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Abstract 10 

Total 58 high volume air samples were collected in Büsum, Germany, from August 11 

2011 to October 2012 to investigate air concentrations of 12 per- and polyfluoroalkyl 12 

substances (PFASs) and their gas/particle partitioning. The ƩPFASs concentration (gas 13 

+ particle phases) ranged from 8.6 to 155 pg/m3 (mean: 41 pg/m3) while fluorotelomer 14 

alcohols 8:2 (FTOH 8:2) dominated all samples accounting for 61.9% of ƩPFASs and 15 

the next most species were FTOH 10:2 (12.7%). Air mass back trajectory analysis 16 

showed that atmospheric PFASs in most samples were from long range atmospheric 17 

transport (LRAT) processes and had higher ratios of FTOH 8:2 to 6:2 compared to the 18 

data obtained from urban/industrial sources. Small portion of particle PFASs in the 19 

atmosphere was observed and the average percent to ƩPFASs was 2.0%. The 20 

particle-associated fractions of different PFASs decreased from perfluorooctane 21 

sulfonamidoethanols (FOSEs) (15.5%) to fluorotelomer acrylates (FTAs) (7.6%) to 22 

perfluorooctane sulfonamides (FOSAs) (3.1%) and FTOH (1.8%), indicating the 23 
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functional group obviously influenced their gas/particle partitioning. For neutral 24 

compounds with acid dissociation constant (pKa) > 7.0 (i.e., FTOH, FOSE and FOSA), 25 

a significant log-linear relationship was observed between their gas/particle partition 26 

coefficients (KSP) and vapor pressures (pº
L), suggesting the gas/particle partitioning of 27 

neutral PFASs agreed with the classical logKSP - logpº
L relation. Due to the pKa values 28 

of FTA 6:2 and 8:2 below the typical environmental pH conditions, they mainly exist 29 

as ionic form in aerosols, and the corrected logKSP (neutral form) were considerably 30 

lower than those of FTOH, FOSE and FOSA with similar vapor pressures. 31 

Considering the strong partitioning potential to aqueous phases for ionic PFASs at 32 

higher pH values, a need exists to develop a model taking account of the 33 

ad/absorption mechanism to the condensed phase of aerosols for ionizable PFASs 34 

(e.g., FTAs). 35 

 36 

Keywords: polyfluoroalkyl substances (PFASs); gas/particle partitioning; long 37 

range atmospheric transport (LRAT) 38 

 39 

1. Introduction 40 

Per- and polyfluoroalkyl substances (PFASs) have been widely produced and used 41 

worldwide in high volume for several decades in a variety of consumer and industrial 42 

products (Paul et al., 2009). They have attracted scientific and regulatory scrutiny due 43 

to their potential for environmental persistence, bioaccumulation and possible adverse 44 

effects on humans and wildlife (Gewurtz et al., 2012). PFASs comprise a wide range 45 

of chemicals with different fluorocarbon chains (CF3[CF2]n-). Perfluorooctane 46 

sulfonate (PFOS) and perfluorooctanoate (PFOA) are the most well-known PFASs 47 

because of their presence in global environments and adverse effects. 48 
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Ellis et al. (2004) pointed out one of important sources of PFOS and PFOA in the 49 

environment is the degradation of neutral precursors, such as fluorotelomer alcohols 50 

(FTOHs), fluorotelomer acrylates (FTAs), perfluorooctane sulfonamides (FOSAs) and 51 

perfluorooctane sulfonamidoethanols (FOSEs). These precursors are more volatile 52 

than PFOA and PFOS and are believed to be more importantly by diffuse sources 53 

during their manufacture, use and disposal (Paul et al., 2009). Therefore, they are 54 

more likely to release into the atmosphere and undergo long range atmospheric 55 

transport (LRAT). During the LRAT, they are degraded to PFOA and PFOS by ·OH 56 

radicals initiated oxidation (Ellis et al., 2004; Martin et al., 2006). These precursors 57 

have been detected in many field studies in the atmosphere of the North America, 58 

Europe, Asia, and the Polar areas (Butt et al., 2010; Ahrens, 2011; Li et al., 2011; 59 

