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Abstract 

Per- and polyfluoroalkyl substances (PFASs) are a group of toxic and persistent organic 

compounds. Their properties make them extremely resistant and they have been shown to 

have bioaccumulation and toxic properties in the environment and also to biomagnify in both 

aquatic and terrestrial food webs. This study has analysed different PFASs in African Darter 

(Anhinga rufa) eggs from five sites along Vaal River; Orange River, South Africa. Sixteen of 

23 analysed PFASs were detected and quantified, and the homologue profiles were studied 

from all five sites. Total perfluorooctane sulfonic acid (PFOS) (all structural isomers) was the 

predominated compound of all PFASs, accounting for 88-98% for all sites, with a median 

concentration range of 58 ng/g ww to 2473 ng/g ww. The second highest concentration was 

found for perfluorodecanoic acid (PFDA) (1.9-42 ng/g ww), followed by perfluorononanoic 

acid (PFNA) (1.1-14 ng/g ww) and perfluorohexane sulfonate (PFHxS) (0.68-6.0 ng/g ww). 

The results showed significantly that the three up-stream sites (Welverdiend, Schoemansdrift 

and Orkney East) had similar patterns and that eggs from Schoemansdrift had the highest 

levels of PFASs. This may indicate the same source of origin for these three sites and that 

Schoemansdrift are closest to the contamination source. The three sites (Welverdiend, 

Schoemansdrift and Orkney East) with similar pattern is closest to Gauteng, which can be 

where the emission source is located, because it is an industrial area. Perfluoroalkyl 

carboxylic acids (PFCAs) and PFOS might originate from different sources and the source for 

PFCAs could be degradation of fluorotelomer-based precursors. Structural isomer profiles of 

PFOS showed similar results as the PFAS homologue patterns, which give further indication 

of the source of origin. The contribution of linear PFOS (L-PFOS) to the total amount of 

PFOS was between the range of 94 and 97%. Bloemhof had the highest concentration of 

branched isomers among all sites. The L-PFOS concentrations in Bloemhof were also 

significantly differ from Schoemansdrift. This indicate two different sources between 

Bloemhof and the three up-steam sites, or an effect of environmental fractionation. 

 

Keywords 

Per- and polyfluoroalkyl substances (PFASs), Perfluorooctane sulfonate (PFOS), linear and 

branched isomers, African Darter, Vaal River, bird eggs  
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Sammanfattning 

Per- och polyfluoralkylerade substanser (PFASs) är en grupp av giftiga och persistenta 

organiska ämnen. Deras egenskaper gör dem extremt resistenta och de har visats att ha 

egenskaper som bioackumulation i miljön och också biomagnifiering i både vatten- och 

landbaserade näringskedjor. Denna studie har analyserat olika PFASs i African Darter 

(Anhinga rufa) ägg från fem olika platser längs Vaal River; Orange River, Sydafrika. Sexton 

av de 23 analyserade PFASs detekterades och kvantifierades, även homologmönster 

studerades för alla fem platser. Total-perfluoroktansulfonsyra(PFOS) (alla strukturella 

isomerer) var det dominerade ämnet av alla PFASs, mellan 88-98% för alla platser, med en 

median koncentration räckvidd från 58 ng/g ww till 2473 ng/g ww. Nästa koncentration var 

perfluordekansyra (PFDA) (1.9-42 ng/g ww), följt av perfluornonansyra (PFNA) (1.1-14 ng/g 

ww) och perfluorhexansulfonsyra (PFHxS) (0.68-6.0 ng/g ww). Resultaten visade att de tre 

platserna uppströms hade signifikant liknande mönster och platsen ”Schoemansdrift” hade de 

högsta nivåerna av PFASs. Detta kan indikera samma kontamineringskälla och att närmast 

källan är Schoemansdrift. De tre platser (Welverdiend, Schoemansdrift och Orkney East) med 

liknande mönster befinner sig närmast Gauteng. Där kan utsläppskällan vara då det är ett 

industriområde. Perfluorkarboxylsyror (PFCAs) och PFOS kan komma från olika källor och 

att källan för PFCAs kan vara nedbrytning av telomerprekursorer. Isomermönster av PFOS 

visade liknande resultat som PFASs homologmönstren, vilket ger ytterligare indikering om 

kontamineringskällan. Av den totala mängden PFOS var linjär-PFOS (L-PFOS) mellan 94-97 

%. Platsen Bloemhof hade de högsta koncentrationerna av de grenade isomerer jämfört med 

de platser med liknande mönster (Welverdiend, Schoemansdrift och Orkney East), detta sågs 

även vara signifikant för L-PFOS koncentrationerna, där Bloemhof skiljer sig markant från 

Schoemansdrift. Dessa resultat ger indikeringar att ursprunget kan vara från två olika källor 

men kan också vara en effekt av fraktionering i miljön. 

 

Nyckelord 

Per- och polyfluoralkylerade substanser (PFASs), perfluoroktansulfonat (PFOS), linjära och 

grenade isomerer, African Darter, Vaal River, fågelägg 
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1. Background 

This study is based on a previous project: “Survey of Perfluorinated Organic Compounds in 

the Orange-Senqu River Basin” (Swiegelaar et al., 2014). The project analysed 15 different 

perfluorinated compounds in water, sediment and wild bird eggs from six sites in the Orange-

Senqu River System, South Africa.  Remarkably high levels of perfluorooctane sulfonic acid 

(PFOS) were found in bird eggs only. The source of PFOS and the reason why the high levels 

were not found in other matrices (water and sediment) is unclear.    

 

2. Introduction 

2.1 Per-and Polyfluoroalkyl Substances 

Per- and polyfluoroalkyl substances (PFASs) are a group of organic compounds with the base 

structure of a carbon chain bonded with fluorine atoms (Naturvårdsverket, 2016). The name 

will be decided based on how many of the hydrogens have been substituted with fluorine 

atoms in the carbon chain. It can either be perfluorinated (completely fluorinated, all 

hydrogens are substituted) or polyfluorinated (partly fluorinated, some hydrogens have been 

replaced with fluorine atoms). The carbon-fluorine bond is extremely strong and the carbon-

chain are coupled in one end with a polar group (O'Sullivan & Gwen, 2014;2013). This 

structure gives PFAS both hydrophilic and lipophilic (amphiphilic) properties, where the 

fluorine atoms play a part due to their high ionization potential and low polarizability (Kissa, 

2001). PFASs have a great stability towards extreme heat and are resistant to corrosive 

chemicals (Kissa, 2001; O'Sullivan & Sandau, 2014). Due to their strong fluorine-carbon 

bonds, they are stable to oxidation, reduction, acids, alkali and high temperatures (Kissa, 

2001). PFASs functional group are often less stable than the fluorinated carbon chain and 

therefore may lower their stability. Perfluoroalkyl carboxylic acids (PFCAs) and 

perfluoroalkanesulfonic acid (PFSAs) are the most stable PFASs. The variety of the carbon 

chain’s length and polar groups allows a big variety of substances to be included in this 

category (PFASs) (Kissa, 2001). A brief description of PFASs’ groups and subgroups, plus 

examples of structures are found in Appendix A, table A.1-A.2 (Naturvårdsverket, 2016).  

 

In the last decades, an increased interest for analysing, evaluating and monitoring PFASs has 

emerged since some of these can be considered as persistent organic pollutants (POP) 

(Kärrman et al., 2007). POPs are organic compounds of natural or anthropogenic origin, 

where their chemical and physical properties make them breakdown slowly in the 

environment (O'Sullivan & Sandau, 2014; Commision of the European Communites, 2007; 

Naturvårdsverket, 2016). This means that they are persistent in the environment and therefore 

negatively affect the animals, humans and environment. 

 

The Stockholm Convention on Persistent Organic Pollutants was established and entered into 

forced in 2004 at United Nations Environment Programme (UNEP) (Stockholm Convention, 

2008). Its purpose is to prevent POPs to increase and spread globally, due to POPs threat to 

people and environment. The Stockholm convention works as a framework for POPs, by 
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working the following main issues; how use of prioritised substances can be limited, how 

spreading can be avoided by banning certain substances and to describe and provide 

knowledge how to deal with POPs (Stockholm Convention, 2008). Based on studies in the 

last decades with temporal trend in biota, it has been shown that the legacy POPs (the first 12 

POPs that became banned and regulated) have decreased while PFASs have increased (Rigét 

et al., 2010; Rotander et al., 2012). One of the most studied PFAS is PFOS, due to its large 

range of applications and distribution in the environment. PFOS was added on Stockholm 

Convention in 2009 and was banned in Europe June 27th, 2008 (Directive 2006/122/EC) but 

are still used and accepted for some purposes such as for metal plating and in developing 

countries where new alternatives are not available (Stockholm Convention, 2008). 

