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Abstract 

Rudolf Aro (2021): Organofluorine Mass Balance and Per- and Polyfluoro-
alkyl Substance Analysis of Environmental Samples and Human Blood. 
Örebro Studies in Chemistry 28. 

Per- and polyfluoroalkyl substances (PFAS) have been linked to a range 
of negative health and environmental effects. Regulations limiting and/or 
banning the use of some of the legacy compounds have been introduced. 
Consequently, the production and use of PFAS has diversified. The risks 
posed by these newly introduced PFAS to both the environment and hu-
mans may be underestimated if they are not evaluated in current monitor-
ing programs. Organofluorine mass balance analysis has been used in pre-
vious studies to estimate the overall exposure to PFAS since naturally oc-
curring organofluorine compounds are rare in nature. 

In this thesis, the organofluorine mass balance analysis was performed 
on a variety of samples, from surface water to sewage and human blood. 
The results indicated the ubiquitous presence of unidentified organofluo-
rines in all environmental compartments and human samples, for exam-
ple, more than 50 % of extractable organofluorine (EOF) in human sam-
ples could not be accounted for by an extended list of target analytes. 
Until these compounds are identified, it is not possible to assess the risks 
they pose and it could lead to misguided policy decisions. 

To tackle the increasingly complex analytical picture and ensure more 
comprehensive screening, a workflow using EOF as an initial metric to 
identify pollution hot-spots was proposed. The wider adoption of orga-
nofluorine mass balance analysis would also require a better understand-
ing of the analytical instrumentation used for this type of work. Experi-
ments carried out here demonstrated the robustness of combustion ion 
chromatography in EOF analysis and highlighted areas in need of im-
provement. 

While organofluorine mass balance analysis has its drawbacks, the po-
tential health and environmental risks posed by the unidentified orga-
nofluorine compounds cannot be underestimated. 

Keywords: organofluorine mass balance, PFAS, extractable organofluorine, 
unidentified organofluorine, whole blood, surface water, effluent, sludge 

Rudolf Aro, School of Science and Technology, Örebro University,  
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1. Introduction 
Per-and polyfluoroalkyl substances (PFAS) are commonly defined as highly 
fluorinated anthropogenic compounds containing one or more perfluoroal-
kyl moiety (CnF2n+1-), forming a fluorinated carbon backbone that is linked 
to at least one functional group, as defined by Buck et al. (Figure 1) 1. PFAS 
have found uses in various applications since the 1950s 2, from food pack-
aging 3 to cosmetics 4 and metal plating 5. In 2018, the Organisation for 
Economic Co-operation and Development (OECD) identified nearly 5000 
PFAS related CAS numbers 6. In 2021, the OECD reconciled the definitions 
of PFAS as fluorinated substances with at least a single fully fluorinated 
methyl or methylene carbon atom (without any H/Cl/Br/I atom attached to 
it) 7. 

 

 

Figure 1. Structures of PFAS commonly detected in the environment and humans; 
A: perfluorooctane sulfonic acid (PFOS), B) perfluorooctanoic acid (PFOA). 

The properties that had made PFAS desirable in the first place (i.e. chem-
ical stability and hydrophobicity) resulted in their ubiquitous presence in 
the environment due to persistence and bioaccumulation 8. PFAS have been 
found in many environmental compartments, from surface water 9, sedi-
ment 10, air 11 to polar ice 12. 

What were not well understood in the 1950s were the potential health 
risks PFAS pose to living organisms. This has been changing since the turn 
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of the millennia with studies performed on wildlife and humans 13–15. Per-
fluorooctanoic acid (PFOA), one of the most studied PFAS, has been linked 
to changes in birth weight 14,16, immunotoxicity 17, prostate cancer, cerebro-
vascular disease, diabetes 18, and ulcerative colitis 19 in humans. Another 
commonly detected compound, perfluorooctane sulfonic acid (PFOS), has 
been associated with endocrine disruption 20,21, reduced sperm quality 22, 
and clinical chemistry effects 23,24. 

1.1. Sources of PFAS 
Sources of PFAS are classified as being direct or indirect, with some point 
sources such as landfills being both at the same time. Direct sources of PFAS 
emissions are those where the specific PFAS compound is released, either 
from manufacturing, usage or disposal and it can be intentionally added or 
be present as an impurity 1. Indirect sources of PFAS emissions are those 
where specific PFAS are formed via the transformation of precursor com-
pounds (in the environment or living organisms) 1. 

A review article published in 2006 determined that the majority of per-
fluoroalkyl carboxylic acid (PFCA) emissions were related to fluoropolymer 
manufacturing and use 25. High levels of PFCA and other PFAS have been 
reported in the environment and wildlife near fluorochemical plants 26–28. 
These sites may be producing PFAS or using PFAS in industrial processes, 
for example during the production of fluoropolymers 1 or metal plating 5. 
Atmospheric emissions from these sites can lead to wet deposition of PFAS 
29 and perfluoroalkyl acid (PFAA) precursors 30, resulting in widespread en-
vironmental contamination through long-range transport 31,32. 

Aliphatic PFAS, such as PFOS, have found widespread use in firefighting 
foams (aqueous film forming foams, AFFF) for putting out fuel-based fires 
33. As PFOS production was phased out, manufacturers of AFFF switched 
to other fluorinated compounds 34. The use of AFFF in firefighting training 
has led to PFAS contamination in the surrounding environment 35, resulting 
in human exposure via drinking water 36. 

Landfills have been identified as a major source of PFAS emissions into 
the environment 37,38. Once products containing PFAS reach the end of their 
life cycle, they can end up in landfills. While landfills form a small part of 
the waste management system in Sweden (0.7 % in 2018 39) they are more 
common elsewhere, 39 % of all waste in the European Union ended up in 
landfills in 2018 40. PFAS may leach out from landfills into the environment 
(direct emissions) 37. While in the landfill, PFAA precursors have been 
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shown to degrade into PFAA, resulting in additional indirect emissions of 
PFAS 38. 

Wastewater treatment plants (WWTPs) are another source of PFAS. They 
are a link between human activities and the environment. The effluent and 
sludge content indicate which compounds are used in the society and sub-
sequently released to the environment 41. WWTPs have been reported to be 
unable to remove PFAS completely. Some long chain PFAS can be removed 
42–44, while other smaller and more polar PFAS are shown to be released 
back into the environment. High levels of PFAS in WWTP effluent have 
been reported 45 and WWTPs are considered to be point sources for PFAS 
41. Levels of PFAS in effluent can exceed that of WWTP influent 45, suggest-
ing the transformation of precursor compounds into PFAA. The transfor-
mation of some PFAS in WWTP sludge has been demonstrated 46,47. The 
environmental fate of PFAS from WWTPs is dependent on their partition 
properties between solid and aqueous phases 48, even air partitioning has 
been shown 49. Ultimate recipients for effluent are rivers or the ocean, and 
for sludge, it’s mainly landfills or agriculture. In 2016, 34 % of WWTP 
sludge in Sweden was used in agriculture 50. 

1.2. Challenges in PFAS Monitoring 
Due to their negative health effects, PFOS and PFOA have been phased out 
voluntarily since 2000 and 2006 respectively. In 2009 and 2019, both PFOS 
and PFOA were included in the Stockholm Convention 51. As a result, pro-
duction has shifted to other PFAS, for example, short chain (C4 and C6) 
PFAS 52 and ether compounds 5. It was initially assumed that these com-
pounds would be less harmful to human health as they are less bioaccumu-
lative 53. However, recent studies indicate that at higher concentrations, 
both perfluorohexanoic acid (PFHxA) and perfluorobutane sulfonic acid 
(PFBS) have toxicities similar to their long chain analogues 54,55. Two ether 
compounds, 6:2 chlorinated polyfluorinated ether sulfonate (6:2 Cl-PFESA) 
and 4,8-dioxa-3H-perfluorononanoic acid (ADONA), have already been 
detected in humans 56,57. 

The diversification of PFAS production and use has resulted in a highly 
complex exposure picture, the PFAS listed above make up only a fraction 
of the potential analytes (nearly 5000 listed by OECD 6) and the number of 
potential contaminants in the environment and humans is likely higher due 
to transformation of PFAA precursors 41. Transformation studies have 
shown that only a fraction of a precursor compound degrades to readily 
measurable PFAA such as PFHxA or PFOS 47,58, a large proportion of the 
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precursor compound is transformed into various transformation intermedi-
ates. At the same time, most human biomonitoring and environmental mon-
itoring studies are looking at only around a dozen PFAS 59–62. These studies 
often focus on C4-C15 PFCA and C4-C10 perfluoroalkyl sulfonic acids 
(PFSA). The number of monitored PFAS is several orders of magnitude 
smaller than the number of potential analytes. 

Several methods have emerged to meet this analytical need and comple-
ment the more common target PFAS analysis, for example, non-target 
screening (NTA) 63 and total oxidizable precursor (TOP) assay 64. Both of 
these methods come with their specific advantages and drawbacks. NTA 
relies on data mining tools and yields only semi-quantitative results 65. TOP 
assay assumes that the potential PFAA precursor compounds will be oxi-
dized to PFAA, which is not guaranteed 66. 

