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Per- and polyfluoroalkyl substances (PFASs) 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.1 PFASs have received
increasing public attention because of their persistence, bio-
accumulation potential2 and possible adverse effects on living
organisms.3 In addition, PFASs are globally distributed in the
environment by atmospheric and oceanic transport.4,5

Gas-particle partitioning is a key determinant of the environ-
mental fate, exposure to wildlife and humans, and long-range
transport (LRT) potential of organic compounds. Previous studies
using conventional high volume air samplers utilizing glass-fiber
filters (GFFs) for capturing the particle phase have shown that the
majority of perfluoroalkyl carboxylic acids (PFCAs) and perfluor-
oalkane sulfonic acids (PFSAs) are present in the particulate phase,
which make them less suitable for LRT.6�8 On the basis of these
environmental partitioning properties, modeling studies mostly
identify ocean currents as the dominant transport pathway to
remote regions.4,5 However, positive sampling artifacts were
reported for PFCAs showing that vapor phase PFCAs can adsorb

to GFFs or quartz fiber filters (QFFs) and particulate matter
already collected on the filter using conventional high volume
sampling techniques, resulting in an overestimation of the
particle phase concentration (blow-on sampling artifact).9 Lab-
oratory experiments have shown that deactivating QFFs and
GFFs with a silylating agent reduces the blow-on sampling
artifacts for PFCAs.9 These conventional samplers are also sus-
ceptible to potential blow-off sampling artifacts, whereby chemi-
cals adsorbed on particulate matter can be volatilized from the
particles after collection on GFF.9�11 This results in a decreased
particle phase concentration. However, it should be noted that
both effects can occur simultaneously.

The diffusion denuder sampler was developed to avoid these
sampling artifacts.12,13 In denuder samplers, the gas phase is
collected first (using highly sorptive ground XAD�4 coated onto
the annular denuder surface) followed by the particle phase
collected on GFF. To our knowledge, there are no data currently
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ABSTRACT: Overestimation of the particle phase concentration
collected on glass-fiber filters (GFFs) has been reported for
perfluoroalkyl carboxylic acids (PFCAs) using conventional high
volume air samplers. In this study, per- and polyfluoroalkyl sub-
stances (PFASs) were determined in the gas and particulate phases
using colocated annular diffusion denuder and high volume air
samplers at a semiurban site in Toronto, Canada, in winter 2010.
Samples were analyzed for 7 PFAS classes (i.e., PFCAs, perfluoro-
alkane sulfonic acids (PFSAs), fluorotelomer alcohols (FTOHs),
fluorotelomer methacrylates (FTMACs), fluorotelomer acrylates (FTACs), perfluorooctane sulfonamides (FOSAs), and per-
fluorooctane sulfonamidoethanols (FOSEs)). The gas diffusion coefficients for individual PFASs were calculated and the denuder
performance was evaluated. Modeled subcooled liquid vapor pressures (pL) correlated well with the vapor phase breakthrough for
the denuder and high volume air systems. Total air concentrations for PFASs measured using annular diffusion denuders and high
volume samplers were in agreement within a factor of 4; however, much greater differences were observed for measurements of gas-
particle partitioning. Vapor phase PFSAs and PFCAs can adsorb to theGFF using high volume air samplers, resulting inmuch higher
particle-associated fractions for these chemicals compared to the annular diffusion denuder sampler. This effect was not observed for
the FTOHs, FTMACs, FTACs, FOSAs, and FOSEs. Thus, for investigations of gas-particle partitioning of PFSAs and PFCAs, the
diffusion denuder sampler is the preferred method. The results of this study improve our understanding of the gas-particle
partitioning of PFASs, which is important for modeling their long-range transport in air.
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available on the measurement of atmospheric PFASs using
denuder samplers. Furthermore, more accurate measurement
methods are required to improve our understanding of the gas-
particle partitioning of PFASs which is important to assess the
LRT potential and environmental fate of PFASs.

In this study, PFASs were determined in the gas and particulate
phase using colocated annular diffusion denuder and high volume
air samplers at a semiurban site in Toronto, Canada, from
November to December 2010. The specific objectives of this
study include (i) to investigate the performance of the denuder
sampler for seven PFAS classes (i.e., PFSAs, PFCAs, fluorotelo-
mer alcohols (FTOHs), fluorotelomer methacrylates (FTMACs),
fluorotelomer acrylates (FTACs), perfluorooctane sulfonamides
(FOSAs), and perfluorooctane sulfonamidoethanols (FOSEs))
(ii) to quantify sampling artifacts associated with the collection of
the particle phase (i.e., blow-on and blow-off artifacts) and the
gas phase (breakthrough experiments), and (iii) to compare con-
centration and gas-particle partitioning for PFASs using denuder
and high volume air samplers.