Ahrens et al., 2012; Vento et al., 2012). 60 

Previous studies showed that the reaction rates with hydroxyl radicals are quite low 61 

for these neutral PFASs and their atmospheric residence time of FTOHs can be more 62 

than 50 d (Piekarz et al., 2007). These provide the possibility of regional and global 63 

atmospheric transport of PFASs. Some typical precursors, such as FTOFs, have been 64 

detected in ice caps from the high Arctic, where they are solely from atmospheric 65 

sources (Young et al., 2007). This finding supports the oxidation of volatile precursors 66 

in the atmosphere as a major source of PFOA and PFOS. Thus, the atmospheric 67 

partitioning of these precursors between the gas and particle phases plays a key role 68 

on their abilities to undergo LRAT and global distribution. 69 

Arp and co-workers (Arp et al., 2008a,b; Arp and Goss, 2009a,b) discussed the 70 

gas/particle partitioning behavior of apolar, polar and ionizable organic compounds 71 

including perfluorocarboxylic acids and developed a model taking into account the 72 

ambient relative humidity (RH) and acid dissociation constant (pKa). A key factor of 73 
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gas/particle partitioning for PFASs is that they are ionizable, which may cause the 74 

dissociation into ionic forms under typical environmental pH condition and the 75 

enhanced partitioning to the particle, especially on the wet particles (aqueous 76 

aerosols). Thus, the dissociation and partitioning extent of PFASs to the atmospheric 77 

particles rely on the pKa and the pH condition. Arp and Goss (2009b) pointed out that 78 

the gas/particle partition coefficient (KSP) can be estimated by their molecular 79 

structure descriptors. Pankow (2003) proposed a unified modeling framework for 80 

gas/particle partitioning of neutral and ionizing compounds to single and multi-phase 81 

aerosol particles, which involved the vapor pressure of compound as a pure liquid 82 

(sub-cooled if necessary) at the temperature of interest (pº
L). The KSP and pº

L do agree 83 

with the classical Junge-Pankow model for nonpolar, nonionizable semi-volatile 84 

organic compounds (SVOCs) (Wang et al., 2013). For PFASs, previous studies 85 

indicated that the variation of the particle phase percentages for different species was 86 

likely owing to the changes of vapor pressure with different chain length for the 87 

neutral forms (Vierke et al., 2011; Ahrens et al., 2011; Ahrens et al., 2012). However, 88 

few data are available for atmospheric PFASs, in particular for data on their 89 

gas/particle partitioning. Therefore, robust data sets of polar/ionizable compounds 90 

(e.g., PFASs) were needed to verify and improve the existing gas/particle partitioning 91 

models, which will promote the understanding of the LRAT, deposition, and overall 92 

fates of PFASs in the atmospheric environment. 93 

 In the present study, the gas and particle phase samples were collected 94 

simultaneously for one year at the weather station in Büsum, a seaside village in 95 

northern Germany. The concentrations of four PFAS classes (i.e., FTOHs, FTAs, 96 

FOSAs and FOSEs) were determined separately for gas and particle phase . Their 97 

gas/particle partitioning behavior and the relation to their pº
L were investigated and 98 
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discussed. This will contribute new information to help address the partitioning of 99 

PFASs to particle and yield new insights into their environmental fates. 100 

2. Materials and methods 101 

2.1 Air sampling 102 

Sampling campaign was conducted from August 3, 2011 to October 2, 2012 at the 103 

seaside village Büsum (54.13ºN, 8.88ºE), Germany (see Fig. S1), and a total of 58 104 

samples were collected. Air sample (about 2800 m3 over 7 day periods) was collected 105 

using a high-volume air sampler. A glass fiber filter (GFF, pore size: 0.7 μm) and a 106 

self-packed polyurethane foam (PUF)/XAD-2 cartridge (PUF: φ5.0 cm × 2.5 cm; 35 g 107 

XAD-2, particle size: 0.3-1.0 mm) were simultaneously employed to collect partical  108 

and gas phase separate. Field blanks of GFFs and PUF/XAD-2 cartridge were 109 

collected by exposure them for 1 min at the sampling site and treated in the same way 110 

as real samples. Both PUF/XAD-2 cartridge and filters were stored until analysis at 111 

-20ºC. Detailed information on the sampling dates, air volume, total suspended 112 

particulate (TSP) and the average temperature for each sample are listed in Table S1. 113 

