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SUMMARY  IN  SWEDISH 

År 2001 upptäcktes det giftiga ämnet PFOS’ bioackumulation i vävnader hos männi-
skor och djur. Sen dess anses ämnet och andra perfluoralkylsubstanser vara vitt sprid-
da i ekosystemet. Likt många andra organiska miljögifter ger de svåra hälsoeffekter 
och misstänks bl.a. vara cancerogena. Den senaste forskningen har därför fokuserat på 
att beskriva deras beteende och spridning i naturen. Vad gäller spridning med vatten, 
kan grundvatten fortsätta sprida dessa ämnen under lång tid efter att användningen av 
dem har upphört. Grundvattnet är därför en viktig matris att undersöka. 

Målet med detta examensarbete är att beskriva vad som avgör om perfluoralkyler når 
grundvattnet. Det görs genom en litteraturstudie över reaktioner i marken, som sedan 
kopplas till uppmätta halter av ämnena i Stockholms grundvatten. Därmed utvärderas 
det om dessa markreaktioner kan förklara innehållet av perfluoralkylsubstanser i 
Stockholmsfallet. En statistisk analys med 2-Sample t-test, testaromsammansättningen 
av perfluorerade ämnen skiljer sig åt i grundvattnet och det infiltrerande vattnet ge-
nom kvoten PFOS/PFOA. 

Resultatet från litteraturstudien visar att perfluoralkyler har en hög vattenlöslighet, låg 
flyktighet och är endast måttligt adsorberade i mark. Därför kommer ämnena sanno-
likt att påträffas i grundvattnet. Adsorptionen, som kan fastlägga ämnena i marken, 
beror både på egenskaperna i marken, som t.ex. pH, jonstyrka och halt organiskt kol, 
samt ämnenas hydrofobicitet och elektrostatiska beteende. Därför varierar adsorp-
tionsgraden inom ämnesgruppen. Ämnen med långa kolkedjor och sulfonsyra som 
funktionell grupp är mer adsorberade än korta ämnen och ämnen med karboxylsyra 
som funktionell grupp. Nedbrytningen av andra fluorokemikalier kan troligen bidra 
med ökade halter av perfluoralkyler i grundvattnet. I marken tros abiotisk nedbryt-
ning, genom hydrolys, vara viktigare än den biologiska nedbrytningen. Området är 
dock relativt outforskat och hur processerna sker i mark och grundvatten är inte känt. 

I Stockholms grundvatten ses ett tydligt samband mellan funktionell grupp, kedjelängd 
och adsorption. Kortkedjiga ämnen och karboxylsyror dominerar de förhöjda halter-
na. Däremot ses inget samband mellan dem nämnda markegenskaperna och adsorp-
tionsgraden av perfluoralkyler. Därför dras en slutsats att markegenskaperna inte är av 
betydelse vid normala förhållanden i miljön. 

Förhållandet PFOS/PFOA är högre i grundvattnet, jämfört med dagvatten (p < 0.15). 
Denna ökning kan inte förklaras av adsorption, eftersom PFOS är längre än PFOA 
och är en sulfonat. Istället tros nedbrytning av fluorkemikalier bidra till dessa PFOS 
halter. Därmed visar rapporten betydelsen av fluorkemikaliernas bidragande till PFOS 
koncentrationerna i grundvattnet och motiverar vidare forskning om ämnena. 
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DICTIONARY 

Adsorbate = The molecules, ions and atoms the are being adsorbed. 

Adsorbent = The surface where molecules, ions or atoms can be bound to. 

Absorption = The reaction where an absorbed particle is taken into the volume of 
the sorbent. 

Adsorption = A surface reaction where the adsorbed particle is bounded on the sur-
face of the sorbent. 

Bentic organisms = Organisms that live in or around the sediments of oceans and 
lakes. 

Cambisol = A soil with quite undeveloped horizons. 

Chemical Abstract System (CAS) = The ID number of a chemical substance. 

Electrical double layer (EDL) = Exists on a surface in solution where two layers of 
ions of different charge arise, where the inner layer is electrostatically adsorbed to the 
solid surface which in turn adsorbs the outer layer of ions. 

Degradation = The breakdown into minor parts. 

Deprotonation = The drop off of a proton from an atom, ion or molecule. 

Desorption hysteresis = The desorption is not equal to the adsorption because of a 
delay in the desorption. 

Dissociation = The separation of a molecule into two moieties. 

Dissolved Organic Carbon (DOC) = The amount of dissolved carbon in water. 

Field capacity = A measurement on how much water a soil is able to contain at free 
drainage. 

Ionic strength = A measurement of the amount of solved ions in a solution. 

Detection limit = The concentrations below this limit cannot be reported with a high 
degree of confidence and is therefore unspecified.  

pKa = The negative logarithmic inverse of the acid dissociation constant, which is a 
measurement of the strength of the acid in solution and corresponds to the pH where 
50 % of the acid is dissociated. 

Podsol = A soil with distinctive O-, E-, B- and C- horizons, is usually found in con-
iferous forests. 

Polymer = Organic compounds that consist of very long chains, made of repeating 
unities. 

Sorption = The sum of adsorption, absorption and desorption. 

Telomere = An extremely small polymer (see polymer). 

Transformation = Change in form, appearance, nature, or character. 

Water activity (aw) = Describes the amount of water that is readily available for 
non-aqueous substances. It can be calculated as the vapor pressure of a liquid divided 
by the vapor pressure of distilled water. 

http://dictionary.reference.com/browse/nature
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ABBREVIATIONS 

CAS = Chemical Abstract System  

DOC = Dissolved Organic Carbon  

PFAS = Perfluoroalkyl substance 

PFASs = Perfluoroalkyl substances 

PFBS = Perfluorobutane sulfonate 

PFCAs =Perfluoroalkyl carboxylic acids 

PFDA = Perfluorodecanoic acid 

PFDoA = Perfluorododecanoic acid 

PFDS= Perfluorodecane sulfonate 

PFHpA = Perfluoroheptanoic acid 

PFHxA = Perfluorohexanoate 

PFHxS = Perfluorohexane sulfonate 

PFNA = Perfluorononanoic 

PFOA = Perfluorooctanoic acid 

PFOS = Perfluorooctane sulfonate 

PFOSA= Perfluorooctane sulfonamide acid  

PFSAs = Perfluoroalkyl sulfonic acids 

WWTP = Waste water treatment plant 
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ABSTRACT 

Perfluoroalkyl acids (PFASs) are toxic pollutants ubiquitously found in the ecosystem. 
Recent investigations have focused on describing their environmental behavior and 
spreading. This includes transportation by water, where groundwater can continue to 
spread the contaminants a long time after the use has ended. 

This thesis surveys the existing literature on the reactions in soil that decides the pres-
ence and composition of PFASs in groundwater. A chemical groundwater investiga-
tion was recently done by Stockholm’s Environmental and Health Administration. 
The thesis presents a quantitative analysis of the PFASs’ content in Stockholm’s 
groundwater to verify if it conforms to the literature. A statistical analysis of the ratio 
between perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) is in-
cluded to test if the PFAS composition in groundwater is influenced by soil reactions. 

The literature states that due to the high water solubility, low volatility and moderate 
adsorption, PFASs are likely to be encountered in groundwater. The adsorption de-
pends on both PFASs’ and soil’s properties. The quantitative analysis confirms the in-
fluence of the PFASs’ properties in Stockholm’s groundwater, where both more 
short-chained PFASs and carboxylates are present. However, the analysis could not 
confirm the influence of the soil properties in adsorption at normal environmental 
conditions. The statistical analysis shows that the ratio of PFOS to PFOA is increased 
in groundwater in comparison to stormwater (p < 0.15). The increase cannot be ex-
plained by the hypothesis that the adsorption of PFAS governs this behavior, since 
PFOS is a sulfonate and longer than PFOA. An explanation is found in the degrada-
tion of precursors, which seems to contribute to PFOS concentrations in groundwa-
ter. This shows the important contribution of degradation of precursors to PFOS 
concentrations and motivates further investigations on the matter. 

Key words: Perfluoroalkyl substances; PFOS; Groundwater; Adsorption; Pre-
FOS; degradation of precursors. 

INTRODUCTION 

The persistent, bioaccumulating and toxic substance perfluorooctane sul-
fonate (PFOS) was discovered in humans and animals in 2001 (Giesy & 
Kannan, 2001). Since then, PFOS and other perfluoroalkyl substances 
(PFASs) have been ubiquitously found in the ecosystem (Ahrens, 2011). 
Like many organic pollutants, they give severe toxic effects like liver 
damage, increasing fetal mortality and are suspected to be carcinogenic 
(Steenland, 2010). Apart from investigating their toxicity, research has 
focused on assessing PFASs’ levels in biota, water and sediment, point-
ing out sources and investigating their environmental behavior. Because 
of their surfactant properties (both water and oil repellent) and extreme 
persistency, accepted models cannot always explain this behavior (Sunde-
lin et al, 2008). This is a limitation in the assessment of exposure and en-
vironmental fate. Investigations on transport and spreading are therefore 
starting to draw more attention. 

An important transport pathway is water, which can spread contamina-
tions in the subsurface and possibly to groundwater. Furthermore, recent 
investigations show that PFASs are frequently encountered in the Euro-
pean groundwater (Loos et al, 2010). Since groundwater can continue to 
spread contaminations on a long time basis, it is important to map out 
the transport to the groundwater. 

This thesis surveys the existing literature on the reactions in soil that de-
cides the presence and composition of PFASs in groundwater. A chemi-
cal groundwater investigation was recently done by Stockholm’s Envi-
ronmental and Health Administration. The thesis presents a quantitative 
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analysis of the PFASs’ content in Stockholm’s groundwater to verify if it 
conforms to the literature. A focus is put on the two most toxic sub-
stances of the group, PFOS and PFOA. 

Hypotheses 
Because of the reactions in soil, the following hypotheses are proposed 
(Fig. 1): 

 The composition of PFASs differs between groundwater and infiltrating 
water. 

 The composition of PFASs is influenced by the reactions that the sub-
stances undergo in the subsurface. 

The aim of the thesis is to test the hypotheses by answering the follow-
ing questions: 

1. Is there a difference in the composition of PFASs in groundwa-
ter compared to infiltrating water? 

If such a difference is seen: 

2. Which are the possible reasons? 

3. Which reactions do PFASs undergo in soil? 

4. Which factors control the reactions? 

5. Does the disposition to take part in a reaction differ among the 
substances? 

6. Does the reality in Stockholm conform to the hypotheses, i.e. 
can the PFASs’ content (concentrations and composition) in 
Stockholm’s groundwater be explained by reactions in the sub-
surface? 

To be able to answer the questions, the work includes a literature study, 
statistical analysis and a quantitative comparison of PFASs’ content in 
Stockholm’s’ groundwater. The methodology for the work is further de-
scribed in Chapter 3. Chapter 2 presents the literature study. It is divided 
into three parts. Section 2.1 provides a description on the environmental 
background, including Stockholm’s geology and hydrology.  Section 2.2 
presents PFASs, their properties and issues like use and spreading. Section 
2.3 discusses how PFASs react in soil. In Chapter 4, the result from the 
statistical analysis is presented. Chapter 5 connects this result, together 
with concentrations on PFASs in Stockholm’s groundwater to the litera-
ture study in Chapter 2. The thesis work is concluded in Chapter 6 and 
future work is proposed. 

Figure 1 PFASs is transported 
to groundwater with the infil-
trating water, whereupon soil 
reactions are hypothesized to 
influence the composition. 
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LITERATURE  STUDY 

This chapter is a literature study on PFASs reactions in soil to evaluate 
which factors and reactions influence the concentration in groundwater. 
It is thought to answer question 2 to 5. 

It is divided into three sections. Section 2.1 gives a brief environmental 
background in, which includes Stockholm’s geology and hydrology. This 
is thought to help the reader to comprehend the matter on PFASs reac-
tion in in a better way. Section 2.2 describes PFASs and issues like proper-
ties, use and spreading are dealt with. Section 2.3 is devoted to fully de-
scribe the PFASs reactions in soil. It is divided into two parts, where ad-
sorption mechanisms and influencing factors are first treated. The 
second part deals the degradation of fluorochemicals, to provide a more 
comprehensible picture on reactions that influence the PFASs’ concen-
tration in groundwater. 

Environmental background 

Stockholm’s landscape and geology 

The existence and withdrawal of the many glaciers has formed the land-
scape and geology of Sweden. In the County of Stockholm, the land-
scape is characterized by a varying topography where glacial landforms, 
like eskers, form tops in the terrain (Fig. 2). Glacial forms were created 
during the melting of the ice, where eskers are a common type. They are 
created by stone material that was transported in tunnels or cracks in the 
ice and then deposited on the ice front. The stone material is often 
sorted and contains rounded grains of gravel and cobble. Till is another 
common glacial form. It was created when unsorted stone material in the 
ice was deposited, either by abrasion or melting. Large areas of Stock-
holm are therefore covered with till, with a clay layer on top of it. The 
thickness of the layers is varying but reaches tens of meters at some sites. 
Due to these glacial processes, special soil stratification is found in the 
area (Fig. 2). 

Stockholm’s groundwater 
The largest groundwater resources of the area are found in the Stock-
holm Esker, which stretches through the city in a northwest-southeast 
direction (Fig. 3). The part of the esker that runs through Norrmalm is 
named Brunkebergsåsen and is considered to have especially large 
groundwater assets. In the north of the esker, there is an outflow to Lake 
Brunnsviken in the west and to Lake Mälaren and Lake Saltsjön in the 
east. In the south of the esker, the water flows from east to west because 
of topographic differences. The largest infiltration areas are located in 

Figure 2 Typical soil stratification under the highest coastline. 
Modified after Åberg, (n.d.). 