’EXPERIMENTAL SECTION

Chemicals. The target analytes included C4, C6, C8, C10

(i.e., PFBS, PFHxS, PFOS, PFDS) perfluoroalkane sulfonic acids
(PFSAs), C4�C12, C14 (i.e., PFBA, PFPeA, PFHxA, PFHpA,
PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTeDA) perfluor-
oalkyl carboxylic acids (PFCAs), 6:2, 8:2, 10:2 fluorotelomer
alcohols (FTOHs), 6:2 fluorotelomer methacrylate (FTMAC),
8:2, 10:2 fluorotelomer acrylates (FTACs), perfluorooctane sulfon-
amide (FOSA), methyl and ethyl FOSAs and methyl and ethyl
perfluorooctane sulfonamidoethanol (FOSEs). In addition, 16
mass-labeled internal standards (IS) and N,N-dimethyl perfluor-
ooctane sulfonamide (Me2FOSA),

13C8 PFOS, and
13C8 PFOA

as injection standards (InjS) were used (for details see Table S1
and S2 in the Supporting Information (SI)). Hexane, petroleum
ether, acetone, 2,2,4-trimethylpentane (iso-octane), dichloro-
methane, methanol, and high purity water were purchased from
EMD Chemicals (purity OmniSolv; Gibbstown, NJ, U.S.A.) and
anhydrous sodium sulfate was purchased from Fisher Scientific
(purity >99%; Fair Lawn, NJ, U.S.A.).
Sampling.Air samples were collected using colocated annular

diffusion denuder and high volume air samplers at a semiurban
location in Toronto (Environment Canada field site, 43�460N,
79�280W). Sampling occurred during 14 occasions over 24-h
periods in November and December 2010.
Annular diffusion denuder air samples were collected using an

Integrated Organic Gas and Particle Sampler (IOGAPS) system
which uses a 2.5 μm cutoff cyclone inlet.13,14 The gas phase was
collected using two eight-channel annular denuders in tandem
followed by a filter pack for the collecting the particle phase. Each
of the eight-channel annular diffusion denuders has a length of
285 mm and a width of 52 mm with annuli spacing (from center
outward) of 1.0, 1.0, 1.2, 1.0, 1.0, 1.0, 1.4, and 1.2 mm. The
surfaces are coated with highly sorptive ground XAD-4 with a
coated area of ∼3300 cm2 for each denuder (XAD-4 average
diameter of 0.7 μm, surface area of 725 m2 g�1 and mean pore
diameter of 40 Å, Supleco, Bellefonte, PA, U.S.A.) (for prepara-
tion details see Supporting Information or ref 14). The filter pack
consists of a glass fiber filter (GFFs, Type A/E Glass, 90 mm
diameter, >1.0-μm particle retention, Pall Corporation, Quebec,
QC, Canada) for collecting the particles followed by two sorbent
impregnated filters (SIFs) in series using ∼0.36 mg XAD-4 per

cubic centimeter QFF (90 mm diameter, Whatman, Piscataway,
NJ, U.S.A.) to trap analytes that breakthrough the denuder or
blow-off the GFF (for preparation details of the SIFs see Support-
ing Information or ref 10). This is followed by a second GFF as a
backup filter. A constant flow rate of ∼5.1 m3 h�1 was used
resulting in a total air volume of ∼120 m3 over a 24-h period.
In parallel with the denuder sample collection, high volume air

samples (∼340 m3 over 24-h periods) were collected using a
PS-1 type sampler (∼25μmparticle size cut; Tisch Environmental,
Cleves, OH). The high volume air sampler uses GFFs (Type A/E
Glass, 102 mm diameter, >1.0-μm particle retention, Pall
Corporation) for the particle phase followed by a polyurethane
foam (PUF)/XAD-2 cartridge for the gas phase. The PUF/
XAD-2 cartridge consisted of 15 g of XAD-2 resin (Supelpak-2,
precleaned from Supleco) between a PUF plug (76 mm diameter
and 60 mm thick, precleaned from Supelco) that was cut in half.
To compare the GFF with a modified QFF, a second high

volume air sampler was used to collect the particle phase using a
sQFF (a silylated QFF; 102 mm diameter, Tissuequarz, 2500QAT-
UP, Pallflex membrane filters, Pall Corporation, Qu�ebec, QC,
Canada). The gas phase was not collected. Preparation of
the sQFF involves deactivating the surface of the QFF using
the silylating agent hexamethyldisilazane (purity >98%, CAS
999-97-3, Alfa Aesar, Ward Hill, MA, U.S.A.), which was
reported to result in reduced sorption of vapor phase chemicals
to QFF (for preparation details of the sQFFs see Supporting
Information or ref 9).
Blanks for the annular denuder samples were collected by

