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Abstract 

Total oxidizable precursor (TOP) assay is an oxidation method to convert precursor compound 

of polyfluoroalkyl/perfluoroalkyl substances (PFASs) into measurable perfluorinated 

carboxylic acids (PFCAs). A previous mass balance study has shown that a loss of fluorine was 

observed after employing the method to convert the precursors in firefighting foams. Further, 

it has been seen that a large part of the total extractable organofluorine is still made up of 

compounds with unknown identity; ultra-short chain PFASs might have formed during the TOP 

assay, but they were not measured in the previous study. The aims of this investigation are to i) 

assess if the loss of fluorine in mass balance analysis is due to adsorption of the analyte to the 

reaction container used in the TOP assay and ii) investigate how much the ultra-short chain 

PFASs which were not measured in previous study contributes to the total amount of 

unidentifiable PFASs.  

 

TOP assay was performed on two commercially available fire-fighting foams, the same fire-

fighting foams as the previous study. The analyses of PFASs were performed using ultra 

performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) and ultra 

performance convergence chromatography mass spectrometry/mass spectrometry (UPC2-

MS/MS) as well as combustion ion chromatography (CIC) to determine total organofluorine 

level. The results showed that for Sthamex AFFF, ultrasonicating the sample (during the 

oxidative reaction as well as after the reaction), gave an increase in total concentrations of PFAS 

between 16% and 46%.  For the Arc Miljö fire-fighting foam sample, in contrast, no observable 

increase of total concentration of PFASs was observed.  Ultra-short chain PFAS analysis of the 

two foams showed that ultra-short chain PFASs contributes less than 1% of the total 

concentration of identifiable PFASs. 
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1. Introduction 

Polyfluoroalkyl and perfluoroalkyl substances (PFASs) have been in production since the 1940s 

and are still being used today. It has been used in many applications including aqueous film 

forming foams (AFFF), different surfactants, water and oil repellants for coatings on textile and 

papers (Prevedouros et al., 2006). PFASs containing eight carbons (C8) have historically been 

the most common compounds; this includes perfluorooctane sulfonate (PFOS) and 

perfluorooctanoate (PFOA) (Houtz and Sedlak, 2012). The production of these compounds has 

since been shifted into shorter chain compounds and precursor compounds by different 

fluorochemical manufacturing, after global detection of these compounds and different 

environmental and health concerns (Buck et al., 2011). As compared to the long-chain PFASs 

(with perfluorinated carbon numbers greater than eight), precursor compounds with 

perfluorinated carbons less than six are more frequently used because they are believed to have 

a higher degradation potential and producing short-chain PFASs (Ahrens, 2015). Perfluorinated 

carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs) can either enter the 

environment directly via emission or indirectly by emission of their respective precursor 

compounds that transforms into PFSAs and PFCAs (Prevedouros et al., 2006). This 

transformation can be done biotically by microbes/enzymatic degradation or by physical and 

chemical effects (Liu and Avendano, 2013).  

 

The Swedish National Food Agency specifies that drinking water should not contain more than 

90 ng/L in total amount of PFASs; the list previously included 7 different types of PFASs, but 

has since been revised and now contains 11 PFASs, which includes PFOS and PFOA as well 

as perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid 

(PFHxA), perfluoroheptanoic acid (PFHpA), perfluorononanoic acid (PFNA), 

perfluorodecanoic acid (PFDA), perfluorobutane sulfonate (PFBS) perfluorohexane sulfonate 

(PFHxS). The list also includes one PFCA precursor compound, the 6:2 fluorotelomer sulfonate 

(6:2 FTSA) (Livsmedelsverket, 2017). However, more types and classes of compounds are 

known to exists which might lead to an underestimation when trying to quantify the total 

amount of PFASs in a sample (Barenz-Hanson et al 2017). Further, when employing total 

oxidizable precursor assay, it has also been shown in another study that 25 % of the total amount 

of PFASs that had been oxidized into PFCAs were still unidentified (Houtz et al., 2013), leading 

to further underestimation.  

 

In total oxidizable precursor (TOP) assay, precursor compounds of PFSAs and PFCAs are 

converted into measurable PFCAs. The process involves thermolyzes of potassium persulfate 

at pH >12 in an 85°C water bath, in which hydroxyl radicals are formed as an end product to 

oxidize the precursor compounds. (Houtz and Sedlak, 2012). 

 

𝑆2𝑂8
2− + ℎ𝑒𝑎𝑡 → 2𝑆𝑂4

−.
  

 

𝑆𝑂4
−.

+ 𝑂𝐻− → 𝑆𝑂42−+ .𝑂𝐻 
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During the oxidative reaction in the TOP assay on different types of precursor compounds, 

shorter chain compounds are expected to form (Houtz and Sedlak, 2012).  

 

Figure 1. The oxidative reaction pathway for 6:2 fluorotelomer precursors. 