Glaciofluvial 
esker 

Glacial 
clay Postglacial clay 
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Figure 3 The stretching 
of the Stockholm Esker 
through the city in a 
northwest-southeast 
direction. Green 
represents esker ma-
terial and yellow 
represents esker ma-
terial with layers of 
other soil material. 

this part (Aastrup & Thunholm, 1999). The esker is mainly built up by 
coarse glaciofluvial material like sand and gravel. This conveys a good 
hydraulic conductivity and potentially a good drinking water reservoir. 
The groundwater infiltration is roughly estimated to be 50-100 L/s by 
Stockholm County Administrative Board (2009). However, the esker suf-
fers from a high load of contaminations (Fig. 4). Heavy metals and salts 
are the dominating contaminants in the groundwater of Stockholm, but 
high pH and organic matter content are also deteriorating the quality. 
Historically, the contaminants origin from industry but nowadays traffic 
is considered to be the major source of contamination. Saltwater intru-
sion is mostly seen in wells that are located along the coast and in the 
archipelago (Vattenmyndigheten 2008). Road salt and relic groundwater 
are additional sources of salt (Stockholm County Administrative Board, 
2009).Other activities also hinder the use of the esker water as drinking 
water. One of them is roads; many of the larger roads are located along 
ridges of the eskers. In a landscape that is surrounded by clay, eskers 
constitute a good foundation material for road construction. Under-
ground constructions, like tunnels, have been built during the last cen-
tury. Draining to tunnels has, in combination with limited infiltration, al-
so lowered the groundwater levels. The municipality of Stockholm sup-
plies its inhabitants with drinking water taken from Lake Mälaren. 
Groundwater from the esker, till and rock aquifers supply about 200 000 
persons in the outer areas of the county. There are in total 133 aquifers 
that are identified as drinking water providers, but artificial infiltration 
can increase the use (Vattenmyndigheten, 2007). At present the esker is 
mostly used as a drinking water reserve for the adjacent municipalities 
(Stockholm County Administrative Board, 2009). The turnover time for 
groundwaters is much longer than for surface waters. In some cases, it 
can reach thousands of years (Knutsson & Morfeldt, 2002). This allows a 
longtime spread of contaminants from groundwater, even after the end 
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of the release. Additionally the treating of groundwater is a problematic 
issue. The knowledge on urban groundwater is often limited because of 
the use of other drinking water sources. Moreover the groundwater 
monitoring is quite limited in Sweden (Vattenmyndigheten, 2007). 

Perfluoroalkyl substances 

Structure 

Perfluoroalkyl substances (PFASs) are substances that belong to the 
group perfluorinated compounds. They consist of an alkyl chain and a 
functional group at the end (Fig. 5). The alkyl chain is fully fluorinated, 
which means that all hydrogen atoms are replaced with fluorine. Moreo-
ver, the chain is linear and can be up to 17 carbons long. All PFASs are 
written on the formula CnF2n+1-R, where n is the number of carbons and R 
is the functional group (either COOH or SO3H) (Buck et al, 2010). 

The functional group at the head is either a carboxylic acid (COOH) or a 
sulfonic acid (SO3H) (Fig. 6). PFASs are therefore further classified as 
perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids 
(PFSAs), depending on their functional group (Fig. 7). (Buck et al, 2010). 
They are strong acids that dissociate to their conjugate bases at almost all 
environmental conditions. The carboxylic acid then becomes a carbox-
ylate ion and the sulfonic acid becomes a sulfonate ion. PFSAs with five 
or more carbons and PFCAs with seven or more carbons are considered 
to be long-chained PFASs, according to the OECD classification 
(OECD, 2010). 

Figure 4 The quality 
of the groundwater in 
the Stockholm Esker. 
Green parts represent 
a good quality while 
red parts represent 
bad quality. Modified 
after The Stockholm 
County Administra-
tion Board (2009). 
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Figure 6 The molecule 
structures for PFCAs 
and PFSAs. 

 

PFOS, PFOA, their salts and related compounds 

The most well-known PFAS is perfluorooctane sulfonate (PFOS), due to 
its toxic effects. PFOS is classified as a PBT substance, which means that 
it is both persistent, bioaccumulating and toxic (Woldegiorgis et al, 2006). 
Its molecule has a chain with 8 carbons and a sulfonic group at the head 
(Fig. 8). It can exist in three forms; as acid (C8F17SO3H), salt (i.e. potas-
sium salt C8F17SO3K) and anion (C8F17SO3). The most common form in 
nature is the anionic form due to deprotonation of the sulfonic acid. A 
PFOS salt is formed when the deprotonated functional group (SO3

-) 
binds to a cation. The potassium salt is the most common PFOS salt, 
but lithium, ammonium and diethanol-amine salts are also common 
(Beach et al, 2006). Other PFOS related compounds are polymers that 
contain PFOS. They are often large molecules, where PFOS only consti-
tutes a minor fraction of it (EFSA, 2008). 

Perfluorooctanoic acid (PFOA) is not a PBT substance, although it ex-
hibits toxic effects (Fromme, 2009).  Its functional group is a carboxylic 
acid, which contains one carbon and the chain is 7 carbons long (Fig. 8). 
The protonated and uncharged form of PFOA is as acid (C7F15COOH). 
At deprotonation, the acid forms a base anion (C7F15COO-). Just like 
PFOS, there are several PFOA salts, where the ammonium salt (APFO) 
is the most common one. Other PFOA salts consist of potassium, silver 
and sodium (USEPA, 2002). 

Physiochemical properties of PFASs 

The carbon chain is hydrophobic while the functional group is hydro-
philic. Moreover the substances are not lipophilic, which mean that they 
will not dissolve in fat, but have a varying lipophobicity (EFSA, 2008; 
Jing et al, 2009). The functional groups are highly polar while the chain is 
non-polar (Sundelin et al, 2008). These properties make them dirt-, wa-
ter- and grease-repellent and favorable as surfactants. They also gather in 
the interface of phases and lower the surface tension. 

Charge and pKa 

Perfluoroalkyl substances are considered to be strong acids. PFOA has a 
pKa (see Dictionary) of 2 to 3 while the pKa for PFOS is calculated to be 
-3.3 to -5 (EFSA, 2008; Tang et al, 2010; Järnberg et al, 2006). The values 
vary depending on the concentration of the substances in solution. The 
sulfonic acid is additionally a stronger acid than the carboxylic acid and a 
lower pKa is therefore seen for PFSAs than for the corresponding. 

Figure 5 The structure of a PFAS, in this case represented by 
Perfluorooctane sulfonate (PFOS). 

Functional 
group 

Alkyl chain 
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Figure8 The molecule structures for PFOS (left) and PFOA 
(right). 

 

Figure 7 The PFASs’ ”family tree”. 

PFCAs. The deprotonation of the substance is taking place at the func-
tional groups, where the hard base sulfonate and the softer base carbox-
ylate are formed (Higgins & Luthy, 2006; Xiao et al, 2012). At 
pH > pKa + 2, the substance is present as anion and not acid (Hyun & 
Lee, 2005). Additionally, the carbon chain of PFASs is also slightly nega-
tive because positive hydrogen atoms on the alkyl chain were replaced by 
negative fluorine atoms in the manufacture of the substances. This 
makes the whole PFAS molecule negatively charged (Fig. 9) (Johnson et 
al, 2007; Xiao et al, 2011). 

Volatility and Solubility in water 

PFASs have a low volatility and do therefore not substantially evaporate 
at normal temperatures, whilst having a higher solubility than other hy-
drophobic contaminants (Aastrup Jensen et al, 2008). The enhanced so-
lubility in water is due to the functional groups, where both the hydroxyl 
groups and the carbonyl oxygen can bind to hydrogen in the water mole-
cule (University of Lund, 2011). The solubility in water differs with the 
length of the carbon chain, whereas short PFASs are more easily solved 
than long PFASs because of the larger hydrophobic moiety that arises 
with longer chains (Table 1). 

Micelle formation 

At very low concentrations, the substances exist as single molecules in 
the solution. With the increase in concentration, the molecules form 
round aggregates called micelles, where the hydrophobic moiety of the 
molecules is placed inwards. This creates a hydrophilic surface with the 
head pointing outwards (Fig. 10). Micelles are formed when the concen-
tration of the substance reaches the critical micelle concentration (CMC). 
The CMC is 6.3 mM for PFOS (Xiao et al, 2012). Hemi- or semi-micelles 
of PFASs have been reported to form at concentrations 0.01-0.001 of 
the CMC (Johnson et al, 2007). Micelle adsorption is indicated by a linear 
isotherm that rapidly increases when the concentration reaches the CMC. 
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Figure 9 The partial charge distribution (in electron units) for 
(a) a PFOS molecule and (b) the octanesulfonate molecule 
(Xiao et al. 2011, Supporting material). 

The partitioning between octanol and water 

It is not possible to measure the octanol-water coefficient kow for PFASs, 
since the substances are both hydro- and lipophobic and gather in inter-
face of water and octanol (de Vos et al, 2008; Swedish Chemical Agency, 
2009). 

Partitioning between water and solute solids 

PFASs also partition between water and solute solids in the water. But at 
low concentrations (1 g solid/L), only a limited amount of PFASs are 
adsorbed to the solids and it is therefore likely that PFASs mainly exist in 
water as free ions (Ahrens et al, 2011; Kwadijk et al, 2010). 

Partitioning between solid and water 

In soil, the solid element consists of soil particles. The partitioning to 
particles varies among the PFASs, Kd values between 9.7 L/kg and 
35L/kg are reported in different soil types by de Voogt (2006) (Table 2). 
The normalized carbon content coefficient is about 2 (in log units) (Hig-
gins & Luthy, 2006). It is larger for PFOS than for PFOA and increases 
with increasing chain length. The adsorption to sediment is further dis-
cussed in the next section.  

Bioaccumulation, persistency and toxicity 

Bioaccumulation 

PFASs have been used since the 1950´s, but it was not until 2001 that 
PFOS was detected in bodies of humans (Hansen et al, 2001) and ani-
mals (Giesy & Kannan, 2001). PFASs do not accumulate in fat, but in 
protein-rich tissues like liver (de Voogt et al, 2008), kidney (Donaldson et 
al, 2010) and blood serum (Fromme et al, 2009). The partitioning be-
tween different organs is however relatively unknown (Kannan, 2011). 
Long-chained PFASs have a higher bioaccumulation than short-chained 
PFASs. In addition to the bioaccumulation, they are also biomagnified, 
which means that their concentration is increased, higher up in the food 
chain. This is one of the reasons for the high concentrations of PFASs in 
tissues of polar bears (Buck et al, 2010). 
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Persistency 

The strong covalent C-F bound makes the PFASs resistant to degrada-
tion and is the reason for why they are so widespread in nature. Long-
chained PFASs (C>7) are not degraded at environmental conditions 
(Xiao et al, 2011). They can even withstand high temperatures, alkaline 
and acid conditions (Woldegiorgis et al, 2006). PFOS and PFOA are 
moreover the final product after degradation of several fluorochemicals 
(Martin et al, 2010). 

Toxicity 

The toxicity of long-time exposure has mainly been studied in laboratory 
experiments with rodents, where several toxic effects are linked to the 
exposure of PFOS and PFOA. Toxic effects are especially noted on liv-
er; among others increased liver weight (Steenland et al, 2010). Experi-
ments with rodents, fishes and monkeys show further negative effects on 
the hormone system, testosterone content, thyroid hormone (Donaldson 
et al, 2010), production of antibodies, response to inflammation and re-
production (Steenland et al, 2010). 

Studies with rats show that the exposure occurs already in the fetal stage 
when PFASs are transported through the placenta (Fromme et al, 2009). 
It can thereby affect the fetal development and increase the fetal mortali-
ty (Swedish Chemical Agency, 2004). The higher concentration of PFASs 
in roe than in liver confirms the early exposure of PFASs to fishes (Sun-
delin et al, 2008). Human fetus also suffers from early exposure to 
PFASs. A study at the University of Lund concludes that the PFOS con-
tent in the blood serum of mothers is negatively correlated with the birth 
weight and the fetal development of the child (Swedish EPA, 2011a). 
The infant is additionally exposed to PFASs via breast milk, which con-
tains 1 % of the PFOS content in blood serum (Kärrman et al, 2007). 

Besides the previously mentioned, the known effects on human health 
are scarce because of the limited number of studies and sometimes con-
tradictory results. Studies have mainly been carried out on especially ex-
posed groups, whom have worked with the substances or taken in con-
taminated water. However, a number of negative health effects have 
been linked to the common exposure of PFOS and PFOA. They are, 

Table1 Physiochemical properties of PFOS and PFOA. 
Substance Solubility in water 

[ g/L] 

Vapor pressure 

[Pa] at 20°C 

pKa 

PFOS 0.68 in fresh water 

(Jeon et al, 2011) 
3.31x10

-4 
(Barton, 2007) 

– 3.3 (EFSA, 

2008) 

PFOA 3.4 to 9.5 (Aastrup 

Jensen et al, 2008) 
2.2 (Barton, 2007) 

2-3 (Prevedouros, 

2006) 

Figure 10 Schematic 
illustration of the 
formation of a PFASs’ 
micelle. 
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among others, increased cholesterol content, changed liver enzymes and 
diabetes (Steenland et al, 2010). Both PFOS and PFOA are suspected to 
be carcinogenic, but no study has been able to prove the relation (Alex-
ander & Olsen, 2007). Moreover, the total effect on human health and 
the ecosystem is not yet known (The Swedish National Board on Wel-
fare and Health, 2009). 

Manufacturing 

PFASs are anthropogenic and have been manufactured since the 1950´s 
(Ahrens, 2011). The main manufacturing processes are electrochemical 
fluorination (ECF) and telomerization. When using ECF, an electrical 
current is sent through a solution with organic carbon and hydrogen flu-
oride, at which the hydrogen on the carbon chain is replaced by fluorine 
(Prevedouros et al, 2006). At telomerization, a perfluorinated molecule 
reacts with another unsaturated one and forms both even and linear car-
bon chains. Further processing is needed in both methods to refine the 
product. 

Until 2002, 3M was the main manufacturer of both PFOA and PFOS. 
The production was then phased out when enhanced concentrations 
were found in workers and nature (Swedish Chemical Agency, 2004; 
Ahrens, 2011). However, other manufacturers continued the production 
of PFASs in other parts of the world. One example is China, where sev-
eral hundreds of tons of PFOS are annually produced (Kannan, 2011). 

PFASs are also the degradation product of other fluorochemicals. Be-
tween 100 and 200 substances can specifically degrade into PFOS, while 
there are in total 850 substances known to degrade into any PFCAs or 
PFSAs (Swedish Chemical Agency, 2006). 

Sources and use 

Perfluoroalkyls are not manufactured in Sweden, but the substances are 
present in a number of consumer products and imported for specific use 
in the industry. Among other things, 250 kg of PFOS were used for elec-
troplating processes during 2010 in the country (European Commission, 
2010). 

 Because of their special properties, they are produced and used as sur-
factants in several products where a durable surface with dirt-, water- 
and grease-repellent properties is wanted. Some typical products in 
where PFASs are added are textiles, leather, carpeting, cleaning agents, 
food packaging and paper (Swedish Chemical Agency 2006). Up to 200 
different usages of PFOS, PFOA and their related compounds have 
been identified (Lau, 2010). 

Historically, PFOS were added to firefighting foams since the substance 
lower the surface tension and suffocate the fire. Although the PFOS 
content in the foam was very low, it has contaminated groundwaters and 
close-by water bodies, where used (Swedish Chemical Agency, 2004). 
The PFOS in the foam is now replaced by other PFASs (The Norwegian 
Pollution Control Authority, 2005). However, stacks with old foam 
(produced before 2006) were allowed to be used until July 2011 (Euro-
pean Parliament Council, 2006). 
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Figure 11 Scheme on how PFASs are brought to the subsurface. 