1.3. Organofluorine Analysis 
In addition to NTA and TOP assay, organofluorine (OF) analysis methods 
have also become important tools for more comprehensive PFAS analysis. 
Common OF analysis methods are adsorbable organofluorine (AOF) 67 and 
extractable organofluorine (EOF) analysis 68. AOF and EOF differ mainly 
in that AOF combusts the sorbent with the OF compounds, while in EOF 
the compounds are eluted from the sorbent and concentrated further before 
combustion. 

Any compound containing a carbon-fluorine bond is an OF compound. 
What makes OF analysis feasible for monitoring man-made contamination 
levels is the rarity of natural OF compounds (only a handful of OF com-
pounds have been found in nature 69). While targeted analysis (e.g. ultra 
performance liquid chromatography tandem mass spectrometry (UPLC-
MS/MS)) requires the analyst to know the chemical identities of the ana-
lytes, it is not necessary for OF content analysis. Target PFAS analysis be-
comes challenging as more new PFAS are introduced, and it will be difficult 
to cover all possible target analytes. Measuring the OF content on the other 
hand can act as a screening method since all PFAS contain fluorine. 

However, PFAS are not only aliphatic fluorinated compounds (e.g. PFOS 
and PFOA) but can also be fluoropolymers (according to OECD) 1,7. The 
global fluoropolymer consumption exceeded 200 000 tons in 2010 and it is 
predicted to more than double by 2022 70. The large size of the fluoropoly-
mer market helps to explain why PFAS emissions from this industry (where 
PFAS are used as processing aids) are so significant 25. Approximately half 
of the 1.5 million tons of refrigerants used globally in the mid 2010s were 
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fluorinated 71 and around 30-40 % of the approximately 2 million tons of 
agrochemicals used annually are fluorinated 72,73. While these compounds 
might contain only a single fluorine atom or a CF3 moiety, it can be offset 
by higher concentrations in the environment. Similarly to agrochemicals, a 
large fraction of modern pharmaceuticals (25 %) are fluorinated 74 and the 
number of fluorinated pharmaceuticals approved for human use has been 
increasing 75,76. Some of these pharmaceuticals are also ubiquitous, for ex-
ample, atorvastatin was one of the most commonly prescribed drugs in Swe-
den in 2020 77. 

Thus, the thousands of PFAS 6 and their potential transformation inter-
mediates are not the only OF compounds that can contribute to OF levels 
in the environment and humans (examples of aforementioned OFs are 
shown in Figure 2). This complicates the interpretation of OF data, a high 
OF concentration may not always be driven by PFAS. However, all PFAS 
contain fluorine so a high concentration PFAS will result in elevated OF 
levels. 

 

 

Figure 2. Organofluorine compounds. A: chlorodifluoromethane (refrigerant), B: 
polytetrafluoroethylene (Teflon, fluoropolymer), C: flutolanil (agrochemical), D: 
atorvastatin (pharmaceutical). 

A variety of methods are available for OF content analysis, for example, 
continuum source molecular absorption spectrometry (CS-MAS), 19F nu-
clear magnetic resonance (NMR), X-ray photoelectron spectroscopy (XPS), 
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instrumental neutron activation analysis (INAA) and particle-induced 
gamma-ray emission spectrometry (PIGE) 78. The before mentioned meth-
ods are suitable for measuring the total fluorine or OF in specific applica-
tions either directly or following sample preparation to remove inorganic 
fluorine, however, the most common method used for human and environ-
mental samples is combustion ion chromatography (CIC). 

1.4. CIC for EOF Analysis 
Modern CIC can trace its origins back to simpler fluoride content determi-
nation in water with colorimetry 79 and later ion-selective electrodes (ISE) 
80. To analyze solid samples, combustion bomb and pyrohydrolysis methods 
were developed 81,82. These combined a combustion step to form fluoride, 
followed by measurement using for example ISE 83. The combustion meth-
ods were later coupled with ion chromatography (IC), allowing to separate 
different anions (e.g. fluoride) 84. 

In CIC, the sample extract is combusted at a high temperature and the 
formed fluoride is measured to determine the fluorine content of the sample. 
Since the whole sample extract is combusted, it cannot discriminate between 
different PFAS classes and other OF compounds as long as they have been 
extracted from the sample. 

During sample preparation only some of the OF compound are extracted 
from the sample, fraction known as EOF, and different extraction methods 
yield a different EOF content 85. The OF fraction left behind in the sample 
is known as non-extractable organofluorine, see Figure 3. 

The EOF measurement includes both unknown PFAS and those com-
pounds that are otherwise difficult to measure, for example poorly ionized 
compounds. The robustness of CIC comes at the expense of losing any 
structural information about the compounds in the sample. Some infor-
mation about the EOF constituents can be gleaned by applying more specific 
sample extraction methods. The CIC is also unable to differentiate between 
inorganic fluoride (IF) and OF, which has to be achieved during sample 
extraction, before CIC analysis. This is important because the levels of IF 
can be far higher than that of OF, Miyake et al. found 80-990 ng/L F EOF 
in sea water, while the IF level in those samples was 227000-839000 ng/L F 
68. The IF concentration has been shown to exceed that of OF also in blood 
86 and biota 87. Different extraction methods, e.g. ion-pair extraction (IPE) 
88 and solid phase extraction (SPE) 68, have been used to separate organically 
bound fluorine from IF. An additional challenge with CIC analysis is the 
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high limit of detection (LOD) associated with measuring fluoride by ion 
chromatography, relative to PFAS analysis using mass spectrometry. 

The concept OF mass balance analysis was developed by Miyake and co-
authors, who recognized the potential of using CIC for OF content analysis 
to estimate whether any PFAS were missing in target analysis 68,88. They 
analyzed samples for both target PFAS and EOF content, knowing the mo-
lecular structure of each target PFAS they subtracted the amount of OF at-
tributable to each PFAS from the EOF content measured with CIC. The 
difference between the EOF content and the amount of OF attributable to 
target PFAS is labelled unidentified organofluorine (UOF, see Figure 3). The 
ability to measure the overall OF content without knowing individual target 
PFAS has made OF mass balance analysis a prospective method for tackling 
the ever-increasing number of potential analytes (PFAS) in human and en-
vironmental samples. This method was first applied to human blood and 
water samples by Miyake and co-workers 68,88, and since then it has been 
used for a range of environmental samples such as invertebrates 89, sediment 
90,91, surface water 89,92, and marine mammals 87. These results have demon-
strated that traditional target PFAS analysis has overlooked a significant 
portion of the OF in both human and environmental samples 93–95. 

While the use of CIC for OF analysis in environmental samples has be-
come more common, different research groups have developed different cal-
ibration and quality control (QC) procedures. The CIC system can be cali-
brated using different forms of fluorine (OF 4,96 or IF 97). The QC samples 
could contain different forms of fluorine from the calibration samples 86 98 
93 97. The use of IF standard solutions for calibration and QC purposes as-
sumes that the combustion efficiencies between IF and different OF com-
pounds are the same. Furthermore, excluding some steps of the instrumental 
analysis, e.g. by direct injection of the calibration samples onto the IC 68 88 
86, risks overlooking possible sources of error and presents a challenge for 
data comparability. 
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Figure 3. Forms of fluorine in a sample, divided in different fractions. 

1.5. Aims 
The aim of this thesis is to investigate the occurrence of UOF in different 
environmental matrices and human blood by combining target PFAS and 
EOF analysis results. This work provides more detailed information regard-
ing the occurrence of UOF compounds in different matrices in the Nordic 
countries, in particular Norway and Sweden. Based on the results, PFAS 
classes most relevant to different matrices will be identified to facilitate 
moving towards closing the OF mass balance in future studies. An addi-
tional goal was to improve the general understanding of CIC analysis, often 
used for OF mass balance analysis, and propose a more efficient workflow 
for coping with the increasingly complex analytical challenge of PFAS mon-
itoring. 

 
The specific research questions of this thesis are: 

• Could WWTP effluent and sludge act as vectors of environmen-
tal UOF exposure, which PFAS drive their EOF content  
(papers I and II)? 

• How does human and environmental UOF exposure compare to 
each other, which PFAS drive EOF exposure (papers II, III, and 
IV)? 

• What would be a better way for screening of PFAS contamina-
tion in human and environmental samples (papers IV and VI)? 

• How reliable is CIC for EOF analysis, are there differences in 
combustion efficiencies of PFAS, what needs to be improved  
(paper V)? 
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2. Materials and Methods 
Different types of samples, from surface water to human blood, were sub-
jected to OF mass balance analysis within the scope of this work. The ex-
traction methods used, SPE with weak anion exchange (WAX) sorbent and 
IPE, were based on previously published works 99–101. Details of the methods 
are provided in papers I-IV. A brief overview on which matrices were in-
cluded in which papers are presented in Table 1, more details are given in 
the following sections. 