 

The TOP assay offers advantages over other existing methods of precursor oxidation such as 

UV/H2O2 mediated oxidation, because this process does not require any special equipment and 

is simple to execute (Houtz and Sedlak, 2012). 

 

Aqueous film forming foams (AFFFs) was developed during the 1960 and is still in use today. 

There are two types of classes of firefighting foams called class A and class B. The A class type 

foams are used to extinguish fires in fibrous material such as textile and wood, whereas class B 

type is used for fires in liquids like alcohols, oils and plastic. Included in class B are AFFFs 

such as Sthamex AFFF as well as other types such as alcohol resistant aqueous film forming 

foams (AFFF/AR) which Arc Miljö is an example of. This class is also the only one that 

contains fluorinated compounds. In addition to water, AFFF contains hydrocarbon surfactants 

and fluorocarbon surfactants. It may also consist of foam boosters and of anti-freeze solvents 

such as glycol ethers and salts (KEMI, 2016). Arc Miljö does not contain any glycol ethers or 

other glycoles, but instead contains monoalkyl esters, alkyl polyglycoside and other additives. 

(Dafo brand, 2013). Fluorocarbon surfactants have good film forming characteristics that can 

insulate the fuel and oxygen for extinguishing fire; at the same time, it can withstand very high 

temperatures, which is the reason why it is commonly used in firefighting foams (KEMI, 2016).  

 

Previously, the C8 compounds PFOS and PFOA was often used but since regulations have been 

put in place the use of these compounds have been phased out (Houtz et al 2016). In 2009 PFOS 

and its salts was added to the Stockholm convention on persistent organic pollutants, and is 

since then restricted to use in the European Union (Stockholm convention, 2009). In a study 

from the Swedish Chemical Agency (KEMI, 2015) it was concluded that among the selected 

tested firefighting foams, the most prevalent PFASs used was 6:2 fluorotelomer-based 

compounds and the C6 PFAS perfluorohexanoic acid (PFHxA); but some longer and shorted 

chains were also detected. However, it is believed that the longer chain compounds are not 

purposely produced but as a result from the manufacturing process as a by-product. This was 

the case for the foam samples Sthamex and Arc Miljö that was tested; in one of the Sthamex 

samples, PFOS was detected but it was concluded that this was most likely a contamination 

from previously used products (KEMI, 2015).  
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Jansson (2017) investigated the contributions of PFCA precursor in AFFFs to total 

organofluorine levels. The conclusions of the study were that i) TOP assay can be used to 

convert precursors into measurable PFCAs; ii) before TOP assay, all the neutral fraction of the 

organofluorine was of unknown origin and no detectable anionic PFAS (<50 ng F/mL) was 

measured using combustion ion chromatography (CIC) iii) after TOP assay, no detectable 

neutral organofluorine was detected (<50 ng F/mL), and in contrast, detectable anionic PFCAs 

were measured; iv) a loss of fluorine was leading to an imbalance in between before and after 

TOP assay.  

 

The current study was set up to investigate potential reasons for the loss of fluorine during the 

TOP assay causing the imbalance of mass of fluorine. One of the hypotheses may be due to the 

adsorption of precursor compounds to the reaction container that may either lower the initial 

amount of precursor compounds or yield lower amount of PFCAs produced. The other 

hypothesis may be due to the fact that after oxidation inorganic fluorine was formed that were 

washed away during the extraction/cleanup step. A third hypothesis was that the loss of fluorine 

may be due to volatile PFASs produced during the TOP assay. The second objective of the 

study is to determine if some ultra-short chain PFASs that were not measured in previous study 

(Jansson, 2017) could help close the gap in the mass balance between the identifiable PFASs 

and total extractable organofluorine. The overall aim of the current investigation is to test if the 

above hypotheses are true by using ultrasonication during TOP assay reaction and measuring 

the sample without any extraction, as well as measuring some ultra-short chain compounds if 

the mass balance will be closed by including these compounds.  

 

2. Method 

2.1. Chemicals 

25 % ammonium hydroxide, methanol (HPLC and LC/MS grade) and 37% hydrochloric acid 

were bought from Fisher Scientific (Loughborough, UK). Milli-Q water (18.2 MΩ·cm) was 

produced from MilliPore system. Sodium hydroxide was bought from KEBO lab. Potassium 

peroxosulfate, n-methylpiperidine, multielement ion chromatography anion standard soulution, 

carbonate buffer (sodium carbonate and sodium bicarbonate) and ammonium acetate was 

bought from Sigma-Aldrich (St Louis, MO, USA). Acetic acid was bought from Merck 

(Darmstadt, Germany). Except trifluoroacetic acid (TFA) and perfluoro-n-propanoic acid 

(PFPrA), standards of perfluoroalkyl sulfonates (PFSAs) and perfluorinated carboxylates 

(PFCAs), fluorotelomer sulfonates (FTSAs), fluorotelomer saturated/unsaturated carboxylates 