Another important use is the adding to hydraulic oils in airplanes, where 
the adding of PFASs prevents corrosion (Swedish Chemical Agency, 
2004, 2009). At several firefighting training areas and airports, contami-
nation of nearby surface waters and groundwaters is associated with the 
use of PFASs (Sundelin et al, 2008; Moody, 2003). 

Spreading and Transport 

The concentration of the substances has shown to be higher in urban 
areas than in rural areas, although the substances are found at remote 
places. This can be explained by the large proportion of PFASs that is 
used in consumer products (Jahnke et al, 2007). During washing up, 
laundry or likewise use of products, PFASs end up in sewage water. Not 
all PFASs are treated in today’s waste water treatment plants. At the 
same time, some fluorochemicals degrade into PFASs during the treat-
ment processes. This is probably why the outgoing water has a higher 
concentration of PFOS and PFOA than the incoming water. 

The substances, which remain after treatment, follow the treated water 
to the recipient or are gathered in the sludge. Studies show that treated 
sewage water is an important source of PFASs to waters (Kannan, 2011). 
In Sweden, sludge is mainly used for soil purposes, like fertilizing arable 
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land. At the same time, studies show that contaminated sludge increases 
the concentration of PFASs in soil and groundwater, when it is applied 
(Renner, 2009). 

In Stockholm, the outgoing sewage water is released to Lake Saltsjön 
(Stockholm Vatten, 2007). This can possibly contribute to increased 
concentrations at the coast, but is not likely to affect the region’s 
groundwater. 

Another important pathway for spreading is by air as the substances 
leave the product and partition into air. The concentration of PFASs is 
often higher in indoors air than outdoors and is partly explained by the 
large number of consumer products and building material in homes. The 
global transport is partly with water and partly with air. The most impor-
tant pathway is though not yet stated. It is thought to be influenced by 
environmental factors and depends on the substances’ properties (Swe-
dish Chemical Agency, 2006). 

PFASs end up in the soil either by wet deposition or dry deposition 
(Fig. 11). In the case of wet deposition, PFASs in the atmosphere are 
caught on rain drops and brought to the ground. PFASs that are depo-
sited dry on the ground get involved with water during the next rain 
event and are thereby spread. On the ground, some of the rain water hits 
impervious surfaces and become stormwater, where it can also collect 
PFASs, and is transported away in pipes. The remaining part of the ru-
noff water can infiltrate the ground and bring PFASs to the groundwa-
ter. Additionally, leakage from the stormwater and sewage water pipes 
can also spread PFASs in the subsurface. 

Legislation 

A voluntary phase out of PFOS and related compounds started in 2001 
by the largest manufacturer 3M. A phase out of PFOA until 2015 is 
agreed upon between USEPA and leading global manufacturers (Kan-
nan, 2011). 

The use of PFOS and its related compounds in chemical products and 
goods was banned in 2008 by the European Union (The Swedish Na-
tional Board of Health and Welfare, 2009). The same year, the European 
Food Safety Authority sat guideline values on 150 ng/kg body weight 
and 1.5 μg/kg body weight for the Tolerable Daily Intake (TDI) of 
PFOS and PFOA, respectively (EFSA, 2008). Even though water can be 
an important intake pathway (Fromme et al, 2008), there are few guide-
lines on concentrations in drinking water. German authorities have rec-
ommended the total concentration of PFOS and PFOA in drinking wa-
ter to be below 0.1 μg/L (TWK, 2007). At present, European threshold 
for concentration limits in groundwater only concerns a few organic 
chemicals, other than pesticides, where PFASs has not been included. 

In 2009, PFOS, its salts and perfluorooctane sulfonyl fluoride (PFOS-F) 
were added to the Annex B- list of the Stockholm Conventions as a Per-
sistent Organic Pollutant (POP). However, Annex B only restricts the 
production and use and gives many exceptions. Further restriction of 
PFOS is also found in REACH, the European Community’s regulation 
on chemicals and their safe use (European Commission, 2010). Its prin-
cipal aim is to protect humans as well as the environment from harmful 
chemical substances. It is expected to be achieved through good and ear-
ly identification of substance properties, while increasing the responsi-
bility of the manufacturers. 
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Exposure pathways 

Humans are mainly exposed through food, where fish, sea food and 
meat constitute a large portion of the intaken amount of PFASs 
(Fromme et al, 2009). Indoors dust is another important source for expo-
sure. In some cases, 50 % of the total exposure has its origin in dust 
(Haug et al, 2011). Contaminated drinking water is additionally an impor-
tant intake pathway. However, severely contaminated drinking water is 
relatively uncommon. The exposure to humans differs depending on the 
substance, country and food habits (Kannan, 2011). Still, similar concen-
trations of PFASs are found in people in the Arctic region and industria-
lized countries (Donaldson et al, 2010). 

Trends 

The concentrations of PFOS and PFOA in plasma, blood serum and 
human breast milk show increasing amounts from the 1970’s to the end 
of the 1990´s. The phase out of PFOS and related compounds resulted 
in a decline in PFOS concentrations in the beginning of the 21st century 
(Swedish EPA, 2011b; Kannan, 2011). The use of PFOS substitutes, 
shorter chained substances like PFBS, has increased since then and is re-
flected in the increasing concentrations that are found in nature. There 
are also signs that higher concentrations of long-chained PFCAs (PFDA, 
PFNA, and PFDoA) are more frequently encountered in nature (Kan-
nan, 2011). 

Nevertheless, temporal trend data is not always conforming. The PFOS 
concentrations in ringed seal and polar bear increased from 1986 to 
2006, despite the phase out of the substance (Aastrup Jensen et al, 2008). 
The influence on PFOS concentrations from other fluorochemicals that 
degrade into the substance (PreFOS) is possibly responsible for the vary-
ing trends (Martin et al, 2010). 

PFASs’ reactions in soil 
After ending up on the ground, PFASs are transported through the soil 
by pore water and possibly reach the groundwater. During the transpor-
tation the substances undergo several reactions that decide upon their 
fate. These can be divided into processes that leave the structure of the 
substance unchanged or that transform the substance (Fig. 12) (Schwar-
zenbach et al, 2003). 

Adsorption reactions are surface reactions that bind the substances to 
surfaces in soil. They retain and prevent the spreading of pollutants and 
are the reason why soil is thought to act as a sink for long-chain PFASs 
(Higgins & Luthy, 2006; Ahrens et al, 2009a). As previously mentioned, 
long-chained PFASs (C>7) are non-degradable, they resist both biologic 
and abiotic degradation (Xiao et al, 2011). At the same time, PFASs are 
the final product after degradation of many other fluorinated com-
pounds. Therefore the degradation of some fluorinated compounds is 
handled in the report, rather than the degradation of PFASs. 

Adsorption 

Both hydrophobic and electrostatic adsorptions are important adsorp-
tion mechanisms for PFASs (Higgins & Luthy, 2006). The former is said 
to be dominating in soil where the organic carbon content is high and is 
not significantly influenced by outer factors like pH or ion strength. For 
the hydrophobic adsorption to take part, the proper conditions have to 
be fulfilled. This means that there has to be both organic carbon and hy-
drophobic substances in the soil (Jeon et al, 2011). Several studies claim 
this type of adsorption to be the most important one for the retention of 
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PFASs in soil (Ahrens et al, 2011; Enevoldsen & Juhler, 2010; Jeon et al, 
2011). 

Electrostatic adsorption is in its turn usually not considered to be an im-
portant sorption mechanism for organic substances. However, in soils 
where the organic carbon content is low, it has turned out to be an im-
portant mechanism for retaining the substances (Jeon et al, 2011; Ene-
voldsen & Juhler, 2010). This type of adsorption mainly occurs on min-
eral surfaces and unlike hydrophobic adsorption; it is influenced by outer 
factors that can greatly affect the reaction (Enevoldsen & Juhler, 2010). 

Surface complexation is probably the least important adsorption me-
chanism for PFASs, due to the sulfonic groups that create very weak 
complexes. Carboxylic groups are more likely to form surface complexes 
with metal ions and metal complexes on the sorbent surface (Schwar-
zenbach et al, 2003). 

There are few studies dealing with PFASs and complexation and there-
fore there is an uncertainty concerning the matter. Nevertheless, when 
adsorption of PFASs to alumina (Al2O3) occurs at low pH, surface com-
plexation is thought to take place (Tang et al, 2010; Wang & Shih, 2011). 

Isotherms 

Sorption isotherms of PFASs on different sorbents have been drawn in 
sorption experiments. In some cases, the sorption could be well-
described by linear isotherms, fitted with Freundlich or Langmuir equa-
tions (Ahrens et al, 2011; Enevoldsen & Juhler, 2010; Johnson et al, 2007; 
Xiao et al, 2011, 2012), while non-linear isotherms were more correct in 
other cases (Fig. 13) (Higgins & Luthy 2006; Pan et al, 2009b; Wang & 
Shih, 2011; Pan et al, 2010;). The non-linear isotherms indicate that the 
adsorption is limited as the concentration of PFASs increases. Higgins & 
Luthy (2006) believe that repulsive electrostatic interaction and competi-
tive effects are the responsible factors. However, non-linear isotherms 
turned linear with the addition of calcium ions or surfactants (Pan et al, 
2010). These effects are described in the section Effects of outer factors. 

Figure 12 The two types of reactions in soil, that can influence the 
PFASs content in the groundwater. 
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On the basis of the mentioned studies, neither linear nor non-linear iso-
therms can be connected to any sorbent material.  The forming of mi-
celles is not either indicated in any of the studies. 

Effects of soil properties 

Soil properties decide if and which type of adsorption that take place, 
where organic carbon content and electrostatic charge of the soil are sig-
nificant factors for the adsorption of PFASs (Ahrens et al, 2011). In gen-
eral, it can be stated that the substances are not well adsorbed in coarse 
grain soils, because of the smaller specific area of the sorbent and the 
higher hydraulic conductivity. Podzols and peat are thought to readily be 
able to sorb organic anions because of their low pH. The adsorption is 
probably less extensive in undeveloped soils and cambisols, where the 
pH and clay content is higher (Espeby & Gustafsson, 1998). Low pH in 
soil is also seen at coniferous forests, mining concerning sulfide minerals 
and where acid forming fertilizers have been added (Enevoldsen & Juh-
ler, 2010). 

Sorbent surfaces 

Electrostatic and hydrophobic adsorption occurs in different extent on 
different soil surfaces. The latter mainly takes place on organic carbon 
(Higgins & Luthy, 2006) but it is also possible that this type of adsorp-
tion occurs on hydrophobic parts of mineral surfaces (Tang et al, 2010). 
Consequently, several studies state that the organic carbon content (foc) 
is the most important soil factor for the adsorption of PFASs, especially 
for the longer substances (Kwadijk et al, 2010; Higgins & Luthy, 2006; 
Ahrens et al, 2009b, 2011; Pan et al, 2010). 

Figure 13 Sorption isotherms of PFASs. Upper figures show linear isotherms 
(Johnson et al, 2007; Higgins & Luthy 2006) and the lower figures show non-
linear isotherms (Ahrens et al. 2011; Pan et al, 2009b). 
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The presence of dissolved organic carbon (DOC) might decrease the ad-
sorption of PFASs in soil by either competitive effects or by adsorbing 
PFASs itself. The adsorption to DOC does not decrease the sorbate´s 
mobility and the DOC content is therefore important to consider. How-
ever, the smaller molecule of PFASs is in its favor when competing 
against DOC for the adsorption sites (Jeon et al, 2011). Therefore the 
binding to DOC is probably of higher concern than the effect of compe-
tition. 

Electrostatic adsorption, on the other hand, mainly occurs on positively 
charged mineral surfaces, whilst at high ionic strength, it can also take 
place on negatively charged ones (see Effects of outer factors) (Pan et al, 
2010). Almost all mineral particles in soil are charged. They partially con-
sist of positively charged aluminium and iron oxides, while the majority 
of the particles consist of negatively charged silicate minerals. This makes 
aluminium oxide and iron oxides important surfaces for electrostatic ad-
sorption, but how the surfaces affect the adsorption in nature is not 
known (Wang & Shih, 2011). Iron and aluminium precipitation exist at 
the B-horizon of podzols, which makes the electrostatic adsorption of 
anions preferable (Espeby & Gustafsson, 1998). 

Electrostatic adsorption of PFOS on the mineral surfaces quartz (SiO2), 
iron coated particles of aluminium and quartz, kaolinite (Al2Si2O5(OH)4) 
and goethite (α- FEOOH) was examined by Johnson et al, (2007). The 
surface area normalized adsorption increased in the following way: goe-
thite < kaolinite < iron coated sand < quartz sand. Moreover, surface 
complexation is thought to play a role for the adsorption on mineral sur-
faces (Wang & Shih, 2011). 

The affinity of PFASs to bind to minerals and organic carbon is thought 
to be equal. Consequently, careful investigation is needed to know the 
dominating surfaces in a soil to state what influences the reactions (Jeon 
et al, 2011). Tang et al, (2010) showed that the hydrophobic adsorption 
on negatively charged silica surfaces was actually greater than the elec-
trostatic adsorption on positively charged iron oxides. Likewise, electros-
tatic adsorption on organic matter can occur when cations are present 
due to ionization of the sorbents phenol and carboxylic groups (Higgins 
& Luthy, 2006). Moreover the occurring of one mechanism does not rule 
out the others: it is likely that all of them occur abreast. 

Effects of properties of PFASs 

The reactions that PFASs can undergo in soil are based on their exis-
tence as anions, since they are deprotonated at normal pH. If the soil pH 
is below the pKa value for a PFAS (e.g. about 3 for PFOA) the substance 
is instead protonated and forms an uncharged acid (Barton, 2007). This 
is however quite unlikely to happen since soil pH is rarely that low. 

In comparison with other organic substances with similar molecular 
weight, PFASs are adsorbed in a minor extent (Johnson et al, 2007; Jeon 
et al, 2011). However, the adsorption among the PFASs varies, where the 
length of the carbon chain and the type of functional group are pointed 
out to be their most influencing properties (Higgins & Luthy, 2006; 
Ahrens et al, 2009b). 