2.2 Sample preparation and analysis 114 

Prior to extraction, PUF/XAD-2 cartridge and GFFs were spiked with 2.5 ng of 115 

mass-labeled surrogate standards (FTOH (M+5) 6:2, 8:2 and 10:2, MeFOSA D3, 116 

EtFOSA D5, MeFOSE D7 and EtFOSE D9). PUF/XAD-2 was extracted with a 117 

modified Soxhlet apparatus (MX extractor) for 16 h using dichloromethane (DCM). 118 

Particle samples (GFF) were extracted using a MX extractor using DCM for 16 h. 119 

Extracts were concentrated to approximately 2 mL using hexane as keeper and passed 120 

over 3 g Na2SO4 to remove residual water. Samples were further evaporated to 200 μL 121 

and spiked with 10 µL of 100 pg/µL FTOH 9:1 as recovery standard. 122 

The instrumental analysis was described in detail elsewhere (Dreyer et al., 2008). 123 
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Briefly, analysis was performed using an Agilent 6890 gas chromatograph coupled 124 

with an Agilent 5973 mass spectrometer in selective ion monitoring (SIM) mode with 125 

positive chemical ionization mode with methane as reagent gas (PCI). Analytes were 126 

separated on 60 m SUPELCO WAX® 10 column (60 m × 0.25 mm × 1.0 μm). Helium 127 

was used as carrier gas at a flow rate of 1.3 mL/min and the injection volume was 2.0 128 

μL in the pulse splitless mode. The temperature program was as follows: initial 129 

temperature 50ºC hold for 2 min, increased to 70ºC at a rate of 3ºC/min, then 130 

increased at a rate of 10ºC/min to 130ºC, 20ºC/min to 220ºC and 120ºC/min to 275ºC, 131 

then held for 5 min. Finally, the temperature changed to 270ºC at the rate of 10ºC/min 132 

and held for 10 min. The full names, abbreviations and their other detailed 133 

information of the 12 compounds determined in this study are summarized in Table 1. 134 

The response factors were calculated from the calibration curves based on the ratio 135 

between the target compound and the corresponding surrogate. 136 

2.3 Quality assurance and control 137 

All PUF and XAD-2 were pre-cleaned with solvents and GFFs were baked at 138 

450 °C for 12 h prior to their usage. The cartridges were protected against 139 

UV-sunlight during sampling using aluminum foil in order to avoid the degradation of 140 

the target compounds. Details of the breakthrough tests were given elsewhere (Xie et 141 

al., 2013). Method detection limits (MDLs) were derived from mean blank values plus 142 

three times the standard deviation (Table 1). 143 

3. Results and discussion 144 

3.1 PFASs concentrations in gas and particle phases 145 

The summarized data of PFASs concentrations in both gas- and particle-phases are 146 

listed in Table 1. Overall, all of the 12 compounds were detected in both phases, 147 

however, the concentrations and composition of different species varied between gas- 148 
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and particle-phases. The total concentration (vapor plus particle phases) of the 12 149 

PFASs (ƩPFASs) in the atmosphere ranged from 8.6 to 155 pg/m3, and the average 150 

value was 41 pg/m3 with a standard deviation of 26 pg/m3. The gas- and particle-phase 151 

concentrations of PFASs for individual samples are presented in Fig. 1. For all 58 152 

samples, the predominance of gaseous PFASs in the atmosphere was observed and a 153 

small portion was presented in the particle phase (Fig. 1). The average percent of the 154 

particle phase compounds to ƩPFASs was 2.0%, and the particle proportions of 155 

different PFASs were: FTOHs (1.8%), FTAs (7.6%), FOSAs (3.1%) and FOSEs 156 

(15.5%) (Table 1). Obviously, the proportions of particle associated FOSEs were 157 

higher than those of FTOHs and FOSAs. 158 

 159 

Fig. 1 Concentrations (pg/m3) of gas- and particle-phase PFASs in air samples collected from 160 

Büsum during August 3, 2011 to October 2, 2012 161 

 162 

Table 1 Full names, acronyms, Chemical Abstract System (CAS) numbers of the 12 PFASs, the 163 

minimum, maximum, average concentrations of gas, particle phases PFASs in air (pg/m3), the 164 

percent of each compounds and particle phase compounds to ƩPFASs 165 

 166 

The total concentrations of FTOHs (sum of FTOH 6:2, 8:2, 10:2 and 12:2) (ƩFTOH) 167 

varied from 7.3 to 146 pg/m3 with a mean value of 37 pg/m3, which was comparable 168 

to the levels of the Atlantic and Southern Oceans (0.3-47 pg/m3) (Dreyer et al., 2009b), 169 

and slightly lower than the concentrations detected in the semi-urban location in 170 

