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Sammanfattning 
 

 
Perfluorerade alkylsyror (PFAAs) är kemikalier som inte är naturligt 
förekommande, men som ändå hittas i miljön världen över, till och med på 
platser långt ifrån de områden där de tillverkas och används. De här ämnena 
bryts inte ned i naturen. De tas upp i människor och djur och misstänks ha 
skadliga effekter på dessa. För att ta fram strategier för att reglera utsläpp och 
utvärdera huruvida antagen lagstiftning haft effekt, krävs kunskap om hur 
PFAAs sprids i naturen. Dessa ämnen tros transporteras framför allt via 
havsvattenströmmar, men de sprids också genom luft. Atmosfäriskt nedfall är 
därför en viktig källa av PFAAs till miljöer som inte är kustnära. Denna 
avhandling syftade till att öka förståelsen för hur PFAAs sprids via luft och 
vilka som är deras källor till atmosfären. Artikel I behandlade sorption av 
gasformig perfluoroktansyra (PFOA) på den sorts glasfiberfilter (GFFs) som 
typiskt används för aktiv luftprovtagning av PFAAs. Studiens resultat visade 
att gasformig PFOA fördelas till GFFs under aktiv luftprovtagning. Som följd 
av detta, underskattas andelen gasformig PFOA i det provtagna luftpaketet, 
medan andelen partikelbunden PFOA överskattas. Att byta ut konventionella 
GFFs mot filter som deaktiveras genom silanisering eller silikonisering 
omintetgjorde inte denna artefakt. Vår slutsats är att aktiv luftprovtagning med 
konventionella GFFs kan användas för att bestämma den totala 
koncentrationen av PFAAs i luft, men att nya metoder bör utvecklas för att 
bestämma fördelningen mellan gasformiga och partikelbundna PFAAs. I 
Artikel II användes en indirekt metod för att studera förångning av PFOA 
från en vattenlösning. Genom att mäta massan av PFOA som förflyttas från 
en rad vattenlösingar justerade till pH 0.2-5.5, visades att syrakonstanten för 
den linjära PFOA isomeren och de fyra mest vanligt förekommande 
förgrenade isomererna av PFOA är ca 1 eller lägre. Vidare demonstrerade 
resultaten att närvaron av motjoner och organisk materia inte ökade 
förångningen av PFOA. Därför förväntas förångning från hav och vattendrag 
vara försumbar för alla PFOA-isomerer. För att vidare studera överföring av 
PFAAs från vatten till luft, simulerades i Artikel III den process med vilken 
havsvattenaerosoler bildas. PFAAs anrikades kraftigt från havsvatten till dess 
ytskikt och från vattnets ytskikt till aerosoler. Anrikningen ökade med 
ämnenas kedjelängd, vilket indikerar att den här processen är viktigare för mer 
ytaktiva ämnen. Anrikningen var i allmänhet som högst i aerosoler mindre än 
1.6 μm, vilka kan färdas över långa avstånd i atmosfären. Utifrån den 
uppmätta anrikningen uppskattade vi att ca 70 ton PFAAs förflyttas från hav 
till luft årligen och att 3% av denna massa sedan faller ned på land. I Artikel 
IV rapporteras förekomst av förgrenade PFOA-isomerer i nederbörd 
provtagen på fem platser. Förekomsten av dessa isomerer visar att bildande av 
PFAAs i atmosfören genom nedbrytning av fluortelomer alkoholer (FTOHs) 
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inte är den enda pågående källan av PFAAs till luft. Vi lägger fram hypotesen 
att även havsvattenaerosoler och direkta utsläpp till luft från industrier bidrar 
till halterna av PFAAs uppmätta i nederbörd. Fastän vidare forskning krävs 
för att avgöra den relativa inverkan av dessa tänkbara källor på global, såväl 
som lokal, skala har denna avhandling nämnvärt förbättrat kunskaperna inom 
fältet genom att i) visa på betydelsen av en luftprovtagningsartefakt vilken 
under ett deciennie diskuterats som en osäker faktor i den vetenskapliga 
litteraturen, ii) uteluta förångning från vattenmassor i naturen som en källa till 
PFOA i luft, iii) demonstrera att PFAAs kan förflyttas från havsvatten till luft 
via havsvattenaerosoler och kvantifiera relevansen av denna process för 
spridning av PFAAs globalt, iv) demonstrera att flera typer av källor av 
PFAAs påverkar den globala atmosfären. 
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Introduction 
 

 
Recent estimates suggest that more than 3000 per- and polyfluoroalkyl 
substances (PFASs) are used on the global market today (Swedish 
Chemicals Agency, 2015). This group of chemicals includes a wide 
range of aliphatic substances, all containing a fully fluorinated moiety 
(CnF2n+1-) linked to different functional groups (Buck et al., 2011). 
Desirable properties, such as high surface activity, water and grease 
repellency and resistance to thermal and chemical degradation, have 
brought on their use in a wide range of consumer products and industrial 
applications (Buck et al., 2011; Kissa, 2001; Paul et al., 2009; 
Prevedouros et al., 2006; Wang et al., 2014a, b). However, the unique 
chemistry that makes these man-made chemicals economically 
valuable also provides PFASs with other less desirable properties. 
PFAAs are persistent (Frömel, 2010; Vaalgamaa et al., 2011), meaning 
that they will not degrade after their release into the environment. Long-
chain perfluoroalkyl carboxylic acids (PFCAs, �C7) and 
perfluoroalkane sulfonic acids (PFSAs, �C6) accumulate in living 
organisms (Conder et al., 2008) and have been observed in biota (Houde 
et al., 2011; Houde et al., 2006) and humans (Haug et al., 2009; Kato et 
al., 2011; Zhang et al., 2010) globally. Epidemiological studies have 
displayed an association between human serum levels of PFAAs and 
incidence of cancer (Barry et al., 2013), as well as effects on fertility 
(Joensen et al., 2009), onset of puberty (Lopez-Espinosa et al., 2011), 
thyroid function (Lopez-Espinosa et al., 2011) and immune response 
(Grandjean et al., 2012). For this reason, the PFAS subclass of 
perfluorinated alkyl acids (PFAAs) have received a lot of attention from 
both the scientific community and regulators in the last two decades. 
 
