rates recommen
measured in Egbert, Ontario were doubled to account for smaller cylin
duplicates with standard deviation

Compound-specic sampling rates

Egbert, Ontario San Ant

8 : 2 FTOH N/A 7.02 �
10 : 2 FTOH 1.56 � 0.12 4.61 �
MeFOSA 1.79 � 0.093 4.82 �
EtFOSA 1.46 � 0.068 3.83 �

MeFOSE 0.62 � 0.041 0.49 �
EtFOSE 0.76 � 0.027 N/A

This journal is © The Royal Society of Chemistry 2014
(�24 hours every month). The fraction of the longest XAD-PAS
deployment time that was covered by the AAS was 100% in
Egbert, but only �2% in Costa Rica. More calibration studies
with continuous AASs are required in different environments to
reduce the uncertainty in the uptake rates.
Tracking the annual time series of nPFAS across three climatic
regions

Concentrations of nPFAS in AAS deployed in Egbert, Ontario,
San Antonio de Belen, Costa Rica and Maun, Botswana in units
of pg m�3 are reported in Table S4† and are displayed in box-
and-whiskers plots in Fig. 3.

Five of the seven nPFAS were detected during all three AAS
campaigns. EtFOSE was detected only in Egbert (Table S4†) and
ivalent sampler length of 20 cm) from two calibration studies in Egbert,
ded for tropical and temperate locations are also given. Sampling rates
der length.46 Compound-specific rates were based on the average of

Selected sampling rates

onio de Belen Temperate Tropical

0.96

1.6 5.0
0.65
0.59
0.49

0.054
0.62
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6 : 2 FTOH not at all. 8 : 2 and 10 : 2 FTOHs were detected in
most of the samples. MeFOSA, EtFOSA and MeFOSE were in
most of the samples taken in Botswana and Costa Rica, but were
detected in only 50% or less of the samples from Ontario. The
order of highest to lowest geometric mean concentration
generally was: 8 : 2 FTOH > 10 : 2 FTOH > MeFOSE > EtFOSA >
MeFOSA. This order has been generally observed in other
studies.16,20

The box-and-whisker plots in Fig. 3 show the concentration
variability at the three locations. In Botswana and Costa Rica,
small boxes and arithmetic mean concentrations that for the
most part deviate not far from the median, suggest that nPFAS
concentration are relatively uniform throughout the year. In
Egbert, there is larger variability in the concentrations, with
arithmetic means being higher than the medians and the
interquartile range (i.e. the boxes) being larger than in Costa
Rica and Botswana. Concentration variability within a season,
which was also observed by Dreyer et al.47 and Müller et al.48 can
be attributed at least in part to variable emission rates. In
Egbert, concentrations are higher during the warmer months
(end of May–Sept) than in colder months (Oct–Mar) (Fig. S1†),
possibly due to diffuse emissions that are dependent on
temperature.47 Temperatures are much more uniform season-
ally in Botswana and Costa Rica.

For the FTOHs, MeFOSE and MeFOSA, the highest mean
concentrations were measured in Ontario, followed by Costa
Rica and then Botswana. The differences in nPFAS concentra-
tions between the three sites were generally signicant (1-way
ANOVA, p < 0.05, Table S5†) aside from the FOSAs, although
post-hoc comparisons suggest that those between Costa Rica
and Botswana are not as signicant as those with Ontario. The
higher levels at the Ontario site are consistent with the prox-
imity to Toronto, a major population centre of 5.6 million
residents with a high standard of living and thus presumably
prevalent use of products containing uorinated residuals.49