Toronto (79.5 pg/m3) (Ahrens et al., 2012), in Hamburg (from 32 to 204 pg/m3) 171 

(Dreyer et al., 2009a), and in the North Sea (84 pg/m3) (Xie et al., 2013) (Table 2). 172 

FTOH 8:2 was the most abundant compound among the 12 PFASs in the atmosphere 173 

(5.0-85 pg/m3), representing 61.9% of ƩPFASs, and the next most species were FTOH 174 
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10:2 (0.9-17 pg/m3) and FTOH 6:2 (0.8-40 pg/m3), which accounted for 12.7% and 175 

10.6% of ƩPFASs, respectively. The average ratios of FTOH 8:2 to 10:2 to 6:2 to 12:2 176 

obtained in this study were 5.8:1.2:1.0:0.4. Similar ratios were observed in some 177 

“background” sites, such as in the Mount Bachelor Observatory (Piekarz et al. 2007), 178 

the Canadian Arctic (Ahrens et al. 2011) and the North Sea (Xie et al., 2013), while in 179 

some urban/suburban areas lower proportions of FTOH 8:2 were observed, for 180 

example, 1.1:0.2:1.0 for FTOH 8:2 to 10:2 to 6:2 was observed in semi-urban location 181 

in Toronto, Canada (Ahrens et al., 2012), and 1.8:0.6:1.0 in the southeast of Hamburg, 182 

Germany (Dreyer et al., 2009c). The variation of the ratios between background sites 183 

and urban/suburban areas can be explained with the relative rates of removal of 184 

different FTOHs from the atmosphere. Piekarz et al. (2007) estimated the atmospheric 185 

residence times for FTOH 8:2 (80 d), FTOH 10:2 (70 d) and FTOH 6:2 (50 d), and 186 

suggested that the higher ratios may be an indicator of atmospheric transport. Thus, 187 

the observed enhancement of FTOH 8:2 and 10:2 (relative to FTOH 6:2) in this study 188 

implied that atmospheric PFASs in Büsum were mainly from LRAT processes. 189 

 190 

Table 2 Comparison of FTOHs and FOSA(E)s concentrations (pg/m3) in air samples collected 191 

from different sites 192 

 193 

The concentrations of two fluorotelomer acrylates, FTA 6:2 and FTA 8:2, were 194 

generally lower than those of other compounds. The levels of FTA 6:2 and 8:2 ranged 195 

from < 0.2-1.3 pg/m3 and 0.2-2.5 pg/m3, respectively (Table 1). The results were 196 

compared to those reported in the North Sea, however, they were considerably lower 197 

than the levels at urban site of Hamburg, Germany (Dreyer et al., 2009c) and the 198 

semi-urban location in Toronto, Canada (Ahrens et al., 2012). Although FTAs are the 199 

second most abundant precursor class after the FTOHs (Ahrens et al., 2012), the 200 
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relatively short atmospheric lifetimes (about several days) make them subject to 201 

degradation during their LRAT (Butt et al., 2009). Thus, lower levels were observed 202 

in Büsum compared with some source regions. 203 

ƩFOSAs and ƩFOSEs ranged from 0.5 to 13 pg/m3 (mean: 3.3 pg/m3) and 0.7 to 204 

4.1 pg/m3 (mean: 1.7 pg/m3), respectively. Their concentrations were higher than the 205 

levels observed in Toronto (mean: 0.75 and 1.47 pg/m3) (Ahrens et al., 2012) and 206 

slightly lower than those in the North Sea, the Canadian Arctic, the Atlantic and 207 

Southern Ocean atmosphere, however, their values were in the range of several to ten 208 

of pg/m3 (Dreyer et al., 2009b; Ahrens et al., 2011; Xie et al., 2013) (Table 2). The 209 

average concentration patterns of the three FOSAs were: MeFBSA (2.3 pg/m3) > 210 

MeFOSA (0.6 pg/m3) > EtFOSA (0.4 pg/m3), and FOSEs possessed a similar profile 211 