Production history and regulatory action 
 
Between 1949 and 2002, large-scale manufacturing of PFAAs took 
place by electrochemical fluorination (ECF), producing a mixture of 
branched and linear isomers. Around the year 2000, the major global 
manufacturer of perfluorooctane sulfonic acid (PFOS), 
perfluorooctanoic acid (PFOA) and other perfluorooctanesulfonyl 
fluoride (POSF) derivatives substituted their production of chemicals 
based on C6, C8 and C10 perfluoroalkane sulfonyl fluoride derivatives 
with shorter chain (i.e. C4) analogues (US EPA, 2000). The reasoning 
behind this substitution was that short-chain PFAAs should be less 
bioaccumulative than long-chain PFAAs (Ritter, 2010; Wang et al., 
2013b). After the phase-out, other western fluorochemical 
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manufacturers increased their PFOA production using telomerisation, 
which results in 100% linear isomer, while Chinese manufacturers 
started to manufacture PFOA by ECF (Wang et al., 2014a). In 2006, 
eight major Western fluorochemical manufacturers made an agreement 
with the US Environmental Protection Agency to decrease emissions of 
long-chain PFCAs and substances which can degrade to form these (US 
EPA, 2016). The agreement prescribed a 95% reduction by 2010 and 
total elimination from production by 2015. Manufacturing of long-
chain PFCAs using ECF is still ongoing in China (Shi et al., 2015; 
Wang et al., 2016).  
 
 

Figure 1. Generic molecular structures of PFCAs and PFSAs. 
 
PFOS and related perfluorooctane sulfonyl fluoride-based chemicals 
(which can degrade to form PFOS in the environment) were listed under 
Annex B (i.e. restricted use) of the Stockholm Convention in 2009 
(Stockholm Convention, 2016). These substances were restricted under 
REACH (EU Commission, 2010) as well as under national legislation 
in a several countries globally. C8–C14 PFCAs have been identified as 
vPvB chemicals (very persistent and very bioaccumulative) and added 
to the Candidate List of Substances of Very High Concern for 
Authorisation under the European Chemical Regulations (REACH) 
(ECHA, 2013). PFOA and related substances were recently restricted 
under REACH and are currently under consideration for addition on the 
Stockholm Convention (ECHA, 2014; UNEP, 2016).  
 
Long-range transport potential (LRTP) is a criteria for classification of 
chemicals as persistent organic pollutants under the Stockholm 
Convention. LRTP can be demonstrated either through monitoring data 
showing occurrence of a chemical in locations distant from the sources 
of its release or through physical-chemical property data which suggest 
that the chemical has a potential for long-range transport through air, 
water or migratory species. LRTP is not included as a criteria for 



 13 

restriction of chemicals under REACH. However, possible pathways 
for the environmental distribution of PFOA were discussed at length in 
the proposal to restrict the use of this substance under REACH (ECHA, 
2014). 
 

Figure 2. Structures of monomethyl-isomers of PFOA 
 

 
Physical-chemical properties and long-range transport of PFAAs - 
State- of-the-science before this thesis 
 
The occurrence of PFAAs in remote environments (Benskin et al., 
2011b; Cai et al., 2012; Hung et al., 2016; Kirchgeorg et al., 2013; 
Loewen et al., 2008; Wang et al., 2013a) demonstrates their long-range 
transport potential (LRTP). However, the major sources of this 
contamination are under debate, as is its dominant pathway for long-
range transport (Cousins et al., 2011). PFAAs present in the 
environment are thought to stem both from direct releases of the 
substances themselves (the “direct hypothesis”) and from precursor 
compounds which transform into PFAAs in the environment (the 
“indirect hypothesis”). Determination of the major sources of PFAAs 
to the environment is complicated by both their unique physical-
chemical properties and their numerous modes of emission throughout 
production, use and disposal (Wang et al., 2017; Wang et al., 2014a, b). 
 
PFAAs are observed in rivers downstream of manufacturing facilities 
(Shi et al., 2015; Wang et al., 2016) and throughout the global oceans 
(Benskin et al., 2012b). In fact, measured amounts of PFAAs in open 
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ocean surface water can account for the estimated cumulative emissions 
of these substances (Prevedouros et al., 2006; Wang et al., 2014a), 
indicating that the global oceans hold the greater part of the PFAAs 
released historically. Consequently, ocean currents are important 
vectors for their long-range transport (Armitage et al., 2009a, b; 
Armitage et al., 2009c). However, observations of PFAAs in remote 
inland environments (Benskin et al., 2011b; Kirchgeorg et al., 2013; 
Loewen et al., 2008; Wang et al., 2013a) provide evidence that that 
long-range transport of PFAAs can also take place via the atmosphere. 
Indeed, PFAAs have been measured in air (Ahrens et al., 2012; Arctic 
Monitoring and Assessment Programme, 2016; Barton et al., 2006; 
Dreyer et al., 2015; Dreyer et al., 2009) and precipitation (Dreyer et al., 
2010; Filipovic et al., 2015; Kim and Kannan, 2007; Kwok et al., 2010; 
Scott et al., 2006; Shan et al., 2015) in both urban and remote 
environments globally. A recent modelling study showed that 
atmospheric deposition dominates the influx of PFAAs to the Baltic 
Sea, which has a highly populated and industrialised catchment area 
(Filipovic et al., 2013). This suggests that even in environments 
exposed to significant local sources, such as input from wastewater, 
influence from atmospheric deposition may be substantial. Several 
pathways to explain the presence of PFAAs in the atmosphere have 
been suggested in the scientific literature: i) PFAAs may be released to 
air during manufacturing and use, ii) PFAAs may be volatilised from 
environmental waters, iii) PFAAs may be transferred from oceans to air 
in association with sea spray aerosols, and iv) PFAAs may be formed 
in the atmosphere through the degradation of volatile precursor 
substances. The state-of-the-science on these sources and pathways are 
discussed in the following. 
 
