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Abstract 

Poly- and perfluoroalkyl substances (PFAS) are a chemical class of global concern because of their 
persistence, toxicity and widespread presence in the environment. This work aimed to develop a 
robust and reliable method to analyse perfluorohexane sulfonic acid (PFHxS), perfluorooctanoic acid 
(PFOA) and perfluorooctane sulfonic acid (PFOS), as well as the neutral volatile PFOS precursors, 
namely perfluorooctane sulfonamides and perfluorooctane sulfonamidoethanols (FOSAs/FOSEs). 
Because these compounds can be distributed globally through atmospheric long-range transport, air 
sampling materials, such as polyurethane foam (PUF) or styrene-divinylbenzene resin (XAD) sorbents 
are used to capture them. Parameters optimised were extraction solvents, solid phase extraction 
(SPE) as clean-up and instrumental parameters of the utilised ultra-performance liquid 
chromatograph tandem mass spectrometer (UPLC-MS/MS) with electron spray ionisation (ESI). The 
resulting method consisted of Soxhlet extraction with methyl tert-butyl ether (MTBE), and 
subsequently methanol, followed by a weak anion exchange (WAX) SPE clean-up and injection onto a 
LC-ESI-MS/MS system, quantification by using isotope dilution. This method was applied for analysis 
of samples from active (AAS) and passive air samplers (PAS), as well as snow, that were collected in 
Sweden during the project. Additionally, PUF samples exposed for three months in Örebro in 2017 
and several PAS/PUFs spanning two years and sampled as part of the Global Monitoring Plan (GMP), 
were analysed. The performance of the method was evaluated and gave median recoveries of 
internal standard of all analytes in blanks of all sample batches ranging from 42 % to 105 %, while 
median recoveries in real samples were below 20 %. Because of the poor recoveries in samples, only 
concentrations of ionic PFAS in PAS/PUFs and snow samples from Örebro could be determined. 
Mean concentrations in PUF samples form Örebro from 2017 were between 30 and 40 pg/m³ and 
between 6 and 19 pg/m³ for L-PFOS and PFOA, respectively. Lowest concentrations were detected 
for PFHxS. Concentrations of L-PFOS and PFOA detected in snow in Örebro during the project were 
roughly one order of magnitude higher compared to the Arctic and about two orders of magnitude 
lower than in urban China. Overall, more data and a more reliable analytical method is needed to 
draw conclusions about seasonal or regional variability or correlations between atmospheric PFAS 
concentrations and wet precipitation. To develop a reliable analytical method for the analysis of 
PUFs, more real samples need to be available to accurately assess efficiency of clean-ups. 
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1. Introduction 

1.1. Aim  
This project was focused on developing a robust and reliable method to extract and analyse 
perfluorohexane sulfonic acid (PFHxS), perfluorooctanoic acid (PFOA) and perfluorooctan sulfonic 
acid (PFOS), as well as the neutral PFOS precursors perfluorooctane sulfonamides (FOSAs) and 
perfluorooctane sulfonamido ethanols (FOSEs) from air sampling material, such as polyurethane 
foam (PUF) and styrene divinyl-benzene copolymer resin (XAD) adsorbents. This is essential for the 
reliable analyses of air samples and comparative studies. Furthermore, air samples around Örebro 
were collected and analysed using the developed method. In addition, several samples taken around 
Örebro over the course of 2017 and several samples from other countries, spanning two years, that 
were sampled as part of the Global Monitoring Plan (GMP) were analysed. 

1.2. Background 
Poly- and perfluoroalkyl substances (PFAS) are a chemical class of global concern because of their 
persistence, toxicity, widespread presence in the environment, and due to their use in many 
products and applications. This class of chemicals consists of a several thousand individual chemicals, 
as well as branched isomers for many of the compounds. So far only perfluorooctane sulfonic acid 
(PFOS) and its salts are regulated under the Stockholm Convention on Persistent Organic Pollutants 
(POPs) [1]. Perfluorooctanoic acid (PFOA) has been listed into the annex A of the Stockholm 
Convention in 2019, but little is known about many other PFAS in the environment [2].There is 
increasing evidence about the widespread environmental presence, persistence and toxicity of 
perfluorohexane sulfonic acid (PFHxS) and therefore, this compound is currently under review to be 
added to the Stockholm Convention on Persistent Organic Pollutants [3]. Due to the global atention, 
these three PFAS were prioritized in the scope of this project. Precursor compounds to PFOS were 
also targeted; they included perfluorooctane sulfonamide (PFOSA), methyl-perfluorooctane 
sulfonamide (MeFOSA), ethyl- perfluorooctane sulfonamide (EtFOSA), methyl-perfluorooctane 
sulfonamido ethanol (MeFOSE) and ethyl-perfluorooctane sulfonamido ethanol (EtFOSE). These 
neutral precursor compounds are more volatile than the ionic PFAS and atmospheric transport is an 
important mechanism for their global distribution [4] [5]. Many of their sources are known but 
distribution in the environment and the atmosphere is not yet fully understood. A network of passive 
air samplers was established around the globe under the Global Monitoring Plan (GMP) to monitor 
concentrations, distribution and long-term trends of neutral PFAS precursors and PFOS to assess if 
the goals of the Stockholm Convention are met: i.e. detect deacreasing trends of POPs in air. 
PUF/PASs under the GMP are deployed for a period of three months, corresponding with the four 
seasons [6]. In this project, PAS/ PUFs for each 3-month season of 2017 and 2018 from Tunisia and 
Togo were analysed. 

1.2.1. Properties 
The structural formulas of the different PFAS analysed in this project can be seen in Figure 1. 
Although there are discrepancies in the literature about the acid dissociation constant (pKa) values of 
acidic PFAS (left side of Figure 1), it is generally agreed that these are very low, so that these PFAS are 
predominately present in their ionised form within the pH ranges in the environment [7]. PFOS 
precursor compounds are displayed on the right-hand side of Figure 1. Due to their neutral character, 
they are about 1-2 orders of magnitude less soluble in water compared to PFOS (Table 1-1).  
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Figure 1 Structural formulas of the PFAS analysed in this project 

Table 1-1 displays some relevant physico-chemical properties of the eight PFAS analysed in this work. 
Column log KOA displays the octanol-air coefficient (KOA), which gives important information about the 
interaction of a gaseous compound with solid materials, such as the PUF material used in passive and 
active samplers. Values in column ‘Kim’ were taken from a study from Kim et al. [8]. The authors 
calculated different properties using improved quantitative structure-property relationship (QSPR) 
models. Different methods have been utilised in other studies. For instance, Shoeib et al. [9] 
measured the octanol-air coefficient (KOA) of a variety of chemicals with a generator column, which 
contained octanol coated beads with known concentration of the target analytes. Octanol saturated 
air is passed through this column and onto sorbent traps. The KOA was calculated based on the 
measured fractionation. Shoeib et al. [9] reported log KOA of 7.7 and 7.78 for MeFOSE and EtFOSE, 
respectively, which is one order of magnitude higher than values reported by Kim et al. [8] (Table 
1-1.) In a study with a similar experimental setup, Dreyer et al. [10] found log KOA values of 6.3, 6.4, 
6.6 and 6.7 for MeFOSA, EtFOSA, MeFOSE and EtFOSE, respectively (Table 1-1), which is in good 
agreement with Kim et al. [8].  
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Table 1-1 Selected physico-chemical properties of the analytes of this study.  

Compound trivial 
name 

Abbreviation MW Log KOA 
Water 

solubility 

  
[g/mol] Kim Dreyer Shoeib 

[log 
mol/L] 

Perfluorohexane 
sulfonic acid 

PFHxS 400.1 5.29   -3.32 

Perfluorooctane 
sulfonic acid 

PFOS 500.1 5.99   -4.81 

Perfluorooctanoic 
acid 

PFOA 414.1 5.55   -3.81 

Perfluorooctane 
sulfonamide 

PFOSA 499.1 6.07   -4.99 

Methyl-
perfluorooctane 
sulfonamide 

MeFOSA 513.2 6.35 6.3 ± 0.3  -5.61 

Ethyl- 
perfluorooctane 
sulfonamide 

EtFOSA 527.2 6.57 6.6 ± 0.5  -6.09 

Methyl-
perfluorooctane 
sulfonamidoethanol 

MeFOSE 557.3 6.73 6.4 ±0.3 7.7 -6.45 

Ethyl-
perfluorooctane 
sulfonamidoethanol 

EtFOSE 571.3 6.94 6.7 ±0.2 7.78 -6.92 

Source  QSPR 
[8] 

Generator 
column 
[10] 

Generator 
column 
[9] 

QSPR [8] 

 

Overall it would be beneficial to have more reliable and consistent data regarding the specific 
physico-chemical properties of PFAS, especially for the compounds of concern like PFOS, PFOA and 
PFHxS. This would allow for better understanding of their fate in the environment.  

1.2.2. Sources  

PFAS have been used in a wide variety of products such as in water and dirt repellent coatings for the 
textile industry or food packaging, as surfactants in industrial applications and in aqueous firefighting 
foams (AFFFs).  

Two different production processes have been used to synthesise PFAS, namely electrochemical 
fluorination (ECF) and telomerisation. The ECF process yields perfluorooctane sulfonylfluoride 
(POSF), which was the basis of PFOS production. This process was used by the 3M company, one of 



11 

the largest manufacturers of fluorinated compounds at the time [11], which ultimately phased out its 
POSF production in 2002.. This process yielded roughly 70% linear PFOS (L-PFOS) and 30% branched 
(br-PFOS), as well as other compounds such as shorter and longer chain PFAS (C2-C10) and fluorinated 
sulfonamides [12], which can ultimately degrade to PFOS [13]. 