(Table 1), which were agreement with the results reported by Dreyer et al. (2009c). 212 

High levels of FOSAs and FOSEs compared to FTOHs reported in other studies 213 

(Barber et al., 2007; Piekarz et al., 2007; Shoeib et al., 2010) were not observed in the 214 

present study. For example, in the atmosphere of Bermuda and Sable Island, MeFOSE 215 

exceeded the levels of FTOHs (Shoeib et al., 2010). The variation of PFAS 216 

composition profiles among different sites is likely be explained by the phase-out of 217 

PFOS-based chemistry in the atmosphere, and/or a shift to shorter chain PFASs and 218 

new fluorinated chemicals during manufacture (Paul et al., 2009; Ahrens et al., 2012). 219 

Wang et al. (2009) reported that the C4-based fluorinated chemicals were the main 220 

replacement compounds of the C8-based products (i.e., PFOA and PFOS), which 221 

would change the levels and composition patterns of different PFASs in various 222 

environmental media. Moreover, the concentrations of MeFBSA, MeFOSA and 223 

EtFOSA represented about 2 times higher than MeFBSE, MeFOSE and EtFOSE. The 224 

results confirmed the findings of D’eon et al. (2006), who reported the stable 225 
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intermediate MeFBSA can be produced during the reaction of MeFOSE with ·OH 226 

radicals, and the atmospheric lifetime of MeFBSA (> 20 days) is much longer than 227 

that of the parent compound, MeFBSE. Accordingly, MeFOSA and EtFOSA are 228 

expected be more stable than MeFOSE and EtFOSE (D’eon et al., 2006). 229 

3.2 Air mass back trajectory analysis 230 

For further insight into the relation of sources to the concentrations of atmospheric 231 

PFASs, air mass back trajectories were performed by going back 6 days at 50 m and 232 

100 m above sea level (asl) for Büsum using NOAA's HYSPLIT model 233 

(http://www.arl.noaa.gov/HYSPLIT_info.php). Air mass back trajectory analysis 234 

results showed that samples with higher air concentrations of PFASs mainly 235 

originated from land-based sources, whereas most samples with relatively constant 236 

PFAS concentrations were consistent with the back trajectories for the site that air 237 

mass from the ocean during the sampling period (see Fig. S2). This can further 238 

confirm that atmospheric PFASs in most samples were from LRAT processes and had 239 

higher ratios of FTOH 8:2 to 6:2 compared to the data obtained from urban/industrial 240 

sources.  241 

Furthermore, ƩPFASs and ƩFTOHs did not exhibit statistical correlation with the 242 

sampling temperature, also suggesting that temperature related volatilization of 243 

PFASs near the sampling site displayed negligible influence on PFAS levels and the 244 

LRAT process governed the atmospheric concentrations of PFASs. The fluctuation of 245 

concentrations in dependence of air mass origin indicated that it was a key factor 246 

governing atmospheric PFAS concentrations at the sampling site. Varying 247 

concentrations of other organic micropollutants relying on air mass origin were 248 

reported around Büsum, for example, atmospheric levels of organophosphorus flame 249 

retardants were much higher in air from continental Europe and the UK than in air 250 

10 
 



from northern and northwestern directions (Möller et al., 2011). 251 

3.3 Gas/particle partitioning of neutral PFASs 252 

Particle-phase percentages of individual compounds to ƩPFASs are summarized in 253 

Table 1. Of the target PFASs, FTOH demonstrated the smallest particle percentages 254 

that were typically less than 8% and FTOH 8:2 possessed the lowest particle bound 255 

fraction (1.1%), while FOSE had the highest particle associated fractions with average 256 

15.5% and the percentage of EtFOSE (30.6%) was the highest among the 12 target 257 

compounds. This profile is believed to be due to the decrease in vapor pressure with 258 

increasing chain length for the neutral forms of PFASs (Vierke et al., 2011). 259 

Compared with the vapor pressures of classical POPs, such as polycyclic aromatic 260 

hydrocarbons, PFASs are expected to be almost entirely in the gas-phase given their 261 

higher vapor pressures (Goss and Bronner, 2006; Lei et al., 2004). However, many 262 

previous studies have reported the presence of PFASs on particles (Dreyer and 263 