Wang et al. (2014a) estimated that 4% of the PFCAs emitted due to 
PFOA manufacturing is released to air, while for emissions due to 
fluoropolymer manufacturing the number is 16%. Based on information 
obtained from interviews with engineers at a DuPont fluoropolymer 
factory in the US, Paustenbach et al. (2006) concluded that APFO is 
most likely emitted to air in the form of vapours which quickly 
condense to fumes after they exit the stack. Paustenbach et al. (2006) 
also report that DuPont characterised the particle size distribution of 
PFOA released from their exhaust after installing a scrubber in 1996. 
Approximately 54% of the mass was observed on aerosols <0.1 μm and 
27% on aerosols between 0.1 μm and 0.3 μm. Barton et al. (2006) 
reported that 60% of the mass of PFOA sampled along the fence line of 
the same fluoropolymer manufacturing facility in 2003-2004 was 
distributed to aerosols smaller than 0.3 μm. This size range includes 
aerosols that may have a residence time in the atmosphere on the order 
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of days (Slinn and Slinn, 1980). As measurements of PFAAs in air 
sampled in the vicinity of potential industrial sources are limited to the 
study by Barton et al., it is currently not known whether direct sources 
to air impact atmospheric levels of PFAAs on the regional scale. 
 
Being acids, PFAAs can exist as both neutral and anionic species in the 
environment. The dissociated anionic form is water soluble (Fontell and 
Lindman, 1983; Kauck and Diesslin, 1951; Prokop et al., 1989), surface 
active (Kissa, 2001) and assumedly involatile (Barton et al., 2007), 
while the protonated neutral form is volatile (Kaiser et al., 2005; 
Washburn et al., 2005) and has lower water solubility (Wang et al., 
2011). The distribution between these two forms depends on the acid 
dissociation constant (pKa) and the pH of the environmental medium in 
which the contamination is present. Due to the high surface activity of 
PFAAs, determination of their pKa using traditional methods is 
associated with artefacts (Goss, 2008b). This has led to extensive 
scientific debate on whether the pKa of PFOA is 2.8-3.8, close to 0 or 
even negative (Brace, 1962; Burns et al., 2008; Burns et al., 2009; Goss, 
2008a, b; Moroi et al., 2001; Rayne and Forest, 2010; Vierke et al., 
2013; Wang et al., 2011). If the pKa value of PFOA is 3.8, the substance 
could volatilise from environmental media (such as lakes, rain droplets 
and soil), as well as anthropogenic facilities (such as landfills and open-
air waste water treatment plants) and be transported in air in their 
gaseous form. If PFOA has a pKa value <1.5 it will not be present in its 
neutral form at most environmentally relevant pH values (i.e. >3.5) and 
may only volatilise from very acidic aerosols (in which pH values 
around 2 could be possible). Reported pKa values for other PFAAs are 
generally <1.6 (Henne and Fox, 1951; Moroi et al., 2001; Vierke et al., 
2013). However, for perfluorodecanoic acid (PFDA) and 
perfluoroundecanoic acid (PFUnDA) differences in the experimental 
methods used by Vierke et al. (2013) and Moroi et al. (2001) led to a 
discrepancy in reported pKa values (<1.6 and 2.6 respectively). 
Occurrence of gaseous PFAAs in environmental air was previously 
reported in two studies (Ahrens et al., 2012; Kim and Kannan, 2007). 
However, PFAAs are generally considered to be present in the 
atmosphere associated with aerosols (Barber et al., 2007; Dreyer et al., 
2009; Müller et al., 2012; Weinberg et al., 2011). The gas-particle 
partitioning of contaminants is usually determined by pumping 
environmental air over a glass fibre filter (GFF) backed up by a sorbent. 
This is performed under the assumption that the filter efficiently 
samples all aerosols present in a parcel of air and that it does not sample 
gaseous analytes. Conversely the sorbent is assumed to efficiently 
capture gaseous analytes. Using this approach, PFAAs have only been 
observed on the sorbent in two studies (Ahrens et al., 2012; Kim and 



 16

Kannan, 2007). However, this sampling method may not be reliable, as 
gaseous PFAAs have been found to bind to glass fibre filters (GFFs) 
under laboratory conditions causing an overestimation of the 
particulate-associated fraction (Arp and Goss, 2008). Consequently, the 
use of traditional air-sampling methods to study the equilibrium gas-
particle partitioning of PFAAs has been questioned. Because the 
artefact has not previously been studied under conditions relevant for 
sampling of environmental air, an accurate evaluation of field data has 
not been possible. 
 
Sea spray is one of the dominant types of aerosol globally (De Leeuw 
et al., 2011). It is predominantly formed through the action of waves 
breaking on the ocean. Air entrained into seawater by breaking waves 
forms bubbles, which rise to the surface and burst, ejecting small water 
droplets into the atmosphere (Blanchard, 1964). Sea spray is known to 
be enriched in organic material in relation to bulk seawater (Bigg and 
Leck, 2008; Keene et al., 2007; O'Dowd et al., 2004; Tseng et al., 1992). 
This enrichment is thought to arise because surface-active organic 
material present in the bulk water and at the ocean surface is efficiently 
scavenged by bubble walls and is injected into the atmosphere as 
bubbles bursts (MacIntyre, 1974). Transfer of PFAAs from water to air 
via bubble-bursting aerosols has been shown in laboratory studies 
(Ebersbach et al., 2016; McMurdo et al., 2008; Reth et al., 2011) and 
this strategy has even been suggested as a remediation technique for 
industrial waste water (Ebersbach et al., 2016). Although the results of 
these lab studies corroborated the hypothesis that sea spray can act as a 
source of PFAAs to the environment, they did not quantify the 
environmental relevance of this process. 
 