Table 1. Overview of the different environmental and human matrices included in 
this work. 

Nr. Matrix Number of samples Sample preparation 

Paper I 
WWTP effluent 14 SPE-WAX 

WWTP sludge 12 Alkaline digestion + IPE  

Paper II 

Surface water 9 SPE-WAX 

Sediment 5 Alkaline digestion + IPE 

Fish liver 4 IPE 

Sewage water 5 SPE-WAX 

Paper III Whole blood 148 IPE 

Paper IV Whole blood 20 IPE 

2.1. Sample Collection 
Samples for paper I were collected within the framework of the Nordic 
Screening project 94. These samples were from 7 countries in Nordic coun-
tries, municipal WWTP effluent and sludge were chosen because they reflect 
which fluorinated compounds and are emitted from society into the envi-
ronment. Details are given in paper I. 

The samples included in paper II were collected for an environmental 
monitoring program in Norway. The locations were chosen due to a history 
of industrial activity in those regions (around Lake Mjøsa and Oslo). More 
details are provided in paper II. 

The human whole blood samples for paper III were collected within a 
purpose-made sampling campaign. The samples were collected in 5 munic-
ipalities in Sweden (Malmö, Örebro, Stockholm, Uppsala, and Umeå) from 
healthy volunteers who came to the local blood center for blood donation. 
All participants signed an agreement before sampling. 
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The whole blood samples for paper IV were from a municipality in Swe-
den with a known PFAS contamination in their drinking water, Ronneby in 
Blekinge County in Southern Sweden. The contamination has been traced 
back to the nearby military airport, which had used PFAS containing aque-
ous film forming foams (AFFF) for firefighting training. 

2.2. Sample Preparation 
All samples were extracted in duplicates for OF mass balance analysis, 
where replicate 1 was spiked with isotopically labelled internal standards 
(IS) and was used for target PFAS analysis. Replicate 2 was extracted with-
out adding any IS and used for EOF analysis. Depending on the employed 
method, the replicate 2 extract could be further split after extraction (see 
Figure 4) for an additional target PFAS analysis. 
 

 

Figure 4. General sample preparation scheme. Dashed line: not performed for Pa-
pers III and IV. 

2.2.1. Solid Phase Extraction 
The SPE method for aqueous matrices was adapted with some changes from 
Eriksson et al. 99 and ISO 25101 100. For paper I the effluent samples were 
filtered before extraction using Whatman (Chicago, IL, U.S.) GF/F glass fi-
ber filters (150 mm, 0.7 μm).  

Subsamples (200 mL for paper II, 250 mL for paper I) were extracted 
with Oasis (Waters Corporation, Milford, MA, U.S.) WAX cartridges 
(6 mL, 150 mg sorbent, 30 μm particle size). First, the SPE cartridges were 
conditioned: 4 mL of methanol (MeOH) with 0.1% NH₄OH, 
4 mL MeOH, and 4 mL MilliQ water. After loading the sample, the repli-
cate 2 subsamples (used for EOF analysis) were washed with 20 mL of 
0.01 % NH₄OH in water, to remove IF. The next step was to wash all car-
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tridges with 4 mL or 10 mL of MilliQ water (replicates 1 and 2 respec-
tively), 4 mL of 25 mmol/L ammonia acetate buffer at pH 4 in water, and 
4 mL 20 % MeOH solution. Thereafter, the cartridges were dried under 
vacuum for 30 min and eluted with 4 mL MeOH and 4 mL 0.1 % NH₄OH 
in MeOH, corresponding to neutral and anionic fractions, respectively. 
These extracts were evaporated to a final volume of 0.5 mL. The target 
PFAS were analyzed only in the anionic fraction, EOF was measured in neu-
tral and anionic fractions separately. 

2.2.2. Ion Pair Extraction 
The IPE method was adapted from Yoo et al. 101. Sludge (paper I) and sedi-
ment (paper II) samples were first subjected to alkaline digestion, soaked in 
0.4 mL of 0.2 mol/L NaOH in MeOH for 30 min and the alkali were neu-
tralized by adding 80 μL of 1 M HCl at the end. These samples were then 
extracted with 2 mL of MeOH and this step was repeated once more after 
removing the supernatant, both MeOH extracts were combined for respec-
tive samples. The MeOH extracts from alkaline digestion of sediment, 
sludge, and biological samples (whole blood, fish liver, etc.) were then ex-
tracted with IPE, using 5 mL of methyl tert-butyl ether (MTBE) and 2 mL 
of 0.5 mol/L tetrabutyl-ammonium sulfate (TBA) in water. The sample ex-
tracts were shaken for 15 min., followed by centrifugation. The extraction 
was repeated two more times using 3 mL of MTBE, each time removing the 
organic solvent layer. The MTBE extracts from all three cycles were com-
bined for respective samples, evaporated to 0.2 mL and reconstituted to 
1.0 mL with MeOH, and evaporated to a final volume of 0.5 mL. 

2.3. Chemical Analysis 

2.3.1. Extractable Organofluorine 
The CIC used for EOF analysis consisted of a combustion module and an 
autosampler (both from Analytik Jena, Germany), an absorber module (920 
Absorber Module), and an ion chromatograph (IC; 930 Compact IC Flex), 
latter two from Metrohm, Switzerland. The anions were separated with an 
ion exchange column (Metrosep A Supp 5–150/4), using carbonate buffer 
(64 mmol/L sodium carbonate and 20 mmol/L sodium bicarbonate) as elu-
ent in isocratic mode. The autosampler injected 100 μL of the extract from 
replicate 2 on a quartz boat. The sample boat was inserted into the oven 
(1000–1050 °C) while being flushed with argon. Water was slowly added 
during combustion to promote the formation of hydrogen fluoride (HF), 



24  RUDOLF ARO Organofluorine mass balance of environmental samples and human blood 
 

the latter was absorbed in MilliQ water as the gas was passed through the 
absorption module. Once the combustion was completed, a 2 mL subsam-
ple of the absorber solution was injected onto the ion chromatograph using 
a trap column. The F¯ concentration was measured via conductivity. The 
system is presented in more detail in paper V. 

2.3.2. Target PFAS 
The number of target PFAS measured for the different papers ranged from 
37 (paper II) to 73 (paper I). The analytical coverage included C2- 
C18 PFCA, C2-C12 PFSA, PFCA precursors and intermediates (polyfluori-
nated phosphate esters (PAP), fluorotelomer carboxylic acids (FTCA), 
fluorotelomer unsaturated carboxylic acids (FTUCA), fluorotelomer sul-
fonic acids (FTSA)), PFSA precursors and intermediates (perfluoroalkyl sul-
fonamidoacetic acids (FOSAA), perfluoroalkyl sulfonamido phosphate es-
ters (SAmPAP)), perfluorinated phosphonic acids (PFPA) and perfluori-
nated phosphinic acids (PFPiA), Cl-PFESA, perfluoroethylcyclohexanesul-
fonic acid (PFECHS), ADONA, and HFPO-DA. The detailed list of analytes 
is given within each paper separately. 

UPLC-MS/MS was used to analyze most target PFAS. The chromato-
graph was an Acquity UPLC with a C18 BEH column (2.1 mm × 100 mm, 
1.7 μm) with XEVO TQ-S MS/MS as the detector. The mobile phases were 
MeOH and 30:70 MeOH:water mixture, both with 2 mmol/L ammonium 
acetate and 5 mmol/L 1-methylpiperidine as additives; the column was kept 
at 50 °C. Ultra-short chain compounds (C2-C3) were separated by a super-
critical fluid chromatography system (SFC, also known as UPC2-ultra per-
formance convergence chromatograph), the detector was a Waters XEVO 
TQ-S MS/MS detector. The SFC mobile phases were CO₂ and MeOH (with 
0.1 % NH₄OH as an additive), the analytical column (3.0 mm × 150 mm, 
1.7 μm DIOL) was kept at 35 °C. All chromatographs, analytical columns 
and mass spectrometers were from Waters Corporation, Milford, MA, U.S. 

Native and isotopic labelled IS were used to quantify the analytes. The 
analyte concentrations were recovery-corrected using isotope dilution quan-
tification. If a corresponding IS was missing, the IS of the same compound 
group with the closest retention time was used. Multiple reaction monitor-
ing (MRM) was used and at least two transitions were monitored for the 
majority of analytes and only linear isomers were quantified. Branched iso-
mers were quantified for PFOS (papers I-IV), perfluorohexane sulfonic acid 
(PFHxS) and PFOA (both in paper I). 
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2.4. Quality Assurance / Quality Control 

2.4.1. EOF Analysis 
The CIC was calibrated using solutions made from a PFOS potassium salt. 
The external calibration curve had a correlation coefficient R²>0.99. Due 
to background contamination that could not be eliminated, the combustion 
blank (empty boat injection) response was subtracted from the sample re-
sponses before further data processing. To ensure a stable background, the 
analysis of samples was started when the relative standard deviation (RSD) 
of the three last combustion blanks was below 5 %. An additional combus-
tion blank was run after every sample to monitor for possible carry-over. 
The performance of the CIC system was monitored by measuring a PFOS 
standard sample after every 10 injections. Each extraction batch included a 
dedicated procedural blank for EOF analysis, which was used to estimate 
the limit of quantification (LOQ). 