Surfactants are often adsorbed to surfaces as micelles and not as individ-
ual molecules. Therefore, an increase in adsorption is expected when the 
forming of micelles takes place (Johnson et al, 2007). In natural environ-
ments, hemimicelles can be formed at the interface of particles and wa-
ter, but to which extent this happens and how it affects the adsorption 
remains unclear (Wang & Shih, 2011). 

http://en.wikipedia.org/wiki/Aluminium
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Hydroxide
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Length of the carbon chain 

It is agreed that the length of the carbon chain is the property of the 
PFASs that affects the hydrophobic adsorption the most. Several studies 
point out that the long-chained substances are more adsorbed than the 
short-chained ones (Higgins & Luthy, 2006; Labadie & Chevreuil, 2011; 
Kwadijk et al, 2010; Ahrens et al, 2009b; Enevoldsen & Juhler, 2010; Xiao 
et al, 2012). KD is reported to increase by approximately 0.46-0.6 log 
units for each CF2 moiety in natural sediment (Higgins & Luthys, 2006; 
Xiao et al, 2012). This is explained by the fact that a long carbon chain is 
more hydrophobic than a short one and therefore has a greater affinity 
to be adsorbed hydrophobically. Ahrens et al (2009b) claim that on the 
basis of this property, it is possible to predict if a PFAS is found in water 
or sediment. Short PFCAs (C ≤7) will mainly be found in pore water 
whilst long PFCAs (C≥ 11) will mainly be found in sediment. It is also 
noted that the concentration of PFASs decreases as the soil depth in-
creases, since the long-chained PFASs are likely to be sorbed in the up-
per layers of the soil (Sepulvado et al, 2011). 

Table 2 Partitioning coefficients for some PFASs. 

Compound 
Average Log Koc 

(L/kgoc) 

Average Log Kd 

(L/kg) 

PFOA 2.06 (Higgins & Luthy, 2006) 

1.83 (Kwadijk et al. 2010) 

0.4 – 1.1 (de Voogt et al. 

2006) 

PFOS 2.57 (Higgins & Luthy, 2006) 
2.35 (Kwadijk et al. 2010) 

2.1 – 97 (de Voogt et al. 2006) 

PFNA 2.39 (Higgins & Luthy, 2006) 

2.89 (Kwadijk et al. 2010) 

0.4 – 3.4 (de Voogt et al. 

2006) 

PFDA 2.76 (Higgins & Luthy, 2006) 
2.6 – 5.9 (de Voogt et al. 

2006) 

PFUnA 3.30 (Higgins & Luthy, 2006) 
12 – 103 (de Voogt et al. 

2006) 

PFDS 3.53 (Higgins & Luthy, 2006) - 

PFBS - 1.42 (Kwadijk et al. 2010) 

N-MeFOSAA 3.11 (Higgins & Luthy, 2006) - 

N-EtFOSAA 3.23 (Higgins & Luthy, 2006) - 
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Functional group 

Several studies have investigated the difference in adsorption between 
PFSAs and PFCAs. One study concludes that KD is 1.7 times higher for 
PFSAs than for its corresponding PFCAs, while in another study Koc is 
twice as high for PFOS than for PFOA (Table 2). All in all, this points 
out that the adsorption of PFSAs is higher than the adsorption of 
PFCAs (Higgins & Luthy, 2006; Ahrens et al, 2011; Kwadijk et al, 2010; 
Wang & Shih, 2011). 

The difference is explained by the distinctive properties of the functional 
groups. Xiao et al (2011) propose that the higher adsorption of PFOS 
than PFNA is partly due to the fact that hard bases are more easily ad-
sorbed to hard acids (i.e. iron oxides in soils) according to Pearson’s 
concept. The sulfonate is considered to be a relatively hard base while 
the carboxylate is a soft one. Another study states that the difference is 
partly due to the bigger and slightly heavier sulfonate molecule, compar-
ing to the carboxylate molecule, which makes PFSAs more hydrophobic 
than the PFCAs (Enevoldsen & Juhler, 2010). Since the molecular 
weight alone cannot explain the differences, the functional groups are al-
so likely to influence the electrostatic interactions (Xiao et al, 2012; Hig-
gins & Luthy, 2006). This is indicated by the change in surface charge of 
a negative mineral surface (kaolinite) that is seen when PFASs were ad-
sorbed to it. The charge was less affected by the adsorption of PFOS, 
than by the adsorption of PFOA and PFNA. This is thought to happen 
because PFOS was adsorbed more closely to the mineral surface than 
the other two substances (Xiao et al, 2012). The functional groups seem 
to further influence the electrostatic interactions, but how this affects the 
adsorption is not really known. 

Figure 14 The 
charge of sorbents 
as a function of 
soil pH. Modified 
after Swedish EPA 
(2007). 

Figure 15 The 
decrease in 
adsorption at 
increased pH 
(Higgins & 
Luthy 2006). 
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The adsorption of PFOS and PFOA is compared in some studies. The 
adsorption capacity to aluminium oxide is 1.5 times larger for PFOS than 
for PFOA (Wang & Shih, 2011). Examinations demonstrate that PFOA 
has higher water solubility than PFOS (Table 1). Whether these differ-
ences are due to the functional groups or the length of the carbon chain 
is an open question. 

Competitive effects 

Xiao et al (2011) conclude that there are competitive effects amongst the 
PFASs, where the short ones are ruled out from adsorption by the long 
ones. When long-chained PFASs were present in the solution, the ad-
sorption of PFNA and PFOS to clay mineral was half as high as com-
pared to a single compound solution, while the adsorption of long-
chained PFASs was not affected by the presence of the shorter PFASs. 
There are most likely two reasons for this phenomenon: 

 The long PFASs, with a higher hydrophobicity, are more readily ad-
sorbed hydrophobically than the short PFASs that are less hydrophobic. 

 The electric repulsion that arises among the substances, which only al-
lows a certain amount of PFASs to be adsorbed. 

Effects of outer factors- pH, Ionic strength, salt content and ions and surfactants 

The soil pH affects the protonation and deprotonation of the PFASs 
molecules, but since the protonation only occurs at really acid conditions 
(pH < pKa), it is not likely to happen in natural soils. Therefore, the 
greatest effect of soil pH is seen on the electrostatic charge of the sor-
bate. At high pH, aluminium and iron oxides become less positive whe-
reas manganese and silica oxides are negatively charged, whilst all these 
surfaces have a positive charge at low pH (Fig. 14). 

All in all, this means that the electrostatic adsorption of PFASs increases 
as the pH decreases. KD is estimated to increase with 0.37 log units for 
each decrease in pH unit (Fig. 15) (Higgins & Luthy, 2006; Enevoldsen 
& Juhler, 2010; Tang et al, 2010; Wang & Shih, 2011; Johnson et al, 
2007). The increased adsorption occurs due to the less electrostatic ener-
gy that is needed for the adsorption to take place, which means that 
more as well as shorter PFASs can be sorbed (Xiao et al, 2012). 

Dissolved substances in the pore water can also affect the adsorption, 
where a high ionic strength influences the electrostatic interactions. For 
mineral surfaces with a strong positive charge, the adsorption of PFASs 
is decreased because of the decrease in electrostatic attraction between 

Figure 16 Schematic 
figure on how the 
adsorption of PFASs 
on negatively and 
positively charged 
surfaces is affected 
by high ionic 
strength. 
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the sorbate and the sorbent (Fig. 16). The opposite effect is seen on sur-
faces with weak positive or negative charges due to the diminished repul-
sion between the sorbate and the sorbent. The repulsion that exists 
among the PFASs is also decreased at high ionic strength, which can fur-
ther enhance the adsorption to surfaces. The effect was seen when the 
adding of sodium ions increased the adsorption of PFASs on negatively 
charged clay. The clay surface became less negative as a result of a com-
pression of the electrical double layer at the presence of cations, which 
reduced the repulsion to PFASs (Xiao et al, 2011). 

High ionic strength can even rule out the effect of pH. Pan et al (2010) 
noticed that the adsorption of PFASs increased despite an increase in pH 
from 7 to 8. This was likely due to the effect of calcium bridging, where 
more bases (phenol and carboxylic groups) on the sorbent surface could 
adsorb calcium ions which in turn could adsorb PFASs, and not due to 
the pH in itself. 

The total effect of high ionic strength depends on the dominating elec-
trostatic charge of the sorbents (Tang et al, 2010; Wang & Shih, 2011). 
Since negative charges are usually more frequent in soils, high ion 
strengths are likely to increase the adsorption (Pan et al, 2010). Further 
influence on electrostatic interaction is possible, but today there is not a 
full understanding on how the adsorption of PFASs is influenced by ions 
(Tang et al, 2010). 

A high salt content contributes to high ionic strength and is one of the 
reasons for which salt influences the adsorption. However, it is noted 
that salt has more ways of affecting the adsorption of PFASs. One of 
them is the influence on the water molecules, where the dissolved salt 
ions interact with water molecules. This decreases the water activity and 
makes the water molecules more ordered and thereby lowers the ability 
to solve organic substances. Another effect is the binding of cations to 
negatively charged sorbents, which decreases the repulsion between 
PFASs and the surfaces. This is referred to as “Salting out effect” and 
increases the adsorption at high salt contents (Pan et al, 2010; Jeon et al, 
2011). A comparison of the solubility of PFOS in fresh water 
(680 mg/L) and ocean water (12.4 mg/L) confirms that the effect is sig-
nificant for PFASs (Giesy et al, 2006). Furthermore, PFOS seems to be 
more affected by the salt content, resulting in a larger increase in adsorp-
tion, than PFOA (Jeon et al, 2011). 

Figure 17 Schematic figure that 
illustrates calcium bridging. 
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Divalent cations can especially increase the adsorption of organic anions 
to negatively charged surfaces, by using the electrostatic attraction and 
forming a bridge between the sorbent and the sorbate. The increase in 
log KD for PFASs was estimated to be 0.36 ± 0.04 for each increase in 
log unit [Ca2+] (Higgins & Luthy, 2006). The phenomenon has mostly 
been studied for calcium, but is also seen for some monovalent cations 
(Xiao et al, 2011). 

Both Mg2+ and Ca2+ have a tendency to form bridges with carboxylic 
groups, whilst only Ca2+ forms bridges with sulfonate groups (Fig. 17) 
(Wang & Shih, 2010; Hyun & Lee, 2005; Jeon et al, 2011). This could be 
an indication of the higher affinity of PFCAs to form bridges and there-
by a higher influence at the presence of cations. 

As previously mentioned, high ionic strength usually decreases the ad-
sorption of PFASs on positive surfaces, but the presence of calcium ions 
has been noted to increase the adsorption by binding to the sorbent and 
thereby increasing the electrostatic attraction to PFASs (Tang et al, 2010). 

The presence of other anions, inorganic as well as organic, can bring 
competitive effects in cases where the anions have a greater disposition 
to be electrostatically adsorbed. At low pH, where a large amount of the 
surfaces are positively charged, competition is not likely to affect the ad-
sorption of PFASs (Munthe et al, 2001). 

The presence of other surfactants, even at low concentration, can affect 
the adsorption of PFOS to sediment. It is seen that positively charged 
surfactants can increase the adsorption of PFASs by a combination of 
electrostatic and hydrophobic interactions. The surfactants adsorb elec-
trostatically to negative soil surfaces, to which the hydrophobic moiety 
points out from the surfaces and binds to PFASs. By the adding of nega-
tively charged surfactants, the same effect is seen at low concentrations. 
At high concentrations, there is an opposite effect that increases the wa-
ter solubility of PFASs (Pan et al, 2009b). 

Desorption 

To which extent desorption occurs depends on how strong the adsorp-
tion is, which in turn depends on properties within the sorbent and the 
sorbate. Environmental changes such as changes in pH, substance con-
centration and temperature might change conditions for the equilibrium 
reaction and thereby influence the desorption (Pan et al, 2009a). The hy-
drophobic adsorption is more resistant to changes than the electrostatic 
adsorption, because the sorbate is bound more closely to the surface in 
the former adsorption type. Therefore the adsorption irreversibility is 
proposed to be proportional to the organic carbon content in the soil 
(Pan et al, 2010). 

Desorption of PFASs on humic acids was studied by Pan et al (2009a, 
2010) and is described as partly irreversible. The presence of cationic 
surfactants further increases desorption hysteresis of PFOS and adsorp-
tion irreversibility by affecting the surface of the sorbent. The undesorb-
able amount of PFOS then reached 98 %. 

Degradation of fluorochemicals into PFASs 

Organic substances are mainly degraded through hydrolysis, photolytic 
(by light) degradation and biological degradation. The biological degrada-
tion occurs through cellular respiration and assimilation of microorgan-
isms. Microbes, bacteria or soil animals perform the biological degrada-
tion in soils. It can be either aerobically or anaerobically and an electron 
acceptor (e.g. oxygen or nitrate) is needed for the biological degradation 
to take place. 
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At hydrolysis, one of the bonds in the organic molecule breaks while a 
water molecule is split into a hydrogen cation (H+) and a hydroxide 
anion (OH−). The hydroxide anion is then bound to the hydrolyzed part 
of the precursor and a new substance is formed (Schwarzenbach et al, 
2003). Hydrolysis is a temperature dependent reaction, which accelerates 
with the temperature (Siegrist et al, 2011). Photolytic transformation can 
occur directly when a molecule absorbs light, and indirectly if a molecule 
reacts with a molecule that has undergone photolytic transforma-
tion/excitation (Martin et al, 2010). Photolytic degradation is more im-
portant in the atmosphere, where light is not a limiting factor. 

Degradation can be both direct and indirect with the help of other sub-
stances. Factors that influence the degradation in soil and groundwater 
are the chemical composition, oxygen content, redox potential, tempera-
ture, access to electron acceptors and the presence and growth of micro-
organisms. For example, the degradation is increased at increasing tem-
peratures. The degradation of organic substances is generally quite li-
mited or slow in soil and groundwater (Swedish EPA 2007). The degra-
dation rate can however increase at landfills or sites with more extreme 
conditions (Martin et al, 2010). 

Precursors 

Degradation of fluorochemicals into PFAS is another source for yielding 
the substances. There are in total 850 compounds that can degrade into 
PFASs, while 100 to 200 of them degrade specifically into PFOS (Swe-
dish Chemical Agency, 2009). 

The PFAS molecule is usually just a minor fraction of the precursor’s 
molecule, which is bigger and heavier than their end product. This means 
that they are usually more hydrophobic and are likely to accumulate in 
soil (Martin et al, 2010). 

PreFOS 

Because of the persistency and the severe implications of PFOS on hu-
man and wildlife, knowing its precursors is important. Substances that 
potentially can degrade into PFOS are referred to as PreFOS. Their mo-
lecules contain one of the following groups: C8F17SO2, C8F17SO3 or 

Figure 18 The molecular structure of some important precursors. 

http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Cation
http://en.wikipedia.org/wiki/Hydroxide
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C8F17SO2N (Environment Canada, 2006). The forming of PFOS from 
precursors is usually a long degradation process with several intermittent 
steps (Martin et al, 2010). 

