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A B S T R A C T   

While it is thought that some per- and polyfluoroalkyl substances (PFAS) may volatilize from aqueous solutions, 
experimentally measured Henry’s Law constants (kH, synonymous with air : water partition coefficient) are 
scarce. This leads to a lack of understanding of the partitioning of PFAS and an inability to predict concentrations 
above contaminated groundwater (e.g., vapor intrusion). We measured kH for 27 PFAS via headspace analysis 
and manipulations of the gas to liquid phase ratio. Fifteen PFAS produced mass spectrometry signals suitable for 
kH measurements. At 25 ◦C the experimentally measured dimensionless kH were: 0.31 – 2.82 for four fluo
rotelomer alcohols (FTOHs), 0.09 – 0.18 for three fluorotelomer sulfonates (FTSs), 0.30 – 1.01 for three iodinated 
PFAS, 0.43 – 0.92 for two sulfonamides, 3.86 for 6:2 fluorotelomer olefin, 0.69 for 8:2 fluorotelomer carboxylic 
acid, and 0.32 for 8:2 fluorotelomer acrylate. Longer fluoroalkyl chain length resulted in increased kH for FTOHs 
and FTSs, the only two groups in which chain length was studied. Perfluorinated sulfonates and carboxylates 
were generally not volatile enough to be measured, even at pH as low as 1, although fluorotelomers of both 
functional groups were measurably volatile. Temperature effects were well described by the van’t Hoff equation. 
kH was not significantly different in various environmentally relevant matrices demonstrating the broad appli
cability of the produced constants.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are fluorinated organic 
chemicals that have unique chemical and mechanical attributes, 
including chemical and thermal stability. Thus, they have been used in a 
variety of industrial and commercial applications (Kissa, 2001). How
ever, they are difficult to destroy, resulting in the nearly ubiquitous 
occurrence of PFAS across the globe, from the deep sea to arctic air 
(Yamashita et al., 2008; Shoeib et al., 2006), and human blood at 
microgram per liter concentrations (Worley et al., 2017; Hansen et al., 
2001; Wang et al., 2018; Kwok et al., 2013; Munoz et al., 2017; Rahman 
et al., 2014; Xiao, 2017; Sinclair and Kannan, 2006). Exposure to PFAS 
has been shown to lead to adverse health outcomes in humans (Sun
derland et al., 2019) and other ecological endpoints(Rericha et al., 
2021), which is thought to be at least partially due to PFAS binding with 
serum albumin and proteins, causing interference with the binding of 
fatty acids and other endogenous ligands (Shi et al., 2012; Martin et al., 
2003; Ahrens et al., 2009; Luebker et al., 2002). 

A significant amount of research has focused on aqueous occurrence 
and transport of PFAS, but less is known about their release and 
occurrence to/in air. Among the published research focusing on gas- 
phase PFAS, indoor household air samples contained a total concen
tration of 3308 pg m−3 of four gas phase PFAS (Shoeib et al., 2011). In 
another study, the concentration of PFAS in indoor household air sam
ples (gas and particle phase) was 100 times higher than that found in 
outdoor urban air samples (Shoeib et al., 2004). Certain professions are 
also at greater risk of gas-phase PFAS exposure. For example, PFAS are 
used in some ski waxes and 19 perfluorinated carboxylic acids (PFCAs) 
and sulfonates (PFSAs) were present in the serum of 13 professional ski 
tuners. Perfluorooctanoic acid (PFOA) was present at the greatest con
centration in the tuners’ blood and ranged between 50 and 80,000 ng 
mL−1 serum, potentially through the transformation of other PFAS in the 
air (Nilsson et al., 2010; Freberg et al., 2010). For example, the room air 
in which the employees worked contained 830 – 255,000 ng m−3 8:2 
fluorotelomer alcohol (FTOH) from the wax powder. Furthermore, our 
team recently published an investigation of PFAS present in the 

* Corresponding author. 
E-mail address: dhanigan@unr.edu (D. Hanigan).  