extracting the denuder tubes in the same manner as the real
samples before deployment. GFF, SIF and PUF/XAD-2 car-
tridge field blanks were collected by exposing them for 1 min at
the sampling site and then treating them like real samples. All samples
were stored at �20 �C until extraction.
In parallel to the sample collection, a third PS-1 type high

volume air sampler was used to collect particulate matter on
GFFs for the measurement of total suspended particles (TSP)
and total organic carbon (TOC). TSP was determined gravime-
trically by weighing the GFFs before and after sampling and
dividing the mass by the air sample volumes. The GFFs were
equilibrated before and after sampling for 24 h in an equilibration
chamber containing a saturated sodium chloride solution (purity
99.999%, Alfa Aesar, Ward Hill, MA, U.S.A.). The TOC was
determined using a Thermal Optical Transmission (TOT)
analyzer (Sunset Lab Inc., Tigard, OR, U.S.A.). The average
ambient air temperatures during sampling were in the range from
�9.4 to +7.7 �Cwith a mean of�1.1 �C. Details of the sampling,
dates, air volume, and meteorological data are presented in Table
S3 in the Supporting Information.
Sample Extraction and Instrumental Analysis. Prior to

extraction, the denuder samples, PUF/XAD-2 sandwiches, SIFs,
GFFs, and sQFFs were spiked with 25 ng (absolute amount) of
an IS mixture containing mass-labeled FTOHs, FOSAs, and
FOSEs (i.e., 13C 6:2 FTOH, 13C 8:2 FTOH, 13C 10:2 FTOH, d3
MeFOSA, d5 EtFOSA, d7 MeFOSE, d9 EtFOSE) and 5 ng
(absolute amount) of an IS mixture containing mass-labeled
PFSAs, and PFCAs (i.e., 18O2 PFHxS,

13C4 PFOS,
13C4 PFBA,

13C2 PFHxA,
13C8 PFOA,

13C5 PFNA,
13C2 PFDA,

13C2 PFUnDA,
13C2 PFDoDA) (Table S2 in the Supporting Information).
Each of the denuder samples was extracted separately. Five

denuder samples (i.e., d2, d4, d7, d10, d13) were extracted twice
with petroleum ether (2� 150 mL) followed by two extractions
using methanol (2 � 150 mL). To check the influence of the
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petroleum ether extraction on the recovery of the PFSAs and
PFCAs in the methanol fraction, the remaining denuder samples
(i.e., d1, d3, d5, d6, d8, d9, d11, d12, d14) were only extracted
twice with methanol (2� 150 mL). The extraction was done by
placing an end-cap on one end of the denuder, adding the solvent
to the denuder and then, after capping the other end, rolling
them back and forth 10 times on an even surface to ensure that
the solvent comes into contact with all of the annuli. PUF/XAD-2
sandwiches were Soxhlet extracted with petroleum ether/acetone
(85/15, v/v) for ∼6 h, followed by a ∼16-h extraction with
methanol. The SIFs, GFFs, and sQFFs were sonicated twice with
dichloromethane and then three times with methanol.
The petroleum ether, petroleum ether/acetone, and dichlor-

omethane extracts containing the more volatile PFASs (i.e., 6:2
FTMAC, FTACs, FTOHs, FOSAs, and FOSEs) were concen-
trated by rotary evaporation followed by gentle nitrogen blow-
down to∼1mL. Subsequently, the extracts were dried over 1 g of
anhydrous sodium sulfate (baked out at 450 �C for 12 h) in a
Pasteur pipet and then concentrated to 0.5mL by gentle nitrogen
blow down using iso-octane as a keeper for the extracts. Prior to
injection, 10 ng of Me2FOSA were added to the final extract as
InjS. For the filters (i.e., SIF, GFF, and sQFF), about 10�20% of
the PFCAs and PFSAs was found in the dichloromethane
extract (results not shown). To improve the recovery of the
methanol fraction, 0.4 mL (i.e., 80%) of the final extract from
the dichloromethane extraction of the filters was added to the
methanol extract.
The methanol extracts containing the PFCAs and PFSAs were

concentrated by rotary evaporation followed by gentle nitrogen
blow-down to 1 mL. Prior to injection, 150 μL of high purity
water and 4 ng of 13C8 PFOS and 13C8 PFOA (10 μL of
400 pg μL�1) were added to 200 μL methanol extract in a
polypropylene (PP) vial followed by filtration using Mini-
Uniprep PP filters (0.2 μm pore size, Whatman, Piscataway, NJ,
U.S.A.) and finally transferred to PP vials capped with poly-
vinylidenchlorid (PVDC) septa (Canadian Life Science,
Peterborough, ON, Canada) (for details see Figure S1 in the
Supporting Information).
Analysis of the iso-octane fraction was performed using gas