There is a great diversity of PreFOS and their degradation products be-
cause of the vast diversity that is seen in their molecular structure 
(Fig. 18). This affects their physiochemical properties and environmental 
behavior (Martin et al, 2010). These distinct properties make it difficult to 
decide in which extent PreFOS degrade into PFOS. However, an estima-
tion of the degradation of some important precursors can indicate the 
contribution to the total concentrations of PFOS. Some important pre-
cursors are: 

 Fluorotelomer alcohols (FTOH) 

 Perfluorooctane sulfonamides (PFOSA): 

1. N-methyl perfluorooctane sulfonamide (NMeFOSA). 

2. N-ethyl perfluorooctane sulfonamide (NEtFOSA). 

 Sulfonamide alcohols: 

1. N-methyl perfluorooctane sulfonamidoethanol (NMeFOSE). 

2. N-ethyl perfluorooctane sulfonamidoethanol (NEtFOSE). 

 Perfluorooctanesulfonyl fluoride (POSF) and POSF based compounds. 

Historically, production and emissions are lower for PFOS than for Pre-
FOS. Armitage et al (2009) estimated the PFOS and PreFOS emissions 
to be 285–2565 tons and 735–4005 tons, respectively. Precursors are 
both purposely produced and residues in the manufacturing of perfluo-
rinated compounds. While the use of PFOS is restricted, several PreFOS 
are available on the market (Martin et al, 2010). Additionally, there are 
probably more PreFOS to be discovered. 

Hydrolysis of PreFOS 

Internal studies of the abiotic hydrolysis of the two precursors NMe-
FOSE and NEtFOSE (Fig. 18) were done by 3M (3M, 1996, Hatfield, 
1999). They conclude the half-life of NMeFOSE acrylate and NEtFOSE 
acrylate at 25°C for different pH values (Fig. 19). However, the correct-
ness of their result is unsure because of uncertainties in the laboratory 
experiment and needs to be confirmed by other studies (Martin et al, 
2010). 

For NEtFOSE and NMeFOSE, abiotic hydrolysis is proposed to occur 
at the ester bond, which forms a smaller PreFOS molecule, rather than 
direct formation of PFOS though hydrolysis of the sulfonamide moiety 

Figure 19 The half-life for NMeFOSE acrylate and NEtFOSE 
acrylate at different pH values (3M 1996, Hatfield 1999). 
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(Rayne & Forest, 2010). The S–N, C–S, or N–C linkages are not likely to 
undergo hydrolysis under environmentally relevant conditions. Therefore 
Rayne & Forest conclude that PFOS is formed by the degradation of 
NMeFOSE via the formation of NEtFOSE, NMeFOSAA or NEtFO-
SAA. POSF is another precursor that can fully degrade into PFOS by 
hydrolysis, but at which rate is unknown. It has a quite high vapor pres-
sure and moderate aqueous solubility. It can probably undergo hydrolysis 
already in the atmosphere water (Olsen et al, 2007). In the subsurface, 
where the temperature is quite low, hydrolysis is a slow process. 

Photolysis of PreFOS in water 

Studies on the degradation of PreFOS by photolysis are scarce (Martin et 
al, 2010). One of them shows that NEtFOSE forms NEtFOSA, PFO-
SA, and PFOA when oxidized by ultraviolet light (UV) or hydrogen pe-
roxide (H2O2). Indirect rather than direct photolysis of NEtFOSE was 
observed to take place (Hatfield, 2001). In another study, several Pre-
FOS, including NEtFOSE, NEtFOSAA, NEtFOSA and FOSAA, was 
degraded with UV or H2O2 irradiation. The end products of these expe-
riments were PFOA and PFOSA (Plumlee et al, 2009). PFOS was not 
observed to be formed in neither of the two studies. 

Biodegradation of PreFOS 

PreFOS are bioavailable for benthic organisms which have the ability to 
biotransform the substances into PFOS. PFOS is then either excreted or 
transferred higher up the food chain. In sediment and water, microor-
ganisms can uptake and metabolite the precursors.  A study by 3M inves-
tigated aerobic biological degradation of NEtFOSE. After 35 days, seven 
products were formed when the substance was about 90 % biotrans-
formed (Fig. 20) (Lange, 2000). 

Lastly, PFOSI formed PFOS by biodegradation (7.0 % total yield from 
NEtFOSE) and PFOA by abiotic degradation (0.6 % yield from NEt-
FOSE). A similar degradation process was observed by Boulanger et al 
(2004), which confirmed no degradation at anaerobic conditions. Rhoads 
et al (2008) refined the degradation process of NEtFOSE (Fig. 21). After 
ten days of degradation, 0.3 % of NEtFOSE remained. 

An evaluation of the biological degradation by microbes in soil showed 
that the degradation of a fluorotelomer acrylate only occurs to a minor 

Figure 20 Biodegradation pathways of NEtFOSE by Lange 
(2000). 
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extent (Russell et al, 2008). The half-life of the compound was 1200-
1700 years. This indicates the minor importance of biological degrada-
tion of fluorochemicals in soils. 

Summary 

To summarize the findings in this chapter, PFASs are mostly present as 
anions in the environment and have quite high water solubility. It can 
however be adsorbed, both through electrostatic and hydrophobic 
forces. The hydrophobic adsorption is more stable to the changes in soil 
pH and ionic strength, but is affected by the organic carbon content of 
the soil and the hydrophobicity of the sorbate. Electrostatic adsorption, 
on the other hand, is affected by environmental conditions, such as pH, 
ionic strength, which alters the electrostatic attraction between the sor-
bate and the sorbent. 

The adsorption differs among the PFASs, depending on the hydropho-
bicity and electrostatic interaction of each substance. These two factors 
are decided by the chain length and functional group of the substance. 
Long-chain PFASs and sulfonates are thereby more adsorbed than short-
chain PFASs or carboxylates. The sorbent seems to be of minor impor-
tance, since both electrostatic and hydrophobic adsorption can take place 
on mineral and organic surfaces. 

Figure 22 The spatial distribution of the groundwater samples. 

Figure 21 Biodegradation pathways of NEtFOSE by Rhoads et al. 
(2008). PFOSA was partly formed from FOSAA. 
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Finally, the degradation of fluorochemicals and precursors was treated. 
Abiotic degradation is probably more important than the biological de-
gradation through processes such as hydrolysis. The contribution to 
PFASs concentrations from precursors in soil and groundwater remains 
uncertain. 

METHODOLOGY 

This chapter reviews the methods that are applied to answer the ques-
tions of the thesis work. It also presents the data and the assumptions 
that are made. 

Data 

Groundwater 

A chemical groundwater investigation was carried out from November 
2011 to January 2012 by The Environment and Health Administration at 
The City of Stockholm, where the consultant company WSP Sweden AB 
was involved in the field work. Some additional samples were taken in 
May 2012 (Fig. 22). Among other substances, 11 PFAS were analyzed by 
Eurofins Environment Sweden AB (Table 3, 4). The data includes 
25 analyzed points, where 8 points have concentrations of PFOS and 
PFOA above the detection limit (< 5 ng/L). These 8 point are used to 
estimate the ratio PFOS/PFOA in the groundwater in Stockholm (Ta-
ble 5). 

Stormwater 

The measurements on the concentrations of PFOS and PFOA in 
stormwater are partly taken from a master thesis work by Henriksson 
(2011) and COHIBA (2011), a partly financed European Union project 
on diminishing 11 hazardous chemicals in the Baltic Sea (Kaj et al, 2011). 
The stormwater samples sum up to 11 and are collected at traffic sites, 
city and housing areas in the Stockholm area (Table 5). 

The concentrations of PFOS and PFOA are varying in the two sample 
groups; this might be due to temporal or spatial variations. Despite the 
fact that they might not belong to the same population, all samples are 
used to gain a larger sample size. Including all available samples is there-
fore more valuable than discarding diverging data. 

Methods 
To examine the composition of PFASs in groundwater and infiltrating 
water, a ratio is used. Stormwater is chosen to represent infiltrating water 
since PFASs have not been measured in other types of infiltrating water 
(runoff, rain- or melt-water) in Stockholm. Various ratios have been 
proposed to suit different types of waters (Simcik, 2005; Murakami, 
2008; Murakami, 2009; Ahrens et al, 2009a). In this thesis work, the ratio 
PFOS/PFOA is chosen since they are the only PFASs that have been 
measured in stormwater. Comparing the value of the ratio in groundwa-
ter and stormwater will give an answer to the first question if groundwa-
ter and infiltrating water have a different composition of PFASs. The 
comparison includes a hypothesis test to state if the possible difference is 
statistically significant. 

To explain the difference in the PFASs’ composition, a literature study is 
carried out to answer questions 2, 3, 4 and 5. It describes the reactions in 
the subsurface that can alter the composition of PFASs in groundwater. 
The literature study is finally linked to result of the ratio and the meas-
ured PFASs in Stockholm´s groundwater to answer question 6, “Can the 
content of PFASs in Stockholm’s groundwater can be explained by soil 
reactions?” 
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Statistical analysis 

The 2-Sample t-test 

The 2-Sample t-test is chosen since the two data sets are small and have 
different standard deviations (Rydén, 2011). The test assumes that the 
sample means are normally distributed. This requirement is fulfilled if 
the sample set is normally distributed or larger than 10 (TI Basic Devel-
oper, 2011). The distribution of the groundwater samples is tested with 
the Chi-squared test (see below). 

The null hypothesis of the 2-Sample T Test is that the expected value 
(average) of PFOS/PFOA is equal in groundwater and stormwater 
(µgw = µsw). The null hypothesis is tested against the alternative hypothe-
sis µgw > µsw. This alternative hypothesis is chosen because of the noted 
difference in a prestudy of the ratio (Appendix I). If the null hypothesis 
is true, the standardized difference between the means (t) is close to zero 
and the probability (p) has a high value. 

Table 3 The PFASs, their chemical formula, name and CAS that 
were analyzed in the chemical groundwater investigation. 
*Not a PFSA or a PFCA, but an important precursor to PFOS. 

Compound Chemical formula Name CAS 

Perfluoroalkane sulfonic acids: 

PFBS CF3(CF2)3SO3H Perfluorobutane sulfonate 375-73-5 

PFHxS CF3(CF2)5SO3H Perfluorohexane sulfonate 432-50-7 

PFOS CF3(CF2)7SO3H Perfluorooctane sulfonate 1763-23-1 

PFDS PFDeS, 
PFDS 

CF3(CF2)9SO3H Perfluorodecane sulfonate 335-77-3 

PFOSA* CF3(CF2)7SO2NH2 Perfluorooctane sulfonamide 754-91-6 

Perfluoroalkyl carboxylic acids: 

PFHxA 
CF3(CF2)4 

CO2H 
Perfluorohexanoate 307-24-4 

PFHpA 
CF3(CF2)5 

CO2H 
Perfluoroheptanoic acid 375-85-9 

PFOA CF3(CF2)6 CO2H Perfluorooctanoic acid 335-67-1 

PFNA CF3(CF2)7 CO2H Perfluorononanoic acid 375-95-1 

PFDA 
CF3(CF2)8 

CO2H 
Perfluorodecanoic acid 335-76-2 

PFDoA CF3(CF2)10CO2H Perfluorododecanoic acid 307-55-1 
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Table 4 Levels of PFASs in Stockholm’s groundwater. Results from the chemical 
groundwater investigation that was carried out by the city’s Environmental and 
health Administration. 
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Table 5 Concentrations of PFOS, PFOA and the 10-based 
logarithm of the ratios in groundwater. 

Sampling Location Sampling Date 
PFOS 
[ng/l] 

PFOA 
[ng/l] 

Log(PFOS)/ 
Log(PFOA) 

 
Groundwater: 
 

4 Johannelunds-
toppen 

7/5-2012 70.2 16.9 1.5037 

5c Judarn 
22/12-2011 21 6.1 1.6836 

7c Bällsta -viken 
7/5-2012 19.8 52 0.7550 

8b Bällstaån 
22/12-2011 11.4 7.2 1.2327 

9 Ulvsunda 
7/5-2012 38 37.5 1.0059 

15c Kungsholmen 
16/12-2011 10.1 6.1 1.2789 

41 Eriksdalsbadet 
12/12-2011 7.9 7.2 1.0470 

47a Värtahamnen 
5/12-2011 36.3 13.3 1.3880 

 
Stormwater: 
 

Gamla Brogatan May 2011 (Henriks-
son 2011) 

96 14 1.7295 

Hamngatan May 2011 (Henriks-
son 2011) 

33 76 0.8073 

Medborgarplatsen May 2011 (Henriks-
son 2011) 

3.4 6.0 0.6830 

Årsta ä May 2011 (Henriks-
son 2011) 

31 33 0.9821 

Årsta y May 2011 (Henriks-
son 2011) 

18 29 0.8583 

Örbyleden May 2011 (Henriks-
son 2011) 

5.8 2.5 1.9184 

Hammarby May 2011 (Henriks-
son 2011) 

3.4 2.2 1.5521 

Bäcken (Täby) 
May 2011 (Henriks-

son 2011) 
7.3 8.4 0.9340 

Dammen (Täby) 
May 2011 (Henriks-

son 2011) 
8.2 8.3 0.9942 

Stockholm 
Nov 2009 (COHIBA 

2011) 
3.1 6.4 0.6094 

Stockholm 
Jun 20 (COHIBA 

2011) 
6.9 48 0.4989 
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The input to the test is the two datasets, with the value PFOS/PFOA for 
each point (Table 5). The values are logarithmic to account for large var-
iations among the samples. Frequencies are set to 1 and “not pooled” is 
chosen. A cutoff value of 15 % was chosen as an acceptable uncertainty 
limit due to the small sample size. The analysis is conducted with the cal-
culator TI-83 Plus from Texas Industries. 

Chi-squared test for testing normal distribution 

The small sample number makes the normality testing somewhat prob-
lematic. Histograms cannot be used to show the distribution of small 
samples sets and therefore is an analytical test needed. Furthermore are 
not all tests able to prove the normality of small samples. The Chi-
squared test (χ2) is therefore chosen since it allows small sample sizes (at 
least 5). The observed values are increased ten times since the test only 
takes integers.  This is the input to the test (Appendix II). The test puts 
the observed values in a frequency table. An expected value for each 
class is calculated by assuming its normality. The observed frequency 
value for each class is then subtracted from the expected value and raised 
to the power of 2. This is the Chi squared value. All the chi squared val-
ues are summarized and this is how far from the expected value the re-
sult is. 

The probability is calculated from this value. The test is carried out with 
R, open source software for statistical computing and graphics. 

Assumptions 
The following assumptions are made in order to enable a quantitative 
analysis on the PFOS/PFOA ratio: 

 No other source than infiltrated water (melt-, rain-, and stormwater and 
runoff) is assumed to significantly contribute to PFASs and thereby alter 
the composition. 

 Stormwater reflects the composition of PFASs in infiltrating water. 

 The composition of PFASs is assumed to not differ greatly in the infil-
trating water. 