(FTCAs/FTUCAs), perfluorooctanesulfonamide (FOSA) and 13C labelled internal standards 

(Appendix A) were purchased from Wellington Labs (Guelph, Canada). TFA and PFPrA were 

purchased from Sigma Aldrich. Target compounds included PFCAs: TFA, PFPrA, perfluoro-

n-butanoic acid (PFBA), perfluoro-n-pentanoic acid (PFPeA), perfluoro-n-hexanoic acid 

(PFHxA), perfluoro-n-heptanoic acid (PFHpA), PFOA, perfluoro-n-nonanoic acid (PFNA), 

perfluoro-n-decanoic acid (PFDA), perfluoro-n-undecanoic acid (PFUnDA), perfluoro-n-

dodecanoic acid (PFDoDA), perfluoro-n-tridecanoic acid (PFTriDA), perfluoro-n-

tetradecanoic acid (PFTeDA), perfluoro-n-hexanedecanoic acid (PFHxDA), and perfluoro-n-

octanedecanoic acid (PFHxDA); PFSAs: perfluoro-n-ethane sulfonate (PFEtS), perfluoro-n-
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propane sulfonate (PFPrS), perfluoro-n-butane sulfonate (PFBS), perfluoro-n-hexane sulfonate 

(PFHxS), PFOS, and perfluoro-n-decane sulfonate (PFDS); FTSAs: 6:2 and 8:2 fluorotelomer 

sulfonates; FOSA; FTCAs: 3:3, 5:3, 7:3; FTUCAs: 6:2, 8:2 and 10:2.  

 

2.2. Samples  

The samples analyzed were two types of commercially available firefighting foams that had 

been analyzed in other studies (KEMI, 2015; Jansson 2017); Sthamex 3% was from Dr. Sthamer 

and Arc Miljö was from Dafo Brand. Both were stored in polypropylene tubes in room 

temperature prior to precursor oxidative conversion.  

 

2.3. Total oxidizable precursor assay 

For oxidative conversion of PFCA and PFSA precursors, total oxidizable precursor (TOP) assay 

was performed on these two commercially available firefighting foams. In essence, the method 

was based on the published method by Houtz and Sedlak from 2012 with some modifications 

including an added sonication of some of the samples during the reaction. In principle, 125 mL 

HDPE bottles was used which contained 136 mL of 150 mM NaOH in Milli-Q; this ensured 

little headspace left in the reaction bottle. One hundred µl of 10x diluted firefighting foam 

concentrate was used. Two grams of potassium peroxosulfate was added for the positive 

reaction (PR); whereas no potassium peroxosulfate was added to the Negative reaction (NR). 

Two controls (PR and NR) that was not sonicated was included for each foam type. Two 

procedural blanks were included for each batch. The blanks were treated the same as PR but 

with no foam added. The reaction was taken in an 85°C water bath for six hours. 

 

Prior to the reaction, 1 mL subsamples were taken from each sample and put in 15 mL 

polypropylene tubes. One mL of Milli-Q was added to compensate for the smaller bottle 

headspace. The HDPE bottles was then placed in 85°C water bath for 6 hours. One set of 

samples (PRS and NRS) was taken out and put in a sonication bath for 10 minutes after 3 and 

5 hours. After 6 hours, the reaction was quenched by putting the bottles in an ice bath overnight. 

PRS and NRS was once again sonicated before 10 mL of subsample was transferred to new 15 

mL polypropylene tubes. PR, NR and blank was not sonicated. The samples were then pH 

adjusted to achieve a pH around 4 using concentrated hydrochloric acid before cleanup and 

extraction.  

 

A preliminary test was set up to test if ultra-sonication could have an effect on the total fluorine 

concentration when conducting TOP assay. The procedure differed slightly from the main 

experiment but followed the published method by Houtz from 2012 with some modifications. 

In brief, 1.9 mL of 10 M NaOH was mixed with 130 mL of Milli-Q in 125 mL HDPE bottles. 

For positive reaction 2 grams of potassium persulfate was added; 10 µl of Sthamex and Arc 

miljö was used. Two sets of TOP reaction were set up where one sets of samples were sonicated 

before transferred to vials for analysis. The reaction time was 6 hours in an 85°C water bath. 

After the reaction, the samples were put on an ice bath to quench the reaction. 
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2.4. Extraction 

Sample extraction and clean up was carried out using solid phase extraction (SPE) with Oasis 

WAX 6cc 30 µm cartridges. Condition of the SPE cartridge was done with a passage of a 4 mL 

of 0.1% NH4OH in methanol, followed by 4 mL of methanol and 4 mL of Milli-Q water. After 

that, 5 mL of samples were loaded onto the cartridges. This was then followed by 20 mL of 

0.01% NH4OH in water, 30 mL Milli-Q water and a 4 mL of 25 mM acetate buffer.  