chromatography (Agilent 7890A; Agilent Technologies, Palo
Alto, CA)�mass spectrometry (Agilent 5975C; Agilent Tech-
nologies, Palo Alto, CA, U.S.A.) (GC/MS) using positive
chemical ionization (PCI) (i.e., 6:2 FTMAC, FTACs, FTOHs,
FOSAs, and FOSEs). 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, U.S.A.). Helium was used as the
carrier gas and the flow rate was constant at 1.3 mL min�1. The
injector temperature was held constant at 200 �C. The tempera-
ture of the GC column was held constant at 65 �C for 3 min,
programmed to 70 at 2 �Cmin�1, and then to 110 at 8 �Cmin�1,
and finally to 220 at 20 �C min�1 (hold for 5 min) resulting in a
run time of 21 min. The temperature of the interface to the MS
was held at 240 �C. The MS was operated in selected ion
monitoring (SIM) mode using PCI to monitor one m/z for
quantification and an additional qualifying ion for confirmation. For
FOSAs, only onem/zwas detected in the PCImode and qualitative
confirmation was performed in the negative chemical ionization
(NCI) mode (Table S4 in the Supporting Information).
The separation and detection of the methanol fraction (i.e.,

PFCAs, PFSAs, and FOSA) were performed by liquid chroma-
tography (Agilent 1100; Agilent Technologies, Palo Alto, CA,
USA) with a 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, USA). 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 250 μL/min
methanol and water (both with 10 mM aqueous ammonium
acetate solution (NH4OAc)). The initial gradient was set at 50/
50 (v/v) methanol/water, then increased to 85/15 methanol/
water (hold for 3 min) and further increased to 95/5 methanol/
water (hold for 3 min). The MS/MS was operated in the
multiple-reaction monitoring (MRM) mode at the most sensi-
tive transition from precursor ion to product ion (Table S5 in the
Supporting Information).15

The isotope dilution method was used for quantification. For
the GC/MS, a five-point calibration curve (1.6, 4, 8, 24, and 60 pg
injected) and for the LC�(�)ESI�MS/MS a six-point calibra-
tion curve (0.125, 0.25, 1.25, 6.25, 12.5, and 25 pg injected) was
used. As the analytical standards were not available for C13, C15,
C16, and C18 PFCA, they were integrated into the method taking
the MS/MS parameters of C14 PFCA (PFTeDA) and their
calibration was used for the quantification. Hence, the results
given for these PFCAs should be considered as semiquantitative.

’RESULTS AND DISCUSSION

Field Blanks, Limits of Detection, and Recoveries. The
blank concentrations and limits of detection (LODs) are given in
Table S6 and Table S7 in the Supporting Information for the
denuder sampler and for the high volume air sampler, respec-
tively. Generally, no contamination was observed for the analysis
of the more volatile PFASs (i.e., 6:2 FTMAC, FTACs, FTOHs,
FOSAs, and FOSEs). The field blank concentrations were <5%
of the concentrations measured in the samples (except for
MeFOSA). The analysis of the PFSAs and PFCAs was more
challenging because the concentrations in air were about 1 order
of magnitude lower than for the more volatile PFASs. Blank values
were observed for PFOS, PFOA and PFUnDA (on average 1.1,
0.2, and 0.1 pg m�3, respectively) in the particle phase, whereas
for the other PFSAs and PFCAs the blank concentrations were
low (<5% of the concentrations measured in the samples). A
specific source of contamination could not be identified but it is
assumed that the source of contamination was caused by the
combination of each sample treatment step (i.e., sampling,
storage, extraction, and instrumental analysis). In the gas phase,
substantial levels of PFHxS, PFOS, and PFOA (on average of 0.3,
0.4, 0.6 pg m�3, respectively) were detected in the high volume
air samples, whereas for the denuder samples the blank levels
were consistently lower. The lower contamination levels for the
denuder samples was probably due to the use of XAD-4 powder
as the adsorption media which could be cleaned efficiently using
Accelerated Solvent Extraction (for details see Supporting In-
formation). In contrast, the adsorption media for the high
volume air sampler for the gas phase was PUF and XAD-2
(precleaned from Supelco). The contamination is most likely
associated with the XAD-2. This is a polymeric material in the
form of tiny porous spheres (i.e., porosity of 0.41 mL pore/mL
bead). Contaminants that accumulate in the pores are difficult to
remove, in contrast to the finely ground XAD-4 powder which is
more easily cleaned. We noticed that the contamination levels
in the XAD-2 were reduced after each successive use which
eventually led to a contamination-free XAD-2. All results were
blank corrected for PFASs.
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LODs were calculated from the field blanks (average of blanks
+3� standard deviation (σ)). The LODs for the high volume air
sampler ranged from 0.001�1.65 pg m�3 for the gas phase and
from 0.001�1.87 pg m�3 for the particle phase (based on an
average air volume of 340 m3). For the denuder sampler, the
LODs were generally higher ranging from 0.001�6.39 pg m�3