A large number of anthropogenic substances have been pointed out as 
potential atmospheric precursors of PFAAs (Young and Mabury, 2010). 
Among these are the telomer-derived fluorotelomer alcohols (FTOHs) 
and the ECF-derived perfluoroalkane sulfonamides and sulfomamide 
ethanols. These substances are readily transported in the atmosphere 
(Gawor et al., 2014; Shoeib et al., 2006; Wang et al., 2015) and are 
thought to form PFAAs through reaction with hydroxyl radicals, as 
demonstrated in laboratory studies. FTOHs are thought to be degraded 
into PFCAs in the atmosphere, via formation of intermediates such as 
fluorotelomer carboxylic acids (Ellis et al., 2004; Ellis et al., 2003; 
Wallington et al., 2006). Such intermediates have been observed in the 
atmosphere (Loewen et al., 2005; Mahmoud et al., 2009; Xie et al., 
2015). The sulfonamide substances can likely form both PFCAs and 
PFSAs (D'Eon et al., 2006; Martin et al., 2006; Plumlee et al., 2009). 
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A few modelling studies have evaluated the global fate of PFAAs 
released from the different proposed sources and pathways. Several 
studies have demonstrated the potential for deposition of PFOA to the 
Arctic as a consequence of LRAT and subsequent atmospheric 
transformation of FTOHs (Schenker et al., 2008; Stemmler and 
Lammel, 2010; Thackray and Selin, 2016; Wallington et al., 2006; 
Wania, 2007; Yarwood et al., 2007). Wania (2007) compared the 
emission-independent Arctic Contamination Potential of PFOA 
transported via ocean currents and PFOA formed from 8:2 FTOH. He 
concluded that, due to the low yield of PFCA formation from FTOHs, 
oceanic transport is 10 times more efficient than indirect atmospheric 
transport. The relative importance of these processes in the global 
environment depends on how direct emissions of PFCAs to oceans 
compare to emissions of FTOHs to air. Using a coupled ocean-
atmosphere circulation model, Stemmler and Lammel (2010) showed 
that oceanic transport dominates the input of PFOA to the Arctic and 
that transformation of 8:2 FTOH only makes a small contribution to the 
atmospheric deposition, which to a large extent is due to primary 
emissions of PFOA to air. Modelling the global fate of PFCAs and 
PFOS from direct emissions, Armitage et al. demonstrated that, 
although of minor importance in relation to oceanic transport, long-
range atmospheric transport of PFAAs released to air from 
manufacturing facilities is possible (Armitage et al., 2009b). Because 
of the lack of consensus on the pKa value of PFOA, Armitage et al. 
(2009b) created model scenarios for three different pKa values (0, 1.5 
and 3.5). Furthermore, they created four scenarios corresponding to 
different degrees of PFOA gas-particle distribution (1-99%). Model 
output related to the fate of PFOA emitted to air from primary sources 
depended strongly on these parameters, indicating that assessment of 
the LRATP of PFAAs requires that their pKa values and gas-particle 
partition coefficients are better constrained. Transport in association 
with sea spray aerosols is generally not considered when modelling the 
global fate of PFAAs. As sea spray aerosol enrichment factors had not 
been measured for PFAAs, studies attempting to model this process 
either assumed that PFAAs were not enriched in sea spray (Qureshi et 
al., 2009) or that the enrichment of PFAAs in sea spray was similar to 
the enrichment observed in the sea surface microlayer (Armitage et al., 
2009b; Webster and Ellis, 2010). Based on their results, these authors 
concluded that sea spray is not an important transport pathway for 
PFAAs and that the global oceans act as the final sink of PFAAs in the 
environment. 
 
Since PFAAs are both persistent and susceptible to long-range 
transport, understanding their sources, transport and fate is key to 
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identify efficient risk management strategies on a global level. 
However, the relative contribution of various potential sources to the 
long-range atmospheric transport of PFAAs cannot be determined using 
currently available knowledge on their emissions and physical-
chemical properties.  
 
Overarching aim of the thesis and specific objectives of paper I-IV 
 
The project was designed to increase current knowledge about the 
nature of the sources of PFAAs to the atmosphere and how PFAAs are 
transported in the atmosphere. Specifically, I aimed to develop an air 
sampling method capable of separating gaseous and particulate PFAAs, 
so that their environmental gas-particle partitioning could be studied. I 
also set out to quantify the enrichment of PFAAs in laboratory-
generated sea spray aerosols and produce an estimate of the secondary 
emissions of PFAAs from the global oceans. Furthermore, I evaluated 
the performance of a method previously developed to constrain the pKa 
values of PFAAs (Vierke et al., 2013). The method, which indirectly 
solves the Henderson-Hasselbalch equation by monitoring the 
volatilisation of PFAAs from water solutions of varying pH, was tested 
for a range of PFOA concentrations and three types of water. The 
method was then used to investigate whether the volatilisation 
behaviour differs between five PFOA isomers. Such a phenomenon 
could lead to fractionation of PFOA isomers in the environment. This 
new knowledge was then used in combination with field data on PFOA 
isomer patterns in precipitation from a range of geographical locations, 
to provide novel information about the sources of PFOA to the 
atmosphere. The objectives of each individual study are stated below. 
 
Paper I 
 
To test whether gaseous PFOA sorbs to glass fibre filters (GFFs) during 
active air sampling and to test whether filter pre-treatment (by 
silanisation and siliconisation) can be used to eliminate or substantially 
reduce sorption of gaseous PFOA to GFFs. 
 
Paper II 
 
To investigate the robustness of the Vierke et al. method with regard to 
varying PFOA concentrations in water, to investigate whether water 
characteristics (e.g. counter ions and organic matter) influence the 
water-to-air transfer and thus apparent pKa of PFOA and to investigate 
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whether the water-to-air transfer of branched PFOA isomers is different 
than that of linear PFOA. 
 
Paper III 
 
To study the transfer of PFAAs from seawater to sea spray aerosols, 
under more environmentally relevant conditions than those used in the 
previous laboratory studies. To determine what aerosol size fraction the 
PFAAs predominantly enrich in and generate aerosol enrichment 
factors which are used to model the secondary emissions of PFAAs 
from global oceans and their subsequent deposition to terrestrial 
regions. 
 