 

The cartridges were dried by centrifugation at 3000 rpm for 10 minutes. The analytes were then 

eluted with methanol (fraction 1 containing neutral compounds) and 4 mL of 0.1% NH4OH in 

methanol (fraction 2 containing anionic compounds). 

 

The second fraction of the SPE eluant was evaporated under a gentle stream of nitrogen down 

to around 1 mL to remove NH3. Both fractions were then readjusted to 5 mL with methanol for 

instrumental analysis. In this investigation, only fraction 2 was analyzed.  

 

2.5. Instrumental analysis 

The ultra-short chain PFASs were analyzed using ultra performance convergence 

chromatography (UPC2) coupled to a Waters XEVO TQ-S triple quadrupole mass 

spectrometer. To achieve ionization, electrospray in negative mode was used. The column used 

was an Acquity UPC2 Torus DIOL 1,7 µm 3,0x150 mm. The mobile phases consisted of CO2 

(mobile phase A) and 0.1% NH4OH in MeOH as mobile phase B. Targeted ultra-short chain 

compounds included TFA (C2), PFPrA (C3) and PFEtS (C2) and PFPrS (C3). 

 

The rest of the PFASs was identified and quantified using liquid chromatography tandem mass 

spectrometry (LC-MS/MS). The system used was an Acquity ultra performance liquid 

chromatograph (UPLC) coupled to a Waters XEVO TQ-S triple quadrupole mass spectrometer. 

The instrument used electrospray set in negative mode. For separation, a 100mm C18 BEH 1.7 

µm 2.1x100mm column from Waters was used.  Mobile phase A consisted of 2 mM of 

ammonium acetate in water with 5 mM n-methylpiperdine. For mobile phase B, 2 mM of 

ammonium acetate in methanol with 5 mM n-methylpiperdine was used. Throughout the 

analysis, a gradient between the two mobile phases was used.  

 

To prepare the samples for LC-MS/MS analysis, 185 µl of sample was transferred to LC vials. 

5 µl of three internal standard mixtures (PFCA/PFSA 0.2 ng/ µL and FTUCA 0.2 ng/ µl) were 

then added. Prior to analysis, 300 µL of mobile phase A containing 2 mM of ammonium acetate 

and 5 mM n-methylpiperdine in water was then added to the vials, giving a total amount of 500 

µl. Samples for UPC2 analysis was prepared by adding 500 µl of sample in MeOH and 5 µl of 

internal standard mix (PFCA/PFSA 0.2 ng/µl) to LC-vials.  

 

For total organofluorine (TOF) analysis, the samples were analyzed with combustion ion 

chromatography (CIC). The ion chromatograph used was a Compact IC flex with an adsorber 

module and ion exchange column from Metrohm. This was coupled to a combustion module 

from Analytik Jena. Carbonate buffer containing 64 mM sodium carbonate and 20 mM sodium 

bicarbonate was used as eluent. The samples were prepared by diluting 50:50 with methanol to 
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avoid adsorption of analyte to the vials. The quantification was done with a standard containing 

100 parts per billion of organofluoride. 

 

2.6. Quality control 

Internal calibration was used to quantify the levels of PFASs in the samples. For those 

compounds without corresponding 13C labelled standard, compounds with a similar structure 

and retention time was used for quantification (See appendix A). 

  

Two procedural blanks were included every TOP assay batch. These were treated the same as 

the other samples. The oxidative conversion and analysis was conducted twice to get better 

statistical certainty in the results. 

 

A spiked recovery test with ultra-short chain PFASs was also carried out that included the 4 

PFASs in the targeted UPC2 analysis. 50 µl from 0.2 ng/µl stock solution and 5 µl of IS was 

added to 5 ml of Milli-Q water. Two duplicate samples were washed with 20 mL 0.01% NH4OH 

in water, 30 mL Milli-Q water and 4 mL of 25 mM acetate buffer, whereas the other two 

samples were only washed with 4 mL of 25 mM acetate buffer.  

 

The LOD was determined by calculating the mean value of the blank concentration plus 3 times 

the standard deviation. The LOQ was determined by calculating the mean value of the blank 

plus 10 times the standard deviation. 

 

3. Result 

3.1. Results from pre-trials 

Table 1 shows the percent change of total fluorine concentration after TOP assay reaction by 

comparing the total fluorine levels before and after TOP assay reactions of the same sample. 

Results showed that the total fluorine concentration increased in both positive and negative 

reaction when foam samples were ultrasonicated after TOP assay before CIC analysis.  
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Table 1. Change in total fluorine concentration (%) of two firefighting foams with and without  

ultrasonication before and after TOP assay for CIC analysis.  

 

Change of total fluorine concentration (%) 

after reaction 

 

Not ultrasonicated  
Sthamex PR -2 

Sthamex NR +136 

Arc PR -2 

Arc NR -11 

 

Ultrasonicated  
Sthamex PR +146 

Sthamex NR +93 

Arc PR +39 

Arc NR +88 

 

Data from total organofluorine analysis of the two firefighting foams Sthamex and Arc Miljö. The samples were 

analyzed using combustion ion chromatography. PR denotes positive reaction, whereas NR denotes negative 

reaction of the TOP assay. 

