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Abstract

Organohalogen compounds (OHCs) represent a diverse group of organic substances containing fluorine, chlorine, bromine
and/or iodine, many of which are well-known for their environmental persistence, bioaccumulation and toxicity. Despite
regulations and bans on several problematic OHCs, new compounds continue to emerge as replacements, challenging
existing analytical techniques. The concept of the OHC “iceberg” is that we only measure a fraction (“the tip”) of all OHCs
in a sample. This thesis aims to quantify the size of the OHC iceberg and apply state-of-the-art analytical techniques to
identify the part we cannot see. To achieve this, extractable organohalogen (EOX; where X = F, Cl, or Br) mass balance
methods were developed and applied, using a combination of combustion ion chromatography (CIC) and target analyses.
Subsequently, high resolution mass spectrometry (HRMS)-based suspect and nontarget screening approaches were applied
to further characterize the unknown fractions of EOX.

The lack of standardization for extractable organofluorine (EOF) mass balance methods has raised concerns about data
reproducibility. In Paper I, an interlaboratory comparison was conducted to assess the fluorine mass balance method across
three laboratories, using both water and sludge samples. The EOF-CIC method demonstrated promising accuracy and
robustness, over a wide range of concentrations (60 to 2500 ng/L F). Paper II presents the first multi-halogen mass balance
in wastewater treatment plant (WWTP) sludge, a useful approach to prioritize samples for follow-up investigation. Total
halogen (TX) and EOX were determined in municipal sewage sludge as well as in standard reference materials (SRMs).
Chlorinated paraffins (CPs) made up ~92% of extractable organochlorine (EOCI), while brominated flame retardants
accounted for ~54% of extractable organobromine (EOBr) and per- and polyfluoroalkyl substances (PFAS) accounted for
only 2% of the EOF. Additionally, unidentified EOF in non-polar CP extracts suggest the existence of organofluorine(s)
with chemical properties unlike those of conventional PFAS. In Paper III the unknown fraction of EOF in WWTP sludge
was further investigated, focusing on fluoropharmaceuticals and -pesticides. HRMS-based suspect screening was applied
and sixteen pharmaceutical substances (including transformation products [TPs]), one pesticide and thirteen conventional
PFAS were confirmed at confidence levels 1-4. Although the newly detected organofluorine compounds contained few
fluorine atoms, their high concentrations resulted in significant contributions to the EOF. The known EOF fraction increased
from 2% to 27% identified, of which ~22% was accounted for by fluoropharmaceuticals. In Paper IV, sludge and SRM
extracts from Paper II containing unidentified EOCI and EOBr were reanalyzed using HRMS with ion mobility (IM)
separation. Out of 17,982 peaks, 3,890 were prioritized using isotope patterns, collision cross section (CCS) values, and
mass defect filters, resulting in the detection of 54 legacy OHCs and 30 unknown OHCs, of which 11 were tentatively
identified.
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Abstract

Organohalogen compounds (OHCs) represent a diverse group of organic
substances containing fluorine, chlorine, bromine and/or iodine, many of which are
well-known for their environmental persistence, bioaccumulation and toxicity.
Despite regulations and bans on several problematic OHCs, new compounds
continue to emerge as replacements, challenging existing analytical techniques.
The concept of the OHC “iceberg” is that we only measure a fraction (“the tip”) of
all OHCs in a sample. This thesis aims to quantify the size of the OHC iceberg
and apply state-of-the-art analytical techniques to identify the part we cannot see.
To achieve this, extractable organohalogen (EOX; where X = F, Cl, or Br) mass
balance methods were developed and applied, using a combination of combustion
ion chromatography (CIC) and target analyses. Subsequently, high resolution
mass spectrometry (HRMS)-based suspect and nontarget screening approaches
were applied to further characterize the unknown fractions of EOX.