Ebinghaus, 2009; Dreyer et al., 2009a, b; Shoeib et al., 2010). It is an important issue 264 

that needs further investigation. 265 

The particle-associated fractions of different PFASs in Büsum decreased from 266 

FOSE (15.5%) to FTA (7.6%) to FOSA (3.1%) and FTOH (1.8%), indicating that the 267 

functional group obviously influenced the gas/particle partitioning of PFASs. Similar 268 

profiles were also observed in the atmosphere of Germany (Jahnke et al., 2007) and 269 

Canada (Ahrens et al., 2011). Furthermore, the particle-associated fraction of PFASs 270 

increased slightly with increasing chain length (and substituent changed from methyl 271 

to ethyl).  272 

Ionizable compounds, such as FTA 6:2 and 8:2, can exist in the neutral form in the 273 

gas phase, while they may dissociate to the ionic form in aqueous film of aerosols. 274 

The degree of dissociation relies on their acid dissociation constant (pKa) and the pH 275 
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value of the condensing media (Ahrens et al., 2012). pH values of aerosol are well in 276 

general known to be weakly to strongly acidic, for example, diurnal variations in 277 

aerosol pH from 0 to 4.5 for Pittsburgh aerosols (Zhang et al., 2007), and about 4.5 for 278 

aerosols in Toronto (Ahrens et al., 2012). To investigate the dissociation degree of 279 

different PFASs under the normal circumstances, the values of pKa for individual 280 

compounds were calculated using software SPARC (October 2011 release 281 

w4.6.1691-s4.6.1687) in this study (Table 3). pKa values of FTOH, FOSE and FOSA 282 

were higher than 7.0, indicating they were neutral at an environmentally relevant pH 283 

range (≤ 7), whereas the values of FTA 6:2 and 8:2 were below the pH range, thus 284 

they would mainly exist as anions in aerosols. 285 

 286 

Table 3 Values of pKa, logKSP, logKSP and logpº
L. Values of pKa and logpº

L were calculated using 287 

software SPARC (October 2011 release w4.6.1691-s4.6.1687) at the average temperature during 288 

sampling (10.4ºC) 289 

 290 

Based on Arp et al. (2008), the particle-phase concentrations of neutral compounds 291 

(CP, pg/m3) can be calculated using the following equation: 292 

CP = C´P /(1 + 10pH - pKa)                            (1) 293 

where C´P is the measured concentration of compounds (neutral plus ionic) in the 294 

particle-phase (pg/m3). The gas/particle partition coefficient, KSP, for the neutral form 295 

can be derived as: 296 

KSP = (CP/TSP)/CA                               (2) 297 

where TSP is the total suspended particulate (μg/m3), and CA is the concentration of 298 

target compound in the gas-phase (pg/m3). 299 

The corrected values of logKSP by pKa are listed in Table 3. It is noted that the 300 

correction was not required for FTOHs, FOSEs and FOSAs because their pKa were 301 
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higher than the environmentally relevant pH values as stated above. Thus, the 302 

measured logK’SP and the corrected logKSP were not different for FTOHs, FOSEs and 303 

FOSAs, however, the corrected KSP (neutral form) were 9.8 log units lower than the 304 

measured K’SP (neutral plus ionic) (under the condition of the aerosol pH value = 4.5) 305 

for FTA 6:2 and FTA 8:2 (Table 3). Based on Eq (1), the partitioning extent of 306 

ionizable PFASs to particle in the atmosphere is up to their pKa and the effective pH 307 

properties of aerosol (aqueous phase), and as a result, the partitioning to particle will 308 

be enhanced at higher pH environment (presenting more anionic species) as long as 309 

pH exceeds pKa value of the target compound. The apparent enhancement of FTA 6:2 310 

and FTA 8:2 in partitioning to the particle phase obtained in this study confirmed the 311 

fact of the strong partitioning potential to aerosol (aqueous phase) of ionizable 312 

chemicals under the condition of higher pH. 313 

Table 3 also showed that the partitioning extent of PFASs to the particle phase 314 

relied on the functional group and fluorinated chain length. The KSP values of FOSEs 315 

were 0.5-0.8 log units higher than those of FOSAs, and 1.3-1.6 log units higher than 316 