 

3.2. Ultra-short chain spike-recovery test 

Table 2 shows the spike recovery results of the ultra-short chain PFASs with and without the 

washing step of 0.01% NH4OH in water. Contamination of TFA and PFPrA were observed in 

the samples that affected the accuracy of the results; these results were not included. Results 

showed similar recoveries of PFEtS and PFPrS between the washed samples and non-washed 

the samples. 

 

Table 2. Recovery results (%) of spiking native ultra-short chain PFAS with and without washing during 

SPE with 0.01%NH4OH in water.  

Compound Spike 1 Spike 2 Spike 3 Spike 4 

PFEtS 35 41 43 43 

PFPrS 42 44 48 43 

 

3.3. Oxidative conversion of Sthamex AFFF 

Two batches of TOP assay reactions were conducted. The results from the ultrasonication test 

on the two batches of oxidative conversion of precursor compounds are presented in Figures 1 

to 4 as shown below. The figures are presented as a sum of the PFAS found from the targeted 

analysis of ultra-short chain PFASs from the UPC2-MS/MS and the other PFASs that were 

analyzed with UPLC-MS/MS. All reported values are above LOQ. Further detailed results of 

individual concentration can be found in Appendix B.  
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Figure 2. Composition (%) and concentration (pg/mL) of Sthamex in different treatments from batch 1. 

  
Positive reaction (PR) and Positive Reaction Sonicated (PRS) are samples that were exposed to oxidative 

conversion of precursor. Negative reaction (NR) and Negative Reaction Sonicated (NRS) were used as controls 

and did not undergo any oxidative conversion. The bottom graph shows the total amount of PFASs found in the 

samples. Total amount is diluted 13600x and are presented in pg/mL. 

 

For the first batch of the Sthamex AFFF samples, both the sonicated and non-sonicated samples 

showed similar ratio of the different PFASs found for both positive and negative reactions. The 

most prevalent compounds in the non-oxidized samples were PFOS and PFOA and the 

fluorotelomer 6:2 FTSA; whereas in the oxidized samples, higher levels of PFOA as well as 

other shorter chain C4-C8 PFCAs were found. 

 

In the sonicated samples (PRS and NRS), an increase in total PFAS concentrations were 

observed. For the sample that undergone oxidative conversion (PRS), an increase of 

approximately 45% of the total amount was observed when the ultrasonication steps in the TOP 

assay was added. For the sample (NRS) that did not undergo any oxidative conversion, the 

increase was around 30%.  

 

 

 

 

 

 

 

 

 

 

Sthamex AFFF 
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Figure 3. Composition (%) and concentration (pg/mL) of Sthamex in different treatments from batch 2. 

  
Positive reaction (PR) and Positive Reaction Sonicated (PRS) are samples that were exposed to oxidative 

conversion of precursor. Negative reaction (NR) and Negative Reaction Sonicated (NRS) were used as controls 

and did not undergo any oxidative conversion. The bottom graph shows the total amount of PFASs found in the 

samples. Total amount is diluted 13600x and are presented in pg/mL. 

 

The second batch of Sthamex AFFF samples showed similar results as the first. Both the 

positive reaction (PR and PRS) and negative reaction (NR and NRS) showed similar compound 

ratios between the sonicated and the non-sonicated samples. In the negative reaction samples 

(NR and NRS), the compounds with the highest concentration was shown to be PFOS and 

PFOA with some contribution from 6:2 FTSA. For the samples that had undergone oxidative 

conversion (PR and PRS), PFOA and C4-C8 PFCAs were the compounds found to have higher 

concentrations (Appendix B).  

 

Compared to the first batch, the second batch also showed higher concentrations in the samples 

that had been sonicated during and after the TOP assay. An increase of 16% was in the sample 

(PRS) that was exposed to oxidative conversion. Similarly, the negative sample (NRS) also 

showed an increase of 11%. 

 

In both batches, ultra-short chain PFASs were not found in high concentrations, contributing 

less than 1% of the total amount of PFASs identified.  

 

 

 

 

 

 

Sthamex AFFF 
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3.4. Oxidative conversion of Arc Miljö 
Figure 4. Composition (%) and concentration (pg/mL) of Arc Miljö in different treatments from batch 1. 

  
First batch of oxidative conversion of Arc Miljö. Positive reaction (PR) and Positive reaction sonicated (PRS) 

undergone oxidative conversion by TOP assay. Negative control samples (NR and NRS) did not undergo any 

oxidative conversion. The top graph demonstrates the compound ratios between the sonicated and non-sonicated 

samples. The bottom graph shows the total amount of PFAS in the sample (pg/mL) diluted 13600x. The top shows 

the compound composition of the foam. 