The LOQ for EOF analysis was calculated separately for all sample types 
and it was determined as the average procedural blank concentration plus 
three times the standard deviation of the procedural blanks. 

2.4.2. Target Analysis 
The instrumental performance was monitored by repeated (after every 10 
injections) injections of a target analyte mixture. This standard sample was 
prepared with every batch of samples and had to be within ±20 % of the 
calibration curve. Calibration curves had eight points and ranged from 0.02 
to 60 ng/mL. All results below the LOQ were replaced with zero for calcu-
lating average concentrations. 

The LOD was calculated from the procedural blank values plus three 
times the standard deviation of the procedural blanks. The LOQ was the 
average concentration in the procedural blanks plus 10 times their standard 
deviation, if a compound could not be detected in the procedural blanks, 
the lowest calibration curve point was used as the LOQ. When at least two 
product ions were available, the results were only reported if both were de-
tected and their ratio was within 50 % of the expected value (from standard 
samples). The recovery for a given IS had to be between 20 % and 150 %. 
All sample extraction batches included a QC sample for target analysis, de-
tails on the specific QC samples used in each study are provided in respec-
tive papers.  
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3. Results and Discussion 

3.1. Organofluorine Mass Balances 
Organofluorine mass balance analysis was performed on a total of 7 differ-
ent matrices. The summarized results are presented in Figure 5. Note that 
the raw sewage and effluent samples were collected during different sam-
pling campaigns and thus are not directly comparable. The effluent samples 
were collected from 13 sites with different wastewater treatment methods 
(paper I), these findings are more generalizable and not limited to only one 
specific situation. 

The highest fraction of UOF were observed in all abiotic matrices (i.e. 
surface water (average of 99 % of EOF, ranging from 98 to 100 %), sedi-
ment (98 %, 95-100 %), and raw sewage (98 %, 95-99 %)). WWTP efflu-
ent samples had a somewhat lower percentage of UOF (90 %, 53-98 %). 

The high fraction of UOF in sewage samples (raw sewage, WWTP efflu-
ent) suggests the presence of yet to be identified PFAS and other OF com-
pounds. Results also show that the UOF compounds were not removed dur-
ing sewage treatment. Increases in target PFAA concentrations after 
wastewater treatment have been reported because of the transformation of 
PFAA precursors 44,99,102. Since only a fraction of a precursor degrades to the 
stable PFAA end-product and remainder becoming various transformation 
intermediates and the latter would contribute to the UOF fraction. 

The high UOF fraction in surface water samples indicates that the UOF 
compounds are also ubiquitous in the aqueous environment. This could be 
the result of WWTPs upstream of the sampling locations releasing their 
treated effluent back into the environment. The sewage treatment methods 
are unable to remove all PFAS 42–44. The high fraction of UOF in sediments 
indicates that also more hydrophobic UOF compounds are present in the 
environment. 

WWTP sludge samples stood out by having the smallest UOF fraction of 
all matrices (48 % of EOF, 0-80 %) studied here. This is in contrast to the 
WWTP effluent samples and this has been reported before (effluent having 
higher a UOF fraction) 103. Nevertheless, the sludge EOF concentration 
(107 ng/g F or 107 000 ng/kg F) was far higher than that of other sewage 
matrices, offsetting the lower UOF percentage. These differences between 
the WWTP matrices could be due to their different polarities, UOF com-
pounds might be more polar and therefore partition preferentially into the 
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aqueous phase as opposed to apolar compounds that sorb to sludge. Re-
gardless, the chemical identity of nearly half of the EOF remains unknown. 
As WWTP sludge can be used in agriculture 104, there is a potential for these 
unidentified compounds to make their way into the food web. 

The fish liver samples analyzed for OF mass balance were collected along 
with the surface water and sediment samples, and in comparison to those 
matrices the UOF fraction was smaller (84 %). These results are in line with 
previous study from Scandinavia that also analyzed fish liver samples and 
found an average UOF fraction of 66 % (only the results for perch as it was 
used in paper II) 94. This would suggest that at least some of the constituents 
of the UOF compounds in surface water have a lower bioaccumulative po-
tential than the most prevalent PFAS. The results published by Loi et al. also 
indicated that the fraction of UOF decreased with increasing trophic levels 
105, with perch being a predatory species 106 it would suggest a lower UOF 
fraction than worms (>95 % UOF) and gastropods (>99 % UOF) 105.  
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That the fraction of UOF decreases with increasing trophic level is in line 
with the OF mass balance analysis results of the human whole blood sam-
ples. Of the 148 samples from the Swedish general population, 88 % had 
EOF concentrations above LOQ and 54 % of the EOF in those samples was 
of unidentified origin (ranging from 0 to 99 %). The UOF fraction was even 
smaller (37 %, 0-76 %) in the human samples collected from Ronneby. The 
latter was expected as Ronneby had one of the municipal waterworks dis-
tributing drinking water contaminated with PFAS (PFHxS and PFOS) for 
decades 36. The OF mass balance profile of the samples collected from 
Ronneby differs clearly from the general population and is between that of 
the general population (paper III) and that of occupationally exposed peo-
ple 88. 

The blood samples from the Swedish general population were divided 
into 6 demographic groups by age and gender (paper III). The mean UOF 
fraction for all age groups was higher in females (59 %) than in males 
(41 %). The proportion of UOF in the OF mass balance was highest in the 
youngest group of females (aged 18-44, 70 % of EOF). Overall, these results 
fit into the wider narrative of increasing UOF levels in humans over time, a 
compilation of studies measuring UOF in human samples from different 
countries is presented in Figure 6 86,88,93,95. When comparing OF mass bal-
ance results from different studies it must be kept in mind that the partition 
of UOF compounds between serum (or plasma) and whole blood is not 
known. Miyake and co-authors were the first to perform OF mass balance 
analysis on human samples. They investigated samples collected in the early 
2000s from Japan and the U.S. from occupationally exposed people and the 
general population 88. Results from the U.S. and Japanese control groups 
are shown in Figure 6, with the UOF fraction between 20-50 %. Yeung et 
al. followed up by investigating the OF mass balance of human samples 
collected in 2004 in several cities in China and the UOF fraction ranged 
from 0-75 % 86. These studies were limited in that they only sampled one 
timepoint. A later paper by Yeung and Mabury measured the UOF fraction 
in samples taken in Germany between 1982 and 2009, which showed the 
UOF fraction increasing in time 93. While the fraction of UOF was usually 
below 20 % in samples collected before the year 2000, it has increased to 
25-70 % by 2018. A similar trend was observed by Miaz et al. who meas-
ured UOF in samples collected in Uppsala between 1996 and 2017 95. This 
stands in contrast to the decreasing concentrations of legacy PFAS (e.g. 
PFOS and PFOA) in the same timeframe 93,95. 



30  RUDOLF ARO Organofluorine mass balance of environmental samples and human blood 
 

With more than half of the OF present in people being from unidentified 
compounds, there is an incentive for further research. As the UOF fraction 
can be assumed to be of anthropogenic origin it should not be overlooked 
when performing risk assessment until the safety of the UOF constituent 
compounds is proven. We have a precedent with legacy PFAS 13–22, a class 
of OF compounds whose long-term health effects are still not fully under-
stood.  
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3.2. Drivers of EOF and Potential Sources of UOF 
While there are several thousand PFAS 6, they are not the only OF com-
pounds that can be present in a given sample. Several different classes of OF 
compounds were outlined in Section 1.3 (e.g. fluoropolymers and fluori-
nated agrochemicals) and depending on the sample one or more of them 
could be contributing to the OF mass balance. 

3.2.1. Environmental and Sewage Samples 
The fraction of OF accounted for by the target PFAS (∑37PFAS) in surface 
water, sediment and fish was the highest in fish liver samples. The 37 target 
PFAS accounted for 16 % of the EOF (Figure 7) and the main drivers of 
Σ37PFAS were PFAA, namely L-PFOS and C4-C6 PFCA (8 and 5 % of EOF, 
respectively). Half of the fish liver samples had EOF levels below LOQ, 
leaving fewer samples for determining the UOF prevalence in fish samples, 
a consequence of the relatively high LOQ for EOF measurement using CIC 
compared to target PFAS determination by UPLC-MS/MS. 

The target PFAS explained less than 3 % of the OF mass balance in both 
sediment and surface water samples. In both of these matrices, the short and 
long chain PFAA were some of the most prevalent PFAS in these samples 
(Figure 7). The sediment samples stood out with a higher contribution from 
PFCA precursors, driven mainly by diPAPs. 