The same process was also used to produce perfluorooctane carbonyl fluoride (POCF), which is the 
basis for PFOA. This compound was mainly used as a surfactant to aid the production and handling of 
polytetrafluoroethylene (PTFE), since PTFE is insoluble in almost any solvent [14]. Similar to POSF, 
production of POCF by ECF also yielded roughly 70% linear PFOA and roughly 30% branched. 
Telomerisation on the other hand exclusively produces linear PFAS [12]. In this process, 
perfluoroalkyl iodide (often pentafluoroethyl iodide) is reacted with tetrafluoroethylene to produce 
longer chain perfluoro iodides, which can be further processed to different types of PFAS, for 
instance fluorotelomer alcohols, which are often used as surfactants in AFFFs [12] [15].  

While the 3M company shifted its production to short chain PFAS (mainly C4) during the early 2000s, 
other manufacturers, mostly in China and India, continued production of POSF and POCF based 
products, although at lower quantities [11] [15]. 

Over the period from 1970 to its phase-out in 2002, 42,250 tonnes of POSF and POCF based products 
were estimated to be released into the environment [11]. This has mostly occurred in the form of 
direct release, which included production waste, disposal of consumer products, or the release of 
products, that contained PFAS as impurities. Indirect release also plays a role and refers to the 
degradation of precursor compounds, such as FOSAs and FOSEs [5].  

Indirect release is of increasing concern, partly because EtFOSA is currently used as a pesticide to 
fight leaf-cutting ants in Brazil (a permitted use under the Stockholm Convention on Persistent 
Organic Pollutants). It has been shown that EtFOSA can degrade in soil to form PFOS as well as 
perfluorooctane sulfonamide (FOSA) and perfluorooctane sulfonamido acetic acid (FOSAA), which 
can further degrade to PFOS [16]. 

1.2.3. Long range transport of PFAS  

Many different PFAS can be detected all around the world in various environmental matrices such as 
surface water [17], biota and even in the blood of a majority of the human population [18], which 
also includes remote areas such as the Arctic Regions [19]. 

Large quantities of PFAS are transported across borders for further processing, or in form of PFAS-
containing consumer products (e.g. textiles), which are often disposed into landfills at the end of 
their lifecycle. One of the largest sources of PFAS contamination in the environment in Sweden was 
their use as surfactants in AFFFs, that were widely used in the training of fire brigades on civil and 
military airports around the country.  

PFOS and especially its neutral, more volatile precursors, such as FOSAs and FOSEs and other semi-
volatile PFAS can travel long distances through the atmosphere. This occurs partly in the gaseous 
state and partly bound to particles present in the atmosphere. Several studies show that long 
distance atmospheric transport and deposition via precipitation plays an important role in the influx 
of PFAS into surface waters. For instance one study estimated that roughly 39 % of the influx of PFOA 
into an urban lake in Canada occurred through rainfall [20]. Other studies also showed influx of 
neutral PFAS through snow and rain into the Arctic ocean [21] and the Arctic landmass [22], as well 
as acidic PFAS [19]. 
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To gather more information about the distribution of PFAS in the global atmosphere, especially 
neutral, volatile PFAS, they are monitored under the Global Monitoring Plan (GMP) [1] [5] [23]. The 
GMP was introduced under the Stockholm Convention and is managed by national groups in the five 
UN regions. Its purpose is to assess the effectiveness of the implementation of the Stockholm 
Convention and its goal to reduce PFAS background levels in the environment by 50% in 10 years. 
Global levels of the regulated POPs are assessed continuously across different matrices like human 
milk, water and air.  For air sampling, passive air samplers using PUFs are recommended (PAS PUF).  

1.3. Sampling and analytical methods 

 

Figure 2 Different steps required for analysis of air samples. From sampling over extraction and clean-up with 
solid phase extraction (SPE) to instrumental analysis with liquid chromatography coupled to tandem mass 
spectrometry (LC-MS/MS) discussed in the following section 

Air samples can be collected with a variety of equipment and sorbent choices. Most commonly used 
are passive air samplers (PAS), low volume active air samplers (LV-AAS) or high-volume active air 
samplers (HV-AAS). Each of these devices has certain advantages and disadvantages. These different 
types of air samplers follow the same principle. Ambient air flows over the sampling material, that is 
protected by a housing. In case of PAS, air flow is directed over the sampling material by the design 
of the housing, as seen in Figure 3, while AAS have a pump that actively draws air through the 
sampling chamber. LV-AAS are mostly used indoors or as personal sampler, since they are quiet, 
portable and therefore less invasive than HV-AAS, while still providing a high enough sampling 
volume to be sensitive enough for expected levels of chemicals indoors over relatively short sampling 
periods [24]. 
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Figure 3 Left: Passive Air Sampler (PAS), Right: High Volume Active Air Sampler (HV-AAS) 

HV-AAS can sample large volumes of up to 1200 m³ per day. This can serve as a temporal “snapshot” 
of a sampling site, due to the short sampling period required. They also provide lower detection 
limits, due to the higher sampling volume compared to other sampling methods [25]. These samplers 
are relatively expensive and require a power supply. This limits the possibility to sample in very 
remote regions and the relative high price also restricts their usage by institutions in developing 
nations. It can be seen in Figure 3 that a particle filter (e.g. quartz fibre filter) is installed before the 
sampling chamber with the sorbent material. Therefore, AAS are capable to differentiate between 
the gas phase portion of compounds and their particle bound phase. 

PAS have a simple structure, which consists of two metal domes of different sizes held together by a 
metal rod (Figure 3), with a disk shaped PUF suspended between the two domes. The gap between 
the bowls allows for air to flow through the domes and reaching the sampling disk. The passive 
nature of these samplers results in very low sampling rates, which is dependent on weather 
conditions such as temperature, humidity and especially wind speed [26]. Because of this, the 
sampling rate and total air sampled during deployment are unknown. This limits the ability to 
compare different sampling sites or different sampling periods and especially different sampling 
methods. The long deployment periods of several month give time integrated samples. The low cost 
and low demand on infrastructure allows the PAS to be deployed in remote regions with little 
supervision.  Therefore, they are widely used  in regional sampling networks such as the Africa 
MONET or CEE MONET (MONitoring NETworks) established by the Research Centre for Toxic 
Compounds in the Environment (RECETOX) in the Czech Republic, the Global Atmospheric Passive 
Sampling Network (GAPS) [26] [27], a passive air sampler network set up globally by Environment 
and Climate Change Canada, or the Global Monitoring Plan (GMP) [28] under the Stockholm 
Convention run by the United Nations Environmental Program (UNEP) [23].  

Several different sorbents are available today for a variety of chemical compounds. Generally, 
sampling material needs to be able to retain enough of a desired analyte to suffice detection limits 
and without exceeding the linear uptake phase (section 1.3.1.2) over the desired sampling period. 
Polyurethane foam (PUF) has been deployed in active samplers as well as passive samplers. The 
material is cheap and easy to handle and is used in largescale monitoring programs such as the GMP 
[23]. On the downside, PUF may not be suitable for all climatic situations or compounds (see section 
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1.3.1.2.). As an alternative, a styrene-divinylbenzene resin (XAD) can be used as sampling medium. It 
is also possible to use XAD in combination with PUFs. In  active samplers, the XAD  is sandwiched in-
between two PUF plugs and in case of passive samplers a PUF disk can be impregnated with XAD 
material, so called sorbent impregnated polyurethane disks (SIPs). XAD has been shown to be better 
suited for volatile, neutral PFAS like FOSA/Es and fluorotelomer alcohols (FTOHs) [29].  

1.3.1. Sampling rates of passive air samplers 

As mentioned before, the sampling rates of passive samplers are usually unknown and depend on a 
variety of factors. Generally, the uptake of chemicals by the sampling material can be divided in three 
phases as shown in Figure 4. The linear uptake phase, in which compounds accumulate in the 
sampling material at a constant rate. The curvilinear uptake phase, where the uptake rate slows 
down and approaches equilibrium and finally, the equilibrium partitioning, where evaporation- and 
sorption rate of the compounds reach equilibrium and the uptake rate effectively reaches zero. 

 

 

Figure 4 The three phases of compound uptake in PUF-PAS  

How long it takes to exceed the linear uptake phase depends on the sampling material, the chemical 
properties of the analyte and, to some extent, meteorological conditions. Volatility of a compound 
plays an important role in its partitioning with the sampling medium and the duration of the linear 
uptake phase. An indoor study by Shoeib et al [29] estimated the linear uptake phase of FOSEs to be 
roughly 47 days for PUF sampling material and longer than 83 days for SIPs, while the more volatile 
FTOHs exceed the linear uptake phase after roughly 35 days on SIPs. Another study showed a good 
correlation between the degree of halogenation of polychlorinated biphenyls (PCBs) and 
polybrominated diphenyl ethers (PBDEs), and therefore their volatility, and the length of the linear 
uptake phase [30]. However, not many studies specifically focus on the less volatile ionic PFAS. The 
octanol-air coefficient (KOA) of a compound is a good estimation of its partitioning with sampling 
material and can be used in calculations of uptake rates [10] [31] [32]. This is not only useful to 
determine if analytes exceed the linear uptake range, but also to calculate effective sampling rates. 
This can make passive sampling more comparable overall, by calculating detected concentrations in 
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mass compound per volume air units, rather than just reporting the total amount of compound 
detected per sampler (mass compound/PUF). To do this, the effective sampling rate of the sampler 
has to be determined. Several studies have proposed methods to calculate sampling rates of passive 
samplers for different semi-volatile or volatile organic compounds ((S)VOCs) based on the chemical 
properties of the sampling material, as well as those of the analytes [32]–[38]. These studies include 
the utilisation of depuration compounds, simultaneous deployment of active air samplers, or 
calibration studies with spiked air in controlled environments.  