The lack of standardization for extractable organofluorine (EOF) mass balance
methods has raised concerns about data reproducibility. In Paper I, an
interlaboratory comparison was conducted to assess the fluorine mass balance
method across three laboratories, using both water and sludge samples. The
EOF-CIC method demonstrated promising accuracy and robustness, over a wide
range of concentrations (60 to 2500 ng/L F). Paper Il presents the first multi-
halogen mass balance in wastewater treatment plant (WWTP) sludge, a useful
approach to prioritize samples for follow-up investigation. Total halogen (TX) and
EOX were determined in municipal sewage sludge as well as in standard
reference materials (SRMs). Chlorinated paraffins (CPs) made up ~92% of
extractable organochlorine (EOCI), while brominated flame retardants accounted
for ~54% of extractable organobromine (EOBr) and per- and polyfluoroalkyl
substances (PFAS) accounted for only 2% of the EOF. Additionally, unidentified
EOF in non-polar CP extracts suggest the existence of organofluorine(s) with
chemical properties unlike those of conventional PFAS. In Paper Il the unknown
fraction of EOF in WWTP sludge was further investigated, focusing on
fluoropharmaceuticals and -pesticides. HRMS-based suspect screening was
applied and sixteen pharmaceutical substances (including transformation
products [TPs]), one pesticide and thirteen conventional PFAS were confirmed at
confidence levels 1-4. Although the newly detected organofluorine compounds
contained few fluorine atoms, their high concentrations resulted in significant
contributions to the EOF. The known EOF fraction increased from 2% to 27%
identified, of which ~22% was accounted for by fluoropharmaceuticals. In Paper
IV, sludge and SRM extracts from Paper Il containing unidentified EOCI and EOBr
were reanalyzed using HRMS with ion mobility (IM) separation. Out of 17,982
peaks, 3,890 were prioritized using isotope patterns, collision cross section (CCS)
values, and mass defect filters, resulting in the detection of 54 legacy OHCs and
30 unknown OHCs, of which 11 were tentatively identified.



Sammanfattning

Halogenerade organiska @mnen (OHCs) ar en mangsidig grupp av organiska
amnen som innehaller fluor, klor, brom och/eller jod, varav manga ar kanda for att
vara langlivade, bioackumulerande och toxiska. Trots reglering och férbud mot
flera problematiska OHCs ersatts dessa ofta med nya amnen, vilket utmanar
befintliga analysmetoder. Konceptet med metaforen OHC "isberget" ar att endast
en brakdel ("toppen”) mats av de totala OHCs som finns i ett prov. Denna
avhandling syftar till att kvantifiera den totala storleken pa det sa kallade isberget
och att tildampa moderna analytiska tekniker for att identifiera den osynliga delen
av OHC-isberget. For att uppna detta utvecklades och tillampades
massbalansmetoder for extraherbara organohalogener (EOX; dar X = F, Cl eller
Br) med férbranningsjonkromatografi (CIC) i kombination med riktade (target)
analyser. Darefter tillampades hoégupplost masspektrometri (HRMS)-baserade
metoder for misstankt och icke-riktade screening for att ytterligare karakterisera
de okanda fraktionerna av EOX.