The lower nPFAS concentrations in Botswana and in Costa Rica
are likely due to less use of products containing nPFAS resid-
uals.49 Also, production of nPFAS in the southern hemisphere or
at lower latitudes is believed to be insignicant,12 although it
has been reported that suluramid (EtFOSA) is being manu-
factured in Brazil (�30 tons per year in 2007).50 Additionally, the
sampling location in Botswana is located outside the town of
Maun, in very thinly populated savannah. The slightly (although
not statistically) higher levels in Costa Rica compared to Bot-
swana could be due to the location of San Antonio de Belen in a
suburb of San Jose, a metropolitan area with a population of
1.7 million.
Fig. 4 Box and whiskers plot of individual nPFAS concentrations
analyzed in the GAPS Network study. Five boxes per compound
illustrate different sampling years. Boxes contain 50% of the data,
whereby the lower and upper ends correspond to 25th and 75th
percentiles respectively. Whiskers show the minimum and maximum
concentrations of the compounds. Medians and arithmetic averages
are illustrated with a bar crossing the box and ‘+’ sign, respectively.
nPFAS detection limits are displayed as horizontal brown lines, and the
number of sites where a nPFAS was detected is shown below the
boxes.
nPFAS in the Global Atmospheric Passive Sampling (GAPS)
network

Levels of the nPFAS in GAPS samples in units of ng PAS�1, with
their method detection limits, are reported in Table S7.† Site
information for years 2009–2011 is listed in Table S6,† adapted
from Shunthirasingham et al.41 PAS results are presented in
units of ng PAS�1 to avoid unnecessarily adding uncertainty
associated with the conversion to volumetric air concentration
408 | Environ. Sci.: Processes Impacts, 2014, 16, 404–413
using passive sampling rates. However, the accumulated
amounts were blank corrected and normalized to a sampling
period of 365 days. Because sampling rates can differ by as
much as a factor of 2.5 between sampling sites in different
climate (see above), one has to keep in mind that differences in
the accumulated amount between sites have to be larger than
this factor to indicate real differences in air concentrations.

The order of abundance of individual nPFAS detected in the
samples is FTOHs > FOSEs > FOSAs. For the most part, 8 : 2 was
the most abundant FTOH, followed by 10 : 2 and 6 : 2. For
FOSAs and FOSEs, the abundance of methyl and ethyl
compounds did not differ signicantly. Fig. S2† displays the
relative abundance of different nPFAS in the samples. Detection
frequencies are given in Table S8.†

Temporal trends of nPFAS. Fig. 4 displays trends for the
investigated nPFAS over the six years of GAPS. Fig. S3 in the ESI†
shows a similar plot but only for sites that were consistently
sampled over time. Between 2006 and 2011, there was a 60–70%
decrease inmass for 8 : 2 and 10 : 2 FTOHs. Levels of FOSAs and
FOSEs also decreased between 2006 and 2011, whereby aer
2007, FOSAs and FOSEs were below theMDL at most sites. 1-way
ANOVA tests were performed to examine the differences
between the six years of sampling at a global and regional scale
(Table S9†). 8 : 2 and 10 : 2 FTOHs, MeFOSA, and MeFOSE
decreased over the years, with the greatest decline occurring
between 2006 and 2007 (p < 0.001). There is an observable, but
not statistically signicant, decrease of EtFOSA and EtFOSE.
6 : 2 FTOH was consistently the same throughout the ve
sampling years with no observable trend.

Role of proximity to emissions. The amount of nPFAS in air
is associated with proximity to urbanized locations, where
release of these compounds to the atmosphere occurs51,52 due
to diffusive emissions from products.49 Except for a case in
This journal is © The Royal Society of Chemistry 2014
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South Korea,24 previous studies have shown that indoor air
concentrations of nPFAS are 0.5–2 orders of magnitude higher
than outdoors.14,48,53 Modeling estimates by Wang et al.52