Depuration compounds are isotopically labelled compounds equal to the analytes, which are spiked 
into the sampling material before deployment. The loss of the depuration compound during the 
sampling period can be quantified and used to determine the rate of loss over time, which informs 
the rate of uptake of the native compound of the sampling material during the same period [34] [39] 
[40]. Calibrations of PUF sampling rate in controlled environments work similar to the determination 
of the KOA, described in section 1.2.1. Air with known concentrations of analytes are passed in a 
closed chamber with PUFs, which are taken out at different time points. This approach is also used 
outdoors, where PUFs are deployed at the same time and collected at different time points. Instead 
of spiked air with known concentrations, active samplers serve as reference since their sampling 
volume is known and the air concentration on a volume basis can be determined in the same 
environment. 

Increasingly, sampling rate models take into account the meteorological conditions at the sample site 
during the sampling period, due to their significant impact on sampling rates [41]. Most notably, 
Herkert et al. [26] developed a computer model to calculate sampling rate of PCBs which depend on 
four metrological metrics (temperature, air pressure, wind speed, and humidity) and using chemical 
properties such as KOA, molecular weight (MW) and the internal energy transfer in combination with 
hourly weather data retrieved from the National Oceanic and Atmospheric Administration (NOAA) of 
the USA. This model was developed for all 209 PCBs. The authors state, that in principle, their model 
can be expanded to other SVOCs that have KOA values between roughly 6 and 10, since outside of 
that range the behaviour of these compounds can deviate strongly from their calibration model.  
Given their unique chemical properties, caution should be exercised to use this model for PFAS, 
which was also noted by authors of a previously mentioned study [32].  

1.3.2. Extraction 

Despite the introduction of new extraction methods like pressurised liquid extraction (PLE) (e.g. [42]), 
Soxhlet extraction is still a popular technique [43]. Even though it is relatively time consuming and 
often requires large amounts of solvents, it is a relatively simple and exhaustive extraction technique. 
In addition, instruments that perform PLE are often equipped with PTFE-coated seals or tubes, which 
can cause high background levels of certain PFAS. In contrast, Soxhlet extractors, including cooling 
body and sample flask, are entirely made of glass, which can be cleaned relatively easily, for instance 
by baking at high temperatures for several hours. Also, Soxhlet is the preferred method of extraction 
in the protocol of UNEP [44] on which this work is based on.  

For the extraction of neutral precursor compounds from PUF sampling material, less polar solvents 
than methanol, such as petroleum ether or ethyl acetate, are commonly used, according to a review 
of extraction and clean-up methods for PFAS analysis in PUF or XAD samples from van Leeuwen et al. 
(2007) [43]. The studies presented in this review focused on analysis with gas chromatography 
coupled to tandem mass spectrometry (GC-MS/MS) for quantification, which is often more 
compatible with non-polar solvents compared to reversed phase LC. Dreyer et al. (2008) [45] 
evaluated different non-polar solvents for their efficiency of extracting neutral PFAS from PUF-XAD-
2-PUF sandwiches and their potential for signal enhancement on the mass spectrometer, compared 
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to the performance of ethyl acetate. The authors chose a 1:1 mixture of acetone and methyl tert-
butyl ether (MTBE) as suitable solvent for extraction and GC-MS/MS analysis. Furthermore, Gremmel 
et al. (2016) [46] extracted a variety of neutral PFAS from outdoor jackets using hexane and 
quantification with LC-MS/MS after solvent exchange and clean-up. 

Sample matrices often contain substances that have the potential to interfere with the analysis and 
are often present in levels that are several orders of magnitude higher than the trace levels of the 
analytes. In the case of PUF-PAS this might be particles in the air accumulating on the PUF-disk or 
even oxidation of the sampling material itself. A lot of these substances are extracted during the 
Soxhlet extraction, since it is a very thorough and not very selective extraction technique. To remove 
these potentially interfering matrix substances and to reduce matrix effects, a clean-up is necessary. 
Different clean-up strategies are used for a variety of matrices. Many studies utilise a form of solid 
phase extraction (SPE) for clean-up and sometimes also for concentrating samples. Gremmel et al. 
(2016) [46] used silica for clean-up and solvent exchange after extracting with hexane, Jahnke et al. 
(2007) [24] used ENV+ (a hydroxylated polystyrene-divinylbenzene copolymer). The UNEP guidelines 
[44] recommend weak anion exchange (WAX) sorbent for the extraction of biota and water samples. 
The mix of reversed phase and ion exchange utilised by this type of SPE sorbent suits the amphiphilic 
character of PFAS very well. Several other studies did not perform any clean-up after extracting PUF 
or PUF-XAD sandwiches with non-polar solvents for GC-MS/MS analysis [9] [42] [45] [47].  

1.3.3. Instrumental analysis 

Instrumental analysis of PFAS is usually carried out by coupling a chromatograph to a mass 
spectrometer (MS) as detector. For the separation of individual PFAS, different chromatographic 
techniques can be used. Many PFAS, including the priority compounds, PFOS and PFOA, are soluble 
in polar solvents and can be separated using liquid chromatography (LC) with a reversed phase 
column [46]. For ultrashort chain PFAS (<C4), supercritical fluid chromatography (SFC) can be used, 
due to the higher chromatographic resolution [48].  

As detectors, different types of mass spectrometers are available on the market today. For instance, 
Berger et al. (2004) [49] compared an ion trap MS, a triple quadrupole tandem MS and a time-of-
flight high resolution MS (ToF-MS) for analysis of PFAS and FTOHs. Ion trap instruments offer the 
highest total ion yield and a good selectivity, while ToF-MS offers high selectivity combined with high 
sensitivity, but both instrument types have relatively small linear dynamic ranges [49]. Most 
laboratories use triple quadrupole tandem MS for the quantification of PFAS due to their good 
selectivity, wide linear dynamic ranges and availability [50]. 

The different MS types, in combination with LC or SFC, utilise electron spray ionisation in negative 
mode (ESI-), which is a soft ionisation technique that does not cause significant in-source 
fragmentation and can readily ionise ionic PFAS. However, the technique is prone to ion 
enhancement or suppression, due to matrix compounds and is less successful in ionising neutral PFAS 
such as FOSEs. To ionise these compounds, they can be derivatised with, for instance, ammonium 
acetate to form acetate adducts [51]. Therefore, separation is often carried out with gas 
chromatography and electron impact ionisation (EI) [43]. However, neutral PFAS can be easily 
separated using LC and can be analysed using LC-ESI-MS/MS [46] [52]. This would have the 
advantage that there is the need for only one instrument as well as shorter running times. However, 
the ionisation for ESI-MS/MS analysis for these compounds is challenging as mentioned above, which 
can lead to poor sensitivity.  
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2. Material and Methods 

2.1. Materials and chemicals 

The eight PFAS in the scope of this work were analysed by an in-house method on a LC-MS/MS 
system consisting of an Acquity Ultra performance LC coupled to a XEVO TQ-S mass spectrometer 
(Waters Corporation, Milford, USA). The UPLC column was an Acquity BEH 100 mm x 1.7 µm with an 
inner diameter of 2.1 mm, Waters Corporation, Milford, USA. A similar column with the dimensions 
2.1 x 50 mm was used as isolator column.  

Solvents used were Milli-Q water (18.6 MΩ) (MQ-water), LC-MS grade methanol (> 99.9 %), Fisher 
Scientific, Leicestershire, UK, methanol, HPLC grade (> 99.8 %), Fisher Scientific, Leicestershire, UK, 
Acetone HPLC grade (> 99.8 %), Fisher Scientific, Leicestershire, UK, methyl tert-butyl ether (MTBE), 
HPLC grade (> 99.8 %), Sigma-Aldrich, Stockholm, Sweden, n-Hexane, SupraSolv, Fisher Scientific, 
Leicestershire, UK and acetone, SupraSolv, Fisher Scientific, Leicestershire, UK. 

Other chemicals and materials used were native standards for quantification as well as isotopically 
labelled standards as internal and recovery standards.  All PFAS standards  were obtained from 
Wellington Laboratories, Guelph, Canada, ammonium acetate (NH4Ac) (≥ 99.0 %) from Sigma-
Aldrich, Leicestershire, UK, Oasis WAX 6cc, from Waters Corporation, Milford, USA, SPE manifold 
from Agilent Technologies, Santa Clara, USA. The vacuum pump from GAST, Benton Harbor, USA, 50 
mL polypropylene tubes from Corning Science, Mexico, 15 mL polypropylene tubes from TPP, 
Switzerland, Reacti-Vap nitrogen evaporation unit from  Thermo Fisher, Waltham, USA, the rotary 
evaporator from Büchi, Flawil, Switzerland and laboratory glassware was from Schott Duran, 
München, Germany. 

Sampling material was polyurethane foam (PUF) disks, 14 cm x 1.35 cm, surface area 365 cm², mass 
4.4 g, volume 207 cm³ and obtained from Ziemer Chromatographie, Langerwehe, Germany.  PUF 
cylinders 10 cm x 10 cm, surface area 471 cm², mass 16.7 g, volume 785 cm³ were from Ziemer 
Chromatographie, Langerwehe, Germany; Amberlite XAD-2 resin from  Sigma Aldrich, Stockholm, 
Sweden and the High-Volume Active Air Sampler was from MCV S.A., Barcelona, Spain. 