While all three types of environmental samples were collected as part of 
the same sampling campaign, their OF mass balances should be compared 
with care. Firstly, different extraction methods were used so the EOF con-
centrations are not directly comparable. This could also result in some UOF 
compounds being extracted from water using SPE, but not from fish livers 
using IPE. Although the samples were collected at similar times, surface wa-
ter represents the contamination present at the moment, while fish and sed-
iment samples represent a more time-integrated sample (as they can ad-
sorb/absorb components over a longer time). The 37 target PFAS accounted 
for 16 % of OF in fish liver, while only 2 % (on average) in the sediment 
and surface water samples. This suggests that the compounds making up 
the UOF fraction in those samples are less bioaccumulative than PFAS. If 
their bioaccumulative potential would be similar to that of PFAA, the OF 
mass balance of liver samples should be more similar to that of the surface 
water and sediment samples. 

The target PFAS making the largest contribution to the OF mass balance 
were the same (PFAA) in all three matrices, but in the fish liver samples, the 
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most prominent compounds were long chain PFSA and short chain PFCA. 
In the sediment samples, the most abundant PFAS were short chain PFCA 
and PFCA precursors, while the two most prominent PFAS classes in surface 
water were short and long chain PFCA. 

 

 

Figure 7. OF mass balance of environmental samples with the enlarged view pre-
senting the contribution of target PFAS. 1Paper II. 

The OF mass balance profiles of sewage samples were more complex than 
in environmental samples (Figure 8). The target PFAS (73 PFAS measured 
in WWTP effluent and sludge, Σ73PFAS) accounted for the largest share of 
OF in sludge samples (52 %). The most prominent PFAS classes in the 
sludge samples were PFCA precursors and PFSA precursors, accounting for 
38 % and 7 % of EOF, respectively. Long chain PFCA and PFSA contrib-
uted a further 4 % and 2 % of EOF. The group of PFCA precursors with 
the largest contribution to the OF mass balance were diPAPs (31 % of EOF) 
and the main constituents of the PFSA precursors were FOSAAs (6 % of 
EOF). PFAA precursors accounted for 45 % of EOF in sludge, which is six 
times more than the remaining 36 target PFAS together (including PFAA), 
which accounted for 7 %. This highlights the need to adapt monitoring pro-
grams for each matrix, and to target also neutral and larger molecular 
weight PFAS when monitoring sludge.  

The target PFAS, 73 in WWTP effluent and 37 in untreated sewage, ac-
counted for up to 10 % of the OF mass balance in these matrices. The PFAS 
with the highest contribution to the OF mass balance in WWTP effluent 
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samples were ultra-short chain PFCA (4 % of EOF). This is comparable to 
the combined contribution of short and long chain PFAA (5 %). The com-
pounds that were dominant in the sludge samples (PFAA precursors) ac-
counted for less than 1 % in the effluent, again underlining the importance 
of choosing relevant target analytes for a given matrix. 

Only a small fraction (2 %) of the EOF in untreated sewage samples was 
attributable to the 37 target PFAS measured. Most of this came from short 
and long chain PFCA (1 % and 0.5 % of EOF, respectively). The lack of 
ultra-short chain PFCA, which were prominent in WWTP effluent samples, 
could be due to these compounds being formed during wastewater treat-
ment. Trifluoroacetic acid (TFA) has been reported to form during ozona-
tion of sewage 107, but this method was not employed at the WWTPs sam-
pled. There is a possibility that other sewage treatment methods yield TFA 
and perfluoropropanoic acid (PFPrA) as well. Both influent and effluent 
samples should be collected from WWTPs in future studies to monitor for 
changes in the respective PFAS profiles (whether any PFAS are formed or 
removed during sewage treatment). 

 

 

Figure 8. OF mass balance of sewage samples with the enlarged view presenting the 
contribution of target PFAS. 1Paper II, 2Paper I. 

The detection of PFAA precursors in WWTP sludge and effluent (Figure 
8) is in line with earlier from on Swedish WWTPs 103. Yeung et al. found 
that PFCA precursors were the dominant PFAS class in sludge and also 
found PFCA and PFSA precursors in effluent 103. The ubiquitous detection 



RUDOLF ARO Organofluorine mass balance of environmental samples and human blood  35 
  

of PFAA precursors in these matrices makes it likely that these samples also 
contained transformation products, only a small fraction of PFAA precur-
sors degrade to stable end-products (PFAA) with many intermediates being 
formed 46,47,58,108. Some PFAS degrade faster than others, in 90 days 7 % of 
6:2 FTSA degrades to PFAA and intermediates 47, while 65 % of 6:2 FTOH 
degrades 46. The average 6:2 FTSA concentration in sludge samples in pa-
per I was 0.2 ng/g, it would yield approximately 24 pg/g 5:3 FTCA in these 
samples (0.12 % yield 47). However, the average 5:3 FTCA concentration 
in these samples was 15 ng/g, suggesting that 5:3 FTCA is formed during 
the transformation of other PFAA precursors as well. Assuming that 35 % 
of 6:2 FTOH remained in the sludge (not measured in this study) and the 
remaining 14.8 ng/g of 5:3 FTCA would originate from the initial 
6:2 FTOH, the 6:2 FTOH concentration in sludge would have been 
25 ng/g. The latter would correspond to an EOF concentration of 17 ng/g F 
(assuming 100 % recovery) and would account for a further 16 % of the 
OF mass balance of the sludge samples. 

While PFAA precursors themselves had a smaller impact on the OF mass 
balance profiles of environmental samples (surface water, sediment; Figure 
7) or they were not detected (fish liver), it does not rule out that PFAA pre-
cursors transformation products were contributing to the UOF fraction. 

While it has been noted that yet to be identified PFAA precursors degrade 
to C4≤ PFAA 109, PFAS can be formed during the transformation of other 
OF compounds as well. TFA has been shown to form during the ozonation 
of sewage water containing fluorinated pharmaceuticals 107. 

Another class of OF compounds that have the potential to contribute to 
the UOF fraction are agrochemicals as many of them are fluorinated (see 
Section 1.3) 73. The sewage samples for papers I and II were taken from ur-
ban settlements with a mixture of domestic and industrial use. The sewage 
in an urban area could be impacted by fluorinated agrochemicals if the wa-
ter used in the region is already contaminated by them as it flows through 
agricultural areas. However, the degree of fluorinated agrochemicals in ur-
ban sewage is not known. However, the surface water, sediment, and fish 
samples were taken from more rural areas well, where the impact of agro-
chemicals could be more evident. For example, flutolanil was found in 20 % 
of surface water samples from an agricultural area in Georgia (U.S.), with a 
maximum concentration of 350 ng/L (62 ng/L F, fluorine equivalent) 110. 
Nearly 330 tonnes of pesticides of all types were used in Norway in 2014 
111 and 24 % of the pesticide products approved by use by the Norwegian 
Food Safety Authority 112, contained an active ingredient with at least one 
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fluorine atom (e.g. florasulam C12H8F3N5O3S). A study published in 2015 
compiled data on samples collected from agricultural streams in Norway 
between 1995-2012 on the levels of 61 different pesticides of which 5 were 
fluorinated 113. The highest detection frequency was observed for fluazinam 
(C13H4Cl2F6N4O4) at 15 % with a mean concentration of 0.32 μg/L, corre-
sponding to a fluorine equivalent concentration of 0.08 μg/L F (80 ng/L F). 
Using these results as an approximation, fluazinam alone could account for 
4.5 % of the EOF in the surface water samples, 4.5 times more than the 37 
PFAS measured in those samples. Fluazinam has been extracted using SPE 
before 114, but they used hydrophilic-lipophilic balanced SPE sorbent instead 
of WAX sorbent (as used in paper II). Even if fluazinam would be extracted 
and measured in target analysis, it would leave a further 85 % of EOF uni-
dentified. 

Similarly to agrochemicals, a large fraction of modern pharmaceuticals 
(25 %) contain at least a single fluorine atom or a CF3 moiety 74 and some 
of these pharmaceuticals are also ubiquitous, for example atorvastatin 
(C33H35FN2O5) was one of the most commonly prescribed drugs in Sweden 
in 2019 77 and fluoxetine was one of the most commonly used psychiatric 
drugs in the U.S. in 2013 115. Two of the top 30 drugs in Norway in 2017 
were fluorinated 116, atorvastatin and pantoprazole (C16H15F2N3O4S) (used 
by 6 % and 5 % of the population, respectively). Since pharmaceuticals 
have short half-lives 117,118 they are most likely to end up in the sewage sys-
tem along with their metabolites. In sewage or during sewage treatment they 
could degrade even further. High concentrations of fluorinated pharmaceu-
ticals have been reported in WWTP effluent in Sweden (fluconazole, 
273 ng/L, or 33.9 ng/L F) 119. This implies that fluorinated pharmaceuticals 
(and their metabolites) could be important components of the OF mass bal-
ance and could help to close the WWTP effluent OF mass balance (Figure 
8). That the UOF fraction was much smaller in the WWTP sludge, may be 
due to the physico-chemical properties of pharmaceuticals and their metab-
olites. They have to be sufficiently polar to be excreted from the body, 
which would cause them to preferentially partition into the aqueous (efflu-
ent) phase as opposed to sludge (more non-polar matrix). In addition, the 
inability of the WWTPs to remove or destroy some pharmaceuticals (e.g. 
fluconazole) has been demonstrated 119. 