for the gas phase and from 0.001�3.23 pg m�3 for the particle
phase because the collected air volume was lower (on average
120 m3). Overall, the instrumental detection limits (IDLs) for
PFASs were lower for the LC�MS/MS in comparison to the
GC/MS. Although, the LODs for PFSAs, PFCAs, and FOSA
analyzed by LC�MS/MS and for 6:2 FTMAC, FTACs, FTOHs,
FOSAs, and FOSEs analyzed by GC/MS were in the same range.
Thus, detection limits for PFASs depends mainly on the con-
tamination of the samples during the sample preparation. It is
important that these sources of contamination are controlled in
future studies to provide adequate sensitivity for trace analysis for
PFASs in air.

Method recovery values calculated from mass-labeled IS
added to samples prior to extraction, and InjS added to sample
extracts prior to injection are given in Table S8 in the Supporting
Information. Average recoveries were 81% and 66% for the gas
phase using the denuder and high volume air samplers, respec-
tively. The petroleum ether extraction of the PUF/XAD-2
sandwiches and denuder tubes had no observable influence on
the recovery of the PFSAs and PFCAs in the methanol fraction.
For the particle phase, average recoveries were 87% for either
sampling technique (for details see Supporting Information).
Annular Diffusion Denuder Performance for PFASs. The

theoretical sampling efficiency (E) can be determined from the
equation16

Eð%Þ ¼ 1� C
Co

� �
� 100 ð1Þ

where C is the amount of analyte going through the denuder and
Co is the amount of analyte which enters the denuder. The term
C/Co is defined by

C
Co

¼ 0:82 expð � 22:53� ΔaÞ ð2Þ

where the parameterΔa (subscript a refers to the annular system)
is determined by

Δa ¼ πDL
4F

� d1 þ d2
d2 � d1

ð3Þ

where L is the length of the denuder (cm), D is the gas diffusion
coefficient, F is the flow rate (cm3 s�1), and d1 and d2 are the
internal and external diameters of a particular annulus (cm).
The gas diffusion coefficient (D), C/Co, and the sampling

efficiency (E) are summarized in Table 1. The atmospheric
diffusion coefficient D is an important parameter as it represents
the rate at which a diffusing substance is transported. In general,
D ranged from 0.044�0.083 cm2 s�1 for the target analytes and
resulted in an E of >99.6%. The results also show that E decreases
with increasing annulus width which varied between 1.0 and
1.4 mm. However, E was >98.2% for all PFASs, even for the
largest annulus.
The XAD-4 coating of the denuder ensures an adequate

surface capacity, however, the use of a denuder may cause
additional artifacts that may complicate the measurement of
PFASs (for different types of sampling artifacts see Table S9 in the
Supporting Information). The sources of positive errors (which
results in an overestimation of the particle-associated fraction)
can be caused by the diffusional deposition of vapor phase PFAS
to the filter. Negative errors may result from evaporation of
particle-associated PFAS to the gas phase which then passes
through the filter. Particle loss of >10% was reported for particles
smaller than 0.04 μm and larger than 8.24 μm using a flow rate of
17 and 34 L min�1.17 In this study, the particle loss was
minimized by using: a higher flow rate (85 L min�1) which
reduced the residence time of the particles in the denuder; a
2.5 μm cutoff cyclone inlet; and maintaining the denuder in a
vertical position. However, further studies are required to further
elaborate and quantify the particle size distribution of PFASs
in atmospheric particles. For the gas phase, the collection
efficiency depends on D and vapor pressure of the compound,
the temperature and flow rate of the air stream. High D and low
vapor pressure of the compound and low flow rate results in
increasing sampling efficiency. The temperature can have two

Table 1. Gas Diffusion Coefficient (cm2 s�1) and Annular
Diffusion Denuder Performance for Individual PFASs

D (cm2 s�1) a C/Co
b Ec (%)