Avsaknaden av standardiserade metoder fér massbalans av extraherbar
organofluor (EOF) har lett till att reproducerbarheten av data blivit ifragasatt. |
Publikation | genomférdes en interlaboratoriestudie for att jamféra fluor-
massbalansmetoden, med bade vatten- och slamprov. EOF-CIC-metoden visade
lovande noggrannhet och robusthet i ett brett koncentrationsspann (60 till 2500
ng/L F). Publikation Il presenterar den forsta multi-halogenmassbalansen i slam
fran ett avloppsreningsverk (WWTP), en anvandbar strategi for att prioritera
prover for uppféljande undersoékningar. Den totala mangden halogena amnen (TX)
och EOX mattes i kommunalt avioppsslam samt i standardreferensmaterial
(SRMs). Klorparaffiner (CPs) utgjorde ungefar 92% av extraherbar organoklor
(EOCI), medan bromerade flamskyddsmedel stod fér ungefar 54% av extraherbar
organobrom (EOBr), och per- and polyfluorerade amnen (PFAS) utgjorde endast
2% av EOF. Dessutom tyder oidentifierad EOF i icke-polara CP-extrakt pa
existensen av organofluor med kemiska egenskaper som skiljer sig fran
konventionell PFAS. | Publikation Ill underséktes den okanda fraktionen av EOF
i WWTP-slam vidare, med fokus pa fluorerade lakemedel och pesticider. HRMS-
baserad misstankt screening tillampades dar 16 lakemedel (inklusive
transformationsprodukter [TPs]), 1 pesticid och 13 konventionella PFAS
bekraftades pé& konfidentsnivderna 1-4. Aven om de nyupptéckta
organofluorféreningarna  har fa fluoratomer resulterade deras hoga
koncentrationer i ett betydande bidrag till EOF. Den kdnda EOF-fraktionen 6kade
fran 2% till 27%, varav 22% var kopplad till fluorerade lakemedel. | Publikation IV
omanalyserades slam- och SRM-extrakt frdn Publikation Il med oidentifierade
EOCI och EOBr med HRMS och jonmobilitetsseparation (IM). Av 17 982 toppar
prioriterades 3 890 med hjalp av isotopmonster, collision cross section (CCS)-
varden och massdefektfilter, vilket resulterade i detektion av 54 kdnda &mnen med
riktad analys och 30 okanda halogena amnen, varav 11 kunde preliminart
identifieras.



Samenvatting

Organische halogeenverbindingen (OHC's) zijn een diverse groep van stoffen
die koolstof en waterstof bevatten, en waar één of meerdere waterstofatomen zijn
vervangen door fluor, chloor, broom en/of jood. Vele van deze OHCs zijn
persistent, bioaccumulerend en toxisch. Door regelgeving en verboden duiken
nieuwe verbindingen op ter vervanging van problematische OHC's. Deze
alternatieven vormen een uitdaging voor bestaande analytische technieken. Het
concept van de OHC ’ijsberg’ verwijst naar het feit dat we meestal slechts een
fractie ('de top’) van de totale OHC's in een monster meten. Dit proefschrift heeft
als doel de totale omvang van de zogenoemde OHC ijsberg te kwantificeren en
moderne analytische technieken toe te passen om zowel de verbindingen in de
top van de ijsberg als in de verborgen lagen te identificeren. Om dit te bereiken,
werd een methode ontwikkeld met verbrandingsionchromatografie (CIC) voor
massabalansmetingen van extraheerbaar organisch halogeen (EOX; waar X = F,
Cl of Br) en deze werd toegepast in combinatie met doelstofanalyses. Vervolgens
werden op basis van hoge-resolutie massaspectrometrie (HRMS) suspect en
generieke (nontarget) screeningsmethodes toegepast om de onbekende fracties
van de EOX verder te karakteriseren.

In Publicatie | werd een interlaboratoriumonderzoek uitgevoerd om de fluor-
massabalansmethode in drie laboratoria te vergelijken, in zowel water- als
slibmonsters. De EOF-CIC-methode toonde veelbelovende nauwkeurigheid en
robuustheid. Publicatie Il presenteert de eerste multi-halogeen-massabalans in
slib van een afvalwaterzuiveringsinstallatie (WWTP), een veelbelovende aanpak
om monsters te prioriteren voor vervolgonderzoek. Totale halogeen (TX) en EOX
werden bepaald in gemeentelijk rioolslib evenals in standaardreferentiematerialen
(SRM's). Chloorparaffines (CP's) maakten ongeveer 92% uit van de EOCI terwijl
gebromeerde vlamvertragers goed waren voor ongeveer 54% van de EOBr, en
PFAS slechts 2% van de EOF uitmaakten. Bovendien suggereert het
ongeidentificeerde EOF in apolaire CP-extracten het bestaan van organisch fluor
met eigenschappen die verschillen met die van conventionele PFAS. In
Publicatie Ill werd de onbekende fractie van EOF in slib van de WWTP verder
onderzocht, met focus op fluoromedicijnen en -pesticiden. HRMS-gebaseerde
suspect screening werd toegepast en zestien farmaceutische stoffen (inclusief
transformatieproducten [TP's]), één pesticide en dertien conventionele PFAS
werden bevestigd op vertrouwensniveaus 1-4. Hoewel deze farmaceutische
stoffen en pesticiden weinig fluoratomen bevatten, resulteerden hun hoge
concentraties in een significante bijdrage aan de EOF. De bekende EOF-fractie
steeg van 2% naar 27%, waarvan 22% werd toegeschreven aan gefluoreerde
farmaceutische stoffen. In Publicatie IV werden slib- en SRM-extracten uit
Publicatie Il met onbekend EOCI en EOBr opnieuw geanalyseerd met HRMS met
ionmobiliteitsscheiding (IM). Van de 17.982 pieken werden er 3.890 geprioriteerd
met behulp van isotopische patronen, collision cross section (CCS)-waarden en
massadefectfilters, wat resulteerde in de identificatie van 54 bekende en 30
onbekende halogeenverbindingen, waarvan er 11 konden worden geidentificeerd
op vertrouwensniveaus 4-5.
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Introduction