Figure 23 The output from the 2 Sample t-test. 

http://en.wikipedia.org/wiki/Chi_%28letter%29
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 Variations in discharge and composition of PFASs during the sampling 
period do not influence the ratio PFOS/PFOA to a larger extent. 

 Dispersion, diffusion and advection do not influence the composition of 
PFASs in groundwater since these processes act with the same force on 
all substances. 

 The analyzed sample concentrations reflect the general PFASs’ content 
in Stockholm’s groundwater. 

RESULT 

This chapter answers the first question and tests the hypothesis that the 
ratio PFOS/PFOA differs between groundwater and infiltrating water. It 
does so by presenting the result from the statistical analysis. The findings 
in this section are then used in Chapter 5, Evaluation and Discussion. 

Composition of PFASs in groundwater and stormwater 
The ratio PFOS/PFOA for the groundwater and stormwater samples 
shows a possible difference in the PFASs composition between the two 
matrices (Fig. 23, 24). 
Interpreting the output shows that the null hypothesis is rejected and the 
alternative hypothesis is true (p < 0.15). It is thereby indicated that the 
ratio PFOS/PFOA is likely to be higher in groundwater than in the infil-
trating water and that the two water matrices have different PFASs’ 
compositions. The reasons for this difference are treated in the following 
chapter. 

EVALUATION  AND  DISCUSSION 

This chapter is devoted to the answering of the last question of the the-
sis, “Can the content of PFASs in Stockholm’s groundwater can be ex-
plained by soil reactions?” This is done by a quantitative comparison of 
the PFASs content in Stockholm’s groundwater and the reactions that 
are described in Section 2.3. Since the concentrations of PFASs in soil 
and infiltrating water is unknown (except for PFOS and PFOA), the 
comparison states if the PFASs’ content is in line with the literature on 
soil reactions or not. Uncertainties that are encountered in the evaluation 
are finally noted. 

Figure 24 The means and standard deviation of the ratio of 
PFOS and PFOA (with logaritmic values). 

1.24 

1.05 
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Figure 25 Groundwater samples with PFASs’ concentrations 
above the detection limit. 

Contamination picture in the groundwater in Stockholm 
One of the groundwater samples (Norrmalm) seems to be taken in the 
Stockholm Esker; the others are taken in other aquifer materials. The 
samples are quite well spatially distributed in the area (Fig. 22). An analy-
sis of the samples shows that there are generally quite low concentrations 
of PFASs in Stockholm’s groundwater. Out of all the analyzed sub-
stances, 82 % are below the limit of quantification (Table 4). However, 
15 samples have concentrations above the detection limit for one or sev-
eral of the following: PFBS, PFHpA, PFHxS, PFHxA, PFOS and PFOA 
(Fig. 25). The PFOS concentrations are similar to those reported in Eu-
ropean drinking water (0.4–9.7 ng/L) and average groundwaters 
(4 ng/L) (EFSA 2008; Loos et al, 2010). 

PFHpA, is found there and concentrations on 291 and 226 ng/L are reg-
istered for PFOA and PFHxA, respectively. The concentrations indicate 
that the site is exposed to point contaminations. The second most con-
taminated sample is Norrmalm, which is probably taken in the esker. It 
demonstrates highly increased concentrations of PFHpA, PFHxA and 
PFOA on 90.2, 42.5 and 103 ng/L, respectively. The concentration of 
PFBS is moderately increased. The high concentrations that are found in 
some samples are likely to come from point contaminations. Measure-
ments on the PFASs content in incoming sewage water in eight wastewa-
ter treatment plants, located in middle-sized Swedish cities, shows con-
centrations of PFOS from <1.9 to 97 ng/L (Lindqvist, 2009). These 
concentrations are similar to those in groundwaters and leaking sewage 
pipes may therefore be the reason for some of the increased concentra-
tions. The increased concentrations also demonstrate that adsorption 
cannot rule out point sources. 
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Figure 26 PFASs are arranged depending on their functional 
group, with the shortest ones to the left and the longest tp the 
right. A “S” means Sulfonic acid and “C” means carboxylic acid. 
The graph show the number of samples where the substance was 
detected. 

Connecting concentrations and compositions to the literature on reac-
tions in soil 

Long and short PFASs  

The long-chained substances PFDS, PFNA, PFDA and PFDoA, with 
carbons ranging from 8 to 11, were analyzed in the samples. Two of 
them, PFNA and PFDA, are present in one sample above their detection 
limit, while several short PFASs are present above their detection limit 
(Fig. 26). Average concentrations seem to be slightly higher for the 
shorter substances, as well (Fig. 27). Without knowing the concentration 
in the infiltrating water, this does not contradict that long PFASs are 
more likely to be adsorbed than short perfluoroalkyls, because of their 
higher hydrophobicity. Competition among PFASs is also possibly oc-
curring. Some of the short-chained PFASs are possible replacers to 
PFOS; their presence in the groundwater might also reflect the increas-
ing use of PFOS-substitutes. 

PFSAs and PFCAs 

According to the literature, PFSAs should be more adsorbed due to their 
slightly higher hydrophobicity as well as difference in electrostatic inte-
raction that increases the adsorption. This is not contradicted in the con-
centrations that are found in the groundwater. More carboxylic acids 
seem to be present above their detection limit than the sulfonic acids 
(Fig. 28). Highly increased concentrations are only found for PFCAs 
(5.4 - 506 ng/L) while the increased concentrations of the sulfonates are 
quite moderate (7.3 - 37.7 ng/L) (Fig. 29). 

PFOS and PFOA 

There is a statistically significant increase in the ratio PFOS/PFOA in 
groundwater in comparison to stormwater. This is not in line with the li-
terature that states a higher adsorption of sulfonates and long PFASs. 
The ratio PFOS/PFOA should in that case be lower in groundwater, 
compared to stormwater due to adsorption reactions that take place dur-
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Figure 27 PFASs are arranged depending on their functional 
group, with the shortest ones to the left and the longest tp the 
right. A “S” means Sulfonic acid and “C” means carboxylic acid. 
The graph show the average and median concentrations of the 
substances in the samples above the detection limit. 

ing the transport in the soil. An explanation to why the contrary result is 
given is found in the degradation of PreFOS. Precursors are known to 
increase the PFOS concentration in wastewater treatment plants 
(WWTP) and it is therefore possible to happen in groundwater to, al-
though the conditions in the subsurface are less extreme than in a 
WWTP. Hydrolysis and biological degradation are probably the most 
important processes for degradation, while photolysis is less likely to 
happen. One PreFOS, PFOSA, is analyzed in the samples, but is not en-
countered in concentrations above the detection limit. Its degradation in-
to PFOS in soil might be a reason for that. 

Calculating the ratio PFOS/PFOA with the average concentrations in 
European groundwater (Loos et al, 2010) gives a value on 1.33 (Appen-
dix IV). That is similar to the value in this thesis (1.23) and gives reason 
to believe that it might be representable value for the ratio in groundwa-
ters. Stating more ratios in groundwater in other countries would show if 
the ratio is similar in all groundwaters and if not they can be used to state 
which factors influence the ratio. 

Soil factors and outer factors  
The pH in the groundwater samples ranges from 6 to 8 (Appendix V). 
No clear relation is seen between pH and the PFASs content in this 
range, although, in general, the concentrations seem to be increasing at 
increased pH (Fig. 30). At pH 8, the surface charge of aluminium and 
iron oxide turns negative; this might be a reason for why no clear pH in-
fluence is seen.  By removing the samples with PFASs concentrations 
above 100 ng/L, which can be due to point contaminations, a possible 
relation is seen in the PFASs concentration and pH (Fig. 31). However, 
it is not known if the removed samples really are point contaminated or 
not, which make it difficult to draw a conclusion on the pH influence. 

To evaluate the effect of ionic strength, PFASs’ concentrations are com-
pared to the electrical conductivity, which reflects the total dissolved sol-
ids and thereby ionic strength. No clear relation is seen in the compari-
son (Fig. 32). Both the lowest and highest concentration of PFASs is 
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seen at high conductivity while the concentrations at lower conductivities 
vary less. Since a high ionic strength can both increase and decrease the 
adsorption depending on the charges of the soil surfaces, this might be a 
reason for why such a high variety is seen at high conductivities. Again, a 
high conductivity can indicate that the site is exposed to many contami-
nations, including PFASs. 

The total organic carbon (TOC) content in the samples ranges from 5 to 
23 mg/L (Fig. 33). The increase in adsorption at higher TOC concentra-
tions is not seen when comparing concentrations of PFASs in ground-
water. 

Figure 29 PFASs are grouped depending on their functional 
group. The graph show the average and median concentrations 
of the substances in the samples above the detection limit. 

Figure 28 PFASs are grouped depending on their functional 
group. The graph show the number of samples where the 
substance was detected. 
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Comparing the distance to the groundwater surface and the ratio 
PFOS/PFOA, no clear relation can be seen. This shows that adsorption 
is not significantly affected by the transport distance in the soil. Overall 
this shows that soil factors do not seem to significantly affect the adsorp-
tion at normal environmental conditions. Other factors such as discharge 
and degradation are more important and outrun these effects. 

To summarize this chapter, adsorption can explain the concentration and 
composition of PFASs in groundwater on the following points: 

1. Short-chained PFASs are more present in groundwater than the 
long-chained PFASs. 

2. PFSAs are more adsorbed than PFCAs. 

However, it cannot explain the following: 

1. The PFOS/PFOA ratio is higher in groundwater than in 
stormwater. This strongly indicates the important contribution 
of PreFOS to PFOS concentrations. 

2. The adsorption of PFASs does not seem to be affected by ionic 
strength, pH, total organic carbon content and distance to the 
groundwater surface in the measures range. 

Figure 31 pH is plotted against the samples with total PFASs 
concentrations below 100 ng/L. 

Figure 30 The total PFASs concentration and pH in the 
groundwater samples. The concentration is plotted as log to 
account for large variations in the sample concentrations. 
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Uncertainties 
It is hard to state if the samples show a representative picture of the 
PFASs’ contamination in the groundwater or not. The samples show va-
rying concentrations of PFASs, although most of them are low. Since the 
PFASs’ levels in the samples are normally distributed, this is a reason to 
believe that the data shows a representative contamination picture. It is 
not clear how each groundwater sample has been exposed to the conta-
minations, and how point sources influence the variation in PFASs con-
tent among the samples. Concentrations above the detection limit might 
indicate the exposure from a point source such as leakage from sewage 
pipes, firefighting foams or industrial activity. Additionally, variations in 
PFASs’ recharge at the sample sites also affect the concentration in the 
groundwater and can thereby influence the outcome of the result. 

Samples with concentrations below the detection limit have probably not 
been exposed to any point source, but only from the diffuse spreading of 
PFASs with infiltrating water. A comparison of these concentrations to 
the infiltrating water might better reflect what happens in the soil. 

Although the evaluation strongly indicates that PreFOS have contributed 
to PFOS concentrations in groundwater, the extent and rate of the Pre-
FOS degradation in soil is at present unknown. Since it is thought to be a 

Figure 32 The total PFASs concentration and the conductivity in 
the groundwater samples. 

Figure 33 The total PFASs concentration and the organic carbon 
content in the groundwater samples. 
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slow process, long-term degradation of PreFOS would have occurred. 
The importance of the different degradation mechanism is not investi-
gated in this case. 

How soil heterogeneity affects the reactions is not either known, since 
no soil samples are taken at the investigated sites. Additionally, the time 
gap in the sampling between groundwater and stormwater can affect the 
outcome of the result through variations in discharge and use of sub-
stances or the environment. 

Furthermore, the exposure to PFASs can greatly differ between storm-
water and groundwater. The waters might be exposed to different types 
of sources with different PFASs compositions. This is another possible 
explanation to the difference in composition between the two water ma-
trices. 

The time perspective is also of importance. The PFASs content in 
stormwater has its origin in recent recharges, while the groundwater con-
tent might be the result of several years of PFASs recharge. 

A significance level on 15 % was chosen as acceptable in the statistical 
analysis of the ratio PFOS/PFOA. Raising the threshold from 5 to 15 % 
was a necessary measure to take to be able to perform an analysis with 
the small sample sets. This gives room for errors in the correctness of 
the result, although it points at the fact that a trustable result is given. 
Additionally, the samples are thought to reflect the diffuse exposure and 
the analysis does not take into account how point sources of PFOS or 
PFOA might affect the outcome of the result. 

CONCLUSION 

This chapter concludes the findings in Section 2, 4 and 5 in respect to 
the hypotheses and questions concerning soil reactions and influencing 
factors that influence the PFASs’ content in groundwater. The first part 
of this chapter concludes the findings in the literature study on how 
PFASs react in soil and the factors that influence the reactions. The 
second part concludes the evaluation on the PFASs’ content in Stock-
holm’s groundwater in connection to the literature study. Lastly, the 
third part proposes future work in the area. 

Literature study on PFASs’ reactions in soil 
First of all, it can be concluded that both adsorption and degradation of 
precursors influence the concentration of PFASs in groundwater. Ad-
sorption can decrease the concentration, while degradation of precursors 
increases the concentration. 

Special properties of PFASs are their high water solubility, which is 
much higher than for similar organic compounds, as well as their nega-
tively charged molecule. The latter limits the adsorption due to electrical 
repellence among the molecules and is a unique behavior of the sub-
stance. Especially short PFASs are therefore likely to be encountered in 
groundwater. 

Considering adsorption, both hydrophobic and electrostatic mechanisms 
govern the adsorption. The hydrophobic adsorption is considered to be 
more important than the electrostatic one. The organic carbon content 
and chain length of the PFASs are therefore important since both are 
proportional to the hydrophobicity. Consequently long-chained PFASs 
are more adsorbed than short-chained ones.  The hydrophobicity of the 
substances is also influenced by the functional groups, where the sulfo-
nate moiety is slightly more hydrophobic than the carboxylate moiety. 
Additionally, the groups affect the electrostatic interactions which lead to 
a higher adsorption of PFSAs than PFCAs. The electric adsorption is 
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mainly influenced by the pH and ionic strength in soil that can increase 
the electrostatic interactions. 

Since PFASs are persistent they do not degrade in the environment, but 
the degradation of other fluorochemicals, called precursors, form PFASs 
as their final degradation product and makes the degradation an impor-
tant process. Precursors that degrade into PFOS are named PreFOS.  
Their degradation in the subsurface is believed to be a slow process due 
to low temperatures and limited light and oxygen.  In soil, hydrolysis, ra-
ther than photolysis, is probably an important degradation mechanism, 
while the extent of biological degradation is quite uncertain. 