This in turn means that some of those fluorinated pharmaceuticals taken 
by humans eventually end up in the environment either through WWTP 
effluent or sludge. Whether the fluorinated pharmaceuticals would be the 
main drivers of the UOF fraction in the environmental samples is not 
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known. It would depend on what are the sources of pollution in a given 
region. For example, the surface water samples from Lake Mjøsa (paper II) 
might have a lower concentration of fluorinated pharmaceuticals than River 
Alna. The latter is situated in Oslo and the former is further north in a re-
gion with far lower population density. 

In sludge samples, an additional source of UOF could be the fragments 
of fluorinated polymers, fluoropolymers with fluorine directly attached to 
the carbon backbone, perfluoropolyethers (fluorine directly attached to the 
carbon and oxygen backbone), or side-chain fluorinated polymers (non-
fluorinated backbone with fluorinated side-chains). Side-chain fluoropoly-
mer surfactants have been detected in sludge samples from Sweden, with 
concentrations comparable to aliphatic PFAS 120. A study by Letcher et al. 
found side-chain fluoropolymer surfactants in biosolid; the levels of which 
were approximately 30 higher than aliphatic PFAS 121. Cleavage of fluori-
nated side-chains from microplastic fibers has also been demonstrated 122. 
However, the recoveries of these compounds with the extraction method 
used in paper I are not known, but the poor recoveries could be offset by 
higher concentrations of these compounds. 

3.2.2. Human Samples 
Nearly half (46 %) of the EOF in the human whole blood samples from the 
Swedish general population (Figure 9) could be accounted for by the 63 
target PFAS. The majority of that was attributable to 4 compounds: PFOS 
(31 % of EOF, linear + branched), PFOA (4 % of EOF), perfluorononanoic 
acid (PFNA, 2 %), and PFHxS (5 %). The branched PFOS isomers moni-
tored in this study (Section 2.3.2) had a higher contribution to the OF mass 
balance than linear PFOS, accounting for 17 % and 14 % of EOF, respec-
tively. The target PFAS accounted for even more EOF in the samples from 
people in Ronneby (63 %). In the Ronneby samples, PFHxS accounted for 
the largest share of EOF (30 %), followed closely by PFOS (28 % linear + 
branched) and the remaining PFAS making up the remaining 5 % of EOF 
that could be explained by target analytes. 

Looking at PFOS concentrations specifically, as it is one of the most com-
monly measured PFAS, the PFOS concentration of 3.6 ng/mL (sum of Br- 
and L-PFOS) in the Swedish general population is in the same range as what 
has been reported elsewhere in the world (1.9–7.2 ng/mL) 123–125. The sam-
ples for this study were collected in 2018-2019, nearly a decade after PFOS 
and its salts were added to Annex B of the Stockholm Convention 126. The 
continued presence of PFOS in human samples might be due to the long 
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halving time of PFOS in humans and additional exposure sources, poten-
tially through re-circulation of PFOS in the environment. 

Previous research indicates that despite the declining concentrations of 
known PFAS in humans (i.e. whole blood or serum samples from humans), 
the fraction of UOF has been increasing 93,95. Since PFAS have been already 
linked to adverse health effects (for example, immunotoxicity 17,127) the po-
tential health risk from the UOF fraction should not be ignored until these 
compound can be identified and their safety is proven. 

 

 

Figure 9. OF mass balance of human whole blood samples with the enlarged view 
presenting the contribution of target PFAS. 1Paper IV, 2paper III. 

Since PFAA precursors were detected in sewage samples, it is clear that 
they are actively used in our society. A source of PFAA precursors in human 
samples could be personal care products, as they have been found to contain 
them at high concentrations 4. With personal care products, there is poten-
tial for hand-to-mouth exposure 4 as well as dermal absorption 128 and upon 
uptake in a living organism, they could be metabolized. While PFAA domi-
nated the OF mass balance profiles of human samples, trace levels of pre-
cursor compounds (such as 6:2 FTSA, 8:2 FTSA and FOSAA) were detected 
as well. Biotransformation of PFAS has been demonstrated in other living 
organisms (trout 129 and earthworms 130). The latter study showed that so-
lutions of cytochrome P450 were able to degrade 6:2 FTSA to PFAA, these 
enzymes are also present in humans have been linked to PFAA precursor 
transformation 131. The detection of precursor compounds in human blood 
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suggest that humans are exposed to significant amounts of precursors be-
cause these compounds would be metabolized in the body. The study by 
Zhao et al. found that the most abundant transformation products were 
TFA and PFPrA 130, and these two compounds were detected in 62 % and 
22 % of the samples from the general population, respectively. As matching 
mass labelled standards were not available for these compounds, their con-
centrations in the sample could have been underestimated in paper I, con-
tributing to the UOF fraction.  

As agrochemicals are involved in the production of food, they can make 
their way into humans as well. Organochlorine pesticides have been previ-
ously reported in human blood 132, but the levels appear to have decreased 
recently 133. While it sets a precedent for agrochemicals making their way 
into humans, limited information is available on the occurrence of fluori-
nated agrochemicals in humans. A study using rats as model organisms es-
timated the half-lives of fluorinated agrochemicals (fipronil, trifluralin, 
diflufenican, cyhalothrin) in humans to be up to 16 hours 134. This would 
suggest that unless the person is continuously exposed to these compounds, 
they would be eliminated from the body in a few days and should not have 
a large impact on the OF mass balance of human samples. 

Another potential source of OF could be fluorinated pharmaceuticals. 
The samples for paper III (general population) were collected from volun-
teers who came to their local blood center to donate blood. For example, 
atorvastatin was prescribed to 6 % of the Swedish population in 2020 77 
and those donating blood in Sweden are not prohibited from taking medi-
cations 135. The OF mass balance of human blood samples could be im-
pacted by fluorinated pharmaceuticals because they are often dosed at far 
higher amounts. For example, a common atorvastatin dose is between 10 
and 80 mg/day (0.3–2.7 mg F) 136 and fluoxetine is dosed at 20–80 mg per 
day (3.7–15 mg F), depending on the ailment 137. The concentrations of 
these pharmaceuticals can also reach high levels (compared to PFOS) in hu-
man blood, 22 ng/mL (0.8 ng/mL F) and 49 ng/mL (9 ng/mL F) for atorvas-
tatin and fluoxetine respectively 138,139. However, pharmaceuticals are not 
designed to be bioaccumulative, the half-life of atorvastatin is 15-30 hours 
and 1-6 days for fluoxetine 117,118. While they are metabolized, the half-lives 
of the metabolites are in the same order of magnitude, measured in days 
117,140.  

The fluorinated pharmaceuticals could explain the large variation of EOF 
concentrations in the blood samples (0.51–48.7 ng/mL F, Figure 9) if a par-
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ticipant happened to be taking them prior to donating the sample. It is un-
likely that the fluorinated pharmaceuticals would distort the average OF 
mass balance profile of the whole population, since only a fraction of the 
general population, is taking medicines at a given time and they are elimi-
nated from the body in a few days. 

In addition to PFAS, PFAS transformation products, and fluorinated 
pharmaceuticals and agrochemicals there are two other classes of OF com-
pounds that humans are potentially exposed to. Plastic additives have been 
reported in indoor dust 141 and some of the additives used in the production 
of plastics are fluorinated (e.g. fluoro-modified acrylic polymers) 142,143. 
While the concentration of additives in a given plastic product may be only 
0.01–1.0 %, plastics are produced at scale (368 million tonnes in 2019) 144. 
Indoor dust has also been reported to contain liquid crystal monomers 
(LCM) and approximately half of the commercial LCM are fluorinated 145. 
Indoor dust has been identified as a minor exposure route for PFAS 146 and 
it is likely to serve as a human UOF exposure route. As plastic additives and 
LCM are ubiquitous, it is probable that they will eventually make their way 
to the sewage system and from there into the environment. Fluorinated 
LCM have already been reported in sediment samples from China 147, indi-
cating their environmental presence and potential for additional human ex-
posure. 

3.3. Screening for PFAS Contamination 
Since the analytical picture is becoming increasingly complex for monitor-
ing PFAS contamination, it is important to ensure that environmental and 
health risks are not underestimated and the resources for monitoring are 
used as efficiently as possible. Given the results presented in this thesis, a 
streamlined workflow (Figure 10) for screening samples for PFAS contami-
nation using the OF mass balance approach. The left side of Figure 10 out-
lines the two main stages of this process while the right side shows how the 
stages are linked. Note, a sample has “high” EOF content if it exceeds a so-
called action value, proposals on how to define it will be presented in Sec-
tion 3.3.1. Additional attention will be given to the target analytes that 
should be focused on to achieve the greatest coverage of the OF mass bal-
ance with fewer target PFAS in Section 3.3.2. 
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Figure 10. Streamlined workflow to screen samples for PFAS contamination. 