Chemicals are all around us, both good ones and bad ones. While
chemicals have improved our quality of life in many areas, their spread around
the globe can have harmful impacts on both humans and the environment.
We already know about many bad chemicals, which we can measure and
regulate. However, as the French philosopher René Descartes stated in the
17" century: “We do not describe the world we see, we see the world we can
describe.” This applies to chemicals as well: we usually only measure what
we know. Yet, advanced measurement techniques now allow us - analytical
chemists - to look for the unknown. In this thesis different techniques were
used to estimate the so-called “chemical iceberg” focusing on halogenated
chemicals (which are often the bad ones). The aim was to determine the total
size of the “iceberg” and the fraction of known halogenated chemicals (the ‘tip
of the iceberg’) in sludge samples from a wastewater treatment plant in
Stockholm. Thereafter state-of-the-art techniques were applied to
characterize those that were unidentified (the unseen part of the “iceberg”).
Chemicals found in sludge mirror their use in society and should be monitored
as the sludge may be released back into the environment as fertilizer and
could pose long-term risks to both ecosystems and human health.

Organohalogen compounds

Organohalogen compounds (OHCs) encompass a broad class of both
natural and anthropogenic chemicals that contain halogen atoms (fluorine,
chlorine, bromine, and iodine) covalently bound to carbon atoms. Man-made
OHCs are widely used for various industrial, agricultural and medical
purposes, finding applications as flame retardants, plasticizers, biocides,
surfactants, coolants and lubricants. Currently, more than 30,000 individual
OHCs are registered in inventories worldwide (Wang et al., 2020).

Despite their utility, the same properties that make OHCs useful - such as
their persistence - have been linked to environmental and health concerns.
Many OHCs are environmentally persistent, bioaccumulative and toxic, which
has led to numerous regulations and global phase-out initiatives. The UN
Stockholm Convention on Persistent Organic Pollutants (POPs), for example,
aims to eliminate and/or restrict the production and use of a number of
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chemicals (UNEP, 2023). The majority listed in the UN Stockholm Convention
are halogenated, highlighting their problematic nature. Well-known classes of
highly halogenated pollutants include per- and polyfluoroalkyl substances
(PFAS), chlorinated paraffins (CPs) and brominated flame retardants (BFRs),
such as polybrominated diphenyl ethers (PBDEs; Figure 1).

Regulated chemicals are often replaced by new substances with similar or
even worse properties, a process known as “regrettable substitution”. PBDEs
and hexabromocyclododecane (HBCDD), for example, have been replaced
by numerous emerging flame retardants, while perfluorooctanesulfonic acid
(PFOS) and perfluorooctanoic acid (PFOA) have been replaced by short chain
PFAS and polyfluoroalkyl substances. Although many prominent pollutants
have been regulated, a large number remain unknown and unmonitored due
to their confidentiality or ambiguously described identity (UNEP, 2018; Wang
et al., 2020). Furthermore, some compounds are transformed after release
into the environment by, for example, photolysis, hydrolysis, and/or
metabolism and form transformation products (TPs) with properties that might
differ from their parent compounds. This situation creates a constant and
arduous task to develop and validate analytical methods that can detect and
quantify novel OHCs, in order to enable risk assessment, monitoring and
regulation.