Contents lists available at ScienceDirect 

Journal of Hazardous Materials Letters 

journal homepage: www.sciencedirect.com/journal/journal-of-hazardous-materials-letters 

https://doi.org/10.1016/j.hazl.2022.100070 
Received 3 September 2022; Received in revised form 16 October 2022; Accepted 18 October 2022   

mailto:dhanigan@unr.edu
www.sciencedirect.com/science/journal/26669110
https://www.sciencedirect.com/journal/journal-of-hazardous-materials-letters
https://doi.org/10.1016/j.hazl.2022.100070
https://doi.org/10.1016/j.hazl.2022.100070
https://doi.org/10.1016/j.hazl.2022.100070
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Hazardous Materials Letters 3 (2022) 100070

2

headspace above dilute, mildly agitated aqueous film-forming foam 
(AFFF) mixture and found a significant presence of organofluorine in the 
gas or aerosol phase (Roth et al., 2020). 

Despite significant evidence of PFAS presence in the gas phase 
(Shoeib et al., 2006; Li et al., 2011; Dimzon et al., 2017; Ahrens et al., 
2011; Weinberg et al., 2011; Gawor et al., 2014; Dreyer and Ebinghaus, 
2009; Zhao et al., 2017; Jahnke et al., 2007; Rewerts et al., 2018; Wang 
et al., 2022; Morales-McDevitt et al., 2021), measurements of their 
Henry’s Law constants (kH, synonymous with air : water partition co
efficient) are scarce (only FTOHs and PFCAs have published kH data 
derived from experiments) (Kutsuna and Hori, 2008; Wu and Chang, 
2011; Kwan, 2001; Goss et al., 2006; Lei et al., 2004). Some computa
tional estimates are available but are highly variable (Lampic and Par
nis, 2020). Together, these lead to a lack of understanding of PFAS 
partitioning and their potential to be a gas-phase health risk. Our goal 
was to assess the volatility of 27 PFAS and we provide measurements of 
kH for 15 PFAS. The data allow for the development of fate and transport 
models, such as vapor intrusion models for PFAS contaminated 
groundwater, source attenuation and indoor air quality models, and 
provide insight into sources of atmospheric PFAS. 

2. Methods and materials 

kHs were measured similar to methods developed by Robbins, Wang 
and Stuart (Robbins et al., 1993) and Ettre, Welter and Kolb (Ettre et al., 
1993) for low concentration contaminants in environmental matrices 
and validated by others (Miller and Stuart, 2000; Ramachandran et al., 
1996). The method involves regressing the reciprocal peak areas pro
duced by sample headspace injection into a gas chromatograph (GC) 
against varying sample headspace-to-water volume ratios. Briefly, in 
dilute solutions, partitioning to the gas phase to achieve equilibrium 
causes a corresponding decrease in the aqueous phase concentration. 
Thus, the equilibrium gas phase concentration is dependent on the gas to 
liquid phase ratio, with greater gas ratios causing increased losses from 
the liquid phase and subsequently reduced equilibrium gas phase con
centrations. More volatile compounds are more susceptible to this 
phenomenon and the result is that the slope divided by the y-intercept of 
a reciprocal gas phase concentration vs gas to liquid ratio regression is 
the dimensionless kH. GC peak area is directly proportional to concen
tration and therefore kH can be derived by measuring the gas phase peak 
area of an individual compound at various phase ratios. The measure
ment is also independent of liquid phase concentration given that the 
concentration is sufficiently low. Further details of the derivation of this 
relationship and the required algebraic manipulations are provided in 
Ettre, Welter and Kolb (Ettre et al., 1993) and Robbins, Wang and Stuart 
(Robbins et al., 1993). 

2.1. Sample preparation 

A list of the 27 PFAS studied, including manufacturers and purity, is 
provided in Table S1 of the Supporting Information. Stock solutions 
were produced by dissolving each PFAS or up to four PFAS into meth
anol (MeOH). The methanol solutions were then diluted into Milli-Q 
water to make working solutions of 2 mg PFAS L−1. 2 mg PFAS L−1 