Paper IV 
 
To compare how PFAA homologue and isomer patterns compare 
between deposition samples collected from five locations suspected to 
be influenced by different types of sources of PFAAs and use this 
information to investigate whether any of the proposed sources of 
PFAAs to the atmosphere can be confirmed or eliminated. 
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Methods 
 
 
Filter sorption experiments 
 
To investigate whether gaseous PFOA sorbs to glass fibre filters (GFFs) 
during active air sampling and whether such sorption can be reduced 
through the use of deactivated GFFs, a series of air-filter partitioning 
experiments were performed. For this purpose, an experimental 
apparatus was designed to allow introduction of gaseous PFOA into a 
mixing chamber placed upstream of a series of GFFs. This device was 
inspired by systems previously used for filter exposure tests on other 
pollutants (Cotham and Bidleman, 1992; Falconer et al., 1995; Foreman 
and Bidleman, 1987; Mader and Pankow, 2003). Air entering the 
sampling train was first passed through two GFFs (filter I-II), which 
had not been deactivated. These were placed at the inlet of the apparatus 
to provide the mixing chamber with air free from aerosols. Gaseous 
PFOA was introduced to the mixing chamber at a point downstream of 
filters I-II and upstream of either a deactivated or a non-deactivated 
GFF (filter III), followed by two non-deactivated back-up GFFs (filter 
IV-V). The distribution of PFOA between filters III, IV and V was 
studied in experiments conducted using only GFFs that had not been 
deactivated and experiments in which a silanised or siliconised GFF 
was placed downstream of the mixing chamber (filter III) in addition to 
two untreated GFFs (in positions IV and V). Substantial sorption to the 

type of filter placed in position III 
would show as a distribution 
shifted towards this filter, while a 
substantial reduction in sorption to 
the type of filter placed in position 
III would be manifested as a 
distribution shifted towards filters 
IV and V. 
 
Figure 3. Custom-built air-sampling 
apparatus used to study sorption of 
gaseous PFOA to glass fibre filters 
(Paper I). Injection pump used to 
introduce gaseous PFOA is not 
shown in the photo. 
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The apparatus was constructed to closely resemble a high-volume air 
sampler and the experiments were performed under conditions typical 
for conventional air sampling of organic contaminants. The sampling 
period, sampling flow, PFOA concentration and PFOA filter load were 
in the range reported for previous air monitoring studies on PFAAs. The 
experiments were undertaken outdoors and consequently 
meteorological conditions (such as relative humidity and temperature) 
represented ambient conditions.  

 

Figure 4. Schematic illustration of methodology used in Paper I. 
 
 
Water-to-air transfer experiments 
 
The acid dissociation constant of PFAAs can be determined indirectly 
by studying its air-water transfer at different water pH values, as was 
demonstrated in previously published research (Vierke et al., 2013). 
These experiments were carried out in closed vessels made from 
polypropylene. The vessels were kept lying on their sides, filled to 1/5 
of their volume with pH-adjusted water spiked with PFOA. The top 
walls of the vessels acted as passive samplers for PFOA transferred into 
the headspace. The mass of PFOA measured in the water at the start of 
the experiment was compared to the measured mass in the water and on 
the vessel walls after two days. According to the Henderson-Hasselbach 
equation, the pKa is the pH value at which 50% of the acid molecules 
are protonated and 50% are deprotonated. One pH unit above the pKa 
10% of the molecules are protonated, while two pH units above the pKa 
this number is 1%. Assuming that the transfer from water to air directly 
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reflects the distribution between protonated and deprotonated species, 
the pKa of PFOA can be identified as the midpoint of a curve which 
describes the volatilisation of PFOA as a function of solution pH. 
Vierke et al. (2013) estimated the pKa of PFAAs by study of the upper 
end of the curve, i.e. by identifying the pH at which the substances could 
not be detected on the top wall as well as the pH at which the mass 
observed on the top wall represented >10% of the total mass in the 
system. For PFOA this information was used in combination with a 
previously reported air-water partitioning constant to calculate a pKa 
value. The application of this approach is limited by the analytical 
sensitivity and by the resolution of pH values tested. Mass balances of 
PFO(A) in the system were therefore performed to test the assumption 
that absence of PFOA on the top wall was not due to analytical loss of 
PFO(A), but implied that negligible amounts of neutral PFOA was 
formed at the tested pH value. 
 
Sea spray generation experiments 
 
Laboratory experiments simulating the process of sea spray formation 
were performed using a sea spray generator developed by Salter et al. 
(2014). The apparatus is a closed system which can be used for 
controlled experiments in the laboratory. Aerosols are generated by a 
plunging jet which impinges on the water surface, forming bubbles of 
different diameter and ultimately water spray aerosols. This practice 
simulates the air entrainment caused by breaking waves and has been 
demonstrated to produce a bubble size distribution similar to that 
observed in the field (Salter et al., 2014). The chamber was filled with 
artificial seawater, which was subsequently spiked with a mix of native 
PFAAs. During the experiment, sea spray aerosols were continuously 
sampled using a low pressure impactor to allow the separation of 
aerosols into different size fractions. After the water jet was switched 
off, the surface microlayer was sampled using a glass plate, introduced 
and withdrawn vertically through the surface. 
 
The degree of enrichment in the surface microlayer was calculated by 
comparing PFAA concentrations in the microlayer to those in the bulk 
water. Aerosol enrichment factors were calculated normalised to the 
sodium concentrations observed in aerosol and bulk water samples. Use 
of enrichment factors normalised to sodium is a prerequisite for 
estimating the mass of PFAAs aerosolised under conditions other than 
those used during the experiments.  The measured aerosol enrichment 
factors were used as input to an earth system model (NorESM), 
parameterised for global sea salt emissions from sea spray. The sea salt 
parameterisation allows simulation of the number of sea spray aerosols 
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in a specific size range produced per unit of ocean area and time, as a 
function of wind speed and seawater temperature. These are the two 
environmental parameters thought to be the dominant factors 
controlling the mass and size distribution of sea spray aerosol emissions 
(O'Dowd and Smith, 1993; Salter et al., 2014; Woodcock, 1953). The 
annual global emissions of PFAAs associated with sea spray aerosols 
and its subsequent deposition to terrestrial environments were 
modelled. Due to the paucity of field data on PFAAs in the open oceans 
and the high variability in reported seawater concentrations, a uniform 
global seawater concentration of 10 pg/L was assumed for each 
individual PFAA studied (C5-C12 PFCAs and C4, 6, 8 PFSAs).  
 