Some PFASs have been shown to be bioaccumulate in the environment and also biomagnify 

in both aquatic and terrestrial food webs (Martin, 2006; Eriksson et al., 2016; Bouwman et 

al., 2008; Naturvårdsverket, 2016). This means that a fish eating bird with high position in the 

food chain as African Darter should have higher levels of POPs compared to a bird with a 

lower position (Bouwman et al., 2008). The functional group and length of the carbon chain 

affects the binding site and its affinity, and therefore affecting PFAS bioaccumulation 

properties (Stahl et al., 2011). Longer carbon chain (C8) increases the accumulation and are 

therefore found in higher levels in biota tissue compared to shorter homologues (Conder et 

al., 2008). The reason is unclear, but one argument could be that they bind more tightly to 

proteins. PFASs does not bioaccumulate in the same way as the most common POPs, due to 

their amphiphilic property (Stahl et al., 2011; Wang et al., 2009). Instead of accumulate in 

fatty tissue that most common POPs do, they rather bind to proteins in the blood. This results 

in an ability to be transported into organs of living organisms and interact with these tissues. 

PFOS and perfluorooctanoic acid (PFOA) does not metabolise in mammals, the only way for 

elimination are excretion (Stahl et al., 2011). Different perfluorinated compounds eliminates 

in different rates, due to structure of the compound (its functional group and length of carbon 

chain). A study showed that some PFAS branched isomers (PFOS, PFOA, perfluorononanoic 

acid (PFNA) and perfluorohexane sulfonate (PFHxS)) had lower half-time due to their 

structures (Stahl et al., 2011). PFASs with shorter carbon chain was eliminated faster in rats 

than longer, and all PFASs had a higher elimination rate in rats than humans. As observed, 

species affect the elimination rate, factors as formation of transporters and binding ability are 

influential for the elimination and distribution (Stahl et al., 2011). Factors such as different 

animals, i.e. terrestrial and aquatic species, and even gender can affect the elimination rate 

and thus half-time and therefore need to be considered. PFASs with shorter chain are more in 

the dissolve phase while longer chains bind more strongly to particles (O'Sullivan & Sandau, 

2014). Polyfluorinated substances such as FTSs (Appendix A, Table A.1) are generally more 

volatile than perfluorinated substances and therefore not as persistent. The ultimate fate of 

polyfluorinated substances are degradation to perfluorinated substances (Naturvårdsverket, 

2016).  

Toxicity of different PFASs have been shown in laboratory animals, which resulted in liver 
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enlargement, -toxicity, heptacarcinogenesis (Lau et al., 2007; Lindstrom et al., 2011). Other 

studies observed weight loss, disorders in metabolism, reproduction and immunological 

(Nordém et al., 2016; Lau et al., 2007; Lindstrom et al., 2011). One study on rats’ exposure to 

PFOS showed neurotoxic effects (Wang et al., 2010). PFOS and PFOAs’ toxic effects in 

wildlife have been seen, where one study observed effects on embryo survival in 

environmental samples from wild birds (Nordém et al., 2016).  

 

2.2 Applications and Synthesis of PFASs 

The physical and chemical properties of PFASs results in an extremely large range of 

applications for use in industrial processes and commercial products (Shi et al., 2015; 

O'Sullivan & Sandau, 2014). They are both intentionally produced and they have been used 

since the early fifties in products such as paint, surfactants, fire-fighting foams, impregnation 

products for upholstery, paper and leather, coatings and ski wax (O'Sullivan & Sandau, 2014; 

Naturvårdsverket, 2016; Stockholm Convention, 2008; Nilsson et al., 2010). 

 

One of the major manufacturing companies of PFASs (primary PFOA and PFOS-based 

chemicals) was 3M Company until 2000-2002, when they decided together with EPA to 

phase-out PFOS-based chemicals and develop new technologies for example the use of butyl-

based chemicals (Bommanna et al., 2011; Lindstrom, et al., 2001). In 2000, the global 

production was 4481 tons of PFOS-based chemicals (O'Sullivan & Sandau, 2014). Even if 

PFOS have been reduced due to phase-outs and regulations in America and Europa, other 

related compounds are still produced and an observation of increased production of PFOS 

have been seen in developing countries and China (O'Sullivan & Sandau, 2014). 

 

Production of PFASs can be done by several processes, where the two major synthesis routes 

are electrochemical fluorination and telomerisation (Kissa, 2001). These processes are based 

on obtaining the perfluoroalkyl chain or introducing a functional group onto the fluorinated 

chain (Bommanna et al., 2011). 

 

2.2.1 Electrochemical Fluorination 

Electrochemical fluorination is a crude synthesis process where anhydrous hydrofluoric acid 

is being used as the fluorine source (Kissa, 2001). The synthesis of various fluorinated 

organic compounds is done by a reaction with a hydrocarbon chain and anhydrous 

hydrofluoric acid while a low electric current (5-7 V) is passing through the solvent. One 

disadvantage with this process is the plausible fragmentation of the carbon chain (Bommanna 

et al., 2011). The products of ECF are mixtures of structural isomers and homologues (4-13 

carbon chain length) (Bommanna et al., 2011). The major produced compound is 

perfluorooctanesulfonyl fluoride (POSF), which has potential of transformation or 

degradation to PFOS-related substances (Lindstrom et al., 2001). As ECF is a crude process, 

breakage of the carbon bond in the chain and molecular rearrangements occur (Bommanna et 
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al., 2011; Kärrman et al., 2007). By-products will form homologues and branched isomers, 

approximately 70% linear and 30% branched isomers (Bommanna et al., 2011). 

 

2.2.2 Telomerisation 

Telomerisation is a synthesis process used to produce perfluoroalkyl products (Bommanna et 

al., 2011). This is done by a reaction between a perfluoroethyl iodide (telogen) and two or 

more perfluoroethylene (taxogens) (Kissa, 2001; Lindstrom et al., 2001). The result is then 

perfluorinated iodides, which is used to make different PFASs such as perfluorinated 

carboxylic acids (PFCAs, Appendix A). This reaction form only purely straight carbon-chain 

products without branched isomers, which makes it possible to analytically estimate which 

synthesis process have been used (Kärrman et al., 2007).  

 

 

2.3 Levels and Source Identification of PFASs in the Environment  

In 2001, PFOS global distribution was demonstrated for the first time, with its persistent and 

bioaccumulating properties (Giesy and Kannan, 2001). After that, several studies have shown 

PFASs persistence and its distribution by its presence in several matrices; sediment, water, 

biota, dust, air, humans etc. (Lindstrom et al., 2011; Shi et al., 2015; Bouwman et al., 2008; 

Swiegelaar et al., 2014; Kärrman et al., 2007). Main emission sources of PFASs are disposal 

of products containing fluorochemicals and fluoropolymer manufacturing processes, also 

precursor have been showed to be an indirect source of PFASs (Rotander et al., 2012).   

 

PFASs can travel long distances due to its resistance to different chemical transformations, 

which make them distribute in several different ways, as for examples volatilization, and 

uptake in biota (O'Sullivan & Sandau, 2014). Studies show that PFOS and PFOA have 

decreased during the years but perfluorohexanoic acid (PFHxA) and perfluorobutanoic acid 

(PFBA) have increased, probably because of industrial transition from PFOA and PFOS to the 

shorter homologues PFBA and PFHxA. However, PFOS and PFOA are still the most 

dominant compounds found in the environment. Studies show that PFASs with longer carbon 

chains have increased globally in for example bird eggs and marine mammals (Eriksson et al., 

2016; Rotander et al., 2012). 

 

Studies have described how PFASs distribute and its primary sources, but still there is a need 

for a better understanding of two large PFASs topics; transportation from emission sources 

and source identification (O'Sullivan & Sandau, 2014). Evaluating and estimating an emission 

source can be done by different ways, two methods are to use homologue and isomers profiles 

(Shi et al., 2015). Homologue profiles are different depending on the source, almost like a 

fingerprint, and can therefore be used to track and identify the source by linking back the 

results from the contaminated area to the emission source (O'Sullivan & Sandau, 2014). The 

isomers profile can distinguish between the different synthesis routes (ECF and 

telomerisation) due to the distinct different pattern in branched and linear isomers (Shi et al., 
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2015). Therefore, this knowledge can provide an identification of the emission source by 

comparison and hence track the isomer patterns. The difficulty for both identification methods 

is the factor of the compounds distribution/fractionation in the environment. PFASs’ chemical 

and physiological properties will make the homologue and isomer profiles differ depending 

on the matrices due to its biological and environmental preferential accumulation and 

degradation pathways (Shi et al., 2015). Properties such as the water solubility differ between 

PFASs due to their structure. For example, short-chain carboxylates (PFOA, 8C) are more 

hydrophilic than long-chain carboxylates as PFNA and perfluorodecanoic acid (PFDA) (Stahl 

et al., 2011). One of the main degradation pathways is oxidation of volatile precursors, as 

fluorotelomer olefins degrades to PFCAs and PFSAs (Rotander et al., 2012). Different 

matrices will therefore show different isomer profiles compared to the original emission 

sources, which needs to be taken into consideration (Beesoon, et al., 2011).  Studies show that 

different factors affect how these compounds spread and how much (O'Sullivan & Sandau, 

2014). For example, the geographical location affects the levels of PFOS (Giesy and Kannan, 

2001). Studies also shows that genetic variability, diet and lifestyles affects humans’ exposure 

pattern (Stahl et al., 2011). Based on the surrounding environment and the compounds’ 

unique physical and chemical properties, PFASs will fractionate/distribute in a specific 

pattern and will therefore not be exact the same pattern as the emission source (O'Sullivan & 

Sandau, 2014).   