3.3.1. Uncertainties of EOF Analysis Using CIC 
As shown in Figure 10, the first stage in the screening process would be to 
measure the EOF content. This comes with the drawback that all OF com-
pounds will be included in this measurand, not only PFAS, but it will also 
ensure that new PFAS are included. Results from paper I also highlighted 
the importance of including both neutral and anionic in EOF analysis, neu-
tral UOF fraction was nearly 4 times larger (37 % of EOF) than what ani-
onic PFAS were able to account for (10 % of EOF). Therefore, the extrac-
tion method should cover the whole polarity range. While CIC offers com-
prehensive analysis of the EOF content, there are a few aspects that previous 
publications have rarely investigated. The first being the assumption that all 
PFAS and other OF compounds such as fluorinated pharmaceuticals have 
100 % combustion efficiencies. With this assumption, IF standards has been 
used for quantification in CIC 68,86,88. These IF standards are often analyzed 
via direct injection into the ion chromatograph. However, the direct injec-
tion of calibration standards also assumes that no other losses occur during 
the combustion process. The IF standards could be analyzed with combus-
tion, to account for possible sources of bias, but the combustion efficiency 
of IF in comparison to OF has not been studied either.  

The goal of paper V was to investigate at least some of these issues related 
to EOF analysis using CIC. The impact of choosing IF or OF for quantifying 
fluorine content or whether matrix components impact combustion efficien-
cies was recently studied (paper V). In addition, 13 PFAS with different 
chain lengths and functional groups were analyzed to determine their com-
bustion efficiencies (paper V). The combustion efficiencies of the 13 PFAS 
ranged from 66 % to 110 % (Figure 11). These results indicate that CIC 
analysis of these PFAS does not lead to gross under- or over-estimation of 
EOF content. However, the number of potential analytes is several orders 
of magnitude higher 6. It would not be possible to determine the combustion 
efficiencies for all PFAS, but a better understanding of the impact functional 
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groups and carbon backbone length have on combustion efficiencies is nec-
essary. This work should be expanded to the most commonly prescribed 
fluorinated pharmaceuticals and the most sold fluorinated agrochemicals as 
these compounds have the potential to impact OF mass balance analysis of 
various samples. 

Paper V also demonstrated the robustness of CIC-EOF analysis by inves-
tigating the combustion efficiency of PFOA in the presence of different cat-
ions and sample matrices. Neat PFOA solutions spiked with salts, to deter-
mine whether cations could interfere with HF formation during CIC analy-
sis, did not show any impact from these cations. Whole blood and surface 
water sample extracts spiked with a known amount of PFOA did not show 
any matrix effects upon PFOA combustion efficiency. 

 

 

Figure 11. Relative combustion efficiencies of selected PFAS; mean of 3 replicate 
measurements. Results from paper V. 

If the EOF measurand from CIC is of acceptable quality, the next ques-
tion is when an EOF concentration should be considered high, what is the 
“action” value. To move from stage I to stage II (Figure 10), the sample 
should be considered to have “high” EOF content. Once the samples are 
identified, they will be further analyzed for target PFAS content for OF mass 
balance analysis. To that end existing regulations from authorities could be 
used as a starting point. The European Commission has estimated the 
benchmark dose level (BMDL10) of Σ4PFAS (PFOA, PFNA, PFHxS, PFOS) 
in one-year-old children to be 8.5 ng/mL in whole blood 148. When using 
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PFOA as a model compound (all 8.5 ng/mL is from PFOA) the fluorine 
equivalent concentration would be 6 ng/mL F. As there are OF sources 
other than aliphatic PFAS (e.g. fluorinated pharmaceuticals and agrochem-
icals) and target PFAS accounted for approximately 50 % of EOF (Figure 
9), the initial “action” value for EOF in human blood could be twice that 
of the Σ4PFAS fluorine equivalent, 12 ng/mL F. Assuming a similar OF mass 
balance to the general population (Figure 9), the 12 ng/mL F “action value” 
would be an approximation of the Σ4PFAS level (8.5 ng/mL). In paper III 
we extracted 3 mL of whole blood to achieve a LOQ of 8.3 ng/mL F, suffi-
cient for this action value. However, to be able to analyze samples of 200 µL 
necessary for wider adoption of EOF analysis, the LOQ would have to be 
0.6 ng/mL F. Likewise, the Swedish National Food Agencies Σ11PFAS (C4-
C10 PFCA, C4/6/8 PFSA and 6:2 FTSA) limit in drinking water 60 can serve 
as a basis for a surface water “action” limit as there are no regulations for 
PFAS levels in surface water. Kärrman et al. measured EOF in surface water 
samples from the Nordic countries and approximately 90 % of the EOF 
was of unidentified origin 94. The 90 ng/L Σ11PFAS limit using PFOA as a 
model compound, would correspond to a fluorine concentration of 
62 ng/L F. Assuming a similar OF mass balance to that of Kärrman et al., 
the EOF action limit in surface water should be 620 ng/L F. In paper II, we 
used 0.2 L of surface water for analysis, which corresponds to a LOQ of 
100 ng/L F and is attainable because the available sample amount for ex-
traction is larger. 

Comparing the average EOF concentration from the Swedish general 
population (9.0 ng/mL F) to the “action” value of 12 ng/mL F, 82 % of the 
130 samples from the general population with EOF levels above LOQ re-
main below this threshold. On the other hand, the samples from the general 
population with the highest EOF levels, >40 ng/mL F, should be studied fur-
ther as they exceed the set threshold more than 3 times. The samples taken 
from Ronneby residents (Figure 12), had an average EOF concentration of 
234 ng/mL F (paper IV), more than 10 times higher than the suggested ac-
tion value. 
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Figure 12. Detectable EOF concentrations in the samples from the exposed group 
in Ronneby and in the Swedish general population.1Paper IV, 2paper III. 

The above calculated “action” limit for water samples (620 ng/L F) 
would leave the surface water from Norway (Figure 7) above this threshold, 
their EOF concentrations ranged from 770 to 4030 ng/L F. This may seem 
exceedingly high, but elevated levels of EOF were found in Norwegian sur-
face waters already before 94. It has to be kept in mind that the “action” 
threshold of 620 ng/L was derived from a limit for drinking water and might 
be too strict for surface water.  

3.3.2. Which PFAS to Measure? 
Once the samples with unusually high EOF content have been selected, the 
next step would be performing OF mass balance analysis. However, as was 
pointed out in Section 3.2, the target PFAS driving the OF mass balance 
differs between matrices. A summary of which PFAS classes contributed the 
most fluorine to OF mass balance, based on the 37 PFAS monitored across 
all studies, is presented in Figure 13. 
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Figure 13. PFAS accounting for most of the ∑37PFAS in different matrices. 1Pa-
per III, 2paper II, 3paper I. 

Most of the OF that was attributable to PFAS in human blood samples 
was coming from long chain PFAA, the main drivers were Br- and L-PFOS 
which accounted for 36 % and 31 % of the fluorine from the 37 target 
PFAS. These PFOS isomers plus PFHxS, PFOA, and PFNA together ac-
counted for 91 % of fluorine from the 37 analytes. The only other biotic 
samples analyzed, the fish liver samples, showed a similar pattern, with high 
contributions from long chain PFAA. This was mainly attributable to L-
PFOS (49 % of Σ37PFAS), C4-C6 PFCA (28 %), and C10-C14 PFCA 
(20 %). The fish liver samples differed from human blood samples in having 
a large fraction of the fluorine coming from short chain PFCA while human 
samples contained PFHxS. 

The elevated fraction (28 % of ∑37PFAS) of short chain PFCA in fish sam-
ples could be the result of environmental exposure. Both surface water and 
sediment samples from the same region as the fish samples had an even 
higher proportion of short chain PFCA, 47 % of Σ37PFAS in surface water 
and 52 % in sediment. This would suggest that the short chain PFCA levels 
in fish samples are less due to poor bioaccumulation potential and more 
linked to continuous exposure. In sediment samples another group of PFAS, 
PFCA precursors, made a notable contribution to the OF mass balance. 

For untreated sewage samples, the PFAS contributing to the OF mass 
balance was a mixture of the profiles seen for surface water and sediment. 
On one side, the untreated sewage samples had a large contribution from 
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short and long chain PFCA, but on the other hand, PFCA precursors had a 
large part as well. This was seen for WWTP effluent samples as well, but 
they stood out with a large fraction of ultra-short chain PFCA. The WWTP 
sludge samples had a distinctive pattern, being dominated by PFAA precur-
sors. A summary of which PFAS classes contributed the most fluorine to the 
OF mass balance is presented in Table 2. 

Table 2. Proposed target PFAS classes for different matrices. 