[ Organohalogen compounds (OHCs) }
Per- and polyfluoroalkyl substances / Chlorinated paraffins \ Brominated flame retardants
PFASs CPs BFRs
Br Br
RFRFRFRS o o o o ¢ B, o Br
F. / CH;
000 Dt
FEFEFEFEJ OH ¢ c B Al =
Br Br
Perfluorooctane sulfonic acid Short-chain chlorinated paraffin Decabromodiphenyl ether
(PFOS) (sccp) (PBDE-209)

Figure 1. Three groups of highly halogenated chemicals with an example compound structure
for each group.

Halogen mass balance approach

Capturing the large number and diversity of OHCs in a single targeted
method is challenging and currently not possible, leading to concerns that
exposure to OHCs may be underestimated. For this reason, there is growing
interest in so-called “organohalogen mass balance” experiments, which seek
to quantify the fraction of unidentified organohalogen in samples.



The halogen mass balance approach is used to understand the distribution
of different forms of halogens (Figure 2). Total halogen (TX) represents all
halogenated species in a sample, including both organic and inorganic
substances. Extractable organohalogen (EOX) is the fraction that can be
extracted from the sample, which is designed to remove inorganic halogens
(IX) but may also inadvertently remove some organohalogens (i.e. non-
extractable organohalogen; NEOX). The known portion of EOX is associated
with specific target OHCs.

Due to the large number of OHCs and their tendency to be environmentally
persistent, there is a growing demand for regulation on a class-wide, rather
than individual substance basis. This is especially relevant for PFAS, which
are estimated to encompass more than 7 million substances under the revised
definition of PFAS: any chemical containing at least one perfluorinated methyl
(-CF3) group or a perfluorinated methylene (-CF2-) group (Schymanski et al.,
2023). In 2023, a universal PFAS restriction was submitted to the European
Chemicals Agency (ECHA) by five EU member states (Germany, Denmark,
Netherlands, Norway, and Sweden). The EU revised Drinking Water Directive
has recently adopted a group approach for PFAS (‘PFAS-Total’) that can be
either used as a complement or replacement for the 0.10 pg/L threshold for
the sum of 20 commonly measured PFAS (3>PFAS20) including 10
perfluoroalkyl carboxylic acids (PFCAs; Cas-13) and 10 perfluoroalkyl sulfonic
acids (PFSAs; Cas-13) (European Union, 2020). Since no single analytical
method can capture all PFAS, the ‘PFAS-Total’ approach, with a current
threshold concentration of 0.50 ug/L, has three recommended methods that
can all provide useful results and proxy measurements, however none of the
methods are standardized. The methods included are the total oxidizable
precursor (TOP) assay, combustion ion chromatography after extraction of
organofluorine (EOF-CIC), and liquid-chromatography - high resolution mass
spectrometry (LC-HRMS) (European Union, 2024).

IXand
TX } NEOX

TX = Total halogen
Unknown
EOX EOX IX = Inorganic halogen
NEOX = Non-extractable organohalogen
EOX = Extractable organohalogen
Known OHCs = Organohalogen compounds

OHCs

Figure 2. Halogen mass balance concept.



Previous organohalogen mass balance studies

The earliest organohalogen mass balance experiments were performed
during the late 1990s and 2000s, when instrumental neutron activation
analysis (INAA) was used to determine extractable organochlorine (EOCI),
extractable organobromine (EOBr) and extractable organo-iodine (EOI)
across a wide range of environmental samples, including biota (Kiceniuk et
al., 1997; Kannan ef al., 1999; Kawano et al., 2003, 2007, 2008; Wan et al.,
2010), incinerator ashes (Matsui et al., 2003), air (Xu et al., 2005), and pine
needles (Xu et al., 2003). Targets measured in these studies included
polychlorinated biphenyls (PCBs), dichlorodiphenyl trichloroethanes
(DDTs), hexachlorocyclohexanes (HCHSs), polychlorinated dibenzo-p-dioxins
and polychlorinated dibenzofurans (PCDD/Fs), and PBDEs. All of these
studies revealed a significant portion of EOX that remained unidentified.