Figure 5. Schematic illustration of modelling methodology employed in 
Paper III. 
 
Use of isomer patterns to elucidate sources of PFAAs 
 
Isomer profiling has previously been used to assign manufacturing 
origin of PFOA in environmental samples (Benskin et al., 2011a; 
Benskin et al., 2011b; De Silva and Mabury, 2004; De Silva et al., 2009; 
Shan et al., 2015; Shi et al., 2015; Wang et al., 2016). The relative 
contribution of PFOA produced using ECF and telomerisation can be 
determined in sample matrices by analysing whether and to what extent 
the signal of the linear isomer (indicative of telomer manufacturing) is 
elevated in relation to the expected isomer pattern for ECF. Such data 
interpretation is performed under the assumption that the ECF PFOA 
emitted to the environment has a consistent composition of 78% linear 
and 22% branched isomers (Benskin et al., 2010) and that all PFOA 
isomers have similar environmental fate. ECF PFOA manufactured by 
the major historical manufacturer displayed a consistent isomer profile 
in 18 production lots over 20 years (Benskin et al., 2010). However, Shi 
et al. (2015) reported that the content of linear isomer varied between 
74 and 80% in technical products currently available on the Chinese 
market. Given the variability in isomer composition between products 
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marketed by different manufacturers it is not possible to quantify the 
exact contribution from telomer and ECF sources in a given sample. 
However, the approach is useful to approximate this value. 
 
The assumption that PFOA isomers are not fractionated in the 
environment due to differences in their partitioning behaviour seems to 
be valid for aqueous matrices where advection dominates the fate, such 
as ocean (Benskin et al., 2011a) and river water (Shi et al., 2015), but 
not for matrices influenced by partitioning to organic matter, such as 
soil (Kärrman et al., 2011; Rankin et al., 2016). It is currently not known 
whether fractionation occurs as a consequence of partitioning in the 
atmosphere. Accurate determination of the relative importance of ECF 
and telomer sources therefore relies on screening of the pattern of 
individual branched isomers. This can be performed using an analytical 
method developed by Benskin et al. (2012a). The individual branched 
isomers are separated chromatographically and analysed using isomer-
specific mass transitions. 

Figure 6. Chromatograms for ECF PFOA (left) and telomer PFOA (right) in 
the mass transition 413/369. 
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Summary of main results 
 
 
The results of Paper I show that gaseous PFOA sorbs to GFFs during 
high volume air sampling, but that breakthrough occurs at trace-level 
loadings typical for field studies of PFAAs in air (Figure 7). This 
implies that, for these pollutants, air sampling is currently being carried 
out using an approach which may generate inaccurate data and that 
caution should be taken to ensure that this will not bias the conclusions 
of future field studies. I conclude that active air sampling using 
conventional GFFs is useful to determine the total concentration of 
PFAAs in air (i.e. the sum of gaseous and particulate concentrations), 
as long as breakthrough is monitored. However, this approach cannot 
be used to determine the gas-particle distribution of PFAAs. 
Consequently, the prevailing theory that PFAAs are not present in the 
atmosphere in their gaseous form is based on measurements which may 
be biased. A different approach is required to investigate whether this 
bias is substantial (i.e. PFAAs reside in the atmosphere predominantly 
as gases) or negligible (i.e. atmospheric PFAAs are predominantly 
associated with aerosols). I demonstrate that sorption can be reduced 
through the use of GFFs deactivated via siliconisation, although not to 
such a degree that it renders siliconised GFFs useful for determination 
of gas-particle distribution of PFAAs in environmental air (Figure 7). 

Figure 7. Percentage distribution between filters III (green), IV (orange) and 
V (yellow) in experiments performed with only non-deactivated GFFs (left) 
and experiments performed with a siliconised filter in position III (right). Each 
circle represents one experiment. 
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The results of Paper II confirm the robustness of the pKa 
determination method used by Vierke et al. (2013) over a range of 
PFOA concentrations (0.1-50 μg/L) which represent levels typically 
observed in environmental waters as well as elevated levels (Figure 
8). It therefore adds data to the body of scientific literature suggesting 
that the pH of PFAAs are around or below 1, as suggested by Vierke 
et al. (2013). Presence of counter ions and dissolved organic carbon 
did not increase the volatilisation of PFOA at water pH >2 (Figure 8), 
indicating that the conclusions drawn on the water-to-air transfer of 
PFOA in this study are applicable to the volatilisation behaviour of 
PFOA in the environment. 
 
Furthermore, my results suggest that the acid dissociation constants of 
the five most ubiquitous PFOA isomers are around or below 1. This 
means that PFOA isomers are not likely to be fractionated via 
volatilisation from water, contrary to what has been hypothesised 
previously (McMurdo et al., 2008). This conclusion is an important 
contribution to the understanding of the environmental fate of branched 
and linear isomers and their use as markers of PFOA manufacturing 
origin in environmental matrices. 

Figure 8. PFOA volatilised from water at varying pH, expressed as percentage 
of total PFOA present in the experimental system. Results of experiments 
performed at different n-PFOA concentration (red), in different water types 
(blue) and with different PFOA isomers (green).  
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In Paper III, I demonstrate that PFAAs are efficiently transferred from 
bulk seawater to air through the formation of sea spray. Enrichment in 
both the surface microlayer and in aerosols increased with homologue 
chain length, indicating that surface activity is the driving factor for this 
transfer. Surface microlayer enrichment factors spanned from 1.1 for 
PFPeA to 47 for PFDoDA, while the corresponding aerosol enrichment 
factors were 1-3 orders of magnitude higher. The fact that the aerosol 
enrichment factors exceeded the surface microlayer enrichment factors 
by up to three orders of magnitude shows that the latter are not useful 
to estimate the magnitude of secondary PFAA emissions from oceans. 
 