Matrix Focus PFAS  

Human blood Long chain PFAA 

Surface water Short and long chain PFCA 

Sediment Short chain PFCA, PFCA precursors 

Fish liver Long chain PFAA and short chain PFCA 

Untreated sewage Short and long chain PFCA 

WWTP effluent Ultra-short and short chain PFCA 

WWTP sludge PFAA precursors 
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4. Conclusion 
The results from WWTP samples showed a large fraction of UOF, 48 % in 
sludge and 90 % in effluent (Figure 8). These results were obtained by sam-
pling more than a dozen different WWTPs in 7 different countries, therefore 
the high UOF proportion in these matrices is not limited to one geographic 
area or one particular human activity, but it is a more general trend. Both 
effluent and sludge eventually end up in the wider environment and the en-
vironmental samples showed similarly high UOF fractions, from 84 % in 
fish to 99 % in surface water (Figure 7). WWTPs have been identified as 
point sources of PFAS 41and are likely to have a similar role in spreading 
UOF contamination. 

The fraction of UOF in human samples ranged from 37 % of UOF in the 
blood of exposed people to 54 % in the general population (Figure 9), 
which was lower than in the environmental samples (84-99 %, Figure 7). 
The human samples stood out by having a large fraction of their OF mass 
balance accounted for only by a few PFAS, with just branched and linear 
PFOS together accounting for 31 % of EOF in the general population. The 
sum of 37 PFAS monitored in the environmental samples accounted for at 
most 16 % of EOF. While the EOF exposure in humans was driven by long 
chain PFAA, they were not as dominant in the environmental samples. All 
studied environmental matrices had a similar fraction of EOF explained by 
short chain PFCA and in sediment also by PFCA precursors. 

The streamlined workflow (Figure 10) proposed in this thesis aims to 
take advantage of the robustness of EOF analysis. Analyzing the samples 
for their EOF content “future-proofs” the screening method since all PFAS 
contain fluorine and very few natural organofluorine compounds exist, 
while using target analysis methods are a constant “catch-up” game. For 
example, a recent study from Germany found PFOA replacement products, 
ADONA and hexafluoropropylene oxide dimer acid (HFPO-DA, also 
known as GenX), at concentrations 10-100 times higher than that of PFOA 
149. If the replacement products were not included in the target analysis, the 
contamination would have been overlooked. Their presence would have 
been detected with EOF analysis as an unusually high OF content, raising 
an alarm signal. The European Union has set environmental quality stand-
ards (EQS) for PFOS in surface water and biota, 0.65 ng/L and 9.1 ng/g, 
respectively 150. This would account for less than 2.5 % of the EOF meas-
ured in these matrices in paper II (Figure 7), highlighting the drawback of 
monitoring only target PFAS. The UOF compounds represent a potential 
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public health and environmental risk as the potential effects of these un-
knowns are not known yet. The UOF fraction is especially concerning be-
cause it has been increasing in humans for the last two decades (Figure 6). 

The results also showed that different sample matrices accumulate differ-
ent PFAS and thus selection of PFAS is crucial to close the mass balance of 
OF. (Figure 13). In human samples, the long chain PFSA were the dominant 
class of PFAS. Branched PFOS isomers were a crucial component (Figure 9) 
but they are not always measured. The PFAS profile was more varied in the 
environmental and sewage samples. For example, in WWTP sludge, PFAA 
precursors were the most prevalent PFAS, while short and long chain PFCA 
were dominant in surface water. 

CIC was shown to be robust and able to analyze PFAS of different classes, 
and with different perfluorinated carbon chain lengths (Figure 11). The CIC 
method did not suffer from matrix effects as well, underlining its suitability 
as a complementary tool to more conventional analytical methods (e.g. 
UPLC-MS/MS). However, the CIC response was different when different 
forms of fluorine (inorganic fluorine and organofluorine compounds) were 
used. 

 
The main conclusions from this thesis are: 

• A large fraction of OF compounds in all matrices were of unidenti-
fied origin, compounds whose health and environmental effects are 
not known 

o Over half of EOF in the general population was of uniden-
tified origin 

o The UOF fraction was between 48-99 % in sewage and en-
vironmental samples 

• The list of target PFAS should be tailored to the sample type to 
achieve a larger coverage of the OF mass balance 

• Consistent PFAS combustion efficiencies of a range of PFAS 
demonstrated the suitability of CIC for EOF analysis 

• EOF analysis is a prospective method for future PFAS contamina-
tion monitoring programs 
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5. Outlook 
The results presented in this thesis lay out the case for adopting EOF anal-
ysis for monitoring PFAS contamination in both environmental and human 
samples. The ubiquitous detection of unidentified organofluorine com-
pounds in all matrices highlights the inadequacy of monitoring only target 
PFAS, as this may result in underestimating both environmental and human 
health risks. However, a few key issues would need to be addressed to fa-
cilitate the adoption of EOF methodologies. 

Firstly, a common criticism of the method is that the unidentified com-
pounds might be harmless. As discussed above in Section 3.2, it could be 
worthwhile to include the most common fluorinated pharmaceuticals and 
agrochemicals in OF mass balance studies. This would allow researchers to 
assess whether these compounds are present in their samples and if they 
have an impact on the OF mass balance. In conjunction, the recoveries of 
these fluorinated agrochemicals should be tested for the chosen extraction 
method. For example, if the agrochemicals are not captured during sample 
preparation, then they will not influence the OF mass balance. Flutolanil, a 
fluorinated fungicide, has been extracted with QuEChERS 151, other pesti-
cides have been extracted with SPE 152. Using a few fluorinated agrochemi-
cals and pesticides as model compounds, to determine their recoveries with 
a given method, would assist in interpreting the OF mass balance results. 

A complementary approach towards closing the OF mass balance would 
be to estimate the prevalence of PFAA precursor transformation products. 
The precursor compounds were detected in various media (from human 
blood to sewage sludge), suggesting the presence of transformation interme-
diates. The TOP assay has been used to estimate the levels of PFAA precur-
sors 109, but matrix interferences can cause issues and some PFAS are known 
not to oxidize with this method 66. Thus, there is a risk of underestimating 
the PFAA precursor levels using the TOP assay. Suspect screening and NTA 
have emerged as powerful tools, owing to the proliferation of high-resolu-
tion mass spectrometry (HRMS) instrumentation and progress made in 
compiling chemical databases 63. The high mass accuracy allows these meth-
ods to be used for the discovery of unidentified PFAS and through fragmen-
tation patterns for their characterization and both methods have been used 
to identify PFAS in various matrices. While NTA allows measuring com-
pounds without the corresponding analytical standard, the results are semi-
quantitative and HRMS data analysis is time-consuming and reliant on da-
tabases.  
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However, the task of closing the OF mass balance might prove time- and 
resource-consuming. It might be more prudent to start using EOF or an 
alternative (more comprehensive or total) method for estimating the overall 
OF exposure as is. EOF analysis has several limitations, including overesti-
mating the PFAS exposure, but the risk of underestimating PFAS exposure 
levels using only target analysis methods might be too high to ignore. EOF 
analysis could be used, but crucial method parameters need to be harmo-
nized beforehand. An example of using a robust yet less targeted method 
for sufficiently reliable results can be found in moisture metrology. The 
most common method in that field, the loss on drying method, is not specific 
to water content 153, but standardized (ISO, ASTM) methods have allows 
these results to be reproducible and in many applications that is sufficient. 

A similar approach could be taken in PFAS contamination monitoring 
with EOF analysis, but for that, more rigorous methods and QC procedures 
will be required, including standardized methods (similar to ISO25101 for 
PFAS in water), certified reference materials for OF content in the relevant 
matrices, and interlaboratory comparison measurements. Parts of this thesis 
contributed towards developing more standardized methods, by investigat-
ing the combustion efficiencies of different PFAS, this would need to be ex-
panded to a wider range of PFAS and the work should expand into the most 
common OF compounds (fluorinated agrochemicals and pharmaceuticals). 

Additionally, it is crucial to lower the LOQ of CIC by a factor of 10 at a 
minimum. This would permit the extraction of smaller sample amounts, 
which is especially relevant for human biomonitoring work, where only a 
limited amount of samples is available to the researchers. In paper III it was 
necessary to extract 3 mL of whole blood to achieve an EOF detection rate 
of 87 %. Previous studies using small sample amounts had lower EOF de-
tection frequencies 95. 
 
Research questions for future projects: 

• How much of the OF mass balance can be attributed to fluori-
nated pharmaceuticals and agrochemicals? 

• What are the combustion efficiencies of PFAS and other OF com-
pounds? 

• How to increase the sensitivity of EOF analysis? 
• How to determine and what would be the regulatory limits for 

EOF concentration, should it be adopted? 
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selles valdkonnas läbi lüüa. Mitte mõne erilise ande või tutvuse kaudu, vaid 
läbi selle et ma lihtsalt tegin, rohkem tööd. Kuidas ma Teid lõpuks kuulda 
võtsin, nii kümmekond aastat tagasi, Te olite eesskujuks. 
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