In comparison, fluorine mass balance experiments were first introduced in
2007 when targeted PFAS analyses were paired with extractable
organofluorine (EOF) determined by combustion ion chromatography (CIC) in
seawater (Miyake et al., 2007). The fluorine mass balance approach has since
then been applied to many other matrices, including biological samples
(Yeung et al., 2009; Karrman et al., 2019; Koch et al., 2019; Kaiser et al.,
2020; Miaz et al., 2020; Schultes et al., 2020; Spaan et al., 2020) consumer
products (Schultes et al., 2018, 2019) and sewage sludge (Yeung et al., 2017;
Aro et al., 2021).

Searching the unknown: high resolution mass
spectrometry

Advances in analytical chemistry and computing have greatly expanded
the possibilities for molecular structure elucidation, thereby revolutionizing
analysis of complex environmental samples (Hollender et al., 2017). High
resolution mass spectrometry (HRMS) instruments have high mass accuracy
(x 0.001 Da), and allow resolution of peaks with very small mass differences
(e.g., resolution >200,000 at m/z 200). HRMS has enabled suspect and
nontarget screening, making it possible to screen for a broad range of
compounds in a single run, without the need of authentic standards, which
might be too expensive, restricted, or not commercially available (Hollender et
al., 2017).

Nontarget screening can be broadly defined as the characterization of the
chemical composition of any given sample without the use of a priori
knowledge regarding the chemical content in the sample (Place et al., 2021).
Suspect screening is an example of nontarget analysis and aims to identify



known chemicals by matching experimental data with predefined suspect lists.
Due to the sheer quantity of data produced in a nontarget experiment, the
features of interest must be prioritized. This can be accomplished in a number
of ways, for example by exact mass matches with a library database,
homologue series search, and characteristic isotope pattern search
(Hollender et al., 2023). Fragmentation data (MS?) can give additional
information about the identity of a feature, acting like a fingerprint. The
environmental chemistry community often uses a five-level framework to
describe the confidence level (CL) in the identification of chemical features by
HRMS (Schymanski et al., 2014) where CL1 entails the highest confidence
with a confirmed structure achieved using a reference standard. CL2 suggests
a probable structure based on library matches or diagnostic evidence. CL3
are tentative candidates where evidence exists for a possible structure. For
CL4 an unequivocal molecular formula can be assigned, and for CL5 there is
an exact mass of interest, but information to assign a formula is lacking.

Sample of interest: waste water treatment plant
sludge

Waste water treatment plants (WWTPs) are a mirror of chemical use in
society. Many chemicals from commercial and household sources end up in
wastewater and urban runoff, entering WWTPs. There are three main
pathways for release of chemicals from WWTPs into the environment: via
volatilization into the atmosphere, via effluent, and via sludge disposal.
Sewage sludge has historically been an unwanted by-product from
wastewater treatment. It can, however, be an important resource, as it
contains nutrients, such as phosphorus (which is a finite resource), nitrogen,
micronutrients and organic matter. On average, ~50% of sludge in Europe is
used in agriculture, ~20% is incinerated and the rest is used for land
reclamation (around mines for example) or disposed in landfills (EurEau,
2021). EU member states utilize sewage sludge very differently, depending
on local needs, priorities and opportunities. For example, in the Netherlands
and Switzerland incineration is the only permitted option, while the Baltic
region shows a high share of sewage sludge use in agriculture (Sichler et al.,
2022). However, due to the presence of contaminants, including heavy
metals, pharmaceuticals and organic pollutants, there is an ongoing debate
about the use of sludge (or biosolids — as it is called after treatment) in
agriculture and meeting regulatory requirements (Holmgren et al., 2020).