 

Previous study has shown elevated levels of PFOS in bird eggs from Vaal River in South 

Africa (Swiegelaar et al., 2014). The found concentrations clearly indicated influence of a 

point source of contamination but the source could not be elucidated in the study. The reason 

why only PFASs was shown only in the bird eggs and not in other matrices was unclear.  

 

 

2.4 Objective 

The objective of this study was to observed differences and analyse 23 PFAS homologues and 

five PFOS structural isomer groups in bird eggs (African Darter). To analytically compare 

homologue and isomer patterns at five different locations in South Africa with the aim of 

identify the source of contamination. To evaluate two identification methods (homologue and 

isomers profiles) as a tool in environmental forensic science as fingerprints. 

The main questions were: 

 Have the five sites in South Africa different homologue and isomer patterns? 

 Can these patterns be used as a fingerprint to find the source? 

o Is it the same source in all sites? 
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3. Materials and methods 

In order to ensure no contamination from materials, all equipment was pre-washed with 

methanol before use. The sample treatment and standard preparation were performed in fume 

hoods. The standards and polypropylene tubes with 45-60 mg ENVI-Carb were prepared at 

the MTM laboratory at Örebro University before departure to North West University in 

Potchefstroom, South Africa. Extraction and clean-up was performed at North West 

University an storage of standards and sample extracts were kept at approx. at -18C until 

analysis. 

 

3.1 Samples 

29 bird eggs (six from every site, except Orkney East where it was five samples) from the 

specimen African Darter (Anhinga rufa) was used for this analysis. These eggs were hand-

collected during January 08 to January 23, year 2013. They were homogenised without the 

shell by using an ultrasonic homogeniser and stored at -20C (Swiegelaar et al., 2014).   

 

3.1.1 African Darter 

All the bird eggs were from one species, African Darter (Anhinga rufa) (Hustler. 1997). Their 

size is around 80 cm with a weight of approximately 1400 g. They occur on freshwater 

wetlands, rivers, dams and streams, example along the Orange River, South Africa. Darter is 

an aquatic species and are mainly piscivorous, eating for example Cichlidae and Cyprindae. 

Although it can eat frogs and insects. They are mainly sedentary, at winter they can move 

local to coastal wetlands. They nest in mixed species-colonies in trees near water (Hustler. 

1997). 

 

3.1.2 Site Selection 

The study was conducted in a region along the Orange River; Vaal River (South Africa), in 

order to try to surround the contaminated area based on the results from a previous study 

(Swiegelaar et al., 2014). Five site were chosen (Figure 1). Four of the sites (Welverdiend, 

Schoemansdrift, Orkney East and Bloemhof) are surrounding the area where previous study 

found high levels of PFOS; along Vaal River. The fifth site (Keimoes) is farther downstream 

approximately 380 km from Vaal River and was selected to determine if the contamination 

has spread by comparing the isomer and homologue profiles.  
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Figure 1. Map of the site selection along the Orange River. In the Vaal River tributary (indicated with arrows): Welverdiend 

(-26.79634;28.027239), Schoemansdrift (26.96464; 27.211252), Orkney East (-26.923084; 26.857324) and Bloemhof (-

27.696952; 25.64113). Further downstream (indicated in the enclosed map): Keimoes (Given by  H. Bouwman, 15/06-16). 

 

South Africa has the largest industrial, agricultural, and population base in the Orange basin 

(Nakayama, 2003). The Orange River is the largest and longest river in South Africa 

(2300km). The climate along the Orange River has a large variety which gives support to 

seasonal and resident birds by having the richest coastal wetland in one region. One of the 

primary tributary to the Orange River is the Vaal River (Nakayama, 2003). The Vaal River is 

the major river in central South Africa, it provides all water to Gauteng, it is considered as 

being a river basin and is an associate to eight other basins. The province Gauteng is one of 

the largest industrial and residential area in South Africa. Gold and diamonds were found in 

Gauteng late 1800 century, which make large demands on the Vaal River system.  

 

3.2 Chemicals 

Standards of PFAS used for quantification and quality control were obtained from Wellington 

laboratories (Guelph, Ontario, Canada), and can be found in Appendix B, table B.3-5. Both 

methanol and acetonitrile were HPLC-grade, methanol was purchased from Honeywell 

Burdick and Jackson (manufactured in USA). The acetonitrile was purchased from Merck 

(Darmstadt, Germany). MilliQ water was laboratory produced. The Supelclean ENVI-carb 

was purchased from Sigma-Aldrich (Bellafonte, PA, USA) and glacial acetic acid was 

purchased from Saarchem (Gauteng, South Africa).    
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3.3 Sample Extraction and Clean-up 

The extraction method used was based on previously published methods (Eriksson, U. et al., 

2016; Swiegelaar et al., 2014). Frozen homogenised sample stood overnight to thaw, then 

directly before use it was mixed with a vortex mixer. 0.25 g homogenate from one African 

Darter egg was transferred into a 15 mL polypropylene tube and spiked with 20 L labelled 

Internal Standard mixture (Appendix B, table B.3) by a labelled Hamilton syringe. The 

extraction was done by adding 4 mL acetonitrile. The solution was mixed, sonicated for 15 

minutes and centrifuged at 3000g for 20 minutes. The supernatant was transferred into a tube 

with 45-60 mg ENVI-carb and 100 L glacial acetic acid for clean-up to remove 

interferences. Four mL acetonitrile was added again to the sample and the extraction 

procedure (mixing, sonication and centrifugation) was repeated. The supernatant was added to 

the ENVI-carb tube, and the solution was thoroughly shaken before evaporation under 

nitrogen gas down to 1 mL. The extract was filtrated (0.2 m GHP) into LC-vials and shipped 

to MTM laboratory, Örebro University for analysis.  

 

Before analysis all extracts were evaporated down to 200 L and 20 L of the Recovery 

standard mixture (Appendix B, table B.5) and 300 L of 2mM ammonium acetate in water 

were added. Due to high concentration and instrument saturation of PFOS, some samples 

were diluted 10 and 100 times. The samples were diluted with a 2 mM ammonium acetate in 

water and methanol solution. 

 

Empty 15mL polypropylene tubes were included as blank samples to monitor contamination 

during the procedure and were treated in the same way as the bird eggs, with the only 

difference being that the Internal standard was added after the first 4 mL acetonitrile. Hen egg 

bought from the supermarket (expected no or low levels of analytes of interest) was used as a 

quality control sample. It was homogenised based on previous method (Swiegelaar et al., 

2014) and the extraction method was done by the same way with the only difference that 

Native standards were added before extraction.  

 

3.4 Instrumental Analysis 

Liquid chromatography coupled to tandem mass spectrometry is recommended for PFASs 

quantification due to its capacity to determine qualifying and quantifying ions (Weiss et al., 

2015; Eriksson et al., 2016). Analysis were performed by an Acquity UPLC system coupled 

to a Xevo TQ-S mass spectrometer (Waters Corporation, Milford, USA). The column used for 

separation was an Acquity UPLC  BEH C18 (particle size 1.7m) with width and length 2.1 

x 100mm. Two mobile phases (A and B) were used for the analysis, with a flow rate of 0.3 

mL/min.  A gradient elution was performed with mobile phase A, 70% 2mM ammonium 

acetate in milliQ water and 30% methanol, and mobile phase B, consisting of 100% methanol 

and 2mM ammonium acetate were used.  The analysis setting can be seen in Appendix B. 
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3.5 Quality Control and Quality Assurance 

Isotope dilution was used as a quantification method for PFASs by adding labelled standards 

before extraction (Internal standards). The quantification of the hen eggs spiked with native 

compounds were done with external calibration due to no labelled Internal standards were 

added in these. Authentic labelled Internal standards were used except for perfluorobutane 

sulfonic acid (PFBuS), perfluorononane sulfonic acid (PFNS), perfluorodecane sulfonic acid 

(PFDS), perfluorotridecanoic acid (PFTrDA) and perfluorotetradecanoic acid (PFTDA), there 

labelled substances with the closest retention time and similar structure were used. One 

standard solution was prepared and used with each extraction batch. The batch standards and 

instrument linearity was controlled by six point (0.1-80 ng/ml) calibration curve for PFASs 

and five point (4.64-928 ng/ml total PFOS) calibration curve for PFOS structural isomers. 