 

The first batch of TOP assay on Arc Miljö had similar compound ratios between the sonicated 

and non-sonicated samples. In the negative samples (NR and NRS) that did not undergo any 

oxidative reaction, 6:2 FTSA was found to be the most abundant compound, with some 

contribution from C2, C4-C5 PFCAs. In the positive reaction samples (PR and PRS) that were 

oxidized, mostly C4-C5 PFCAs were found.  

 

For the effect of ultrasonication, the concentration in the negative control sample did not 

increase, but instead decreased with a few percent. In contrast, the positive reaction did have an 

increase in concentration of around 10% for the sonicated sample compared to the non-

sonicated sample. 

 

 

 

 

 

 

 

 

Arc Miljö 
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Figure 5. Composition (%) and concentration (pg/mL) of Arc Miljö in different treatments from batch 2. 

  
Second batch of oxidative conversion of Arc Miljö. Positive reaction (PR) and Positive reaction sonicated (PRS) 

undergone oxidative conversion by TOP assay. Negative control samples (NR and NRS) did not undergo any 

oxidative conversion. The top graph demonstrates the compound ratios between the sonicated and non-sonicated 

samples. The bottom graph shows the total amount of PFAS in the sample in pg/mL diluted 13600x.  

 

Similar to the results of the first batch, the negative samples contained mostly 6:2 FTSA with 

some contributions from C4-C6 PFCAs. TFA was only found in one of the samples. Excluding 

this, the compound ratios were similar between the two negative samples (NR and NRS). For 

the samples (PR and PRS) that were oxidative converted, mostly C4-C6 PFCAs were found 

with C5 as the compound with the highest concentration.  

 

In both the negative samples and the positive reaction samples, a decrease in concentration were 

seen for the sonicated samples. Negative sample had a decrease of about 20% and the oxidized 

samples had a decrease of around 10%.  

 

Comparable to the Sthamex samples, ultra-short chain PFASs contributed less than 1% to the 

overall amount of identifiable PFASs in the oxidized Arc Miljö samples. 

 

4. Discussion 

Results from preliminary study on adsorption 

Initial test done with TOP assay (before and after) on total fluorine analysis using CIC indicated 

that the samples with ultrasonication resulted in an increase in total concentration of fluorine in 

the solution (Table 2), which suggested adsorption of analytes taken place on the wall of the 

reaction bottle. The increase in concentration (136%) for Sthamex NR is believed to be due to 

Arc Miljö 
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instrument error. Without proper treatment (ultrasonication), lower levels of organofluorine 

may be detected in the analysis. 

 

Presence of PFOS in Sthamex 

In both batches of Sthamex AFFF, PFOS was found in negative samples as well as in positive 

reaction samples. As noted previously, the use of PFOS have been phased out and should not 

be found in AFFF samples today. The finding of PFOS in this particular sample was however 

in consistence with the report from the Swedish Chemical agency (KEMI, 2015) that analyzed 

the same samples and found PFOS. As believed in the report, the presence of PFOS was most 

likely due to contamination from where the foam concentrate was handled. 

  

Effect of ultrasonication on foam samples 

In both batches of oxidative conversion of Sthamex, increases in total concentrations of PFAS 

were observed with additional ultrasonication steps. Results suggests that sonication has an 

effect on the Sthamex AFFF and helps avoid potential adsorption. However, this was not seen 

to the same degree in the Arc Miljö foam sample, where the first batch had an increase of 10% 

in total PFAS concentrations but the other batch, instead, had a decrease of 10%. Because of 

different precursor compounds and additives present in the sample, this seems to indicate that 

potential adsorption to the reaction container during TOP assay is compound or sample specific 

and might affect various types of samples differently.  

 

One of the hypotheses was that the precursor compounds might have adsorbed onto the wall of 

the reaction container and might not get fully oxidized in the reaction, thus lowering the 

precursor conversion efficiency or some PFASs were adsorbed onto the wall of the container. 

To mitigate this effect, sonication was performed for 10 minutes. It should be reminded that 

ultrasonication were performed on the PRS and NRS samples during the reaction as well before 

subsampling for solid phase extraction. Because of this, it is not possible to determine if the 

efficiency of the precursor conversion (PRS vs PR) was affected by sonication during the 

reaction or if the measured increase in PFAS concentration was a result of sonicating the 

reaction container after the reaction. In future study, in order to distinguish the effect between 

during or after TOP assay, subsample in PR should be taken before and after sonication so that 

the effect of adsorption can be evaluated.  