In Sweden, every year about 200,000 tonnes of sludge are produced, of
which ~50% of the treated sludge is reused on farmland (Revaq, 2022). The
application of sewage sludge as fertilizer can result in soil contamination and
absorption by organisms like earthworms, posing a risk of bioaccumulation in



terrestrial food webs, as was observed with PBDEs (Sellstrom et al., 2005).
Application of sewage sludge on agricultural land is regulated by the EU
sludge directive from nearly 40 years ago, which focuses mainly on heavy
metals (86/278/EEC), as well as by Swedish regulations: SNFS 1994:2 and §
20 of SFS 1998:944. Revaq is a voluntary sludge quality assurance
certification system for WWTPs in Sweden and has been established by the
Swedish Water & Wastewater Association (Svenskt Vatten) in co-operation
with the Federation of Swedish Farmers (LRF), the Swedish Food Federation
and the Swedish EPA. About 5 million people (~50% of the Swedish
population) are connected to Revag-certified WWTPs. Revaq aims to ensure
that sludge is safe to be used in agriculture and requires the WWTPs to be
committed to source control work, and to reducing the concentrations of heavy
metals, trace elements, and pathogens. It also includes a phase-out list for
chemicals in upstream industries, and will include measurements of > PFAS4
and Y PFAS22 (Revaq, 2025).

There are currently no thresholds for organic pollutants in sewage sludge
in Sweden. However, the Swedish EPA has proposed thresholds for the year
2030 for decabromodiphenyl ether (PBDE-209), CPs, Y PCB7 and PFOS of
0.5, 2, 0.04, and 0.02 mg/kg dw, respectively and 10 ng/kg dw for PCDD/Fs
(as toxic equivalents [TEQ]) (Naturvardsverket, 2013). WWTPs are a major
filter for chemicals from the technosphere to the environment. It is therefore of
great importance to ensure that harmful substances are identified and
prevented from entering the wastewater system so that sludge can be reused
in a sustainable manner. Characterization of sewage sludge is also valuable
as it can be potentially used as a proxy for human exposure and could be
applied as an early warning system to prevent bioaccumulation of hazardous
chemicals (Gil-Solsona et al., 2021).

The few OHC mass balance data available for sludge have focused on
PFAS and organofluorine, and showed that a significant proportion of EOF is
unidentified (Yeung et al., 2017; Aro et al., 2021). To the best of our knowledge
EOCI or EOBr mass balance studies have not been previously carried out in
sludge, nor have there been any OHC mass balance studies involving
emerging brominated or chlorinated contaminants.



Hypotheses and objectives

The overarching hypothesis in this dissertation is that the presence of
OHCs is underestimated when relying solely on targeted analytical methods.
To address this, the main objectives were to:

a) Analyze samples for the presence of known compounds by
targeting highly halogenated compounds such as PFAS, CPs, and
halogenated flame retardants.

b) Develop a multi-halogen CIC method and estimate the total size of
the organohalogen iceberg.

c) Quantify the fraction of unknown organohalogen in the samples.

d) Characterize the “unseen” part of the organohalogen iceberg, by
applying suspect and nontarget screening using HRMS.

Paper | aimed to compare the EOF-based mass balance approach
between three different laboratories in sludge and water matrices, intending
to standardize determination of EOF and fluorine mass balance. We assessed
accuracy and reproducibility, evaluated suitability for regulatory applications
and identified further improvements for the method.

Paper Il aimed to present a CIC method for multihalogen detection,
determine EOF, EOCI and EOBr concentrations and compare the results with
target OHC concentrations as well as quantify the unknown percentage of
EOX in sewage sludge and standard reference materials.

Paper lll aimed to identify unknown fluorinated substances in sewage
sludge samples, using liquid chromatography - HRMS suspect screening and
focusing our search on fluoropharmaceuticals and -pesticides.

Paper IV aimed to apply nontarget screening with a halogen prioritization
workflow by a gas chromatograph - ion mobility - HRMS and identify unknown
chlorinated and brominated species in sewage sludge and standard reference
material.



Methods

Samples and sample information

In Paper |, we analyzed various sludge and water matrices, providing the
first interlaboratory comparison of EOF globally. The samples included two
ultrapure water samples fortified with a PFAS-mix at high and low levels, two
groundwater samples known to have high and low contamination levels,
respectively, a pooled effluent sample, and a pooled sewage sludge sample.
To compare instrumental performance directly, a pooled groundwater extract
was distributed among the labs for direct analysis.