KSP of FTOHs with the same fluorinated chain length. Among the same group, KSP 317 

increased with adding additional fluorinated chains and/or substituents as stated above, 318 

for example, the logKSP increased from -2.8 (FTOH 6:2, 6 chains) to -2.3 (FTOH 12:2, 319 

12 chains). In fact, the changes of fluorinated chains and/or substituents for PFASs 320 

will lead definitely to the substantial influence on their physicochemical properties, 321 

such as vapor pressure, and chemicals with longer fluorinated chain (or methyl 322 

substituents) possess lower vapor pressures comparing to their shorter chain (or ethyl-) 323 

counterparts. Thus, the variation of particle-phase percentages for different PFASs in 324 

the atmosphere is expected to be related to their vapor pressures. 325 

To verify the above hypothesis, the linear relationship between logKSP and logpº
L 326 
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for each sample collected in this study was investigated. The values of pº
L of 327 

individual PFASs at different sampling temperature were calculated employing the 328 

physicochemical calculator SPARC v4.6 (October 2011 release w4.6.1691-s4.6.1687) 329 

(Table 3). The regression results showed that the relations of logKSP to logpº
L were 330 

scattered (p > 0.05 for most samples). The reason of scattering was attributed to the 331 

low values of the corrected logKSP (neutral form) for FTA 6:2 and FTA 8:2. The 332 

regression results of logKSP versus logpº
L with FTA 6:2 and FTA 8:2 were not 333 

considerably improved when the aerosol pH values adjusted from 0 to 7 based on the 334 

corrected pKa values and Eq (1). However, after excluding the two compounds FTA 335 

6:2 and FTA 8:2, logKSP displayed significant correlation with logpº
L (Fig. 2). The 336 

regression data (slopes, intercepts, relationship coefficients and significant levels) for 337 

all samples are listed in Table S2. The regression slopes and intercepts ranged from 338 

-0.45 to -0.15 (mean: -0.29) and from -3.29 to -1.46 (mean: -2.39), respectively. The 339 

results indicated that the partitioning of neutral PFASs (e.g., FTOHs, FOSAs and 340 

FOSEs) between gas and particle phases agreed with the classical logKSP - logpº
L 341 

relation which was usually used to estimate the gas/particle partitioning of 342 

nonionizable semi-volatile organic compounds (SVOCs). 343 

As stated above, the partitioning extent depends on the functional group of PFASs, 344 

thus the relation of logKSP to logpº
L can be estimated by dividing different groups. 345 

Ahrens et al. (2012) performed the correlations of logKSP versus logpº
L by grouping 346 

PFASs into different classes and obtained significant linear correlation between 347 

logKSP and logpº
L for individual classes. However, considering the complexities of the 348 

gas/particle partitioning for ionic PFASs and their strong partitioning potential to 349 

aqueous phases at higher pH values, a demand exists to improve the aerosol sorption 350 

model taking account of the ad/absorption mechanism to the condensed phase of 351 

14 
 



aerosols for ionizable PFASs (e.g., FTAs) at typical atmospheric pH values. 352 

 353 

Fig. 2 Significant correlation between logKSP and logpº
L (excluding FTA 6:2 and 8:2) 354 

 355 

4. Conclusions 356 

The average ƩPFASs concentration (gas + particle phases) was 41 pg/m3, and the 357 

gaseous PFASs were dominated in all samples. FTOH 8:2 and 10:2 were two most 358 

abundant compounds in the atmosphere, which accounted 61.9% and 12.7% of 359 

ƩPFASs, respectively. Both the higher ratios of FTOH 8:2 to 6:2 and air mass back 360 

trajectory analysis showed the atmospheric PFASs in most samples were from the 361 

LRAT processes. For neutral compounds with pKa > 7.0 (i.e., FTOH, FOSE and 362 

FOSA), significant linear correlations between logKSP and logpº
L indicated the 363 

gas/particle partitioning of neutral PFASs can be described by the classical J-P model. 364 

However, due to lower pKa values of FTA 6:2 and 8:2, they mainly exist as ionic form 365 

in aerosols and display different gas/particle partitioning behavior compared with 366 

FTOHs, FOSEs and FOSAs. Thus, it is necessary to develop a model taking account 367 

of the ad/absorption mechanism to the condensed phase of aerosols for ionizable 368 

PFASs considering their strong partitioning potential to aqueous phases. 369 
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