PFBS 0.073 2.28 � 10�4 99.98

PFHxS 0.064 4.98 � 10�4 99.95

PFOS 0.058 8.80 � 10�4 99.91

PFDS 0.054 1.37 � 10�3 99.86

PFBA 0.083 8.58 � 10�5 99.99

PFPeA 0.077 1.60 � 10�4 99.98

PFHxA 0.071 2.61 � 10�4 99.97

PFHpA 0.067 3.90 � 10�4 99.96

PFOA 0.063 5.48 � 10�4 99.95

PFNA 0.060 7.33 � 10�4 99.93

PFDA 0.058 9.46 � 10�4 99.91

PFUnDA 0.055 1.19 � 10�3 99.88

PFDoDA 0.053 1.45 � 10�3 99.85

PFTrDA 0.051 1.74 � 10�3 99.83

PFTeDA 0.050 2.06 � 10�3 99.79

PFPeDA 0.048 2.40 � 10�3 99.76

PFHxDA 0.047 2.76 � 10�3 99.72

PFODA 0.044 3.55 � 10�3 99.64

6:2 FTOH 0.064 4.95 � 10�4 99.95

8:2 FTOH 0.058 8.80 � 10�4 99.91

10:2 FTOH 0.054 1.37 � 10�3 99.86

6:2 FTMAC 0.053 1.53 � 10�3 99.85

8:2 FTAC 0.053 1.50 � 10�3 99.85

10:2 FTAC 0.049 2.13 � 10�3 99.79

FOSA 0.059 8.27 � 10�4 99.92

MeFOSA 0.056 1.10 � 10�3 99.89

EtFOSA 0.054 1.40 � 10�3 99.86

MeFOSE 0.051 1.85 � 10�3 99.81

EtFOSE 0.049 2.24 � 10�3 99.78
aGas diffusion coefficient (D) at 298K calculated byσϕ/σt =D� σ2ϕ/σx2

where ϕ is the density of the diffusingmaterial (mol cm�3), t is the time (s),
D is the diffusion coefficient (cm2 s�1), and x is the length (cm).
bDenuder performance (L = 60 cm, F = 1417 cm3 s�1) where C is the
amount of analyte going through the denuder and Co is the amount of
analyte which enter the denuder. c Sampling efficiency (E) calculated by
E = (1�C/Co) � 100 based on an annulus of 1.0, 1.2, and 1.4 mm.
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contrary effects on the sampling efficiency. At higher tempera-
ture, D is higher resulting in faster diffusion of the vapor phase
compounds from the flow stream to the walls of the denuder,
resulting in greater sampling efficiency. Denuders also act as
chromatographic columns for vapor phase compounds adsorbed
to the denuder. Thus, the migration of adsorbed compounds
through the denuder is faster at higher temperature, resulting in
potential breakthrough and reduced sampling efficiency.13 The
sampling in this study was carried out in winter time over 24-h
periods (on average �1.1 �C) to minimize negative sampling
errors (underestimation of particle-associated fraction). It is
likely that both negative errors and positive errors occur simul-
taneously and may partially cancel out each other. Results from
experimental breakthrough tests to quantify negative errors are
discussed in the next section.
Breakthrough Experiments. Breakthrough experiments

were conducted to check the efficiency of the collection of
PFASs in the gas phase. For the denuder sampler two annular
denuders (n = 14) and for the high volume air sampler two
PUF/XAD-2 cartridges (n = 3) were operated in series and

analyzed separately. The breakthrough values for PFASs were
determined by

B ¼ ½adsorbent�back
½adsorbent�front þ ½adsorbent�back

ð4Þ

where B is the vapor phase breakthrough for denuder sampler and
high volume air sampler and the [adsorbent] is the individual
PFAS concentration (pg m�3) in the back and front denuder and
PUF/XAD-2 cartridge, respectively.18 A value ofB of 0.5 indicates
complete breakthrough and equal amounts on the front and back
adsorbent. Values of B much lower than 0.5 (e.g., <0.1) are
desirable and indicative of negligible breakthrough.
For the denuder sampler, the highest vapor phase break-

through was observed for the PFSAs (i.e., 0.17�0.22) and
C4�C11 PFCAs (i.e., 0.10�0.27), whereas for the high volume
air sampler, breakthrough was only observed for FTOHs and 8:2
FTAC (i.e., 0.06�0.30) (Table 2). However, no vapor phase
breakthrough for PFASs exceeded the value of 0.33 which was
recommended to be used as the critical value to indicate that
excessive breakthrough has occurred.12