Before exposure, PUFs were cleaned with acetone and methanol for 4 h in a Soxhlet. 

Software used was Microsoft Office 2016, Microsoft Corporation, Redmond, USA, MassLynx V4.1, 
Waters Corporation, Milford, USA and MATLAB R2018a, MathWorks, Natick, USA.  

2.2. Methods 

Starting point for the extraction method of eight PFAS in air samples collected via PUF, was a 
protocol published by the Chemical Branch of the United nations Environmental program (UNEP)[44]. 
Briefly, the extraction (as seen in Section 5.2.1 [44]) consisted of an 8-12 h extraction with methanol 
in a Soxhlet apparatus, followed by concentrating, filtering and injection into the LC-MS/MS.  

Tandem mass spectrometry was used to monitor the most abundant transitions of PFOS, PFOA and 
FOSAs. For FOSEs the acetate adducts were monitored. The quantification ions (m/z) monitored in 
the mass spectrometer for each analyte are presented in Table 6-2. Source temperature was 150 °C, 
desolvation temperature 400 °C and capillary voltage 0.7 kV. Cone gas flow and desolvation gas flow 
were 150 and 800 L/h, respectively. 
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Temperature of the LC-column was set to 50 °C. The mobile phases used for LC was water and 
methanol with addition of 2 mM ammonium acetate, with mobile phase A consisting of 30 % 
methanol and mobile phase B of 100 % methanol. The gradients of the LC-method can be seen in the 
Appendix Table 6-1. 

Different labelled standards were used as internal standards (IS), added before sample extraction, 
and recovery standards, added before injection, were used for PFHxS, PFOS and PFOA. Isotopically 
labelled MeFOSA and EtFOSE were used as internal standards for FOSAs and FOSEs, while labelled 
EtFOSA and MeFOSE were used as recovery standards. Labelled internal standard was also used for 
FOSA, but labelled EtFOSA was used as recovery standard. Concentrations were calculated based on 
the response factors of analytes compared to their respective internal standards, while recoveries of 
internal standards were calculated based on their responses compared to their respective recovery 
standards. 

2.3. Experimental set-up 

2.3.1. Method development 

During preliminary tests, following the analytical procedure outlined in UNEP guidelines [44] and 
using spiked PUFs, the three ionic PFAS included in this analysis (PFOS, PFOA and PFHxS) showed 
good results, but the neutral PFAS (MeFOSA, EtFOSA, MeFOSE and EtFOSE) could not be detected 
using the UNEP method. It was suspected, that the relatively polar solvent methanol is insufficient 
for the extraction of neutral PFAS. As mentioned in section 1.3.2 several other non-polar solvents 
have been used in literature to extract neutral PFAS from a variety of matrices, including PUFs. 

In addition, extraction lead to unclear extracts with precipitation of matrix compounds that 
interfered with the analysis. Turbid extracts cannot be injected into a LC-MS system as it could cause 
clogging and after filtering the extracts through syringe filters, low recoveries could be observed. A 
clean-up was therefore deemed to be necessary to remove interfering matrix compounds. As 
discussed in section 1.3.2, WAX sorbent material is commonly used in PFAS analysis and it was 
decided to use WAX-SPE cartridges for cleaning up the PUF sample extracts. Finally, the signal 
intensity of FOSEs on the MS was very low and different parameters were tested to improve this. The 
following sections describe experiments conducted throughout the method development.  

2.3.1.1. Extractions solvents and clean-up 

As outlined in section 1.3.2, different non-polar extraction solvents have been used in literature to 
extract neutral PFAS from different matrices, including PUFs. MTBE, n-hexane and petroleum ether / 
acetone (1:1) (PE/A) were tested in a series of extraction experiments.  

The analytical procedure for analysis of PUF samples outlined in the UNEP guidelines [44] was 
followed. But instead of only one round of extraction with methanol, two rounds of extraction were 
performed. The first round of Soxhlet extraction was performed with either MTBE, n-hexane or PE/A. 
Afterwards a second round of extraction was performed using methanol. For MTBE and PE/A, the 
round-bottom flask containing the solvent could simply be exchanged for one containing the 
methanol for the second round of extraction, while the PUFs after hexane extraction had to be dried 
under vacuum, due to the immiscibility of hexane with methanol. 

After extraction solvents were reduced to roughly 10 mL using a rotary evaporator. For hexane 
extracts a clean-up and solvent exchange was performed using a preconditioned silica column based 
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on Gremmel et al. [46]. The analytes were eluted from the silica-column with methanol and prepared 
for LC-MS/MS analysis as were the MTBE, PE/A and methanol extracts. 

The effect of the different non-polar extraction solvents, mentioned above, on the retaining abilities 
of the sorbent were tested separately. Hexane, MTBE and petroleum ether / acetone (1:1) (PE/A) 
were tested by spiking 10 mL of each solvent with native and isotopically labelled standards. To 
simulate the addition of the methanol fraction after extraction, 150 mL of methanol was added to 
each sample. The samples were concentrated on a rotary evaporator to roughly 10 mL and further 
concentrated to 1 mL under a gentle stream of nitrogen. WAX-SPE cartridges were conditioned with 
4 mL of basified methanol, methanol and MQ-water. The samples were diluted with 5 mL of MQ-
water and loaded onto the SPE. After washing with 5 mM ammonium acetate solution, the neutral 
PFAS were eluted first, using methanol and afterwards, a second fraction, was eluted using basified 
methanol, containing the ionic PFAS. Both fractions were analysed separately on the LC-MS/MS 
system.  

2.3.1.2. Instrumental Methods 

As described above, neutral PFAS and ionic PFAS were split into two different fractions and kept in 
different solvent ratios of methanol and ammonium acetate solution to improve the chromatography 
of the analytes during the LC-MS/MS analysis. The final extract for the ionic PFAS fraction consisted 
of 40 % methanol and 60 % MQ-water with 2 mM ammonium acetate, whereas neutral PFAS where 
kept in 80 % methanol and 20 % of the 2 mM ammonium acetate solution. Standards with both 
compound classes were tested in different solvent ratios of 80 %, 60 % and 40 % methanol in 2 mM 
ammonium acetate solution, to determine their effect on the chromatography and if it is possible to 
analyse neutral and ionic PFAS together in one fraction. This was also tested by dividing the extract of 
a spiked PUF, where one half was fractionated on the SPE into a neutral PFAS fraction and an ionic 
PFAS fraction and the other half of the extract was eluted into one combined fraction. 
Chromatograms were evaluated for peak shape and retention time shifts as well as the accuracy of 
determined concentrations.  

Table 2-1 shows the MS parameters of the in-house method for PFAS analysis, including the 
desolvation and source temperatures of 400 and 150 °C, respectively. However, Gremmel et al. 
(2017) [51] reported the thermal instability of FOSA/E-acetate derivatives at high temperatures, and 
therefore the authors lowered the turbo heater temperature of their ESI source from 600 °C for 
acidic PFAS to 150 °C for neutral PFAS, such as FOSAs and FOSEs. Several other studies analysed 
FOSAs and FOSEs with ESI- and acetate derivatisation while utilising different desolvation and source 
temperatures. Desolvation temperatures ranged from 300 °C to 450 °C, while source temperatures 
where generally maintained between 120 °C and 150 °C [18][53][54][55]. Several temperature 
settings (Table 2-1) were tested on the instrument to evaluate the effect on signal strength, 
especially for FOSAs and FOSEs. Furthermore, mobile phases without the addition of any salts were 
tested. Overall the effects were relatively minor. Details can be seen in section 3.1.3.2. 

Table 2-1 Parameters of the MS of the in-house method and different parameters tested during 
method development  

In-house method Tested parameters 
Source temperature 150 °C 150 °C 120 °C 120 °C 120 °C 
Desolvation temperature 400 °C 350 °C 400 °C 350 °C 150 °C 
Capillary voltage 0.7 kV 0.7 kV 0.7 kV 0.7 kV 0.7 kV 
Cone gas flow 150 L/h 150 L/h 150 L/h 150 L/h 150 L/h 
Desolvation gas flow 800 L/h 800 L/h 800 L/h 800 L/h 800 L/h 
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2.3.2. Sampling 

For this work, a variety of samples have been collected and analysed. Two passive samplers with PUF 
disk were deployed for 90 days over the winter from December until March, at the building of MTM 
Research Centre in Örebro University. One sampling site was on the roof of the building on a balcony 
at the second floor facing south. A high-volume active air sampler was deployed every ten days on 
the balcony alongside the PUF-PAS for five consecutive days sampling a total volume of around 3600 
m³ was sampled. The AAS was equipped with a quartz fibre filter (GFF) to collect particulate matter 
which was followed by either a PUF cylinder or a PUF-XAD-PUF sandwich to collect the gas phase 
analytes. In total, the AAS was deployed eight times resulting in four PUF cylinder samples and four 
PUF-XAD-PUF sandwiches. Furthermore, seven snow samples were collected on the balcony with a 
pre-cleaned metal bucket, ranging from 260 to 2000 g. The snow samples were sampled in parallel to 
the active air sampling to see if there is a correlation between atmospheric PFAS concentrations and 
precipitation, since precipitation is reported to be an important influx for PFAS contamination [19]–
[21] [56]. In addition to the samples collected during the project, several other samples from 
different projects, were also analysed. Three PUFs, corresponding with seasons II-IV of 2017 from 
four different locations in and around Örebro (Figure 5) and eight samples each, from Tunisia and 
Togo corresponding with seasons I-IV of 2017 and 2018 as part of the GMP. The roman numbers 
represent the quarter of a given year. Samplers A, B and C (Figure 5) were deployed around SAKAB 
around 15 km south of the MTM building in Örebro. SAKAB is a waste management facility that 
handles hazardous waste, industrial waste as well as household waste and maintains a waste 
incineration facility. 