suggest that diffusive emissions from consumer products
make an observable contribution to nPFAS detected in the
environment. In other words, the degree to which nPFAS are
detected at a sampling site can be inuenced by nearby
industrial or metropolitan emissions. Given that there are no
direct/industrial emissions of nPFAS in most parts of the world
(aside from Asia54 and Brazil50) diffusive sources of consumer
products are expected to be the major contributing factor.
Westgate et al.55 recently quantied the proximity of GAPS
sampling sites to humans using a so-called pertingency index
(PI), whereby human population density serves as a surrogate
for emission density in the absence of spatially resolved
emission information. In addition to the emission released in
a specic region, the PI accounts for the spatial history of the
air mass arriving at a sampling site. The measured nPFAS
levels were strongly correlated with the PI of the sampling sites
(Fig. S4†), i.e. nPFAS concentrations increased log-linearly with
increasing proximity to humans. Correlations between
concentrations of individual nPFAS and PI were strongest for
8 : 2 and 10 : 2 FTOH, MeFOSA and EtFOSA (Fig. S4†). Corre-
lations with 6 : 2 FTOH and the FOSEs were weak, likely due to
concentrations near detection limits.

Another way of looking at this is to compare the levels of
nPFAS at urban, remote, and polar sites (Fig. 5). nPFAS levels at
urban locations were statistically signicantly higher than at
remote sites (5-fold, P < 0.0001, Table S10†). Polar sites had yet
lower levels, but their small number (N ¼ 4) and, in the case of
FOSEs and FOSAs, levels below the MDL, limit the statistical
power of the comparison. A discussion of differences in nPFAS
levels in four different world regions is included in the ESI
(Fig. S5 and S6, Tables S11 and 12†).
Fig. 5 Averaged amounts over 6 years for individual nPFAS compo-
nents in the GAPS Network, based on type of the sampling location.
Boxes contain 50% of the data, whereby the lower and upper ends
correspond to 25th and 75th percentiles respectively. Whiskers show
the minimum and maximum concentrations of the compounds.
Medians and arithmetic averages are illustrated with a bar crossing the
box and ‘+’ sign, respectively. Averaged method detection limits (MDL)
for each compound is shown by a horizontal brown line.

This journal is © The Royal Society of Chemistry 2014
National atmospheric passive sampling campaigns

In order to evaluate how representative GAPS sites are for a
country as a whole, we compared nPFAS levels at the two GAPS
sites in the Kalahari, Botswana, and Tapanti, Costa Rica, with
those from the two national PAS networks (Fig. 1). Tapanti
National Park is a protected site in central Costa Rica, approx-
imately 35 kilometers south of the country’s capital San Jose.
The Kalahari site is in an isolated location in the Southwest of
Botswana. In addition to GAPS, two eld campaigns deployed
XAD-based PAS across several locations in Costa Rica and Bot-
swana between the end of the 2005 and the beginning of 2007.
Table S13† report the nPFASs levels at the different sampling
sites in units of ng PAS�1. Amounts of nPFAS varied across the
regions, with more heavily populated areas, such as Francis-
town, Botswana and San Antonio de Belen, Costa Rica, having
higher levels (Fig. 6). Samples from Botswana’s Okavango Delta
and Costa Rica’s National Parks were uniformly low; somewhat
higher levels at Eagle Island may be due to its proximity to a
tourist camp. Fluorotelomer alcohols dominated the overall
nPFAS composition, with 8 : 2 FTOH being the most abundant.
This is consistent with the AAS campaigns in the same regions.
Higher levels of EtFOSA at EARTH (an agricultural university in
the Caribbean lowland) and Belen may be related to the use of
EtFOSA as an insecticide (Suluramid) controlling ants
and cockroaches in Costa Rica and proximity to industrial
emissions.56