The evaluation of PFASs’ concentration in Stockholm’s groundwater 
A statistical analysis with the 2 Sample t-test confirms that the ratio 
PFOS/PFOA differs in groundwater in comparison to stormwater. This 
reflects that the two water matrices have a different composition of 
PFASs. The higher ratio in groundwater contradicts the literature on 
how PFASs react in soil, concerning the higher adsorption of sulfonates 
and long-chained substances. An explanation to the result is found in the 
degradation of precursors, which is likely responsible for the increase in 
the ratio. PreFOS is thereby likely to significantly contribute to PFOS 
concentration. This is an important finding of this thesis. 

From the evaluation in Stockholm's groundwater it is concluded that the 
chain length and functional group of PFASs are important factors that 
influence the adsorption. No relation in total PFASs’ concentrations can 
be connected to total organic carbon content or ionic strength, while pH 
is possibly influencing the content. Therefore, it is not clear which ad-
sorption mechanism –hydrophobic or electrostatic- is most important. 
Adsorption cannot however rule out the variation in discharge among 
the sites. This is seen in the groundwater samples with highly increased 
concentrations, which are probably due to point contaminations. To 
summarize what is found in Stockholm’s groundwater: 

 There is a difference in the ratio PFOS/PFOA in groundwater and 
stormwater, which reflects the different composition of PFASs between 
the two matrices. 

 Degradation of PreFOS significantly contributes to PFOS concentra-
tions in groundwater. 

 Important factors for the adsorption are chain length and functional 
group of PFASs. The adsorption extent among the PFASs is thereby 
different. 

 No clear relation between adsorption and the soil factors pH, ionic 
strength or total organic carbon content is found in the investigated 
range. 

 There is no indication on which adsorption mechanism is the most im-
portant one. 

 Adsorption reactions cannot rule out high concentration of PFASs at 
point contaminated sites. 

Further work 
There are two clear paths that can be further investigated; one is on the 
spreading and transport of PFASs. 

This would include a deeper investigation on PFASs’ content in soil, 
rainwater, stormwater and runoff. A more precise analysis on the trans-
port in the subsurface could be achieved with the analysis of more 
PFASs and by lowering the limit of quantification. Performing batch test 
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with soil from the Stockholm area would state representable Kd and Koc 
values for the area and give a result on how leachable they are. 

The other path is on the degradation of PreFOS, where an intent to 
quantify their contribution to PFOS concentrations is needed. This 
might be important in the struggle to reduce the exposure to humans 
and animals. The quantification would include stating transport path-
ways, degradation processes and influencing factors. Degradation 
processes are probably of interest when planning water treatment, e.g. at 
a waste water treatment plant. There is an especially large uncertainty 
concerning the biological degradation. Several matters as conditions and 
the portion of PFOS that is bioaccumulated or excreted could further 
clarify the fate of the substance after degradation. How the biological 
degradation of PreFOS affects the microorganisms in question is not 
known. 



Perfluoroalkyl substances in the groundwater of Stockholm, the role of subsurface reactions 

 

41 

REFERENCES 

Aastrup, M., Thunholm, B. (1999) Kväve- och fosfortransport med 
grundvatten till Mälaren, Saltsjön och Brunnsviken inom Stockholms 
stad, en modellberäkning. Swedish Geological Survey, Uppsala. 32p. 

Aastrup Jensen, A.A., Poulsen, P.B., Bossi, R. (2008) Survey and 
environmental/health assessment of fluorinated substances in 
impregnated consumer products and impregnating agents. Danish 
ministry of the environment. 99:1-160. 

Ahrens, L. (2011) Polyfluoroalkyl compounds in the aquatic 
environment: a review of their occurrence and fate. Journal of 
Environmental Monitoring. 13:20-31. 

Ahrens, L., Gerwinski, W., Theobald, N., Ebinghaus R. (2009a) Sources 
of polyfluoroalkyl compounds in the North Sea, Baltic Sea and 
Norwegian Sea: Evidence from their spatial distribution in surface 
water. Marine Pollution Bulletin. 60:255–260. 

Ahrens, L., Yamashita, N., Yeung, L., Taniyasu, S., Horii, Y., Lam, P., 
Ebinghaus, R. (2009b) Partitioning Behavior of Per- and 
Polyfluoroalkyl Compounds between Pore Water and Sediment in 
TwoSediment Cores from Tokyo Bay, Japan. Environmental Science & 
Technology. 43:6969–6975.  

Ahrens, L., Yeung, L., Taniyasu, S., Lam, P., Yamashita, N. (2011) 
Partitioning of perfluorooctanoate (PFOA), perfluorooctane 
sulfonate (PFOS) and perfluorooctane sulfonamide (PFOSA) 
between water and sediment. Chemosphere. 85:731–737.   

Alexander, B., Olsen, G. (2007) Bladder Cancer in 
Perfluorooctanesulfonyl Fluoride Manufacturing Workers. Annals of 
Epidemiology. 17(6):471–478. 

Armitage, J. M., Schenker, U., Scheringer, M., Martin, J. W., MacLeod, 
M., Cousins, I. T. (2009) Modeling the Global Fate and Transport of 
Perfluorooctane Sulfonate (PFOS) and Precursor Compounds in 
Relation to Temporal Trends in Wildlife Exposure. Environmental 
Science & Technology. 43:9274-9280. 

Barton, C., Kaiser, M., Russell, M. (2007) Partitioning and removal of 
perfluorooctanoate during rain events: the importance of physical-
chemical properties. Journal of Environmental Monitoring. 9:839–846. 

Beach, S.A., Newsted, J.L., Coady, K., Giesy, J.P. (2006) 
Ecotoxicological Evaluation of Perfluorooctanesulfonate (PFOS). 
Reviews of Environmental Contamination & Toxicology. 186:133–174. 

Boulanger, B., Vargo, J., Schnoor, J.L., Hornbuckle, K.C. (2004) 
Detection of perfluorooctane surfactants in Great Lakes water. 
Environmental Science & Technology. 38(15):4064-4070. 

Buck, C., Berger, U., Bossi, R., Tomy, G. (2010). Levels and trends of 
poly- and perfluorinated compounds in the arctic environment.  
Science of the Total Environment. 408: 2936-2965. 

COHIBA (2011) Result sheet on chemical analysis on PFASs in Swedish 
waters.  

de Voogt, P. (2006) Perfluorinated organic compound in the European 
environment. PERFORCE. Report 508967, 132p. 

de Vos, M., Huijbregts, M., van den Heuvel-Greve, M., Vethaak, D., Van 
de Vijver, K., Leonards, P., van Leeuwen, S.P.J., de Voogt, P., 
Hendriks, J. (2008) Accumulation of perfluorooctane sulfonate 
(PFOS) in the food chain of the Western Scheldt estuary: Comparing 
field measurements with kinetic modeling. Chemosphere. 70:1766–1773 



Eleonore Lövgren TRITA LWR Degree Project 12:28  

 

42 

Donaldson, S., Van Oostdam, J., Tikhonov, C., Feeley, M., Armstrong, 
B., Ayotte, P., Boucher, O., Bowers, W., Chan, L., Dallaire, F., 
Dallaire, R., Dewailly, E., Edwards, J., Egeland, G., Fontaine, J., 
Furgal, C., Leech, T., Loring, E., Muckle, G., Nancarrow, T., Pereg, 
D., Plusquellec, P., Potyrala, M., Receveur, O., Shearer, R. (2010) 
Environmental contaminants and human health in the Canadian 
Arctic. Science of the Total Environment. 408:5165–5234. 

EFSA (2008) Perfluorooctane sulfonate (PFOS), perfluorooctanoic acid 
(PFOA) and their salts, Scientific Opinion of the Panel on 
Contaminants in the Food chain. The EFSA Journal. 653:1-131 

Enevoldsen, R., Juhler, R. (2010) Perfluorinated compounds (PFCs) in 
groundwater and aqueous soil extracts: using inline SPE-LC-MS/MS 
for screening and sorption characterization of perfluorooctane 
sulphonate and related compounds. Analytical and Bioanalytical 
Chemistry. 398:1161–1172. 

European Comission (2010) Implementation of the restriction on PFOS 
under the Directive 2006/122/EC – electroplating applications and 
firefighting foams containing PFOS stocks. 8p. 

Fromme, H., Tittlemier, S.A., Volkel, W., Wilhelm, M., Twardella, D. 
(2009) Perfluorinated compounds-exposure assessment for the 
general population in Western countries. International Journal of Hygiene 
and Environmental Health. 212:239-270. 

Giesy, J.P., Kannan, K. (2001) Global distribution of perfluorooctane 
sulfonate in wildlife. Environmental Science & Technology. 35:1339–1342. 

Giesy, J. P., Maybury, S. A., Kannan, K., Jones, P. D., Newsted, J. L., 
Coady, K. (2006) Handbook of Environmental Chemistry, 
Heidelberg, Germany: Springer – Verlag.  5:391–438. 

Gustafsson, J.P., Jacks, G., Simonsson, M., Nilsson, I. (2008) Mark- och 
vattenkemi, Teori. Course compendium for ”Mark och miljökemi” at 
the department of Land & Water resources at The Royal Institute of 
technology, Stockholm. 148p. 

Hansen, K.J., Clemens, L.A., Ellefson, M.E., Johnson, H.O. (2001) 
Compound-Specific, Quantitative Characterization of Organic 
Fluorochemicals in Biological Matrices. Environmental Science & 
Technology. 35:766-770. 

Hatfield, T. L. (1999) Study of the Stability of MeFOSEA in Aqueous 
Buffers Using Gas Chromatography with Atomic Emission 
Detection. 3M Company. Report AR226–0380. 

Hatfield, T. L. (2001) Screening studies on the Aqueous Photolytic 
Degradation of 2-(NEthylperfluorooctanesulfonamido)- Ethyl 
Alcohol (N-EtFOSE Alcohol). 3M Environmental Laboratory. Report 
AR226–1030a080. 

Haug, L.S., Huber, S., Becher, G., Thomsen, C. (2011) Characterisation 
of human exposure pathways to perfluorinated compounds - 
Comparing exposure estimates with biomarkers of exposure. 
Environment International. 37:687-693. 

Higgins, C., Luthy, R. (2006) Sorption of Perfluorinated Surfactants on 
Sediments. Environmental Science & Technology. 40:7251-7256. 

Henriksson, J. (2011) Miljögifter i Stockholms grundvatten. Independent 
work at the ITM Department for applied environmental science, Stockholm 
University. 55p. 

Hyun, S., Lee, L.S. (2005) Quantifying the contribution of different 
sorption mechanisms for 2, 4-dichlorophenoxyacetic acid sorption by 



Perfluoroalkyl substances in the groundwater of Stockholm, the role of subsurface reactions 

 

43 

several variable-charge soils. Environmental Science & Technology. 
39:2522–2528.  

Jahnke, A., Ahrens, L., Ebinghaus, R., Temme, C. (2007) Urban versus 
Remote Air Concentrations of Fluorotelomer Alcohols and Other 
Polyfluorinated Alkyl Substances in Germany. Environmental Science & 
Technology. 41:745-752. 

Jeon, J., Kannan, K., Lim, B., Ane, K., Kim, S.D. (2011) Effects of 
salinity and organic matter on the partitioning of perfluoroalkyl acid 
(PFAs) to clay particles. Journal of Environmental Monitoring. 13:1803-
1810.  

Jing, P., Rodgers, P., Amemiya, S. (2009) High Lipophilicty of 
Perfluoroalkyl Carboxylate and Sulfonate: Implications for Their 
Membrane Permeability. Journal of the American Chemical Society. 
6:2290–2296. 

Johnson, R., Anschutz, A., Smolen, J.M., Simcik, M., Lee Penn, R. (2007) 
The Adsorption of Perfluorooctane Sulfonate onto Sand, Clay, and 
Iron Oxide Surfaces. Journal of Chemical & Engineering Data. 52:1165-
1170.  

Järnberg, U., Holmström, K., van Bavel, B., Kärrman, A. (2006) 
Perfluoroalkylated acids and related compounds (PFAS) in the 
Swedish environment. ITM Department for applied environmental science, 
Stockholm University. 75p 

Kaj, L., Allard, A-S., Andersson, H., Hageström, U., Brorström-Lundén, 
E., Schultz, L., Münne, P.,Nakari, T., Schultz, E., Fulara, I.,  Wypych, 
J., Kwosek, M.,  Manko, T., Czaplicka, M. (2011) WP3 National 
Report Sweden. COHIBA. 50p. 

Kannan, K. (2011) Perfluoroalkyl and polyfluoroalkyl substances:current 
and future perspectives. Environmental Chemistry. 8:333–338 

Knutsson, G., Morfeldt, C.O. (2002) Grundvatten. Teori & tillämpning. 
Svensk Byggtjänst. 3:227pp. 

Kwadijk, C., Korytar, P., Koelmans, A. (2010) Distribution of 
Perfluorinated Compounds in Aquatic Systems in The Netherlands. 
Environmental Science & Technology. 44:3746–3751.  

Kärrman, A., Langlois, I., van Bavel, B., Lindström, G., Oehme, M. 
(2007) Identification and pattern of perfluorooctane sulfonate 
(PFOS) isomers in human serum and plasma. Environment International. 
33(6):782–788. 

Labadie, P., Chevreuil, M. (2010) Partitioning behaviour of 
perfluorinated alkyl contaminants between water, sediment and fish 
in the Orge River (nearby Paris, France). Environmental Pollution.  
159:391-397. 

Lange, C. C. (2000) The Aerobic Biodegradation of N-EtFOSE Alcohol 
by the Microbial Activity Present in Municipal Wastewater Treatment 
Sludge. 3M company. Report AR226–058. 

Lindqvist, E. (2009) Miljögifter i inkommande avloppsvatten och slam - 
omfattande 8 reningsverk i Västra Götaland. Västra Götaland County 
Administrative Board. 88: 16p. 

Loos, R., Locoro, G., Comero, S., Contini, S., Schwesig, D., Werres, F., 
Balsaa P., Gans, O., Weiss, S., Blaha, L., Bolchi, M., Gawlik, B.M. 
(2010) Pan-European survey on the occurrence of selected polar 
organic persistent pollutants in ground water. Water Reseacrh. 44: 
4115-4126 

http://www.sciencedirect.com/science/journal/01604120/33/6


Eleonore Lövgren TRITA LWR Degree Project 12:28  

 

44 

Martin, J.W., Asher B.J., Beesoon, S., Benskin, J.P., Ross M.S. (2010) 
PFOS or PreFOS? Are perfluorooctane sulfonate precursors 
(PreFOS) important determinants of human and environmental 
perfluorooctane sulfonate (PFOS) exposure? Journal of Environmental 
Monitoring. 12(11):1929–2188. 

Moody, C. (2003) Occurrence and persistence of 
perfluorooctanesulfonate and other perfluorinated surfactants in 
groundwater at a fire-training area at Wurtsmith Air Force Base, 
Michigan, USA. Journal of Environmental Monitoring. 5:341–345. 