The compounds that were used in respective calibration curve are the native compounds of 

the analytes of interest (Appendix B, Table B.1 (PFASs), Table B.2 (PFOS isomers)), where 

the range for the PFASs were approx. 40-4000 pg. The calibration concentration for PFOS 

structural isomers differ widely between the isomers, where for example linear PFOS were 

between 4-731 pg and dimethyl PFOS were between 0.03-7 pg. Recovery of Internal 

standards were calculated for each sample using the recovery standard. Recovery of added 

native standards to hen eggs were also monitored. The limit of detection for the method were 

calculated by three times the concentration of the PFASs and the PFOS isomers found in the 

blank samples. Two product ions were monitored for each PFAS; except for FTSs where 

three product ions were monitored. Comparison of target ions were done to ensure the quality 

of qualification where 25% difference is approved, based on EU directions (Commission of 

the European communities, 2002/657/EC).  
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4. Results and Discussion 

4.1 PFAS Concentrations 

Of the 23 PFASs that were analysed, 16 of the compounds were detected, and PFOS was the 

predominated compound in all eggs (Figure 2-3; Appendix C, table C.1). For three of the sites 

(Welverdiend, Schoemansdrift and Bloemhof), PFOS accounted for 97% of all PFASs, in 

Orkney East 98% and 88% in Keimoes. Median concentrations of total PFOS (all structural 

isomers) were between 58 ng/g ww to 2473 ng/g ww (Appendix C, table C.1), where 

Schoemansdrift had the highest concentration and Keimoes the lowest. The second highest 

concentration among the homologues was PFDA (1.9-42 ng/g ww), followed by PFNA (1.1-

14 ng/g ww) and PFHxS (0.68-6.0 ng/g ww). PFASs with longer carbon chains (PFCA>8C 

and PFSA>6C) were all found in a concentration range between 0.1-42 ng/g ww, with 

exception of the longest PFCAs (perfluorohexadecanoic acid (PFHxDA) and 

perfluorooctanoicdecanoic acid (PFOcDA)) that were not detected (Appendix C, table C.1; 

Figure 3). The site Keimoes has the lowest concentration for all homologues and differ 

significantly from the other sites (Figure 2 and 3), this indicates that this site is not a 

contaminated area. Study from Sweden showed that PFASs with longer carbon chains have 

increased in bird eggs (Eriksson et al., 2016), which also can be seen in these results, where 

PFNA and PFDA (9 and 10C) were among the dominated compounds. Only 8:2 FTS were 

detected of the analysed FTSs, this may be due to their structure and their degradation 

potential. FTSs are polyfluorinated compounds and are generally not as persistent as 

perfluorinated compounds, also these FTSs breaks down to PFCAs (Naturvårdsverket, 2016). 

 

 

 
Figure 2. Total PFOS mean concentration values (ng/g ww), n=6 for every sites except Orkney East (n=5). Error bars 

indicate 95% confidence interval. 

 

0,00

500,00

1000,00

1500,00

2000,00

2500,00

3000,00

3500,00

n
g/

g 
w

w



Project in Chemistry, 15hp  

School of Science and Technology 

Örebro University 

 

   

 

17 

 

 
Figure 3. Mean concentration values (ng/g ww) for the detected PFASs excluding PFOS and homologues with low 

concentration (PFBA, PFBuS, PFHpA, PFPeS, PFOA, PFDS and 6_2FTS) based on mean values (n=3-6). Error bars 

indicate 95% confidence interval. 

 

Perfluoroheptane sulfonate (PFHpS) was detected over LoD of the method but the difference 

between the two product ions m/z 99 and m/z 80 were high. The m/z 99 ion was on average 4 

times higher in concentration (range 0.8-13 times) than m/z 80 ion, which indicate that it was 

not the right compound detected or that interferences are present. The m/z 80 ion which 

corresponds to SO3
- has previously been reported to give false positive results due to 

interferences from biota and bird eggs (Hansen et al., 2001 and Benskin et al., 2007).  The 

reason why the m/z 99 ion gave higher concentrations than m/z 80 for PFHpS is unknown. 

 

Even though high levels of PFOS were found in the bird eggs (highest sample 2473 ng/g ww), 

they were not even close to the results of previous study (Swiegelaar et al., 2014). The 

previous study analysed 11 of the 23 PFASs included in this study (Swiegelaar et al., 2014). 

They found extremely high levels of PFOS and only three (PFDA, PFNA and 

perfluoroundecanoi acid (PFUnDA)) of the other PFASs were detected (Table 1), while in 

this study all except PFHxA were detected. This could be due to high LoD and LoQ values in 

the previous study. The large difference in PFOS-levels between the previous study 

(Swiegelaar et al., 2014) and this study is something that needs to be considered. The results 

only differ for PFOS and previous study was 10 times higher in concentration (Table 1), even 

though exactly the same egg samples have been analysed. One thing that could contribute to 

lower levels of PFOS in this study, is that some samples were saturating the detector and 
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therefore diluted, ten times (10X) and up to hundred times (100X). The results showed higher 

levels in 100X diluted samples compared to 10X, even though some samples at 10X showed a 

good peak shape and acceptable signal intensity (ionisation efficiency). By comparing the 

concentration levels between 10X and 100X diluted samples, it was concluded that 1000X 

dilution would not result in concentration near those results of the previous study.  

 

Table 1 shows six of the PFASs (those compounds in the study with highest concentration, 

PFOA is included because it is one of the most studied PFASs) analysed in this study 

compared to five other studies around the world. Comparing these studies, the South Africa 

studies show higher levels of PFOS and are among the highest concentrations for all 

compounds. The only study found in South Africa of PFAS in biota was Christie et al., 2016., 

which is about PFASs in crocodiles. The highest concentration of PFOS was 118 ng/g ww, 

which is low compare to bird eggs in this study (2473 ng/g ww). Almost all PFASs were 

found at its highest levels in Schoemansdrift, which could indicate that this site is closest to 

the source of contamination. 
 

Table 1. Mean concentration values (ng/g ww) of five highest and main priority PFASs in bird eggs from this study and 

earlier studies. ND = not detected, and (-) not analysed in the study. 

 This Study 

 

Swiegelaar et 

al., 2014 

Wang et al., 

2008 

Nordén et 

al., 2013 

Rüdel et al., 

2011 

Thompson 

et al., 

2011 

Area 

 

Specimen 

 

Year of 

collection 

Schoemansdrift, 

South Africa 

African Darter  

 

2013 

Schoemansdrift, 

South Africa  

African Darter 

 

2013 

Hong Kong, 

China 

Night Heron 

 

2006 

Vänern, 

Sweden 

Herring gull 

 

2007-2009 

Haseldorf, 

Germany 

Cormorant 

 

2009 

Sydney, 

Australia 

Ibis 

 

2009 

PFOS 2473 25473 115 292 540 53 

PFDA 42 53 6.8 26 17 1.8 

PFNA 8.4 15 0.45 7.3 3.8 0.50 

PFUnDA 6.0 5.3 13 38 8.7 0.65 

PFHxS 7.6 - 0.08 0.87 4.9 2.4 

PFOA 1.4 ND 0.03 0.50 1.4 0.40 

 

Previous study found extremely high levels of PFOS only in the bird eggs, while it was absent 

in both water and sediment (Swiegelaar et al., 2014). This is remarkable since African Darter 

is an aquatic bird, and therefore should water and fish play a role as exposure source. Birds’ 

bioaccumulation of PFASs and the efficient transfer to their eggs could be part of the 

explanation.  
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One hypothesis regarding absent PFOS in other matrices in the previous study (Swiegelaar et 

al., 2014), is that some metals can interfere with the process to extract PFASs from its 

matrices. Chelating surfactants coordinates metals and create a complex (Svanedal et al., 

2014). This could be the case for PFASs since they are surfactants. If this is the case, the 

complex might not be extracted with the extraction method in previous study. This could lead 

to lower amounts of for example PFOS. Sediments along Vaal River have shown high levels 

of different metals such as chromium and nickel (Pheiffer et al., 2014). Fish around the area 

were showing lower levels due to their ability to eliminate most metals (Pheiffer et al., 2014), 

which could be the same in birds.  