 

Figure 5 Sample locations A, B, C and MTM (the university building approximately 15 km north) of 
PUF-PAS during 2017 around the waste disposal facilities of Sakab 15 km south of Örebro 

2.3.3. Sample extractions 

Over several weeks, 13 batches of samples were extracted and analysed. Six Soxhlet apparatuses 
were available at the beginning of the sample extraction period. For the first three batches, four 
samples, one PUF blank and one spiked PUF were extracted simultaneously. After one Soxhlet 
apparatus broke, four samples and one blank were extracted simultaneously. The samples consisted 
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of PUF disks and PUF plugs totalling 44 samples over those 13 batches, with one blank for each batch 
and four spiked PUFs. Furthermore, XAD sorbent, used in the AAS was extracted in the same way as 
the PUFs while seven snow samples were extracted according to the protocol for water samples in 
the UNEP guidelines [44]. 

The PUF samples were extracted in 100 mL Soxhlet apparatuses in two successive extraction rounds. 
First the neutral PFAS were extracted with MTBE for approximately 8-12 h and afterwards ionic PFAs 
were extracted with methanol for another 8-12 h. The sample extracts were combined and 
evaporated on a rotary evaporator to roughly 10 mL under vacuum and a temperature of about 40 °C 
and further reduced to approximately 1 mL under a gentle stream of nitrogen. WAX-SPE columns 
were conditioned with 4 mL each of 0.1 % ammonia in methanol, methanol and MQ-water. Sample 
extracts were brought up to 6 mL with MQ-water and loaded onto the SPE columns. Columns were 
washed with 2 mM sodium acetate in MQ-water and neutral PFAS and ionic PFAS were eluted with 4 
mL of methanol and 0.1 % ammonia in methanol, respectively. Both fractions were further prepared 
and analysed separately on the LC-MS/MS system as described previously. 

 

2.4. Quality control / Quality assurance 

Analysis of environmental samples is often challenging because of the ubiquitous nature of many 
environmental contaminants and the high sensitivity of the methods. The analysis of PFAS is 
especially challenging due to their presence in many consumer products and laboratory equipment. 
Various products could also contain PTFE coated seals or tubes in the production of disposables or 
chemical solvents, which can potentially lead to contamination of certain PFAS. The LC-system used 
in this project also uses PTFE seals and tubes and to avoid a high background signal on the MS, and 
an isolator column was used to shift the retention times of PFAS eluted from the system to avoid 
interference with the analysis. 

To reduce contamination of samples and to keep the blank levels as low as possible, several 
measures were put in place. Glassware used throughout the analysis was cleaned with water and 
detergent in a sonication bath for 10 minutes rinsed with ethanol and afterwards baked in an oven at 
450 °C for 3 hours to degrade or evaporate any potential contamination. Disposables such as 
polypropylene tubes were pre-rinsed with methanol. Similarly, plasticware used during SPE was kept 
in methanol and was sonicated for 10 minutes beforehand. Stationary equipment such as fume 
hoods or evaporators were wiped off with methanol before use. It has been reported that PFAS are 
able to sorb to glassware [57]. To avoid loss of analytes during sample preparation, extract 
containing glassware was sonicated for 10 min in between each step in the sample preparation.  

For the assessment of contamination, a matrix blank was run alongside the samples for every batch 
of extractions. It consisted of a pre-cleaned PUF disk, PUF cylinder or 10 g of pre-cleaned XAD, 
matching the type of samples in a given batch. Additionally, a solvent blank was run alongside 
samples and the matrix blank during method development. The level of contamination was very 
similar between chemical blank and matrix blank. During sample extractions, only a matrix blank was 
used. 

Spiked PUFs were extracted alongside each batch for the first 3 sample batches and one later batch 
to assess accuracy of the method. To assess the accuracy and sensitivity of the instrumental part of 
the analysis, a batch standard containing the native analytes and the isotopically labelled IS and RS, 
was prepared for every batch of instrumental analysis and compared to the calibration curve and 
previous injections. A calibration curve was prepared and injected before the instrumental analysis of 
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samples and is injected every 3 months for quantification and to check the linear range of the mass 
spectrometer.  

3. Results & Discussion 

3.1. Method development 

3.1.1. Soxhlet extraction with hexane 

The experiments described in section 2.3.1, and the recoveries for labelled MeFOSA and EtFOSE in 
the hexane fraction ranged from 16 to 109 % and from 28 to 108 %, respectively (Table 6-3). 
Recoveries for labelled PFHxS, PFOS and PFOA, in the methanol fraction, ranged from 99 to 119 %, 
from 96 to 111 % and from 30 to 55 %, respectively. FOSA was not recovered in the hexane fraction 
but showed recoveries of 3 to 70 % in the methanol fraction. Deviations from the spiked value for 
MeFOSA, EtFOSA, MeFOSE and EtFOSE, in the hexane fraction, were 19, 20, 0 and 15 %, respectively 
(Table 6-4). Deviations from the spiked value for PFHxS, L-PFOS, and PFOA, in the hexane fraction, 
were 18, 61 and 15 %, respectively (Table 6-4).  

The immiscibility of hexane with methanol required a drying step under vacuum in between 
extraction cycles which introduced another potential point of cross contamination and increased 
sample preparation time. Furthermore, the preparation of silica columns was very time consuming. 
Because of these reasons and the relatively low and varying recovery rates for neutral PFAS and the 
low accuracy of PFOS a more time efficient and reliable method was pursued.  

3.1.2. Extraction solvents and SPE clean-up 

As described in section 2.3.1, different solvents (hexane, MTBE and petroleum ether / acetone) were 
tested for their effect on the SPE clean-up. Recoveries for labelled neutral PFAS for all solvents, were 
between 82 to 120 %, respectively (Table 6-5). Recoveries for labelled PFOS and PFOA deviated more 
for the different solvents. Hexane performed the worst with recoveries of 8 and 55 % for PFOS and 
PFOA, respectively in one of the duplicates. Recoveries of PFOS and PFOA internal standard ranged 
from 70 to 100 % for MTBE and from 75 to 92 % for PE/A  

Deviations from the spiked amounts for MeFOSA, EtFOSA, MeFOSE and EtFOSE overall were between 
1 and 12 %, except MeFOSA and EtFOSE in PE/A, which had a deviation of 21 and 18 %, respectively 
(Table 6-6). Deviations from the spiked value for L-PFOS and PFOA, in the MTBE fraction, were 
between 0 and 6 %, between 2 and 13 % for PE/A and showed large deviations of up to 198 % in one 
of the hexane duplicates (Table 6-6). PFHxS and FOSA could not be quantified in this test, because 
their retention time shifted out of the acquisition window of the mass spectrometer. 

Overall, hexane performed worst in terms of recovery and accuracy, while MTBE and petroleum 
ether / acetone (1:1) performed approximately equally on the SPE. MTBE was chosen as extraction 
solvent because of its lower toxicity compared to hexane and petroleum ether and its miscibility with 
methanol.  

Extraction with MTBE was tested on spiked PUFs as described in 2.3.1. Recoveries of MeFOSA and 
EtFOSE internal standards were between 61 to 120 %, while FOSA showed recoveries between 21 to 
78 % (Table 6-7). Deviation from spiked concentrations ranged from 1 to 16 % for FOSA, MeFOSA and 
EtFOSA and upwards of 30 % for MeFOSE and EtFOSE (Table 6-8). Recoveries for PFOS were between 
104 and 118 %while PFOA showed recoveries between 11 and 110 %. PFHxS had unusual high 
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recoveries of 170 to 195 % (Table 6-7). Deviation from spiked concentrations ranged from 0 to 11 % 
for L-PFOS and PFOA, but for PFHxS concentrations were underestimated by 23 to 35 % (Table 6-8). 

3.1.3. Instrumental method 

3.1.3.1. Chromatography 

As described in section 2.3.1 different ratios of methanol and ammonium acetate solution were 
tested for the final extract to investigate the effect on the peak shapes of the analytes. It was also 
examined if a certain ratio of methanol and ammonium acetate solution would result in good and 
reproducible peak shapes and quantification of both compound groups (neutral and ionic PFAS), 
which would allow the analysis in one fraction, rather than two separate injections. To test this in a 
more practical setting, spiked PUFs were extracted and the extract was split into two fractions. Each 
half of the extract was passed onto the SPE. One half was split into neutral and ionic fraction, while 
the other half was eluted into one combined fraction. 

The injected standards of different methanol rations showed that the chromatography of ionic PFAS 
got worse with an increasing proportion of methanol. The peaks showed strong fronting. However, 
the peak shapes, retention times and areas of neutral PFAS did not change with lower proportions of 
methanol in the standards (Figure 13, Appendix).  