was selected to maximize the instrument signal, without exceeding the 
solubility (visually) of the compounds. This approach resulted in a 0.03 
% (all PFAS except PFHxI and 10:2 FTOH) or 0.1 % (PFHxI and 10:2 
FTOH) v/v cosolvent, and below ~1 % v/v has been shown by others to 
have negligible impact on measurements of kH (Schwarzenbach et al., 
2005; Arp and Schmidt, 2004; Squillace et al., 1997; Ladaa et al., 2001). 
Samples were not buffered to avoid salting-out effects and thus the re
sults for ionizable compounds are limited to a narrow pH range near the 
measured pH of the solution. pH was measured in triplicate and reported 
in Table 1 and ranged between 5.7 and 7.0. Headspace gas analysis vials 
(Shimadzu, Part No. 220-97331-10, Columbia, MD) were initially filled 
with the working solutions headspace-free, immediately capped, and 

placed into 25 ◦C water bath for 5 min to reach temperature equilibrium. 
Five gas-to-liquid phase ratios (0.3, 1.0, 1.5, 3.0 and 9.0) were produced 
in triplicate by withdrawing a fixed volume of the stock solution using 
one needle, while allowing room air to backfill the headspace with 
another open-ended needle. Further details of the sample preparation 
procedure are provided in the Supporting Information. Once headspace 
was generated, vials were agitated for three minutes and inverted for an 
additional 30 min to achieve phase equilibrium. Phase equilibrium was 
confirmed by measuring the gas-phase peak area of 6:2 FTOH and PFHxI 
after equilibrating vials containing these individual compounds, at gas 
to liquid phase ratio of 9, for varying hold times at room temperature. 
Less than or equal to 30 min was necessary to obtain stable peak area 
(standard deviation < 10 %), and thus, phase equilibrium (Table S2). 

To assess the assumption that aqueous phase concentrations were 
sufficiently low, measurements were repeated at 100 µg L−1 in the 
aqueous phase for three FTOHs, PFHxI and 6:2 FTO, and the resulting kH 
(Table S3, Fig. S4) were not significantly different from those conducted 
at 2 mg L−1 (t-test, p > 0.05). kH for 4:2 FTOH and N-EtFOSA-M was also 
measured in tap water, wastewater, and groundwater to determine the 
effects of constituents found in environmentally relevant matrices. The 
spiked PFAS concentrations in these additional matrices were greater 
than the experiments in Milli-Q water (300 µg L−1 vs 100 µg L−1) to 
facilitate GC-MS/MS analysis with greater interference from 

Table 1 
PFAS kH (dimensionless) measured at 25 ◦C and at 2 mg PFAS L−1. Compounds 
marked with asterisks have published experimental aqueous solubilities below 
the working solution concentration (Liu and Lee, 2007; Liu and Lee, 2005). 
Dissolution was facilitated with 0.03 – 0.1 % MeOH. 8:2 FTOH was repeated at a 
concentration lower than the aqueous solubility and there was not a statistically 
significant change in measured kH (see Methods and materials, Table S3, 
Fig. S4), and the two kH were the same or nearly the same as those measured 
using a different technique by others (Table S5). pH was not buffered to avoid 
salting-out effects and thus for ionizable compounds (FTSs, FOSAs, and 8:2 
FTCA) these results should not be extended substantially beyond the measured 
pH. The uncertainty of the kH estimates (standard deviation [SD] of single 
measurements of triplicate phase ratio vials) was determined with consideration 
of error propagation arising from uncertainties in both the slope and the 
y-intercept of the 1/peak area vs phase ratio linear best fit. All regressions had 
p-values less than 0.05.  