 

4.1.1 Quality of Data, Quality Control and Quality Assurance 

The mean recoveries of the labelled Internal standards were in a range between 70-110%, 

with exception of FTSs, perfluorododecanoic acid (PFDoDA) and PFHxDA (Table 2). The 

mean recoveries were acceptable (50-120%) for all compounds except 6:2 FTS and PFHxDA. 

These compounds were however not detected in the samples. The recovery can and often 

have a wide range (50-200%), due to matrix effects (Leeuwen et al., 2007), which often occur 

in bird eggs.  

 

Table 2. Mean recoveries of the labelled Internal standards for every sample sites (Welverdiend, Schoemansdrift, Orkney 

East, Bloemhof and Keimoes). The red marked numbers are over the acceptable range (50-120%). 

 Welverdiend Schoemansdrift Orkney East Bloemhof Keimoes 

IS_8_2FTS 102 115 100 133 155 

IS_6_2FTS 166 173 130 165 146 

IS_PFBA 88 92 79 88 81 

IS_PFHxA 88 94 78 84 75 

IS_PFHxS 87 85 79 89 84 

IS-PFOS 86 85 79 89 83 

IS_PFOA 82 82 74 87 81 

IS_PFNA 86 84 79 88 83 

IS_PFDA 88 88 81 92 86 

IS_PFUnDA 81 79 74 84 78 

IS_PFDoDA 62 67 51 70 72 

IS_PFHxDA 73 138 39 91 126 

 

 

All PFASs’ calibration curves (0.1-80 ng/ml) showed acceptable linearity, based on a 

correlation coefficient (r) and correlation of determination (r2) greater than 0.99, with 

exception of the FTS compounds, where the correlation of determination was lower (r2>0.90).  

 

The recoveries of spiked native compounds to the hen egg was performed twice on two 

different occasions and varied somewhat. One factor that could affect the results is 

quantification method for the spiked samples, which was external calibration. The benefit of 

isotope dilution, that is compensating for matrix effects are therefore lost. Recoveries of 

spiked native compounds in batch A were 80-90% for PFCAs (C4-C8), 7-82% for PFCAs 
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(C9-C18), 34-83% for PFSAs and 126-153% for FTSs. Batch Bs’ recoveries of spiked native 

compounds were 71-90% for PFCAs (C4-C8), 6-34% for PFCAs (C9-C18), 6-81% for 

PFSAs and 43-107% for FTSs. This could mean that eggs give high matrix effects and 

therefore affect the result. One similarity in the recoveries of the native compounds are that 

compounds with higher carbon chain give lower recoveries in all groups (PFCAs, PFSAs and 

FTSs). 

 

The relative standard deviations (RSDs) for all sites and all compounds are seen in Table 3, 

and have a range between 11-119%. The variations in egg concentrations from the same 

sampling location are because of several factors; the specific birds’ gender, age, weight, 

length for just that specific egg. Other factors as feeding variation, geological 

variations/routes etc. Even though all samples are from the same specimen (African Darter), 

their lifestyle and conditions (factors above) are different, which will affect the levels of 

compounds in the samples and therefore the variation. One sample t-test was done to see if 

the mean value and median values were significant different, which indicate a large variation 

in the data set. The null hypothesis was no significant difference between mean value and 

median. All compounds with mean value and median (n3) had a p-value over 0.05, which 

means that the null hypothesis could be accepted for all sites with a confidence level of 95%.  

 
Table 3. Relative standard deviation (%) of the compounds quantified in egg samples from different sites. Number of samples 

under 3 do not have any RSD values (marked -, in table).   

n=3 Welverdiend Schoemansdrift Orkney East Bloemhof Keimoes 

PFBA 22 32 - - 68 

PFBuS - 85 41 23 - 

PFHpA 22 - - - - 

PFPeS 55 41 66 40 - 

PFHxS 74 33 27 58 48 

PFOA 44 27 23 53 43 

PFNA 57 32 22 39 42 

PFDA 57 18 42 44 26 

PFUnDA 34 20 44 48 26 

PFNS 120 109 62 77 - 

PFDS - 117 - - 27 

PFDoDA 12 20 52 44 - 

PFTrDA 27 50 43 46 30 

PFTDA 43 48 - 1 - 

8_2FTS 60 15 41 85 - 

PFOS 87 28 40 30 36 
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4.2 PFAS Profiles 

Both the PFASs concentration and the homologue pattern significantly differ between 

Keimoes and the other four sites. The fifth site (Keimoes) was used as a reference and is 

downstream to the areas with already known high levels of PFOS (Welverdiend, 

Schoemansdrift, Orkney East and Bloemhof) (Figure 4 and Appendix C, table C.1). Keimoes 

has the lowest concentrations for all PFASs, and its homologue pattern is significantly 

different to the rest of the sites. Presented PFAS homologue patterns does not include PFOS 

due to its high concentration (Figure 4). Keimoes had 91% PFOS of the total measured PFAS 

concentration, while the other four sites (Welverdiend, Schoemansdrift, Orkney East and 

Bloemhof) had 97-98%. Welverdiend, Schoemansdrift and Orkney East show almost the 

same pattern (Figure 4). The homologue pattern, excluding PFOS is dominated by PFDA for 

all sites with 55-57% at Welverdiend, Schoemansdrift, Orkney East and 42 and 33 % at 

Bloemhof and Keimoes, respectively. Both Bloemhof and Keimoes significantly differ in 

PFDA concentration to the rest of the sites. This could indicate that the three most up-stream 

sites have the same contamination source of origin. The highest PFAS levels were found at 

Schoemansdrift (Appendix C, table C.1), which could indicate that the source is closest to 

Schoemansdrift and spread further to Welverdiend and Orkney East. The differences in the 

Bloemhofs’ pattern from the rest could be due to its location (Figure 4). Bloemhof is 

downstream from Schoemansdrift, and if the source would be closest to Schoemansdrift, the 

concentrations would decrease downstream, which they do (Appendix C, table C.1). The high 

levels of the long-chained PFCAs (PFDA,PFNA,PFUnDA and PFDoDA) could indicate a 

point source, close to Schoemansdrift. Different sources contribute to different concentration 

levels of homologues. Industrial sources have been shown to emit high levels of PFNA, 

PFDA, PFDoDA and PFOS (Clara et al., 2008). The three sites with similar patterns are also 

closest to the Gauteng region, which is one of the largest industrial and residential areas in 

South Africa (Nakayama, 2003). This may indicate that the source of emission is in the 

Gauteng region. The source is observed to be degradation of fluorotelomer-based precursors, 

based on other studies with similar patterns; long chain PFCAs as PFNA dominates second 

after PFOS (Ahrens et al., 2009; Rotander et al., 2012 Ellis et al., 2004).  Production of 

PFOA by EFC will give a pattern of even carbon numbered homologues (Ahrens et al., 2009; 

Rotander et al., 2012), while degradation products from fluorotelomers will give a pattern of 

both odd and even numbered homologues (Rotander, et al., 2012). This could indicate that 

PFCAs and PFOS originate from different sources, based on that PFOS have not been 

produced using telomerisation process.  

 

Low level of 8:2 FTSs and their connection to the rest homologues, are their ability to break 

down to PFCAs. FTSs are also used in firefighting foams and the old-generation foams 

contain mostly PFOS and some PFHxS (Herzke et al., 2012). Therefore, firefighting foams 

could be a source for the high levels of PFOS. 
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Figure 4. Homologue patterns for detected PFASs excluding PFOS and homologues with low concentration (PFBA, PFBuS, 

PFHpA, PFPeS and 6_2FTS) based on mean values (n=3-6), or the lowest measured concentration (close to LoD) for PFASs 

detected in less than three samples. PFSAs including 8_2FTS are shown with patterns, PFCAs in colours.  

 

4.3 Identification of PFOS Isomers 

Five peaks were distinguished in a technical standard mixture as the five isomer groups (L-

POS, 1-PFOS; 2/6-PFOS, 3/4/5-PFOS and dimethyl-PFOS) (Figure 5; Appendix B, Table 

B.2). All isomers could be detected in the egg samples, even though dimethyl-PFOS was in 

low concentration and therefore hard to detect. In the samples the retention times were 

slightly longer than in the standard, which may be due to instrument variation over time. It 

was seen that all late analysed samples and standard injections had longer retention times 

(Figure 5). Matrix effects could have been the case due to bird eggs high amounts of lipids, 

which means suppression or enhancement of the electrospray ionisation (Leeuwen et al., 

2007), this however would have been shown with shorter retention time and affect the 

separation of the compounds.  