The collection efficiency for the particle phase was evaluated
using SIFs plus an additional GFF backup filter for the denuder
sampler, whereas backup filters of two different filter types (GFF
or sQFF) were used for the high volume air sampler. No PFASs
were detected in the SIFs and backup GFF for the denuder
sampler. For the high volume air sampler, a few PFASs (i.e., 10:2
FTOH, MeFOSA, and MeFOSE) were detected on the backup
sQFF, whereas several PFASs (i.e., PFBS, PFOS, PFNA, PFDA,
PFDoDA, 8:2 FTOH, 10:2 FTOH, MeFOSA, MeFOSE, and
EtFOSE) were detected on the backup GFF. These results show
that the blow-off artifacts for sQFFs were lower than for GFFs.
However, the backup filter PFAS concentrations were all <15%
compared to the concentration on the top particle filter. Thus,
the blow-off artifacts had no substantial influence on the particle
phase PFAS concentration on the GFF and sQFF. In general, the
lower blow-off artifacts for the denuder sampler in comparison to
the high volume air sampler can be explained by the high
sampling efficiency of the annular denuder for PFASs and lower
sample flow rate resulting in a lower sample volume.
Previous studies have shown that the subcooled liquid vapor

pressure (pL) is an important factor influencing the vapor phase
breakthrough.12 Since measured pL values are not available for all
target compounds the pL was calculated using the physicochemical
calculator SPARC (September 2009 release w4.5.1522�s4.5.1522)
(Table 1). The comparison of the pL values derived using SPARC
with previously modeled data (using COSMOStherm C2.1,
older SPARC versions and multiple linear regression (MLR)
models)19�22 showed a good agreement except for the longer
chain PFCAs (C8�C13),

19,20 FTOHs,20 FOSAs21 and FOSEs21

(for details seeTable S11 in the Supporting Information). Similarly,
the pL values calculated in the current study agreed well
with experimental data except for C9�C12 PFCAs.19,20,23�26

Figure 1 shows the relationship between the vapor phase break-
through (B values) and log10 pL. A positive and significant
correlation was found for log10 pL and the vapor phase break-
through for BD (p < 0.0001, Student’s t-test) and BHV (p < 0.01)
indicating a breakthrough of the more volatile PFASs.
Comparison of the Concentrations and Gas-Particle Par-

titioning for the Annular Diffusion Denuder and the High
Volume Air Samplers. The PFAS concentration in the gas and
particle phases derived using the annular diffusion denuder and

Table 2. Subcooled Liquid Vapor Pressures and Vapor Phase
Breakthrough (B Values, eq 4) for Individual PFASs

pL (Pa)
a log10 pL (Pa) BD

b BHV
c

PFBS 43.3 1.64 0.22 0.00

PFHxS 15.9 1.20 0.17

PFOS 7.42 0.87 0.16 0.00

PFDS 3.90 0.59

PFBA 1120 3.05 0.15

PFPeA 300 2.48 0.27 0.00

PFHxA 149 2.17 0.11 0.00

PFHpA 83.8 1.92 0.27

PFOA 50.8 1.71 0.10 0.00

PFNA 32.4 1.51 0.20 0.00

PFDA 21.5 1.33 0.19 0.00

PFUnDA 14.8 1.17 0.13

PFDoDA 10.4 1.02 0.01

PFTrDA 7.51 0.88 0.09

PFTeDA 5.53 0.74 0.00

PFPeDA 4.15 0.62 0.04

PFHxDA 3.17 0.50

PFODA 2.46 0.39

6:2 FTOH 54.3 1.73 0.00 0.30

8:2 FTOH 24.7 1.39 0.09 0.19

10:2 FTOH 12.7 1.10 0.05 0.06

6:2 FTMAC 9.83 0.99 0.00

8:2 FTAC 12.6 1.10 0.00 0.13

10:2 FTAC 6.66 0.82 0.00 0.00

FOSA 30.0 1.48 0.10

MeFOSA 9.15 0.96 0.10

EtFOSA 3.86 0.59 0.00

MeFOSE 0.02 �1.71 0.00 0.00

EtFOSE 0.01 �2.12 0.00 0.00
a pL was calculated at 25 �C using SPARC (September 2009 release
w4.5.1522�s4.5.1522). bVapor phase breakthrough for the annular
diffusion denuder sampler. cVapor phase breakthrough for the high
volume air sampler.
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high volume air samplers are compared in Figure 2. All target
compounds (in total 29 PFASs) were detected in air samples.
However, the composition of the PFASs varied between the two
sampling techniques (annular diffusion denuder vs high volume
air sampler) and sampling media (gas phase vs particle phase).
PFSAs andC7�C15 PFCAs were detectedmore frequently in the
gas phase using the denuder sampler while frequency of detec-
tion for the particle phase was similar between the denuder and
high volume air samplers (Table S10 in the Supporting In-
formation). Furthermore, the concentrations for PFSAs, PFCAs
(except for PFHxA) and FTOHs in the gas phase were generally
higher (mean factor of 1.9�3.8 and 1.2�1.7, respectively) using
the denuder sampler in comparison to the high volume air
sampler (n = 14, Figure 2). C10�C15 PFCAs were only detected
in the gas phase for the denuder sampler and therefore a
comparison with the high volume air sampler was not possible.
For the particle phase, the ratio between the denuder and high
volume air sampler derived concentrations were lower for the
PFSAs and C8, C9, and C14 PFCAs (mean factor of 0.4�0.7 and
0.6�0.7, respectively). A good agreement was found for the
PFAS concentrations for the particle phase using GFF and sQFF
for the high volume air sampler (mean factor of 0.7�2.5) (Figure S2
in the Supporting Information). Overall, the PFAS air con-
centrations for both the gas and particle phases agreed within a
factor of 4 between the two sampling techniques. In terms of
sensitivity, the high volume air sampler had the advantage of