PFAS kH Slope Intercept R2 pH 

4:2 FTOH 0.31 ±
0.07 

2.77 ± 0.39 
× 10−5 

8.91 ± 1.70 ×
10−5  

0.920 6.59 ±
0.29 

6:2 FTOH 1.26 ±
0.40 

5.18 ± 0.29 
× 10−6 

4.12 ± 1.20 ×
10−6  

0.986 6.55 ±
0.08 

8:2 FTOH* 1.98 ±
0.69 

1.51 ± 0.06 
× 10−5 

7.66 ± 2.60 ×
10−6  

0.993 6.74 ±
0.17 

10:2 
FTOH* 

2.82 ±
1.12 

6.92 ± 0.22 
× 10−4 

2.45 ± 0.96 ×
10−4  

0.995 6.69 ±
0.26 

4:2 FTS 0.09 ±
0.02 

4.11 ± 0.88 
× 10−4 

4.33 ± 0.38 ×
10−3  

0.833 5.66 ±
0.02 

6:2 FTS 0.16 ±
0.01 

2.37 ± 0.17 
× 10−4 

1.48 ± 0.08 ×
10−3  

0.976 5.70 ±
0.01 

8:2 FTS 0.18 ±
0.02 

8.55 ± 0.65 
× 10−5 

4.75 ± 0.28 ×
10−4  

0.975 5.84 ±
0.03 

PFHxI 1.01 ±
0.46 

4.70 ± 0.47 
× 10−7 

4.66 ± 2.01 ×
10−7  

0.956 6.90 ±
0.01 

6:2 FTUI 0.48 ±
0.10 

4.41 ± 0.39 
× 10−6 

9.27 ± 1.70 ×
10−6  

0.966 6.39 ±
0.01 

6:2 FTI 0.30 ±
0.07 

1.32 ± 0.19 
× 10−6 

4.39 ± 0.85 ×
10−6  

0.910 6.71 ±
0.08 

N-EtFOSA- 
M 

0.43 ±
0.12 

1.18 ± 0.15 
× 10−3 

2.77 ± 0.68 ×
10−3  

0.927 6.33 ±
0.16 

N-MeFOSA- 
M 

0.92 ±
0.48 

2.03 ± 0.26 
× 10−3 

2.21 ± 1.11 ×
10−3  

0.933 6.24 ±
0.07 

6:2 FTO 3.86 ±
1.49 

4.40 ± 0.18 
× 10−7 

1.14 ± 0.43 ×
10−7  

0.987 6.23 ±
0.02 

8:2 FTCA 0.69 ±
0.07 

8.18 ± 0.26 
× 10−5 

1.19 ± 0.11 ×
10−4  

0.995 5.66 ±
0.28 

8:2 FTAC 0.32 ±
0.11 

3.09 ± 0.06 
× 10−3 

9.75 ± 2.61 ×
10−4  

0.858 6.58 ±
0.05  
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background organic matter. In one limited set of experiments, the pH of 
the samples was adjusted to < 2 using concentrated sulfuric acid and 
PFAS in the headspace was measured. 

2.2. Analysis 

Headspace gas was sampled by a Shimadzu AOC-6000 autosampler. 
Initially, samples were transferred to the sample heating block for 30 
min. The heating block temperature was 25 ◦C unless otherwise stated. 
After equilibrating in the heating block, 1 mL of the headspace was 
collected using a GC headspace tool (Shimadzu Part NO. 220-94928-19) 
equipped with a 1 mL gas-tight syringe (Shimadzu Part NO. 220-94500- 
05) heated to 90 ◦C. The headspace sample was immediately injected 
into a GC-MS/MS (Shimadzu TQ8040). 

Injected samples were chromatographically separated with a HP-5 
column (30 m, 0.32 mm I.D., 0.25 µm film thickness). The injector 
port was set to 250 ◦C and 150 kPa, resulting in a column flow of 2.75 
mL He min−1. The oven program was as follows: initial temperature held 
at 40 ◦C for 4 min, ramped to 220 ⁰C at 15 ◦C min−1 and held for 1 min. 
The MS interface temperature was 220 ◦C and the ion source tempera
ture was set to 200 ◦C. Initial experiments were conducted to determine 
the most prominent parent and product ions resulting from the gas- 
phase PFAS. Argon was the collision gas. Selected ion fragments for 
each PFAS are included in Table S4 of the Supporting Information and 
generally were ions characteristic of fluorocarbons. Only peaks with 
greater than three times the signal to noise ratio (S:N) were included in 
the analysis. 

A plot of 1/peak area vs headspace volume / water volume was 
developed for each PFAS. Linear least-squares best fits, Q-tests on out
liers, averages, t- and F-tests, p-values, and uncertainty in the estimates 
of the regression coefficients (slope and y-intercept) were calculated 
with Sigmaplot v.14.5. A schematic of the experimental design, prepa
ration, and analysis is shown in Fig. 1. 