Munthe, J., Johanson, K.J., Skyllberg, U., Tyler, G.(2001) Effekter på 
tungmetallers och cesiums rörlighet av markförsurning och motåtgär-
der. Temaserie: MARKFÖRSURNING & MOTÅTGÄRDER. 
Swedish Forest Agency. 11G: 37p. 

Murakami, M. (2008) Evaluation of wastewater and street runoff as 
sources of perflourinated surfactants (PFCs). Chemosphere. 74:487-493. 

Murakami, M. (2009) Groundwater Pollution by Perfluorinated 
Surfactants in Tokyo. Environmental Science & Technology. 4:3480–3486. 

Olsen, G.W., Mair, D.C., Reagen W.K., Ellefson, M.E., Ehresman, D.J., 
Butenhoff, J.L., Zobel, L.R. (2007) Preliminary evidence of a decline 
in perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) 
concentrations in American Red Cross blood donors. Chemosphere. 
68(1):105-111. 

Pan, G., Jia, C., You, C. (2009a) Effect of temperature on the sorption 
and desorption of perfluorooctane sulfonate on humic acid. Journal of 
Environmental Sciences. 22(3):355–361.  

Pan, G., Jia, C., Zhao, D., You, C., Chen, H., Jiang, G. (2009b) Effect of 
cationic and anionic surfactants on the sorption and desorption of 
perfluorooctane sulfonate (PFOS) on natural sediments. Environmental 
Pollution. 157:325–330.  

Pan, G., You, C., Jia, C. (2010) Effect of salinity and sediment 
characteristics on the sorption and desorption of perfluorooctane 
sulfonate at sediment-water interface. Environmental Pollution. 
158:1343–1347  

Plumlee, M. H., McNeill, K., Reinhard, M. (2009) Indirect Photolysis of 
Perfluorochemicals: Hydroxyl Radical-Initiated Oxidation of N-Ethyl 
Perfluorooctane Sulfonamido Acetate (N-EtFOSAA) and Other 
Perfluoroalkanesulfonamides. Environmental Science & Technology. 
43(10):3662-3668. 

Prevedouros, K., Cousins, I., Buck, R., Korzeniowski, S. (2006) Sources, 
Fate and Transport of Perfluorocarboxylates. Environmental Science & 
Technology. 40(1):32-44. 

Rayne, S., Forest, K. (2010) Modeling the hydrolysis of perfluorinated 
compounds containing carboxylic and phosphoric acid ester 
functions and sulfonamide groups. Journal of Environmental Science and 
Health. 45(4):432-446. 

Renner, R. (2009) EPA finds record PFOS, PFOA levels in Alabama 
grazing fields. Environmental Science & Technology. 43(5):1245–1246. 

Rhoads, K.R., Janssen, E.M., Luthy, R.G., Criddle, C.S. (2008) Aerobic 
Biotransformation and Fate of N-Ethyl Perfluorooctane 
Sulfonamidoethanol (N-EtFOSE) in Activated Sludge. Environmental 
Science & Technology. 42(8):2873-2878. 



Perfluoroalkyl substances in the groundwater of Stockholm, the role of subsurface reactions 

 

45 

Russell, M.H., Berti, W.R., Szostek, B., Buck, R.C. (2008) Investigation 
of the biodegradation potential of a fluoroacrylate polymer product in 
aerobic soils. Environmental Science & Technology. 42(3):800-808.  

Schwarzenbach, R.P., Gschwend, P.M., Imboden, D.M. (2003) 
Environmental Organic Chemistry. New Jersey: John Wiley & Sons, Inc. 
2:1313p. 

Sepulvado, J., Blaine, A., Hundal, L., Higgins, C. (2011) Occurrence and 
Fate of Perfluorochemicals in Soil Following the Land Application of 
Municipal Biosolids. Environmental Science & Technology. 45:8106–8112. 

Siegrist, R.L., Crimi, M., Simpkin, T. J. (2011) In Situ Chemical Oxidation 
for Groundwater Remediation. Environmental Remediation Technology. 
New York:Springer - Verlag Inc. 1(3):678p. 

SGU (2006) Förslag till förbättring av kunskapsförsörjningen avseende 
grundvattenkvalitet. Swedish Geological Survey. 04-1888: 51p. 

Simcik, M. (2005) Ratio of Perfluorochemical Concentrations as a Tracer 
of Atmospheric Deposition to Surface Waters. Environmental Science & 
Technology. 39:8678-8683. 

Steenland, K., Fletcher, T., Savitz, D. A. (2010) Epidemiologic Evidence 
on the Health Effects of Perfluorooctanoic Acid (PFOA). 
Environmental Health Perspectives. 8(118):1100–1108. 

Stevens, J. B., Coryell, A. (2007) Surface Water Quality Criterion for 
Perfluorooctane Sulfonic Acid.  Minnesota Pollution Control Agency. 
04796: 73p. 

Stockholm County Administrative Board (2009) Dricksvattenförekoms-
ter i Stockholms län, Prioriteringar för långsiktigt skydd. The VAS 
council. 6:155p. 

Stockholm Vatten (2007) Stockholm Vatten- En del av stockholmarnas 
vardag. Annual report of the work 2007. 

Sundelin, B., Löf, M., Wiklund, A.K.E., Jacobson, T., Järnberg, U., Ber-
ger, U. (2008) Biotillgänglighet och toxicitet av PFAS kontaminerade 
sediment från Mälaren. Stockholms Stad. 34p. 

Swedish Chemical Agency (2004) Riskbedömning för PFOS Bilaga 3. 
Report 3:92p. 

Swedish Chemical Agency (2006) Perfluorerade ämnen - användningen i 
Sverige. Report 6:59p 

Swedish Chemical Agency (2009)  Högfluorerade ämnen i kläder, skor 
och kemiska produkter, ett tillsynsprojekt. PM 4:30p 

Swedish EPA (2007) Hållbar sanering, Modeller för transport och sprid-
ning av föroreningar fas 2. Report 5692:87p 

Swedish EPA (2011a) Vilka halter av miljöfarliga ämnen hittar vi i mil-
jön? Resultat från miljöövervakningens screeningprogram 2008-2010. 
Report 6445:181p 

Swedish EPA (2011b) Retrospektiv studie av halterna av perfluorerade 
ämnen i plasma mellan 1987 och 2007 hos kvinnor. Annual report on 
environmental monitoring 2011. 52p. 

Tang, C., Fu, S., Gao, D., Criddle, C., Leckie, J. (2010) Effect of solution 
chemistry on the adsorption of perfluorooctane sulfonate onto 
mineral surfaces. Water Research. 44:2654–2662. 

The Norwegian Pollution Control Authority (2005) Perfluoroalkyl 
substances (PFAS) and perfluorooctyl sulphonate (PFOS)-related 
substances: Action plan. 13p 

http://www.springer.com/series/8449


Eleonore Lövgren TRITA LWR Degree Project 12:28  

 

46 

The Swedish National Board of Health and Welfare (2009) 
Miljöhälsorapport 2009. 126-70:220p. 

TWK (2007) German Drinking Water Commission. PFC in drinking 
water, no imminent health risk. Press Release 53:2p. 

USEPA (2002) Revised draft hazard assessment of Perfluorooctanoic 
acid and its salts. U.S. Environmental Protection Agency Office of 
Pollution Prevention and Toxics Risk Assessment Division. 

Vattenmyndigheten (2007) Övervakningsprogram för ytvatten, grundvat-
ten och skyddade områden i Norra Östersjöns vattendistrikt juni 
2007. 71p 

Vattenmyndigheten (2008) Preliminär kartläggning och analys i Norra 
Östersjöns vattendistrikt januari 2008. 25p. 

Wang, F., Shih, K. (2011) Adsorption of perfluorooctanesulfonate 
(PFOS) and perfluorooctanoate (PFOA) on alumina: Influence of 
solution pH and cations. Water Research. 45:2925-2930. 

Woldegiorgis, A., Andersson, J., Remberger, M., Kaj, L., Ekheden, Y., 
Blom, L., Brorström-Lundén, E., Borgen, A., Dye, C., Schlabach, M. 
(2006) Results from the Swedish National Programme 2005. 
Subreport 3: Perflourinated Alkylated substances (PFAS). IVL 
Swedish Environmental Research Institute. Report B1698:48p. 

Xiao, F., Zhang, X., Penn, L., Gulliver, J., Simcik, M. (2011) Effects of 
Monovalent Cations on the Competitive Adsorption of 
Perfluoroalkyl Acids by Kaolinite: Experimental Studies and 
Modeling. Environmental Science & Technology. 45:10028–10035. 

Xiao, F., Davidsavor, K.J., Park, S., Nakayama, M., Phillips, B.R. (2012) 
Batch and column study: Sorption of perfluorinated surfactants from 
water and cosolvent systems by Amberlite XAD resins. Journal of 
Colloid and Interface Science. 368:505–511. 

3M Company (1996) Determination of Physico-chemical Properties of 
Sample D-1. 3M Company Report AR226–0973. 

Other references 
Environment Canada (2006) Perfluorooctane Sulfonate (PFOS) Its Salts 

and its Precursors - Risk Management Strategy. http://www.ec.gc.ca 
Modified: 2012-02-21 Accessed: 19/4 2012 

Lau, C. (2010) Toxicology of Perfluoroalkyl Acids. Presentation at PFAA 
Days III by USEPA, Toxicity Assessment Division, Research 
Triangle Parc, NC. 

OECD (2010) Portal on perfluorinated chemicals. http://www.oecd-
.org/site/0,3407,en_21571361_44787844_1_1_1_1_1,00.html 

Rydén, Tobias: Professor at the Department of Mathematical Statistics at 
The Royal Institute of Technology, Stockholm. Email 
communication March 2012. 

TI Basic Developer. (2011) The 2-SampTTest Command. http://tiba-
sicdev.wikidot.com/2-sampttest Accessed 16/4 2012. 

University of Lunds (2011) Carboxylic acids. http://www.bioorganic.lth-
.se/education/ekosystemteknik/Ekosystem/Karb+derivat.pdf 
Accessed 9/3 2012, Updated 8/2 2011 

Åberg, A. Tvärprofil från Uppsalatrakten. http://www.sgu.se/sgu/-
sv/geologi/jord/tolkakarta/exempel_profil.html 

 

http://www.oecd-.org/site/0,3407,en_21571361_44787844_1_1_1_1_1,00.html
http://www.oecd-.org/site/0,3407,en_21571361_44787844_1_1_1_1_1,00.html
http://tiba-sicdev.wikidot.com/2-sampttest
http://tiba-sicdev.wikidot.com/2-sampttest
http://www.bioorganic.lth-.se/education/ekosystemteknik/Ekosystem/Karb+derivat.pdf
http://www.bioorganic.lth-.se/education/ekosystemteknik/Ekosystem/Karb+derivat.pdf
http://www.sgu.se/sgu/-sv/geologi/jord/tolkakarta/exempel_profil.html
http://www.sgu.se/sgu/-sv/geologi/jord/tolkakarta/exempel_profil.html


Eleonore Lövgren TRITA LWR Degree Project 12:28  

 

II 

APPENDIX  I 

Prestudy of ratio 

 

Figure 1A prestudy of the ratio PFOS/PFOA. The values for 
each sample are plotted. Stormwater is possibly showing lower 
values than groundwater. 
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APPENDIX  II 

Normality test 
The output from the Chi-squared test is the following: 

> data 

1   12 

2   13 

3   10 

4   17 

5   14 

6    8 

7   15 

8   10 

9   10 

10  12 

11  11 

> chisq.test(data) 

Chi-squared test for given probabilities 

X-squared = 5.6667, df = 10, p-value = 0.8424 

The Chi-squared test shows the normality of the groundwater sample on 
the significance level 16 %. Considering the small sample size and there-
by the difficulties of proving normality, this is strongly indicating nor-
mality. Thereby the 2 Sample t-test can be used to test the hypothesis. 
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APPENDIX  III 

Formulas for calculating partitioning coefficients 
KD = Cs/Cw [L/kg] 

KOC = KD/foc = Coc/Cw [L/kg org C or dimensionless] 

Log Kow = -a*log Cw
sat + b´ [dimension less] 

where 

Cs= Concentration of adsorbate in the sediment [mol/kg] 

Cw= Concentration of adsorbate in the solution [mol/L] 

Coc = Concentration of substance in organic carbon [mol/kg org C] 

Cw
sat = Water solubility of a substance [mol/L] 

foc = fraction of organic carbon in the soil [%] 

a =coefficient that usually ranges between 0.75 and 1, depending on the 
type of organic substances 

b = coefficient that usually ranges between 0 and 1.5, depending on the 
type of organic substances 
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APPENDIX  IV 

Ratio PFOS/PFOA, calculated from average values in European 
groundwaters. 

Figure 2A Average PFOS and PFOA levels in the European groundwater (Loos 
et al, 2010). Marked values were used to calculate the ratio PFOS/PFOA. 
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APPENDIX  V 

Sample results including pH, conductivity and the organic carbon con-
tent 

 
Table 1A Result of PFASs concentration, pH, Conductivity and total organic 
carbon content for each groundwater sample. 

Sample 
Total PFASs 
(exkl LOQ) 

[ng/L] 
pH 

Conductivity 
[µS/cm] 

Total organic 
carbon  
content 
[mg/L] 

4 Johannelundstoppen 407 7.3 533 3.5 

5c Judarn 42.1 6.2 353 5.3 

7c Bällstaviken 108 - - 5.1 

8b Bällstaån 44.4 7.0 - 5.2 

9 Ulvsunda 148 7.6 530 14 

11 Råcksta träsk 0 7.2 656 5 

14 bLövsta 0 7.1 225 3.2 

15c Kungsholmen N 7.3 7.1 880 9.3 

15b Kungsholmen Ö 16.2 7.1 554 5.2 

18 Bredäng 57.6 6.9 685 5 

19d Hägersten 18.2 6.8 - 3 

20 Älvsjömässan 0 7.6 613 7.9 

28 Skogskyrkogården 0 6.8 240 10 

30 Stora Sköndal -Flaten 32.1 7.6 651 8.1 

31 Skrubba 0 8.1 196 3.2 

32 Enskede -Ältasjön 0 7.2 424 5.5 

33 Enskede Gård 0 7.2 554 4.9 

33d Gamla Enskede 
/Sockenv 5 6.6 - 12 

41 Eriksdalsbadet 20.8 7.0 299 5 

42d Gamla Stan -
Slussenprojektet 12.5 - - 8.6 

44 Norrmalm 250 6.0 685 5.8 

45 Engelbrektsplan 1060 7.2 838 23 

46b Djurgården 5.5 6.7 840 11 

47a Värtahamnen 96.1 7.2 970 11 

48b Hjorthagen -Tennishallen 0 6.9 582 2.9 