In 2009, the Kalahari sampling site was discontinued, and
sampling commenced at Vanderbijl Park, South Africa, instead.
Given its location and proximity to the metropolitan area of
Johannesburg, Vanderbijl cannot be considered representative
of thinly populated Botswana. Additionally, Lammel et al.57

noted signicant levels of PAHs at Vanderbijl compared with a
more isolated location in that region (Molopo), suggesting the
presence of local sources, likely due to traffic or industrial
combustion.
Fig. 6 Amounts of nPFAS in passive air samplers deployed across
Costa Rica and Botswana. 6 : 2 FTOH and EtFOSE are not displayed
because most sites had levels below the MDL.
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Fig. 7 Box and whisker’s plots for the national atmospheric passive
sampling networks, separated for remote and urban sites, compared
with the GAPS sites Tapanti and Kalahari sampled between 2006 and
2010. Number of samplers (includes duplicates) where nPFAS were
above the detection limits is shown below the boxes.
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In both Costa Rica and Botswana, the levels of nPFAS
measured at the GAPS sites during all ve years were lower than
the levels measured across the country (Fig. 7). Given the
extreme isolation of the GAPS site in the Kalahari Desert, this
comes as no surprise. The Kalahari site is in a truly remote
location representing atmospheric background concentrations.
Tapanti National Park may be located a relatively short distance
from populated San Jose; however, the mountainous landscape,
the low population density, and the lack of local agricultural
activity may explain the low levels in Tapanti compared with
other sites in Costa Rica. In summary, in both Botswana and
Costa Rica, the GAPS sites are representative of the more remote
parts of the country with respect to nPFAS levels. It should be
noted that the levels of sulfonamides and sulfonamidoethanols
(MeFOSA, EtFOSA, MeFOSE) detected in the samples from
Costa Rica and Botswana were near the MDLs and caution is
advised when interpreting their levels.
Fig. 8 Comparisons of 8 : 2 FTOH concentrations with literature data.
(a) This study, (b) Shoeib et al.,19( c) Shoeib et al.,18 (d) Genualdi et al.,29

(e) Kim et al.24 * Outside of range for majority of the data.
Comparison of volumetric concentrations at GAPS sites with
previously reported values

Validation of our PAS data at a global level can be achieved by
comparing it with nPFAS concentrations that had previously
been reported for 20 of the 46 GAPS sites. At 18 of these 20 sites,
the GAPS pilot study used PUFs/SIPs during the 2009 spring
410 | Environ. Sci.: Processes Impacts, 2014, 16, 404–413
sampling campaign.29 SIP disks were also deployed at two South
Korean GAPS sites during the 2009 spring sampling period.24

AAS were deployed in three of the GAPS locations with XAD-PAS:
Toronto in March 2006,19 and Tudor Hill and Sable Island in
July–August 2007.18 To compare our measurements with these
data, the recommended sampling rates from Table 2 were used
to calculate volumetric air concentrations of the nPFAS in pg
m�3 at the GAPS sites. Concentrations of 8:2 FTOH, the most
abundant and frequently detected compound, are compared for
all 20 sites in Fig. 8. It is important to keep in mind that the
gure compares a range of six annual averages (XAD-PAS) with a
value for a single three month period during those six years
(SIPs). It is not certain how representative this single period
measured with SIPs is for the respective locations, however,
comparisons were still made to give a general idea of the
agreement between the two PASs. Concentrations of 8 : 2 FTOH
derived from SIPs were on average �3.7 times higher than
those derived from XAD-PASs. The concentration ranges of 8 : 2
FTOH derived from AAS at three sites typically overlapped both
XAD-PASs and SIPs.

There are a few possible reasons for the lower annual
concentrations in the XAD-based samplers compared with the
seasonally deployed SIPs. As noted above, nPFAS concentra-
tions in Egbert are higher in warmer than colder months
(Fig. S1†). SIP disks deployed in spring (April–June) could
therefore yield higher air concentrations than XAD-PAS
deployed for an entire year. Additionally, the sampling rates
This journal is © The Royal Society of Chemistry 2014