3. Results and discussion 

3.1. Henry’s Law constants 

Initial experiments were conducted to assess the assumptions that 
the liquid phase concentration was sufficiently low and that phase 
equilibrium was achieved, and the results confirmed these assumptions 

(see Methods and materials and the Supporting Information [Table S2]). 
Representative plots of 1/peak area vs phase ratio are presented in  
Fig. 2. Additional plots for the remaining 11 PFAS which were 
measurable are presented in the Supporting Information (Fig. S1–S3). A 
summary of kH derived from these plots is presented in Table 1. Linear 
best fit regressions resulted in R2 ≥ 0.83. All regressions had p-values 
less than 0.05. kH generally decreased in order of PFAS functional group 
as follows: FTOs > FTOHs > sulfonamides > iodinated ~ FTCAs 
> FTAC > FTSs. Note that these comparisons are in some cases based on 
a single PFAS from the functional group. Additionally, the 2 mg PFAS 
L−1 solutions are in some case in excess of the published aqueous solu
bility (See Table 1). When the working solutions were made directly, 
without the MeOH intermediate, it was visually apparent that several 
PFAS were not dissolved. However, first dissolving the PFAS in MeOH 
and then spiking the MeOH solution to Milli-Q water resulted in disso
lution of all compounds. The effect of 0.03 – 0.1 % cosolvent has been 
demonstrated previously to have negligible impact on measurements of 
kH (Schwarzenbach et al., 2005; Arp and Schmidt, 2004; Squillace et al., 
1997; Ladaa et al., 2001). Twelve other PFAS including 7 PFCAs and 3 
PFSAs were not volatile enough or not ionized well enough in the mass 
spectrometer source to produce signals above the signal to noise 
threshold (3:1). 

For the two groups in which multiple chain lengths were included (i. 
e., FTOHs and FTSs), increasing alkyl chain length resulted in greater kH. 
For FTOHs, the only group in which there is comparable published 
literature, the effect of chain length on kH is similar to another study 
using a gas stripping method of measuring kH (Wu and Chang, 2011), 
but was less strong when compared to a third which measured kH of only 
4:2 FTOH and 6:2 FTOH (Goss et al., 2006) (Table S5). Iodinated PFAS 
have been reported to be volatile, are present in the lower atmosphere 
near carpet manufacturers, and our team has measured them in AFFF 
headspace, but no kH have been previously reported. The finding that 
iodinated PFAS are volatile may explain their detection in the gas phase 
in various environmental compartments (Dimzon et al., 2017; Ruan 
et al., 2010; Kempisty et al., 2018). 

Of the carboxylic acids, only 8:2 FTCA was detected in the gas phase. 
This lack of detection might be attributed to the low pKa of fluorinated 
carboxylates which results in their occurrence as anions in environ
mental systems and in these unbuffered experiments. Kwan (Kwan, 
2001) circumvented this by reducing the pH of the solution to < 2 and 
was successful at determining experimental kH for seven PFCAs. To 

Fig. 1. Schematic of the method of preparing and analyzing headspace samples by GC-MS/MS for the determination of the kH of PFAS.  
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follow up on this, we reduced the pH of seven PFCAs and three PFSAs 
including PFPrA, PFBA, PFPeA, PFHpA, PFOA, PFNA and PFDA to 0.5, 
1.0 and 2.0. No peaks were observed at pH 2. Peaks at pH 0.5 and 1.0 
were observed only for PFHpA, PFOA, PFNA and PFDA but not greater 
than S:N of 3, and very early in the chromatogram (< 1 min). The pKa of 
PFCAs is still an area of active debate with some literature finding 
pKas < 1 (Goss, 2008; Moroi et al., 2001) and another > 3 (Burns et al., 
2008). This research suggests that the pKas of PFCAs are likely to be < 0. 
and because of this, PFCAs are unlikely to partition to the gas phase 
when they are present as anions. This is also likely true for PFSAs and 
explains the lack of gas phase detection in these experiments. 