collecting∼2.5 times higher air volumes. However, the denuder
exhibited superior recoveries and lower blank values for the vapor
phase PFASs which resulted in similar or lower LODs, especially
for the PFSAs and PFCAs.
Differences in the PFAS concentrations obtained from the

denuder and high volume air samplers can be explained by the
general analytical errors that contribute to uncertainties and the
different sampling techniques. Sampling artifacts were reported
for PFCAs which can adsorb to GFFs and QFFs using conven-
tional high volume air samplers.9 Diffusion denuders overcome
the blow-on artifact because the gas phase is collected first
followed by the particle phase. To evaluate the sampling artifacts
the gas-particle partitioning for individual PFASs for both sampl-
ing techniques were calculated.

ϕ ¼ cp
cg þ cp

ð5Þ

where ϕ is the particulate associated fraction, cp is the PFAS
concentration in the particle phase (pg m�3), and cg is the PFAS
concentration in the gas phase (pg m�3).
The gas-particle partitioning of the FTOHs, FTMACs,

FTACs, FOSAs, and FOSEs showed good agreement. This
shows that the different particle size cut-offs for the two sampl-
ing techniques (i.e., 2.5 μm cutoff for the IOGAPS and
∼25 μm cutoff for the high volume air sampler) had a negligible
influence on the partitioning. However, the high volume sampler

Figure 1. Vapor phase breakthrough of individual PFASs against their vapor pressure values (log10 pL) in (A) denuder type sampler (BD) and (B) high
volume air sampler (BHV). Note: The horizontal dotted line represents the critical value for B of 0.33. The log10 pL values were calculated using SPARC
(September 2009 release w4.5.1522�s4.5.1522).

Figure 2. Ratio between air concentrations (pg m�3) derived from
annular diffusion denuder samples and high volume air samples (n = 14)
for individual PFASs in the gas and particle phase. Note: The dashed line
represents perfect agreement.

Figure 3. Particle-associated fraction of PFASs measured by annular
diffusion denuder and from high volume air samplers. Average for all
samples (n = 14) is shown.
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measurements resulted in much higher particle-associated frac-
tions for PFOS and C8�C14 PFCAs compared with the denuder
sampler (Figure 3 and Table S12 in the Supporting Information).
To elaborate, PFOS had a particle-associated fraction of 100% for
the high volume samplers whereas 46% was associated with
particles using the denuder samplers. Similarly, C8�C14 PFCAs
had a particle-associated fraction of 64�100% using high volume
air samplers, whereas only 6�61% was associated with particles
using the denuder samplers. These results highlight problems
associated with using conventional high volume air samplers for
assessing gas-particle partitioning of some PFASs because of
sorption of vapor phase chemical onto the GFF and QFF (i.e.,
negative artifact, Table S9 in the Supporting Information).

’CONCLUSIONS

The annular diffusion denuder/filter pack system provided an
efficient method of measuring seven PFAS classes (i.e., PFSAs,
PFCAs, FTOHs, FTMACs, FTACs, FOSAs, and FOSEs) in the
gas and particle phases of ambient outdoor air. In comparison to
a conventional high volume air sampler, comparable results were
achieved in terms of sampling performance and sensitivity.
Positive sampling artifacts (which results in an overestimation
of the particle-associated fraction) occurred for the PFSAs and
PFCAs using a conventional high volume air sampler. The denuder
sampler had the advantage of overcoming the blow-on sampling
artifact (i.e., positive sampling artifact) for the PFSAs and PFCAs
by collecting the gas phase first, followed by the particle phase.
Blow-on sampling artifacts were not observed for the FTOHs,
FTMACs, FTACs, FOSAs, and FOSEs as indicated by good gas-
particle partitioning agreement obtained from both sampling
techniques. Thus, the annular diffusion sampler generates more
accurate gas and particle phase concentrations of PFSAs and
PFCAs in air. Such accuracy is important for assessing the extent
of atmospheric deposition for PFSAs and exposure of wildlife and
humans. Future work will involve more detailed studies of the
gas-particle partitioning of PFASs in air. Accurate measurements
and improved predictive capability of the gas-particle partitioning
of PFASs is important for improving models, which are used to
assess the LRT potential and environmental fate of PFASs.
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