 

 
Figure 5. Identification by UPLC TQS-MS of PFOS isomers in the technical standard (the top chromatogram) and an egg 

sample from Keimoes (the bottom chromatogram) using the product ion m/z 99. 
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4.4 PFOS Isomers Profiles 

The concentration of the PFOS-isomers can be seen in Figure 6 and Appendix C, table C.2. 

The linear PFOS dominated in all sites and was found at highest level in Schomansdrift (2417 

ng/g ww). The site Keimoes has the lowest concentration of both L-PFOS (55 ng/g ww) and 

the branched isomer groups, and significantly differed from the rest of the sites (Figure 6).   

 

 

 

 
Figure 6. Mean concentrations values (ng/g ww) for detected PFOS isomers in eggs from different locations. The branched 

isomers are enclosed with a separate y-axis. Error bars indicate 95% confidence interval. 

By observing the isomer patterns, three sites (Welverdiend, Schoemansdrift and Orkney East) 

are similar to each other in the same way as for the homologue pattern (Figure 7). The site 

Bloemhof differ from the other three sites (Welverdiend, Schoemansdrift and Orkney East). 

Bloemhof has the highest concentration of branched isomers compared to all sites (Figure 6), 

suggesting a different source in Bloemhof in comparison to those with similar patterns 

(Welverdiend, Schoemansdrift and Orkney East). This was also seen in figure 6, where 

Bloemhof significantly differ from Schoemansdrift for L-PFOS. Branched isomers are 

observed to have lower half-time in biota due to their structures (Stahl et al., 2011), which 

indicate that Bloemhof could have a more recent emission source. However, L-PFOS 

biomagnify more in the food web than the branched isomers (Gebbink & Letcher, 2010), and 

would therefore be higher from the start. A higher amount of branched isomers may suggest 

an exposure source influenced by branched PFOS precursors, based on their ability to 

metabolise quicker than linear precursors (Rotander et al., 2012). 
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Contribution of L-PFOS to the total amount of PFOS was in a range between 94-97% for all 

five sites (Figure 7). Electrochemical fluorination forms by-products of homologues and 

branched isomers, approximately 70% linear and 30% branched isomers (Bommanna et al., 

2008). The linear fraction in the eggs from all sites, was therefore higher compared to the 

ECF product. High percentage of L-PFOS have been shown in studies of birds (Eriksson et 

al., 2016; Gebbink & Letcher, 2010), and an enrichment in avian embryo livers has also been 

seen (Peng et al., 2014). These results are likely due to a higher biomagnification of L-PFOS 

in food web compared to branched isomers (Gebbink & Letcher, 2010). 

 

Environmental fractionation needs to be taken in consideration and could affect the isomer 

patterns and contribute to higher proportion of L-PFOS (Shi et al., 2015).  This is due to 

differences in both physical and chemical properties between the linear and branched isomers. 

The possible factors contributing to the pattern may involve the contamination source, aquatic 

food web pathways, the abiotic processes, environmental release and transport, and 

pharmacokinetic processes within African Darter, its feeding and food web (Gebbink & 

Letcher, 2010).  

 

 

Figure 7. PFOS isomers patterns for every sites based on their mean values (n= 5-6).   
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4.4.1 Quality Data 

All isomers calibration curves (4.64-928 ng/ml) showed linearity, based on correlation 

coefficients (r) and correlation of determination (r2), that were greater than 0.99. The RSD of 

the compounds had a range between 24-97% (table 4). The one sample t-test showed no 

significant difference between mean value and median with a confidence level of 95%.  

 

 

Table 4. Relative standard deviation (%) of the compounds quantified in egg samples from different sites.  

 Welverdiend Schoemansdrift Orkney East Bloemhof Keimoes 

L-PFOS 87 31 41 46 37 

1-PFOS 78 25 35 49 34 

6/2-PFOS 68 26 27 48 29 

3/4/5-PFOS 71 29 32 53 28 

Dimethyl-PFOS 97 22 28 46 24 
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5. Conclusion and Further Work 

A comparison of the homologue profiles from the different sites, showed a similarity for three 

of the sites (Welverdiend, Schoemansdrift and Orkney East). This could indicate that these 

three most up-stream sites have the same contamination source of origin. Both the PFASs 

concentration and the homologue pattern in Keimoes differed from the other four sites. This 

site had the lowest levels of PFASs and PFOS isomers and was also located further away 

from the other sites (380 km from Vaal River). This indicates that Keimoes is not a highly 

contaminated area. The concentrations were high compared to other studies, especially for 

PFOS, approximately 10 times higher, therefore the other four sites are considered as highly 

contaminated areas. The highest levels of concentration of the PFASs were found in 

Schoemansdrift, and is therefore estimated to be closest to the source of origin. In both 

homologue and isomer patterns the three up-stream sites (Welverdiend, Schoemansdrift and 

Orkney East) had a significantly similar pattern. After PFOS, the dominated compound was 

PFDA, followed by PFNA, PFHxS, PFUnDA and PFDoDA. The source is observed to be 

degradation of fluorotelomer-based precursors, and may indicate that PFCAs and PFOS 

originate from different sources. Industrial source is plausible to be the emission source due to 

similar patterns between the sites along Vaal River and one study on industrial profiles. This 

may be a likely explanation since an area close to Schoemansdrift, called Gauteng is one of 

the largest industrial and residential areas in South Africa. The significant differences in both 

the homologue and isomer pattern between Bloemhof and the three up-stream sites indicate 

two different sources. A higher amount of branched isomers for Bloemhof compared to three 

up-stream sites, may suggest an exposure source influenced by branched PFOS precursors 

(Rotander et al., 2012).  

 

One of the aims for this study was to try and establish an identification of the source for this 

specific contaminated area, analysed by using PFASs and PFOS isomer profiles. Difficulties 

due to several aspects in distinguishing and identifying the source occurred. Factors such as 

the compounds distribution in the environment and the bird eggs matrix affect the profiles. 

Different matrices accumulate the compounds and isomers different, which will contribute to 

a different pattern compared to the original source. In this study, no suspected source could be 

compared with samples from the contaminated area, which makes it impossible to completely 

identify the source. It is still unclear, if this kind of analysis could be used in an 

environmental forensic point of view as a fingerprinting. This study demonstrates that 

homologue patterns could be investigated and compared in order to give more information. 

The isomer pattern gives information about the synthesis process, which could be useful 

information in an environmental forensic investigation. More research about how the different 

factors such as matrices and environment affect the pattern needs to be done, for the profiles 

to be used as a fingerprint for forensic proof.  

 

These high concentrations for especially PFOS that have been seen in this study could give 

negatively effects on both the environment, animals and humans, due to these compounds 
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toxic properties. These negative effects due to bioaccumulation of PFASs should not be 

ignored and more investigation is needed, to clarify effects and identify sources.  

 

The reason for the differences between the PFOS levels in this study and previous study is 

still unclear. The hypothesis about metals interfering with the extraction method of PFASs for 

some matrices will be further investigated by a total fluorine analysis, which determines the 

total organic fluorine and therefore all possible PFASs. This analysis could give a lot of 

information about why previous study found levels of PFOS in only bird eggs. The high 

variation in samples was likely because of the birds’ condition and lifestyle (geological routes 

and feeds). Even though only one specimen (African Darter) were chosen to minimize these 

factors, they appear clearly. Although there was high variation in the eggs, no significant 

difference observed between mean values and median values. Method development is needed 

to give further information on how precise and accurate this study is. Even though precision 

and accuracy have been shown in the study (section 4.1.1 and 4.4.1), for example precision 

and reproducibility by the recovery of internal standard, more can be done. One example is to 

have replicates for every samples to give further indication of the precision and 

reproducibility. Matrix effects are believed to be involved in the results, therefore it would be 

good to study the compounds with highest levels (PFOS, PFDA, PFNA, PFUnDA and 

PFHxS) further to see how much it is affecting the results. Further dilution of the high 

concentration samples could be needed. It would be preferable to include more samples from 

each area, to study the variations and exclude outliers if necessary. Further studies in order to 

determine if emission sources is located in Gauteng should be done with collecting samples 

from this area.  
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Appendix A. Different Subgroups in Per- and Polyfluoroalkyl Substances 

Reference for this description of different subgroups of PFASs is from a report from 2016 of 

Kemikalieinspektionen. 

 

There are two groups of PFASs; non-polymers and polymers, these groups have also their 

subgroups as described and showed in Table 1 and 2. 
 

Table A. 1. Non-polymer subgroups; a description, example and chemical structure. 

Subgroups Description Structure 

Perfluorinated alkyl 

sulfonic acids 

(PFSA) 

A sulfonic acid is the 

functional group. 

Ex: PFHxS, PFBS and 

PFOS 

 

 
Chemical structure of PFOS 

Perfluorinated alkyl 

carboxylic acids 

(PFCA) 

The functional group is a 

carboxylic acid. 