Good chromatography could also be observed in the combined fraction of the sample extracts. Peak 
shapes did not change, while the retention times for neutral PFAS shifted slightly, by roughly 10 
seconds (Figure 6) The accuracy for all analytes of the combined fraction was similar compared to the 
separate fractions, but recoveries of internal standards were somewhat lower compared to the 
separate fractions. Based on the results, it therefore seemed possible to inject a combined fraction 
without loss in quality. However, to reduce analytical variability during the method development and 
testing phase, it was decided to follow the standard procedure and analyse neutral and ionic 
fractions separately. 
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Figure 6 Chromatograms of PFOA and MeFOSA of a spiked PUF sample after either separate injection 
or combined injection. Top: separately injected fractions, Bottom: combined fraction. Left PFOA, 
right: MeFOSA  

3.1.3.2. Mass spectrometry 

As described in section 2.3.1, different parameters were tested to improve ionisation efficiency for 
neutral PFAS and therefore the sensitivity of the instrumental method. Overall the effects were 
relatively minor. Removing salts from the mobile phase showed the largest effect, with a signal 
increase of 2-3-fold for FOSAs and about 1.5-fold for molecular FOSEs, which generally have a lower 
sensitivity than FOSE-acetate adducts. Removing the salts also decreased the signal strength of ionic 
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PFAS between 50 % to 70 %. The different temperature settings generally decreased the signal 
strength between 0 % and 10 % for 400 °C and 120 °C desolvation and source temperature, 
respectively and up to 90 % for a setting of 150 °C and 120 °C desolvation and source temperature, 
respectively. Presumably the lower temperatures fail to evaporate the LC-eluent fast enough, causing 
lower rates of ionisation. Only for FOSE-acetate adducts a small increase in signal strength between 
10 % and 50 % could be observed, except for the lowest temperature setting. This could be caused by 
an increase in acetate adduct formation, but not enough to make up for the presumably lower 
ionisation rates. Since the effects of the parameter changes were only marginal, it was decided to 
continue with the original in-house method. 

3.2. Performance of the method on real samples 

Samples were analysed using the following analytical method that was developed and optimised 
during the first part of the project. PUF disks or plugs were spiked with isotopically labelled internal 
standard and extracted for 8- 12 h in Soxhlet extractor using MTBE. Afterwards solvent was changed 
to methanol and the samples were extracted for another 8-12 h. Both extracts were combined and 
concentrated in a rotary evaporator to roughly 10 mL. Extracts were transferred quantitatively to 15 
mL polypropylene tubes and further reduced to roughly 1 mL under a gentle stream of nitrogen and 
5 mL of MQ-water was added. WAX-SPE cartridges were conditioned with 4 mL of basified methanol, 
methanol and MQ-water, respectively. Samples were loaded onto the SPE columns and the columns 
were washed with 5 mM ammonium acetate solution. Neutral PFAS were eluted with methanol 
(fraction 1) and ionic PFAS were eluted with basified methanol (fraction 2). Both fractions were 
analysed separately on the LC-MS/MS system with the parameters described in Table 6-1, Table 
2-1and Table 6-2. 

3.2.1. Recoveries 

Figure 7 shows the recovery of internal standard over the span off all batches. The mean recovery of 
internal standard for ionic PFAS in blanks was between 51 % and 88 % with medians of 82 % for PFOS 
and PFHxS and 42 % for PFOA. In comparison, internal standard mean recovery in samples was 
around 20 % with the median even lower than that. The 4 spiked PUFs extracted in Batches 1,2,3 and 
8 showed recoveries ranging from 20 % to over 200 %. 

For neutral PFAS the recoveries in blanks had means of 72 % and 61 % and medians of 15 % and 20 % 
for FOSA and MeFOSA, respectively with a mean upwards of 500 % for EtFOSE, but a median of 36 %, 
indicating that the high mean was driven by few extreme outliers.  
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Figure 7. The recoveries of internal standard across all 13 PUF sample batches extracted during this 
project, consisting of 13 blanks (Blanks), 4 Spiked PUFs in batches 1-3 and 8 (Spiked PUFs), 44 PUF 
samples (Samples) and for comparison 8 batch standards used during instrumental analysis (Batch 
standards). The edges of the boxes represent the 2nd and 3rd quartile, while the line represents the 
median and the X is the mean. Whiskers are 1.5 times the interquartile range. One of the spiked PUFs 
showed recoveries of several thousand for FOSA, so it could not be displayed on the Figure. 

 

Similar to ionic PFAS, the median recoveries of neutral PFAS in samples was lower compared to 
blanks, although mean recoveries for FOSA were close to 100 %. The large spread of values and the 
considerable difference between mean and median indicate, that a few extreme outliers bring up the 
mean. It should be noted that FOSA does not have its own labelled recovery standard, but the 
recovery is calculated based on the labelled EtFOSA, which can be problematic considering 
differences in ionisation efficiency. Median and mean recoveries of neutral PFAS were generally 
higher when compared to ionic PFAS, but variation of recoveries was much larger, indicating lower 
robustness of the method for neutral PFAS.  

Generally, the recoveries for blanks and samples were lower than 100 % in most cases, which 
indicates a loss of analytes somewhere during the lengthy sample preparation. High variability of 
recoveries also indicates low robustness of the sample preparation procedure. As reported in section 
2.3.1 precipitates were observed in samples after extraction and concentration. These precipitates 
were filtered out during SPE clean-up which could potentially retain some of the analytes. This could 
also explain the much lower recoveries of samples compared to blanks, since the long exposure of 
PUFs outdoors would lead to the accumulation of many different matrix substances present in air. A 
more suitable clean-up is needed to separate the analytes from the retaining matrix compounds.  

Figure 8 shows the recoveries of the recovery standards over the span off all batches. The recovery 
of RS for ionic PFAS averaged roughly between 40 and 60 % with similar medians. The recovery 
standard EtFOSA was lower compared to ionic PFAS in both blanks and samples, while MeFOSE 
showed a similar mean but lower median values with larger variation. Also, the variation of 
recoveries of samples was slightly higher than those of the blanks for all target PFAS except EtFOSA, 
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but the overall differences were quite low. The recovery of the RS varied significantly among the 
blanks, spiked samples as well as real samples, while the recoveries of RS for the sample extracts 
were equal or only marginally lower compared the blanks. This indicates that some degree of ion 
suppression might have occurred during ionisation, caused by matrix compounds present in both the 
blank and the samples. This would point to MTBE or residues from the PUF discs to supress 
ionisation.  

 

Figure 8 Recoveries of the recovery standards across all 13 batches 

The consistently low recovery of labelled EtFOSA recovery standard in samples compared to blanks, 
indicates matrix compounds of samples suppress ion formation of sulfonamides stronger than for the 
other compounds in the study. 

3.2.2. Blank levels 

In every of the 13 batches of samples, background contamination could be detected in the blanks 
which averaged 33 pg, 134 pg and 408 pg for PFHxS, PFOA and L-PFOS, respectively (Table 6-9). 
Despite best efforts to avoid contamination, blank levels were still very high, especially for PFOS. The 
resulting LODs, calculated as the average of blanks plus 3 times the standard deviation, were 108 pg, 
1326 pg and 594 pg for PFHxS, L-PFOS and PFOA, respectively. Although the concentrations of spiked 
PUFs during sample preparations were either within 10 % of the spiked values for PFHxS, L-PFOS and 
PFOA or underestimated by up to 40 %, except for the spiked PUF extracted in batch 8, where L-PFOS 
was overestimated by almost 200 % (Table 6-10). Branched PFOS could not be quantified accurately 
in the spiked samples. Figure 9 shows the deviation from spiked values for the 4 spiked PUFs 
extracted and the difference between values corrected for blank contamination and values that were 
not corrected. For PFHxS and PFOA the difference in accuracy was not very big. However, corrected 
for blank contamination, L-PFOS shows a deviation of -19 to -26 % for spiked recovery of batches 1-3, 
while the deviations for the same spiked samples were only 1, 2 and 17 % when not corrected for 
contamination.  
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Figure 9 Deviation from spiked value for the 4 spiked PUFs extracted. Shown pairwise for PFHxS, L-
PFOS and PFOA. The left set of columns is the measured deviation and the right set of columns is 
corrected with the blank levels of each extraction batch (PFHxS corr., L-PFOS corr, PFOA corr.) 

3.3.  Results of sample analysis 

As mentioned in section 2.3.2, samples analysed were PUFs from passive sampling in Örebro from 
2017. PUFs from passive and active sampling at the university building in Örebro during the project, 
as well as snow sampled during the same period. In addition, PUFs from 2017 and 2018 from Tunisia 
and Togo sampled as part of the GMP. However, recoveries were often low and had high variability, 
especially for neutral PFAS. PUF disks from Tunisia and Togo had recoveries below 5 % for all samples 
and all analytes, and therefore could not be quantified. PUF/XAD/PUF sandwiches taken with the HV-
AAS, showed higher amounts of analyte in the bottom PUF than in the top PUF, which was most 
likely caused by contaminated XAD sandwiched in-between the PUF plugs, since XAD blanks showed 
amounts of several ng of all analytes, except PFHxS. Therefore, the following results focus on ionic 
PFAS in the snow samples and PAS-PUFs from Örebro from 2017, since only these analytes in these 
samples could be relatively reliably quantified. Without the data of the HV-AAS no conclusions could 
be drawn between concentrations in snow depositions and atmospheric concentration.  