Fig 9. Summary of results of paper IV. PFAA aerosol enrichment factors 
increase with homologue chain length. The estimated mass aerosolised from 
the global oceans annually is 19 and 49 metric tonnes for PFSAs and PFCAs 
respectively. Approximately 3% of this mass is deposited on land. 
 
The observed aerosol enrichment factors increased significantly with 
decreasing particle size. Such size dependence is typical of surface-
active organic matter enriched in sea spray aerosols, as well as of other 
carboxylic acids (Cochran et al., 2016; Fuentes et al., 2010; O'Dowd et 
al., 2004; Oppo et al., 1999). Consequently, maximum enrichment was 
observed for aerosols <1.6 μm. In the absence of precipitation, particles 
in this size range may have a residence time in the atmosphere of days 
to weeks, meaning that they may travel over long distances (Slinn and 
Slinn, 1980). The modelled global annual emissions to air via sea spray 
aerosols are 80 tonnes of C5-12 PFCAs and C4, 6, 8 PFSAs (Figure 9). 
Approximately 3% of this mass is subsequently deposited in terrestrial 
environments. Consequently, my experiments and model predictions 
suggest that sea spray aerosol has the potential to be an important source  
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Figure 10. Sampling of total deposition in Stockholm (far left), in  
Wuhan (middle) and on Corvo (far right).  

 
of PFAAs to the atmosphere and, over certain areas where sea spray 
aerosol deposition is important, a significant source to terrestrial 
environments 
 
The concentrations of PFAAs were fairly consistent in deposition 
sampled at three geographically diverse locations in Sweden and on the 
Azores, a remote archipelago in the North Atlantic Ocean (Paper IV). 
Elevated levels of PFCAs were observed in deposition sampled in 
Beijing and Wuhan, located in a region of known manufacturing 
sources of PFAAs and their precursors. In these Chinese samples, 
PFOA dominated the homologue pattern with concentrations exceeding 
those observed in European samples by up to a factor of 59. The 
Chinese samples generally displayed a PFOA isomer pattern similar to 
that observed in technical ECF products (Figure 11). The isomer pattern 
of PFOA observed in precipitation sampled in Stockholm was to a large 
degree linear indicating that telomer-based sources dominate the input 
of PFOA in the atmosphere of this city. However, it is possible that 
branched isomers, although not detectable, contribute with up to 13% 
in these samples. Deposition sampled on the Azores displayed an 
isomer pattern suggestive of input from both ECF and telomer sources. 
A similar pattern was observed in precipitation collected during winter 
months on the Swedish west coast, while samples taken at this site 
during summer displayed homologue and isomer patterns more like 
those observed in Stockholm.  
 
The elevated concentrations of PFOA and the strong ECF PFOA signal 
observed in Chinese samples indicates that direct industrial emissions 
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of PFOA are important sources to air, at least on a regional scale. As 
the European sampling sites are far away from manufacturing sources 
of ECF PFOA, I hypothesise that the contribution from ECF PFOA in 
these samples stems from ocean-to-air transfer of PFOA on sea spray 
aerosols. The ECF pattern has been observed in seawater across the 
Atlantic and the Canadian Arctic (Benskin et al., 2012b). As 
manufacturing of PFOA using telomerisation has recently been phased 
out in Europe, the contribution from telomer PFOA observed in the 
European samples does not likely stem from direct industrial emissions 
to air. Instead, I hypothesise that the telomer PFOA present in European 
air either originates from seawater (via sea spray aerosols) or from the 
transformation of telomer-derived precursors, such as FTOHs. My 
results suggest that direct releases from manufacturing sources, 
transport on sea spray aerosols and degradation of precursors may all 
contribute to atmospheric PFOA pollution on different scales. Further 
research is necessary to determine the LRTP of these sources and their 
importance to the input of PFAAs to specific environments.  
 

Figure 11. Summary of results in Paper IV. Range of contributions from the 
sum of branched isomers to the total loading of PFOA (%) observed in 
deposition from different sampling sites (red) and expected from different 
source types (black). 
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Concluding remarks 
 
 
Global emissions of PFAAs have been dominated by direct releases to 
environmental waters and inventories of PFAAs in seawater can 
account for the majority of their cumulative historical releases. 
Consequently, ocean currents constitute the dominant long-range 
transport pathway for PFAAs to the Arctic Ocean (Wania, 2007). 
However, the importance of different sources varies geographically. In 
remote inland environments, deposition of PFAAs formed in the 
atmosphere through transformation of volatile precursor substances is 
expected to dominate the input. This thesis has demonstrated that, 
additionally, sea spray aerosols may be a source of PFAAs in coastal, 
terrestrial environments and that direct industrial emissions to air 
contribute to deposition in the regions where they are released. Further 
research is needed, however, to quantify the LRTP of PFAAs in the 
atmosphere, as recommended below. A number of publications, 
including one of the studies in this thesis (Paper II), have concluded that 
volatilisation of PFAAs from environmental waters is negligible and 
therefore this process has no relevance for the long-range transport of 
PFAAs. The influence of both direct and indirect emissions will 
decrease as regulation and voluntary phase outs come into force, while 
transport via ocean currents and sea spray will decrease at a relatively 
slower pace as a consequence of the slow removal of PFAAs from the 
surface oceans through their downward vertical diffusion to the deep 
oceans (Lohmann et al., 2013). 
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Future perspectives  
 
 
The finding that gaseous PFOA sorbs to silanised and siliconised GFFs 
during high volume air sampling shows that a different sampling 
approach is required to determine the gas-particle distribution of 
PFAAs in the atmosphere. In annular diffusion denuders gas-phase 
substances are removed from the air stream by diffusion onto a sorbent 
prior to sampling of particulate matter on a filter. These instruments 
have been suggested as a means to minimise the influence of filter 
sorption during air sampling and have been tested for PFAAs in two 
studies (Ahrens et al., 2012; MacInnis et al., 2016). However, this 
sampling technique needs further validation as it may be subject to 
artefacts which were not addressed in these studies, such as settling of 
fine particles on the sampling medium for gaseous analytes. Another 
potentially successful strategy could be to sample air using an aerosol 
impactor connected in series with a sorbent for sampling of gaseous 
species. This approach would not only generate knowledge about the 
gas-particle distribution of PFAAs, but also their aerosol size 
distribution. Such information is key in assessing the long-range 
atmospheric transport potential of these substances. Until the gas-
particle distribution of PFAAs is better understood, fate modellers can 
deal with this uncertainty by using two scenarios: i) assuming 100% of 
the PFAAs are gaseous ii) assuming 100% of the PFAAs are associated 
with large aerosols which deposit fast. 
 