 

Total oxidizable precursor assay is a relatively new method developed to convert precursor 

compounds into PFCAs. Various studies using this method did not outline if samples were 

sonicated or not (Houtz and Sedlak, 2012; Houtz et al. 2013). Because of this, it is hard to know 

if ultrasonication of the samples was performed. What this investigation is showing is that 

depending on if ultrasonication is performed, differences in total concentrations of PFASs 

might be seen depending on what types of sample being analyzed. This leads to a potential 

uncertainty regarding the reported values of PFASs in published reports. It is also interesting to 

note that the compound ratios between sonicated and non-sonicated samples generally were the 

same. This suggests that the two samples (sonicated and non-sonicated) did contain the same 

precursor compounds and that the observed increase in PFAS concentrations were not due to 

difference in starting material composition.  
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Ultra-short chain PFAS contribution to overall amount of PFAS 

In the earlier study by Jansson (2017), it was observed that a large portion of the extractable 

organofluorine could not be detected in the targeted analysis. Another recent study (Yeung et 

al., 2017) on environmental water samples concluded that ultra-short chain PFAS contributed 

to a large degree (up to 30%) to the total amount of detectable PFASs in the sample. The aim 

in this investigation was to measure how much the ultra-short chain (C2-C3) PFASs contributed 

to overall concentrations of PFAS in foam samples that had undergone oxidative conversion. 

The analysis showed that for both Sthamex AFFF and Arc Miljö the C2-C3 compounds only 

contributed very little (less than 1%) to the overall concentrations, with C3 PFCA being the 

most common compound. The spiked sample recovery test also showed that the washing step 

in solid phase extraction did not lead to a significantly lower recovery for the ultra-short chain 

compounds. From this, it can be concluded that ultra-short chain PFASs is not the main 

compounds contributing to the large difference in total extractable organofluorine and 

identifiable PFASs. 

 

Contamination C2-C3 PFCAs were found in both batches. The second batch had significant 

higher contamination of TFA. The reason for the contamination is not known. Because of this, 

the LOQ was high which led to results from some short chain compounds needed to be excluded 

from the second batch. Some contamination from 6:2 FTSA was also found in the blanks in 

both batches.  

 

Loss of fluorine in mass analysis in total oxidizable precursor assay 

One of the goals of this investigation was to evaluate if adsorption of PFASs could contribute 

to the loss of fluorine seen in previous study (Jansson, 2017) when oxidizing firefighting foam 

samples. Due to the instrumental problem, no total organofluorine analysis was performed on 

the first and second batch, it is difficult to say to what degree adsorption affects this imbalance. 

However, it can be observed from this study that adsorption did have an effect on total 

concentrations in some samples, and thus the choice of ultrasonicating the samples need to be 

taken into consideration. It is possible though, that other unknown factors contribute to the 

imbalance of fluorine observed with total oxidizable precursor assay, for example potential 

presence of volatile PFASs after reaction as well as inorganic fluorine produced by the 

oxidation process.  

 

Future investigations 

To get a better knowledge about the effectiveness on sonication at mitigating adsorption of the 

analytes, changes to the methodology after TOP assay should be made. Tests should be done 

where the reaction container is washed with methanol after reaction and collected. This can 

later be analyzed with total organofluorine analysis to determine if compound adsorption is still 

happening after sonicating the sample by comparing the sonicated samples with samples from 

after the container was rinsed with methanol.  

 

To further investigate the imbalance of fluorine between reacted and unreacted samples in TOP 

assay, further experiment should be performed to rule out the possibility of volatile 

organofluorine compounds being created in TOP assay. Gas formation was observed in the 
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reacted samples leading to swelling the reaction containers. If analysis of this gaseous fraction 

was performed, if would be possible to determine if volatile organofluorine compounds would 

be produced in the TOP assay that might account for the imbalance of fluorine.  

 

Further, it is also assumed that some of the organic fluorine will be converted into inorganic 

fluoride during the oxidative reaction. This is presumed to be lost during the washing step of 

solid phase extraction. To test this, analysis of inorganic fluoride could be performed before 

and after the reaction.  

 

5. Conclusion  

From the analyses of the two firefighting foams, it can be concluded that adsorption PFASs to 

TOP assay reaction container happened, but is likely sample- or compound- specific. The effect 

of adsorption can be mitigated by performing ultrasonication of the reaction container. It is still 

unknown how much this contributes to the imbalance of fluorine previously seen in TOP assay. 

Ultra-short chain PFASs did not contribute much to the total amount of PFAS present in the 

foam samples, and other still unknown compounds are thought to make up the big portion in 

the mass balance error between total extractable organofluorine and total identifiable PFASs.  
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APPENDIX A 

Table 1A. The internal standards used for quantification for different compounds.  