3.3.1. Effective sample rate calculations 

Effective sampling rates for samples collected at Örebro in 2017 were calculated using MATLAB 
2018a and the script provided by Herkert et al. [26] and the molecular masses and KOA values seen in 
Table 1-1 (QSPR). The energy of internal phase change (ΔUoa) required for the calculations were only 
available in the literature for EtFOSA, MeFOSE and EtFOSE [58] [59]. For the other compounds, ΔUoa 
values close to the ones for the neutral compounds were chosen. The introduced error should be 
equal for all samples, since the ΔUoa is a constant. Meteorological data was retrieved from NOAA 
[60]. The data collecting meteorological station was located at Örebro Airport (station ID: 24320-
99999) roughly 10 km from the MTM sampling point. The hourly data points of wind speed, 
temperature, air pressure and humidity were computed into hourly sampling rates using a MATLAB 
script also provided by Herkert et al. [26]. The calculated sampling rates of 3.8 to 4.4 m³/d (Table 
6-13) were in good agreement with literature values of roughly 3.5 to 4 m³/d determined by 
comparison to active air samplers [47] [31]. However, the strength of Herkerts [26] model is, that it 
calculates sampling rates on an hourly rate with consideration of meteorological data and takes into 
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account the saturation of the sampling material and the resulting approaching equilibrium described 
in section 1.3.1.2. For all compounds the linear uptake range was exceeded during the 90 days of 
sampling, which were shorter linear uptake ranges than reported in literature. For instance, Shoeib 
et al. [29] estimated the linear uptake phase for MeFOSE and EtFOSE on PUF disks was roughly 47 
days, whereas the projected linear uptake phase in this work was already exceeded in less than 20 
days for these compounds as shown in Figure 10. It has to be mentioned that the model was 
calibrated for PCBs and despite the authors’ statement that the model can be used for other 
chemicals within a certain range of KOA (e.g. organochlorine pesticides, PAHs, PBDEs), perfluorinated 
compounds often behave very differently due to their surfactant properties. This fact  was also 
reported by Francisco et al. [32].  

 

Figure 10 Effective sampling volume by passive PUF samplers deployed at Örebro during 2017 in 
Season III (1st July – 30th September) over the 90 days of their deployment. The sampling rates and 
accumulated volume for each season can be seen in Table 6-13 and Table 6-14, respectively 

3.3.2. PUF samples Örebro 

With the drawbacks in mind, the total accumulated air volumes (Table 6-14) was still calculated with 
the model described above and were used to convert the detected levels of PFAS in PUF samples 
from Örebro from 2017 (Table 6-12) into volume-based concentrations (Table 6-15). Figure 11 shows 
the converted concentrations of PUF samples from Örebro, locations A, B, C and MTM, grouped by 
sampling season. 

Mean concentrations for L-PFOS were between 30 and 40 pg/m³, while median concentrations with 
25 to 35 pg/m³ were slightly lower. Br-PFOS could not be detected. Mean concentrations for PFOA 
were between 6 and 19 pg/m³ with similar median concentrations, which is lower compared to PFOS. 
Lowest concentrations were detected for PFHxS. A study with data from the GAPS network [5] found 
concentrations of 0.2 to 5 pg/m³, 0.6 to 8 pg/m³ and 3 to 5 pg/m³ of PFHxS, PFOS and PFOA, 
respectively in remote, atmospheric background sites. Dreyer et al [61] found concentrations of 0.7 
to 46 pg/m³ of PFOS in 11 urban areas around the globe and PFOA concentrations ranging from 1.5 
to 552 pg/m³in 9 global urban areas. 
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Figure 11 Left: Measured amount of ionic PFAS per PUF in Örebro samples A, B, C and MTM (left to 
right) from 2017 for seasons II, III and IV. Right: measured PFAS amount converted to concentrations 
using the described model 

The concentrations of PFOS found in Örebro were higher than the ones in the studies mentioned, 
except for Manchester, UK, while PFOA concentrations were on the lower end of the wide ranges 
reported. Furthermore, Örebro samples had higher concentrations of PFOS than PFOA while it was 
mostly the opposite in other studies [61], [5]. Differences in PFAS concentrations between sampling 
sites A, B, C and MTM were not large and consistent enough to draw a conclusion about the impact 
of the sampling site. 

3.3.3. Snow samples 

Mean concentrations of L-PFOS detected in snow in Örebro during the project were roughly one 
order of magnitude higher compared to the Arctic [21] and about two orders of magnitude lower 
than in urban china [56] as displayed in Figure 12. Mean PFOA concentrations of PFOA were roughly 
the same as in the Arctic [21] and about two orders of magnitude lower than in urban China [56]. For 
these studies PFOA was detected in higher concentrations, while for the snow samples collected in 
Örebro usually L-PFOS showed higher concentrations, which was also the case for the collected air 
samples. Neutral PFAS and PFHxS could not be detected. In both, air and snow samples, PFOS 
showed the highest levels while PFOA concentrations were somewhat lower and PFHxS was not 
detectable in most samples. This was also the case for the air samples of Örebro, but in snow 
samples analysed in the literature [21] [56] and also for air samples in the literature [5] [61] PFOA 
showed higher concentrations. It was shown in literature [19]–[22] that environmental contaminants 
can be easily be detected in water and that precipitation plays an important role in the influxes of 
contaminates by atmospheric deposition and therefore could be used to also monitor atmospheric 
transport.  
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Figure 12 Detected concentrations of L-PFOS and PFOA in the collected snow samples (n=7, right 
side) compared to snow samples in the arctic from Casal et al. [21] (n=19, left side) and in urban 
china from Shan et al. [56] (n=19, middle). Boxes represent 2nd and 3rd quartile, the line is the 
median, while the red diamond is the mean, whiskers are maximum and minimum 

4. Conclusion & Outlook 

4.1.  Method development 

One of the major difficulties for developing a method for the extraction of PUFs was the nature of 
the samples. Every sample could only be extracted once, which makes it very difficult to assess 
repeatability. Therefore, most of the method development was done, using spiked pre-cleaned PUFs. 
This was a good way of determining the precision of the method, but since these samples have not 
been exposed to air for a longer period, e.g., three months, there was no deterioration of the PUFs 
and not much of a matrix to be extracted. This made it difficult to assess potential matrix effects and 
may have  led to an overestimation of the efficiency of the clean-up. The SPE clean-up chosen in this 
work, did not perform well, once exposed to real samples. For future improvements of the method, a 
different clean-up strategy needs to be developed. A possibility would be, to pass the Soxhlet 
extracts through ENVI- carb [5]. which would avoid the addition of water before clean-up, which 
caused precipitation of matrix compounds. To use real samples would have been more beneficial in 
testing the efficiency of the clean-up and to estimate recoveries, but since real samples have 
unknown levels of analytes, it would not have been possible to assess accuracy or precision. 
However, in retrospective it would have been better to test different analytical parameters 
separately. Ideally several PUFs would have been exposed at the same location prior to method 
development to have samples available for testing. Also, if multiple samples were available they 
could be pooled together to test and evaluate different clean-up protocols and the repeatability of 
the methods (apart from the extraction). 
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Additionally, the low sample throughput and long sample preparation time vastly limited the number 
of tests that could be performed within the time limits for this work. The low number of samples also 
meant, that spiked recovery tests could often only be performed in single fold, rather than duplicate 
or triplicate, limiting the reliability of the tests. Overall the method developed during the project 
does not meet analytical criteria, although extraction with MTBE and methanol seems to be efficient, 
but as described above, the clean-up is not suitable and -LC-ESI-MS/MS is not particularly suitable for 
analysis of FOSEs, due to the low ionisation efficiency of the FOSE acetate adducts and the resulting 
low sensitivity. 

4.2.  Analysis of ambient air samples 

Many of the samples used during this project, could not be quantified, due to the deficiencies in the  
method of analysis. This limits the conclusions that can be drawn from the samples. However, it 
could be shown that PFOS and PFOA are present in air and snow in Örebro, Sweden. The detected 
concentrations in snow compare well with literature, while PFOS in air was higher and PFOA lower 
compared to literature values. More data is needed to draw conclusions about seasonal variability or 
correlations between atmospheric concentrations and precipitations. However, precipitation could 
be an easy and reliable way to monitor environmental contaminants in the atmosphere. 

Analysing air samples from around the globe could give a good overview of the atmospheric 
distribution, long range transport and seasonal variation and could also show temporal trends 
relatively fast. For such purposes,  the model developed by Herkert et al. [26] to normalise sampling 
rates for the local meteorological conditions should be applied to generate comparable results. There 
is some model testing necessary before applying to  perfluorinated compounds, especially 
considering the lack of data regarding the physico-chemical properties of ionic PFAS. 
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6. Appendix 

7.  