This thesis demonstrated that PFAAs are efficiently transferred from 
sea water to sea spray in the laboratory. The next step is to investigate 
whether this transfer also takes place in the field and study what 
parameters influence its magnitude. A correlation between sodium and 
PFAAs is expected in atmospheric samples if sea spray is the dominant 
source of PFAAs. Such a correlation was not observed in deposition 
samples taken on Corvo, a site heavily impacted by sea spray. Further 
investigation is required to conclude whether this observation is due to 
the fact that sea spray was not the dominant source of PFAAs in these 
samples or to the fact that total deposition is not an optimal matrix for 
elucidation of PFAA sources to the atmosphere. This highlights the fact 
that direct measurements of sodium and PFAAs in aerosols sampled in 
remote locations impacted by sea spray are required to evaluate the 
relevance of this pathway. Furthermore, as the magnitude of secondary 
emissions of PFAAs via sea spray depend on the surface seawater 
PFAA concentration, the scientific community should strive to improve 
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the understanding of the spatial variability in surface seawater PFAA 
concentrations. 
 
This thesis demonstrated that the oceans can act as a source to the 
atmosphere for a class of non-volatile, water soluble substances. This 
transport process may also be important for other organic pollutants, 
especially those which are surface-active. The scientific community 
should strive towards a mechanistic understanding of what physical-
chemical properties drive the enrichment of chemicals in sea spray 
aerosols. It is crucial that future experiments focused on this task are 
performed using systems which accurately reflect the process of sea 
spray formation, i.e. that aerosols are generated via bubble bursting in 
saline water. 
 
Sea spray aerosols comprise a source which cannot be stopped or 
managed. It is therefore crucial that legislators consider the fact that 
water soluble, persistent, organic pollutants released to environmental 
waters may cycle between the oceans and the atmosphere over long 
time-scales. This underlines the need for the addition of a mobility 
criteria in the hazard assessment of pollutants under REACH, as 
suggested by Reemtsma et al. (2016). The fact that sea spray aerosols 
will continue to be an important source of atmospheric PFAAs long 
after emissions of these substances are stopped should be taken into 
account in the interpretation of temporal trends of PFAAs in 
environmental media. Furthermore, its dominance in coastal regions 
should be considered in the choice of sampling sites for monitoring of 
LRAT. 
 
The results of Paper IV demonstrate that both telomer and ECF sources 
contribute to the loading of PFOA in the atmosphere. More research is 
needed to determine the relative importance of direct ECF and telomer 
sources, sea spray aerosols and precursor transformation, which may 
vary temporally and spatially, as well as between different homologues. 
Little is known about the nature of the emissions to air from PFAA and 
fluoropolymer manufacturing facilities, i.e. whether PFAAs are emitted 
in their gaseous form or as aerosols and the size range of potential 
aerosols. Barton et al. (2006) sampled air along the fence-line of a 
fluoropolymer manufacturing facility in the US and reported that a 
majority of the PFOA was observed on aerosols < 0.3 μm. In order to 
estimate the magnitude of ongoing emissions from manufacturing 
sources and the long-range transport potential of these, more studies of 
this kind are required. Such sampling campaigns should be performed 
in the vicinity of different types of industries which may emit PFAAs 
to air. 
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A first step to evaluate the relative importance of direct and indirect 
sources of PFAAs to the atmosphere could be to perform a mass balance 
of precursors and PFAAs, through subsequent sampling of air and 
deposition. Analysis of total organic fluorine (Miyake et al., 2007) in 
combination with target screening of PFAAs and known PFAA 
precursors, as well as other fluorinated substances known to be present 
in air (such as fluorocarbons), could help determine whether the 
atmosphere is impacted by major sources of previously unknown 
fluorinated substances, which may be PFAA precursors. Subsequent 
non-target or suspect screening could aid in the identification of these. 
If new polyfluorinated atmospheric pollutants are discovered using this 
approach, their potential to act as PFAA precursors would have to be 
investigated using smog chamber measurements and molecular 
modelling. 

 
Furthermore, a recently developed analytical technique for analysis of 
the total content of oxidisable precursors (Houtz and Sedlak, 2012) in 
environmental samples could prove useful for determination of the 
potential contribution of precursor substances to the contamination with 
PFAAs in the atmosphere. However, these methods need to be validated 
for use on volatile substances. The method for analysis of total 
oxidisable precursor content was developed for water samples and 
involves oxidation at elevated temperature (85 °C) during 6 hours. 
Consequently, there is a possibility that volatile PFAA precursors 
escape the solution during incubation.  
 
Furthermore, interpretation of the influence of different potential 
sources of PFAAs could be facilitated by inclusion of markers for 
different sources in monitoring studies. An increased understanding of 
how isomer patterns of PFAAs vary spatially and temporally, and 
whether they are subject to abiotic fractionation in the atmosphere, 
could enable the use of isomer patterns for quantitative determination 
of the relative importance of ECF and telomer sources. Furthermore, 
such analysis would require knowledge about what isomer patterns are 
formed during transformation of ECF-derived precursors. Additional 
useful markers include intermediates in the degradation of precursors, 
such as fluorotelomer carboxylic acids and sulfonamide acrylates.  
 
Total deposition might not be the optimal matrix to study processes in 
the atmosphere as it is not a direct reflection of what is in the air, but 
influenced by processes which may fractionate homologue and isomer 
patterns, for example precipitation scavenging. However, this sample 
type is relatively easy to acquire and therefore it serves a purpose for 
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source elucidation. Furthermore, deposition is an important input 
pathway to many environments. Consequently, study of contamination 
levels in deposition continues to be relevant to understand trends in 
contamination on the local scale. 
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