Target Compound 13C IS used 

TFA PFBS 

PFPrA PFBS 

PFEtS PFBS 

PFPrS PFBS 

PFBA PFBA 

PFPeA PFHxA 

PFHxA PFHxA 

PFHpA PFHxA 

PFOA PFOA 

PFNA PFNA 

PFDA PFDA 

PFUnDA PFUnDA 

PFDoDA PFDoDA 

PFTrDA PFDoDA 

PFTDA PFDoDA 

PFHxDA PFHxDA 

PFOcDA PFHxDA 

PFBS PFBS 

PFPeS PFHxS 

PFHxS PFHxS 

PFHpS PFOS 

PFOS PFOS 

PFNS PFOS 

PFDS PFOS 

FOSA FOSA 

4:2 FTSA 6:2 FTSA 

6:2 FTSA 6:2 FTSA 

8:2 FTSA 8:2 FTSA 

5:3 FTCA 6:2 FTUCA 

6:2 FTUCA 6:2 FTUCA 

7:3 FTCA 8:2 FTUCA 

8:2 FTUCA 8:2 FTUCA 

10:2 FTUCA 10:2 FTUCA 
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Appendix B 

Table B1. The concentrations (presented in pg/mL after 13600x dilution) found of PFASs in the first batch 

of TOP assay. Positive reaction (PR) and Positive reaction sonicated (PRS) underwent oxidative 

conversion, whereas Negative reaction (NR) and Negative reaction sonicated (NRS) did not undergo 

oxidative conversion. All reported values are above LOQ.  

 Sthamex AFFF Arc Miljö 

Batch 1 PRS  PR  NRS  NR  Blank  PRS  PR  NRS  NR  Blank  

TFA  1160   233     1720 1130 326 

PFPrA 251 2990 318,8 362 17,6 1800 1590 70,4 72,4 5,00 

PFBA 95700 66300 2690 2710 16,2 55700 53700 1040 1280 17,8 

PFPeA 199000 129000 1490 1800 4,32 131000 120000 1190 1490 3,78 

PFHxA 68900 48800 1740 1910 14,6 21400 16200 357  9,19 

PFHpA 48600 32600 1970 2110 0,54 6130 4860   3,78 

PFOA 222000 154000 11200 12700 2,70 179 212   9,19 

PFNA 15000 10900 63,2 67,6 1,62 170 155   2,16 

PFDA 6580 4790 67,6  8,65 34,6 69,7   7,57 

PFUnDA 2870 1790   5,41     14,1 

PFDoDA 1430 672 35,7 4,86 1,08     2,16 

PFTrDA 418 210   9,19     0,54 

PFTDA 333 96,8   9,73     6,49 

PFHxDA 339 142   8,65     12,4 

PFOcDA     11,9 40,5    8,11 

PFEtS 27,0 14,4 107 134 0,40     1,20 

PFPrS 36,2 25,8 127 134 0,20     0,80 

PFBuS 558 383 1140 1270 11,9     4,32 

PFPeS 395 401 1140 1120      1,62 

PFHxS 293 1990 6420 6820 3,78 52,9 69,2  53,5 8,65 

PFHpS 402 286 283 257 2,16     1,62 

PFOS 51400 33000 25300 9290 10,8     5,95 

PFDS 16,2    0,54     0,54 

6:2 

FTSA  220 6550 6400 70,3   3820 4570 66,5 

8:2 

FTSA   1810 395 12,9     3,78 
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Table B2. The concentrations (presented in pg/mL after 13600x dilution) of PFASs found in the second 

batch. Positive reaction (PR) and Positive reaction sonicated (PRS) underwent oxidative conversion, 

whereas Negative reaction (NR) and Negative reaction sonicated (NRS) did not undergo oxidative 

conversion. All reported values are above LOQ.  

 Sthamex AFFF Arc Miljö 

Batch 2 PRS PR NRS NR Blank PRS PR NRS NR Blank 

TFA 980 660   436  1460  734 459 

PFPrA     930     1040 

PFBA 79500 66300 4070 3690 1,62 56900 62800 1010 1190 3,24 

PFPeA 156000 146000 2180 2090 0,54 132000 143000 1330 1650 0,54 

PFHxA 55400 48200 2740 2610 19,5 24000 27100 642 768 14,6 

PFHpA 38000 31900 2120 2020 3,24 5840 6520  8,11 0,54 

PFOA 160000 130000 13100 11400 10,3 175 149   16,8 

PFNA 11600 8070 55,7 30,3 0,54 122 188    
PFDA 3860 2560 18,4  5,95 78,4 56,8   6,49 

PFUnDA 1250 872   23,8     27,1 

PFDoDA 190 218   1,62     3,24 

PFTrDA 34,6 76,2   0,54     1,08 

PFTDA 61,1 170   6,49     4,32 

PFHxDA 147 200   40,5     40,5 

PFOcDA 54,1 49,7   7,03     2,70 

PFEtS 24,2 45,0 107 90,6 0,60     0,40 

PFPrS 39,0 28,6 143 130 0,40     0,20 

PFBuS 434 419 1640 1400 1,62     0,54 

PFPeS 455 405 1390 1180      1,08 

PFHxS 1670 1630 6800 5330 7,03     4,86 

PFHpS 229 238 201 175      1,62 

PFOS 28600 25800 6640 6780 23,8     16,76 

PFNS  16,2   1,62     0,54 

6:2 FTSA   7610 7150 102   4570 5370 119 

8:2 FTSA   306 291 1,08  5,95 7,03 5,41 1,08 

 

 