3.2. Temperature 

We expected that temperature would impact PFAS kH and we pro
ceeded to investigate whether the relationship was described by the 

van’t Hoff equation. In Table 2, we present the impact of varying tem
perature on kH of four PFAS between 25 and 50 ◦C. Only four PFAS were 
investigated over this relatively narrow range of temperatures because 
the goal was to demonstrate the expected relationship rather determine 
the coefficients. Linear correlation coefficients were obtained from the 
plots (Fig. S5) between natural log of PFAS kH and the reciprocal of the 
temperature. Pearson correlation coefficients for 6:2 FTOH, 6:2 FTS, 
PFHxI and 6:2 FTO were > 0.97, demonstrating that PFAS kH are well 
described by a van’t Hoff type relationship. 6:2 FTS exhibited the 
greatest increase in kH; ~15 times increase at 50 ◦C compared to 25 ◦C, 
where 6:2 FTOH and 6:2 FTO exhibited the lowest decrease; ~3 times, 
over the same temperature range. These large differences of kH with 
temperature can also be demonstrated by calculating internal energy of 
phase transition (ΔUAW) of the four PFAS (Table 2). 6:2 FTS exhibited 
more than double ΔUAW compared to 6:2 FTOH and 6:2 FTO. Lei et al. 
(Lei et al., 2004) examined three FTOHs and observed similar ΔUAW of 

Fig. 2. Representative plots used to derive Henry’s Law Constants of four FTOHs. The solid line is the linear best fit, and the dashed lines are the 95 % confidence 
interval. The slope divided by the y-intercept is dimensionless kH. 
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phase transition for 6:2 FTOH (36.8 kJ mol−1). Kwan (Kwan, 2001) also 
examined PFCA kH at varying temperatures (up to 50 ◦C) at pH < 2 and 
observed a similar dependence on temperature. 

It is surprising that FTSs and 8:2 FTCA were measurable in the gas 
phase given their potentially low pKas, although the strong kH depen
dence on temperature for FTSs may indicate increased pKas of the 
telomers acids compared to the perfluorinated acids given that tem
perature has a greater effect on the pKas of weak over strong acids, 
resulting in a greater number of neutral molecules in solution and ulti
mately an increased temperature dependence of kH (Schwarzenbach 
et al., 2005). Further, -CH2-CH2- is less electron withdrawing than 
-CF2-CF2-, and it has been shown that this results in a substantially 
increased pKa, approaching that of non-fluorinated acids (Henne and 
Fox, 1951). 

3.3. Natural water constituents 

We proceeded to examine the impact of water matrix on kH. We 
examined environmentally relevant matrices including two tertiary 
wastewater effluents, tap water produced by a conventional treatment 
plant treating surface water, and groundwater from a treatment zone 
monitoring well near an active U.S. Air Force base. Details about these 
waters and their characteristics are reported in Table S6 in the Sup
porting Information. No PFAS were detectable in the headspace before 
the analyte spikes. kH were determined for two PFAS (4:2 FTOH and N- 
MeFOSA-M) at 25 ◦C. The results are shown in Fig. 3 and the linear 
correlation coefficients were obtained from the plots (Figs. S6, S7). kH 
were not statistically different in the varying water matrices when 
compared to Milli-Q water (p > 0.05) and thus the interactions between 
PFAS and constituents present in typical environmental samples had no 
significant effect on PFAS volatility. Therefore, it is expected that the 
reported kH are applicable to a wide range of environmental matrices 
given that dissolved constituents are reasonably low. 

We believe that these results will improve environmental practi
tioners’ understanding of gas-phase PFAS sources and the potential for 
release of gas-phase PFAS from aqueous solutions, including AFFF and 

contaminated groundwater or wastewater sources. The Henry’s Law 
constants presented herein exceed the volatility criteria used by the U.S. 
Environmental Protection Agency used in identifying chemicals of po
tential vapor intrusion concern (i.e., compounds with kH > 10−5 atm m3 

mol−1 [4.1 × 10−4 dimensionless, obtained by dividing kH [atm m3 

mol−1] by the gas constant [R = 8.205 × 10−5 atm m3 mol−1 K−1] and 
multiplying by 298 K) (USEPA, 2015). The potential risk of PFAS vapor 
intrusion into overlying buildings from impacted groundwater might be 
of concern near production facilities or other significant sources of 
volatile PFAS, and further investigation into the PFAS soil vapor to in
door air pathway is warranted. 
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PFHxI  1.00  1.25  1.89  3.11  5.00  7.00 y = −7908.9x + 22.7  0.988  65.8 
6:2 FTO  3.90  4.94  5.77  8.13  10.43  12.44 y = −4612.6x + 13.1  0.990  38.4  

Fig. 3. kH of 4:2 FTOH and N-EtFOSA-M in varying water matrixes.  
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