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3em00499f


Fig. 9 Fingerprint ratios (C6 : 2 FTOH/C8 : 2 FTOH, C10 : 2 FTOH/C8 : 2 FTOH; where C ¼ Concentration) of sites. Not all sites are shown due to levels
being below limits of quantification for literature data. (a) This study, (b) Shoeib et al.,18 (c) Shoeib et al.,19 (d) Genualdi et al.29 and Kim et al.24
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for the XAD-PAS (esp. in tropical locations) and SIPs are
uncertain. Sampling rates for the XAD-PAS are based on cali-
brations at two outdoor sampling sites as described above,
whereas those for the SIPs were based on an indoor calibra-
tion.28 Comparing AAS PXP sandwiches, SIPs and SPMDs for
nPFAS sampling in the eld, Dreyer et al.27 observed that FTOH
concentrations measured by AAS were generally higher than
those measured by both PASs, whereas FOSAs and FOSEs were
higher in both PASs than in AASs. The use of sampling rates
from an indoor calibration was noted as one possible explana-
tion for the discrepancy.28 In fact, Dreyer et al.27 derived
sampling rates for FOSAs and FOSEs outdoors that were higher
than those by Shoeib et al.28 by a factor between 1.15 and 7.3; no
sampling rates for FTOHs could be established by Dreyer et al.27

as they reached equilibrium before the end of the sampling
period. As such, determination of FTOH concentrations in SIPs
cannot be done by applying only a linear sampling rate, but also
requires the consideration of the SIP’s uptake capacity (i.e.
partitioning behaviour between the SIP medium and air (KPSM)),
which adds additional uncertainty. It is therefore possible that
the SIP derived FTOH concentrations reported by Genualdi
et al.29 are too high, because of (i) the use of sampling rates from
an indoor uptake study and (ii) complications arising from
having to interpret data in the curvilinear uptake phase of a
passive sampler. It is also likely that some of the discrepancies
are due to analytical uncertainty and/or differences between the
laboratories.

Another way of investigating discrepancies between the
results from different sampling methods, which is much less
dependent on highly uncertain sampling rates, is through the
use of ngerprint ratios (F.R.),47,58 which relate the concentra-
tions of the 6 : 2 FTOH or the 10 : 2 FTOH to that of the more
prominent 8 : 2 FTOH:

F:R: ¼ CX : 2 FTOH

C8 : 2 FTOH

(2)

The 6 : 2/8 : 2 F.R. as derived from XAD-PAS, SIP-PAS and
PXP-AASs agree much better with each other (Fig. 9) than the
volumetric air concentrations (Fig. 8). The 10 : 2/8 : 2 F.R.
This journal is © The Royal Society of Chemistry 2014
shows less agreement, with ratios measured by PXP-AASs and
SIPS being generally somewhat higher. The better agreement
between relative rather than absolute concentrations suggests
that a part of the discrepancy between sampling methods is due
to uncertain sampling rates.
Contributions of the current study

The calibration studies in a temperate and tropical region have
established that XAD-PASs have sufficiently large uptake
capacity to yield air concentrations over deployment periods as
long as a year. Therefore, XAD-PAS are suited for measuring
annually averaged nPFAS concentrations as part of the GAPS
Network. The presence of nPFAS all around the globe indicates
that they are truly global atmospheric contaminants, with
FTOHs levels being signicantly higher than those of FOSAs
and FOSEs. Two national passive sampling campaigns in
countries with a designated GAPS location have shown that the
GAPS sites are representative of the more remote parts of the
country. The rst six years of GAPS data show an initial decline
in FTOH concentrations followed by a slight increase, sugges-
tive of continued usage of uorotelomer-based products. Six
years of data are thus insufficient for deducing trends in the
levels of the uorotelomer alcohols in the global atmosphere.
Levels of both FOSAs and FOSEs dropped mostly below detec-
tion limits aer the 2006 sampling year, presumably as a result
of efforts to remove POSF-based products in North America. It
remains to be seen whether large-scale production of PFOS
related products in Asia may eventually lead to higher atmo-
spheric levels of FOSEs and FOSAs in the future. As such,
continued long-term monitoring is crucial to establish the
trends of the nPFAS at a global scale.
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