Ex: PFBA, PFHxA and 

PFOA 

 

 
Chemical structure of PFOA 

Precursors of PFSA and 

PFCA; Flurotelomers 

The carbon chain is not 

fully fluorinated 

(polyfluorinated) and have 

one functional group at one 

end. These compounds can 

break down into PFCA. 

Ex: 6:2 FTS and 8:2 

FTOH. 

 

 
Chemical structure of 8:2 FTOH 

Perfluoro ethers The ethers can include one 

or more oxygen bridges. 

 

 

Table A. 2. Polymer subgroups; a description and examples. 

Subgroups Description 

Fluorinated polymers Polymers with per or poly fluorinated side chains.These substances can 

degrade to perflorinated alkyl carboxylic acids. 

 

Fluoropolymers Polymers with fluorinated backbone. Fluoropolymers produced not from 

PFCA or their precursors. Different PFCA is used as a process facilitator in 

the production and the final product may contain residues of these substances. 

Ex: PTFE  
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Appendix B. Instrumental Analysis 

Analysis were performed by a Acquity UPLC system coupled to a Xevo TQ-S mass 

spectrometer (Waters Corporation, Milford, USA), where electrospray in negative mode and 

MRM was used for quantification with following setting. 

The source temperature was 150 °C, desolvation temperature 350 °C, desolvation gas (N2) 

flow 800 L/h, cone gas flow 150 °C, and capillary voltage 3.0 kV. 

 

 
Table B. 1. Acronym, name and molecule formula for all of the different per- and polyfluoroalkyl substances that were 

analysed in the study 

Acronym Abbreviation Molecule Formula 

PFBA Perfluoro-n-butanoic acid C4HF7O2 

PFPeA Perfluoro-n-pentanoic acid C5HF9O2 

PFBuS Perfluoro-n-butane sulfonate C4F9O3S 

PFHxA Perfluoro-n-hexanoic acid C6HF11O2 

PFHpA Perfluoro-n-heptanoic acid C7HF13O2 

PFPeS Perfluoro-n-pentane sulfonate C5F11O3S 

PFHxS Perfluoro-n-hexane sulfonate C6F13O3S 

PFPeS Perfluoro-n-pentane sulfonate C5F11O3S 

PFOA Perfluoro-n-octanoic acid C8HF15O2 

PFNA Perfluoro-n-nonanoic aid C9HF19O2 

PFDA Perfluoro-n-decanoic acid C10HF19O2 

PFUnDA Perfluoro-n-undecanoic acid C11HF21O2 

PFNS Perfluoro-1-nonane sulfonate C9F19O3S 

PFDS Perfluoro-1-decane sulfonate C10F21O3S 

PFDoDA Perfluoro-n-undercanoic acid C12HF23O2 

PFTrDA Perfluoro-n-tridecanoic acid C13HF25O2 

PFTDA Perfluoro-n-tetradecanoic acid C14HF27O2 

PFHxDA Perluoro-n-hexandecanoic acid C16HF31O2 

PFOcDA Perfloro-n-octadecanoic acid C18HF35O2 

8:2FTS 1H,1H,2H,2H-perfluorodecane sulfonate C10H4F17O3S 

6:2FTS 1H,1H,2H,2H-perfluorooctane sulfonate C8H4F13O3S 

4:2FTS 1H,1H,2H,2H-perfluorohexane sulfonate C8H4F9O3S 

PFOS Perfluoro-n-octane sulfonate C8F17O3S 
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Table B. 2. Acronym, name and molecule structure for all of the isomers (linear and branched) of PFOS that were analysed 

in the study 

Acronym Abbreviation Molecule Structure 

L-PFOS Linear-PFOS  

 
 

1-PFOS 1-perfluoromethyl-PFOS  

 
 

2/6-PFOS Perfluoroisopropyl-PFOS  

 
 

3/4/5-PFOS (3/4/5-perfluoromethyl-PFOS)  

 
(3-perfluoromethyl-PFOS) 

 

Dimethyl-PFOS Dimethyl-PFOS  
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Table B. 3. PFAS used as internal Standards contents; compounds’ acronym, abbreviation, molecule formula and trace ions 

used in, all chemicals have 98% purity. 

Acronym Abbreviation Molecule Formula Parent/Product ion (m/z) 

M2PFHxDA Perfluoro-n-[1,2-13C2]hexadecanoic acid 13C2
12C14HF31O2 815/770 

MPFHxS Perfluoro-1-hexane[18O2]sufonate 12C6F13
18O2S 403/103 

MPFOS Perfluoro-1-[1,2,3,4-13C4]octanesulfonate 13C4
12C4F17O3S 503/99 

MPFBA Perfluoro-n-[13C4]butanoic acid 13C4HF7O2 217/172 

MPFHxA Perfluoro-n-[1,2-13C2]hexanoic acid 13C2
12C4HF11O2 315/270 

MPFOA Perfluoro-n-[1,2,3,4-13C4]octanoic acid 13C4
12C4HF15O2 417/372 

MPFNA Perfluoro-n-[1,2,3,4,5-13C5]nonanoic acid 13C5
12C4HF17O2 468/423 

MPFDA Perfluoro-n-[1,2-13C2]decanoic acid 13C2
12C8HF19O2 515/470 

MPFUdA Perfluoro-n-[1,2-13C2]undecanoic acid 13C2
12C9HF21O2 565/520 

MPFDoA Perfluoro-n-[1,2-13C2]dodecanoic acid 13C2
12C10HF23O2 615/570 

M2-8:2FTS 1H,1H,2H,2H-perfluoro-[1,2-13C2]decane 

sulfonate 

13C2
12C8H4F17O3S 529/509/81 

M2-6:2FTS 1H,1H,2H,2H-perfluoro-[1,2-13C2]octane 

sulfonate 

13C2
12C6H4F13O3S 429/409/81 

M2-4:2FTS 1H,1H,2H,2H-perfluoro-[1,2-13C2]hexane 

sulfonate 

13C2
12C4H4F9O3S 329/209/81 

M2PFTeDA Perfluoro-n-[1,2-13C2]tetradecanoic acid 13C2
12C12HF27O2 715/670 

M3PFBA Perfluoro-n-[2,3,4-13C3]butanoic acid 13C2
12CHF7O2 216/172 
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Table B. 4. Native Standard contents; compounds’ acronym, abbreviation, molecule formula and trace ions, all chemicals 

have 98% purity. 

Acronym Abbreviation Molecule Formula Parent/Product ion (m/z) 

PFBA Perfluoro-n-butanoic acid C4HF7O2 213/169 

PFPeA Perfluoro-n-pentanoic acid C5HF9O2 263/219 

PFHxA Perfluoro-n-hexanoic acid C6HF11O2 313/269 

PFHpA Perfluoro-n-heptanoic acid C7HF13O2 363/319 

PFOA Perfluoro-n-octanoic acid C8HF15O2 413/369 

PFNA Perfluoro-n-nonanoic aid C9HF19O2 463/419 

PFDA Perfluoro-n-decanoic acid C10HF19O2 513/469 

PFUdA Perfluoro-n-undecanoic acid C11HF21O2 563/519 

PFDoA Perfluoro-n-undercanoic acid C12HF23O2 613/569 

PFTrDA Perfluoro-n-tridecanoic acid C13HF25O2 663/619 

PFTeDA Perfluoro-n-tetradecanoic acid C14HF27O2 713/669 

PFHxDA Perluoro-n-hexandecanoic acid C16HF31O2 813/769 

PFODA Perfloro-n-octadecanoic acid C18HF35O2 913/869 

L-PFBS Perfluoro-1-butane sulfonate C4F9O3S 299/99 

L-PFHxS Perfluoro-1-hexane sulfonate C6F13O3S 399/99 

L-PFOS Perfluoro-1-octane sulfonate C8F17O3S 499/99 

L-PFDS Perfluoro-1-decane sulfonate C10F21O3S 599/99 

L-PFNS Perfluoro-1-nonane sulfonate C9F19O3S 549/99 

L-PFPeS Perfluoro-1-pentane sulfonate C5F11O3S 349/99 

L-PFDoS Perfluoro-1-dodecanesulfonate C12F25O3S 699/99 

8:2FTS 1H,1H,2H,2H-perfluorodecane sulfonate C10H4F17O3S 527/507/81 

6:2FTS 1H,1H,2H,2H-perfluorooctane sulfonate C8H4F13O3S 427/407/81 

4:2FTS 1H,1H,2H,2H-perfluorohexane sulfonate C8H4F9O3S 327/307/81 
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Table B. 5. Recovery Standard contents; compounds’ acronym, abbreviation, molecule formula and trace ions, all chemicals 

have 98% purity. 