8. Figure 13 Chromatograms of PFOA (left) and MeFOSA (right) in standards with 40, 60 and 80 % 
MeOH (top to bottom) 
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Table 6-1 Gradient of the used LC method 

Time 
[min] 

flow 
[ml/min] 

%A %B 

0 0.3 99 1 
0.57 0.3 99 1 

13 0.3 0 100 
14 0.3 0 100 

14.2 0.3 99 1 
17 0.3 99 1 

 

Table 6-2 Monitored mass transitions 
 

Native PFAS Internal Standard Recovery Standard 

PFHxS 398.9 > 79.96 401.9 > 79.96 402.9 > 83.96 
  [C6F13SO3]- [SO3]- [13C3

12C3F13SO3]- [SO3]- [C6F13S12
18O2

16O]- 
[S18O2

16O]- 
PFOA 412.97 > 369 420.97 > 376 414.97 > 370 
  [C8F15O2]- [C7F15]- [13C8F15O2]- [13C7F15]- [13C2C6F15O2]- [13C12C6F15]- 

L-PFOS 498.97 > 98.96 506.97 > 98.96 502.97 > 98.96 
  [C8F17SO3]- [FSO3]- [13C8F17SO3]- [FSO3]- [13C2

12C6F17SO3]- [FSO3]- 

PFOSA 497.9 > 78 505.9 > 77.8   
  [C8HF17NO2S]- [NO2S]- [13C8HF17NO2S]- [NO2S]-   

N-
MeFOS
A 

512 > 169 515 > 169   

  [C9H3F17NO2S]- [C3F7]- [C9D3F17NO2S]- [C3F7]-   

N-
EtFOSA 

526 > 169   531 > 169 

  [C10H5F17NO2S]- [C3F7]-   [C10D5F17NO2S]- [C3F7]- 

N-
MeFOS
E 

616 > 59   623 > 59 

  [C11H8F17NO3S]*[CH3COO]- 
[CH3COO]-  

  [C11HD8F17NO3S]*[CH3COO]- 
[CH3COO]-  

N-
EtFOSE 

630 > 59 639 > 59   
 

[C12H10F17NO3S]*[CH3COO]- 
[CH3COO]-  

[C12HD9F17NO3S]*[CH3COO]- 
[CH3COO]-  
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Table 6-3 Recoveries of internal standards in respective fractions after Soxhlet extraction with 
hexane and methanol and a silica clean-up 

Recovery IS [%] IS_PFHxS IS_PFOS IS_PFOA IS_FOSA IS_MeFOSA IS_EtFOSE 

Hexane Chem Blank  0 0 0 0.3 69.9 62.9 
Hexane PUF blank 0 0 0 0 16.4 28.4 
Hexane spike  0 0 0 0 109.1 108.5 
MeOH chem blank 118.9 95.5 52.6 69.5 0 0 
MeOH PUF blank 99.2 110.5 54.8 18.8 0 0 
MeOH spike  105.1 109.6 30 3.4 0 0 

 

Table 6-4 Deviation from spiked concentrations in respective fractions after Soxhlet extraction with 
hexane and methanol and a silica clean-up 

Deviation from spike 
[%] 

PFHx
S 

PFO
A 

L-
PFOS  

FOS
A 

MeFOS
A 

EtFOS
A 

MeFOS
E 

EtFOS
E 

Hexane spike 0 0 0 0 -19.2 -20.4 0.1 15.4 
MeOH spike -17.5 14.5 61.4 -39.4 0 0 0 0 

 

Table 6-5 Recoveries of internal standards after SPE for different spiked solvents in duplicate 

Recovery IS [%] MeFOSA IS EtFOSE IS L-PFOS IS PFOA IS 

Hx Sp1 F1 112.7 111.3 61 72 
Hx Sp2 F1 103.9 90.3 82 16 
MTBE Sp1 F1 119.7 106.4 80 53 
MTBE Sp2 F1 106.2 105.8 70 80 
PE/A Sp1 F1 81.5 102.5 85 80 
PE/A Sp2 F1 107 112.6 67 84 

 

Table 6-6 Deviation from spiked concentrations of internal standards after SPE for different spiked 
solvents in duplicate 

Deviation from spike [%] MeFOSA EtFOSA MeFOSE EtFOSE L-PFOS PFOA 
Hx Sp1 F1 2.4 -3.2 -11.5 -8.4 7.1 6.1 
Hx Sp2 F1 10.8 0.7 -8.1 12 198.3 146.3 
MTBE Sp1 F1 -0.7 -11.1 -0.7 -3.5 -0.4 5.5 
MTBE Sp2 F1 2.7 -10.6 -0.1 -1.8 4.4 -3 
PE/A Sp1 F1 21.3 11.3 -5.8 0.3 9.6 12.6 
PE/A Sp2 F1 2.4 -7.7 -12.5 -18 -1.6 -2.3 
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Table 6-7 Recoveries of internal standards after Soxhlet extraction with MTBE and MeOH 
 

Fraction 2 Fraction 1 
Recovery IS [%] IS_PFHxS IS_PFOS IS_PFOA IS_FOSA IS_MeFOSA IS_EtFOSE 
Chem Blank 188 104 11 75 92 75 
PUF Blank 170 108 41 28 77 61 
Spike 2 ng 1 179 108 90 67 95 104 
Spike 2 ng 2 178 118 89 22 79 120 
Spike 10 ng 1 188 109 110 68 115 81 
Spike 10 ng 2 195 115 42 21 107 107 

 

Table 6-8 Deviation from spiked concentrations after Soxhlet extraction with MTBE and MeOH 
 

Fraction 1 Fraction 2 
Deviation from 
spike [%] 

PFHxS PFOA L-PFOS FOSA MeFOSA EtFOSA MeFOSE N-EtFOSE 

Spike 2 ng 1 30 2 2 8 4 15 35 2 
Spike 2 ng 2 23 5 5 1 6 7 68 59 
Spike 10 ng 1 23 0 6 6 4 11 49 12 
Spike 10 ng 2 35 4 11 16 1 13 61 41 

 

Table 6-9 Measured concentrations in blanks across all batches and the calculated LOD (average 
blank + 3 standard deviations) for each instrumental batch, as well as, the total LOD for PFHxS, PFOS 
and PFOA 

LOQ       
[pg] PFHxS L-PFOS PFOA 
Bl 1 F2 26 90 136 
BL 2 F2 49 473 69 
Bl 3 F2 37 313 133 
LOD 66 763 205 
Bl1 F2 50 565 605 
Bl2 F2 39 721 260 
Bl3 F2 18 220 75 
LOD 75 1131 972 
Bl1 F2 0 215 69 
Bl2 F2 86 1239 112 
Bl3 F2 79 575 156 
LOD 171 1948 219 
BL1 F2 15 95 125 
Bl2 F2 39 509 147 
BL3 F2 35 343 245 
Bl4 F2 19 269 243 
LOD 58 815 347 
Average 38 433 183 
Standard deviation 23 298 137 
LOD tot 108 1326 594 

 



41 

Table 6-10 Deviation from spiked value of spiked PUFs extracted in batches 1, 2, 3 and 8 for PFHxS, 
PFOA and PFOS (linear and 2 branched isomers) 

Deviation from spike PFHxS 3/4/5-PFOS80 6/2-PFOS169 L-PFOS PFOA 
Spike 1 F2 6% -8% -37% -17% 10% 
Spike 2 F2 -33% 99% -23% -1% -46% 
Spike 3 F2 2% 75% -28% -2% 0% 
Spike 8 F2 15% 252% 154% 192% 5% 

 

Table 6-11 Collected s  now samples in Örebro during the project with sample period and sampled 
amount. 

Deployed Collected Sampled [g] 
PFHxS L-PFOS PFOA 

[pg/kg] [pg/kg] [pg/kg] 
Blank - 4 2 4 

12.12.2018 17.12.2018 582 6 174 17 
17.12.2018 25.12.2018 313 11 61 27 
25.12.2018 14.01.2019 834 5 20 16 
15.01.2019 17.01.2019 1030 5 13 8 
17.01.2019 20.01.2019 264 5 8 16 
20.01.2019 28.01.2019 805 5 17 17 
28.01.2019 05.02.2019 1954 7 35 24 

 

Table 6-12 Detected PFAS in PUF disks sampled near Örebro in 2017 and the 2 PUF disks sampled 
during this project 

[pg/PUF disk] PFHxS 3/4/5-PFOS80 6/2-PFOS169 L-PFOS %br/∑PFOS PFOA 
A-II  99 81 38 20 86% 360 
A-III  83 257 192 2487 15% 306 
A-IV  70 731 688 707 67% 205      

   

B-II  225 627 83 2307 24% 370 
B-III  116 168 131 1207 20% 202 
B-IV  69 971 151 4162 21% 243      

   

C-II  92 54 84 1241 10% 254 
C-III  88 130 76 1024 17% 434 
C-IV  101 365 309 2100 24% 291      

   

MTM-II  82 74 121 786 20% 240 
MTM-III  42 139 98 1104 18% 214 
MTM-IV  18 207 188 1136 26% 163      

   

PUF balcony  58 167 83 426 59% 255 
PUF roof  0 41 204 789 31% 455 
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Table 6-13 Ccalculated effective sampling rate for samples from Örebro from 2017 

[m³/day] PFHxS L-PFOS PFOA FOSA MeFOSA EtFOSA MeFOSE EtFOSE 
Season I 4.16 3.86 4.11 3.86 3.82 3.79 3.72 3.69 
Season II 4.39 4.08 4.34 4.08 4.04 4.01 3.93 3.90 
Season III 4.29 3.98 4.24 3.98 3.94 3.91 3.84 3.81 
Season IV 4.35 4.04 4.31 4.05 4.01 3.97 3.90 3.87 

 

Table 6-14 Calculated effective accumulated sampling volume for samples from Örebro from 2017 

Accumulated 
effective 
volume [m³] 

PFHxS L-
PFOS PFOA FOSA MeFOSA EtFOSA MeFOSE EtFOSE 

Season I 20 61 30 69 95 127 165 198 
Season II 11 30 16 34 50 71 94 126 
Season III 14 38 20 42 59 80 104 135 
Season IV 24 69 36 77 102 135 173 208 

 

Table 6-15 Calculated PFAS concentrations for samples from Örebro from 2017 

[pg/m³] PFHxS L-PFOS PFOA 
A-II  9.2 0.6 22.5 
A-III  6.1 66.1 15.4 
A-IV  2.9 10.3 5.7  

   
B-II  20.8 75.9 23.2 
B-III  8.5 32.1 10.2 
B-IV  2.9 60.6 6.8  

   
C-II  8.5 40.9 15.9 
C-III  6.5 27.2 21.9 
C-IV  4.2 30.6 8.1  

   
MTM-II  7.5 25.9 15.0 
MTM-III  3.1 29.4 10.8 
MTM-IV  0.8 16.5 4.5 
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