Acronym Abbreviation Molecule Formula Parent/Product ion 

(m/z) 

M2-

4:2FTS 

1H,1H,2H,2H-perfluoro-[1,2-13C2]hexane 

sulfonate 

13C2
12C4H4F9O3S 329, 209, 81 

M3PFBA Perfluoro-n-[2,3,4-13C3]butanoic acid 13C2
12CHF7O2 216/172 

M3PFHxS Perfluoro-1-[1,2,3-13C3]hexane sulfonate 13C3
12C3F13O3S 402/99 

M9PFNA Perfluoro-n-[13C9]nonanoic acid 13C9HF17O2 472/427 

M6PFDA Perfluoro-n-[1,2,3,4,5,6-13C6]decanoic acid 13C6
12C4HF19O2 519/474 

M7PFUdA Perfluoro-n-[1,2,3,4,5,6,7-13C7]undecanoic acid 13C7
12C4HF21O2 570/525 

M8PFOS Perfluoro-1-[13C8]octane sulfonate 13C8F17O3S 507/99 
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Appendix C. Results of Concentrations of the Analysed PFASs and PFOS 

Isomers 

Table C. 1. The concentration of the analysed PFASs; median (3), number of samples, minimum and maximum values. The 

total. PFOS contains all structural isomers. 

  Welverdiend Schoemansdrift Orkney East Bloemhof Keimoes 

PFBA Median (n) 

Min-Max 

1.5 (4) 

(<0.59-2.2) 

2.3 (5) 

(<0.59-3.71) 

- (1) 

(<0.59-1.81)  

- (2) 

(<0.59-1.7) 

1.84 (4) 

(<0.59-5.3) 

PFPeA Median (n) 

Min-Max 

nq1 

(<0.71) 

nq1 

(<0.71) 

nq1 

(<0.71) 

nq1 

(<0.71) 

nq1 

(<0.71) 

PFBuS Median (n) 

Min-Max 

- (2) 

(<0.01-0.02) 

0.16 (4) 

(<0.01-0.56) 

0.01 (3) 

(<0.01-0.02) 

0.03 (3) 

(<0.01-0.03) 

- (2) 

(<0.01-0.01) 

PFHxA Median (n) 

Min-Max 

nq1 

(<0.29) 

nq1 

(<0.29) 

nq1 

(<0.29) 

nq1 

(<0.29) 

nq1 

(<0.29) 

PFHpA Median (n) 

Min-Max 

- (2) 

(<0.06-0.09) 

- (1) 

 (<0.06-0.06) 

- (1) 

(<0.06-0.07)  

nq1 

 (<0.06)  

- (1) 

(<0.06-0.09)  

PFPeS Median (n) 

Min-Max 

0.09 (4) 

(<0.01-0.9) 

0.06 (3) 

(<0.01-0.11) 

0.05 (4) 

(<0.01-0.11) 

0.02 (6) 

(0.02-0.05) 

- (1) 

(<0.01-0.01) 

PFHxS Median (n) 

Min-Max 

2.6 (6) 

(0.78-5.0) 

6.4 (6) 

(3.0-8.7) 

4.5 (5) 

(2.3-5.3) 

5.1 (6) 

(0.82-7.3) 

0.70 (6) 

(0.41-1.21) 

PFHpS Median (n) 

Min-Max 

nd2 nd2 nd2 nd2 nd2 

PFOA Median (n) 

Min-Max 

1.2 (6) 

(0.67-1.8) 

1.3 (6) 

(0.9-1.9) 

1.4 (4) 

(<0.66-1.7) 

0.97 (6) 

(0.66-2.2) 

0.76 (3) 

(<0.66-0.94) 

PFNA Median (n) 

Min-Max 

5.3 (6) 

(2.4-8.7)  

8.0 (6) 

(5.7-13) 

7.34 (5) 

(4.9-9.5) 

15 (6) 

(6.2-21) 

1.0 (6) 

(0.60-1.9) 

PFDA Median (n) 

Min-Max 

18 (6) 

(8.8-31) 

44 (6) 

(28-49) 

29 (5) 

(9.0-39) 

16 (6) 

(9.9-33) 

1.9 (6) 

(1.0-2.5) 

PFUnDA Median (n) 

Min-Max 

2.2 (6) 

(1.4-3.1) 

5.9 (6) 

(4.0-6.9) 

2.8 (5) 

(1.2-4.5) 

1.8 (6) 

(1.1-3.8) 

0.56 (6) 

(0.28-0.62) 

PFNS Median (n) 

Min-Max 

0.35 (4) 

(<0.14-2.0) 

2.2 (6) 

(0.65-11) 

1.3 (4) 

(<0.14-2.1) 

0.37 (4) 

(<0.14-1.2) 

nq1 

(<0.14) 

PFDS Median (n) 

Min-Max 

- (1) 

(<0.03-0.12)  

0.62 (5) 

(<0.03-4.0) 

- (2) 

(<0.03-0.4) 

nq1 

 (<0.03) 

0.08 (4) 

(<0.03-0.12) 

PFDoDA Median (n) 

Min-Max 

1.1 (5) 

(<0.28-1.3) 

3.2 (6) 

(2.3-3.8) 

1.0 (5) 

(0.51-2.0) 

0.91 (5) 

(<0.28-1.6) 

- (2) 

(<0.28-0.33) 

PFTrDA Median (n) 

Min-Max 

0.18 (5) 

(<0.07-0.26) 

0.76 (6) 

(0.27-1.23) 

0.28 (3) 

(<0.07-0.36) 

0.36 (6) 

(0.13-0.53) 

0.17 (5) 

(<0.07-0.23) 

PFTDA Median (n) 

Min-Max 

0.34 (3) 

(<0.13-0.41) 

1.48 (5) 

(<0.13-2.0) 

- (2) 

(<0.13-0.46) 

0.47 (3) 

(<0.13-0.56) 

- (2) 

(<0.13-0.21) 

PFHxDA Median (n) 

Min-Max 

nq1 

(<1.9) 

nq1 

(<1.9) 

nq1 

(<1.9) 

nq1 

(<1.9) 

nq1 

(<1.9) 

PFOcDA Median (n) 

Min-Max 

nq1 

(<1.3) 

nq1 

(<1.3) 

nq1 

(<1.3) 

nq1 

(<1.3) 

nq1 

(<1.3) 

4_2FTS Median (n) 

Min-Max 

nq1 

(<0.01) 

nq1 

(<0.01) 

nq1 

(<0.01) 

nq1 

(<0.01) 

nq1 

(<0.01) 

6_2FTS Median (n) 

Min-Max 

nq1 

(<0.01) 

- (1) 

(<0.01-0.03) 

- (1) 

(<0.01-0.05) 

- (1) 

(<0.01-0.01) 

nq1 

(<0.01) 

                                                 
1 Not quantify due to values below the limit of detection for the method 
2 No analyte of interest found in samples 
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8_2FTS Median (n) 

Min-Max 

0.95 (6) 

(0.43-1.8) 

2.2 (6) 

(1.6-2.3) 

1.7 (5) 

(0.45-2.1) 

0.37 (5) 

(<0.02-1.2) 

nq3 

(<0.02) 

Total 

PFOS 

Median (n) 

Min-Max 

1100 (6) 

(274-2617) 

2574 (6) 

(1519-3279) 

2413 (5) 

(667-2710) 

1458(6) 

(668-1901) 

62 (6) 

(23-75) 
  

 

 

 

 
Table C. 2. The concentration of the analysed PFOS isomers; median (3), number of samples, minimum and maximum 

values.. 

  L-PFOS 1-PFOS 6/2-PFOS 3/4/5-PFOS Dimethyl-

PFOS 

Welverdiend 

n=6 

Median  

Min-Max 

1065 
(260-2548) 

2.7 

(0.70-5.3) 

18 

(7.4-33) 

14 

(5.7-28) 

0.48 

(0.16-1.9) 

Schoemansdrift 

n=6 

Median 

Min-Max 

2516 

(1489-3208) 

4.9 

(2.8-5.5) 

31 

(15-35) 

22 

(11-29) 

0.98 

(0.70-1.3) 

Orkney East 

n=5 

Median 

Min-Max 

2358 

(631-2632) 

4.5 

(2.1-5.4) 

29 

(18-38) 

20 

(15-30) 

1.1 

(0.70-1.6) 

Bloemhof 

n=6 

Median 

Min-Max 

1380 

(643-1782) 

4.9 

(1.5-7.3) 

41 

(13-58) 

31 

(10-51) 

1.5 

(0.56-2.2) 

Keimoes 

n=6 

Median 

Min-Max 

58 

(22-73) 

0.30 

(0.14-0.43) 

1.5 

(0.77-1.9) 

0.87 

(0.45-1.0) 

0.06 

(0.03-0.07) 

 