For Papers lI-IV, sewage sludge samples were collected at the Henriksdal
WWTP in Stockholm (870,000 PE) in November 2019. The WWTP has two
inlets consisting mainly of domestic and commercial wastewater plus urban
runoff. The plant has an average sewage treatment capacity of 273,000
m3/day (SVOA, 2019) and the average residence time of the sludge is 19
days. The major treatment steps include mechanical, chemical and biological
treatment. The sludge is digested both aerobically and anaerobically, after
which it is dewatered. The collected sludge is the final product after treatment.
After sampling, the sludge samples were freeze-dried and homogenized using
a mortar and pestle, after which the sample was stored in the freezer until
analysis.

Water content (67%) was determined by weighing the sample before and
after freeze-drying. Organic matter (64%) was determined by loss on ignition,
heating the sample at 105 °C for 12 h followed by 550 °C for 2 h. Organic
carbon (39%) was estimated using a conversion factor of 0.6 times the organic
matter (van Leeuwen and Vermeire, 2007).

Sample extractions

Multiple extraction methods were applied throughout this thesis targeting
these three main OHC analyte groups; PFAS, CPs and halogenated flame
retardants (HFRs). An overview on the different types of samples, extraction
methods and instrumental analyses is presented in Figures 3 and 4.



The PFAS extraction procedures for the aqueous and sludge matrices in
Paper | were based on established methods with small modifications,
described below. Aqueous samples were filtered through glass fiber filters and
were subsequently extracted by solid phase extraction (SPE) method using
weak anion exchange (WAX) adopted from Miyake et al., (2007). The
cartridges were conditioned with 0.1% ammonium hydroxide in methanol,
followed by methanol and subsequently milliQ water. The aqueous samples
were adjusted to a pH of 4 using glacial acetic acid and were then loaded onto
the cartridge. Washing was done by rinsing with 0.01% ammonium hydroxide
in milliQ water, followed by just milliQ water, ammonium acetate buffer at pH
4, and finally 20% methanol, all of which were discarded. The cartridges were
centrifuged and elution was done with 0.1% ammonium hydroxide in
methanol. Sludge samples were fortified with methanol and placed in an
ultrasonic bath and were extracted two times. The extract was then reduced
and subjected to ENVI-Carb clean-up based on an established method
(Powley et al., 2005).

The final extracts of the aqueous and sludge samples were split. One
portion was fortified with buffer and an internal standard mix and stored for
target analysis, while the second portion was set aside for EOF analysis using
CIC. The reason we spiked internal standards after extraction instead of prior
to it, is that CIC measures the total fluorine in a sample and standards would
contribute to the fluorine signal. Although we do not account for losses during
the extraction method, it allows us to directly compare EOF concentrations
derived with CIC with target PFAS concentrations.

For Paper Il, three extraction methods were applied on sludge from the
Henriksdal WWTP, based on established methods specifically targeting
PFAS, CPs, and HFRs, respectively (Figure 4).

The PFAS extraction was the same as in Paper | and based on a method
described by (Powley et al., 2005), as described above.

The CP extraction was based on a previously developed method using
accelerated solvent extraction (ASE) (Yuan et al., 2010). Briefly, ASE cells
were packed with freeze-dried sludge and filled with diatomaceous earth to
nearly full. The cell was extracted with n-hexane:acetone (1:1). Thereafter
lipids were removed using concentrated sulfuric acid. Elemental sulfur was
removed with activated copper, and the final clean-up step involved a
multilayer SPE cartridge. The final extract was stored for analysis.

The HFR extractions were based on an earlier study with some small
modifications (Nylund et al., 1992) and fractionation was applied according to
a clean-up method developed by Sahlstrém et al., (2012). The freeze-dried
sludge was extracted with acetone and rotated and centrifuged. The solid



residue was extracted again with acetone:n-hexane (3:1) mixture. The liquid
phases were combined in a separatory funnel with buffer solution. After gentle
rocking, the organic phase was re-extracted with n-hexane:diethyl ether (9:1)
and the solvent was exchanged to isooctane. The extract was added onto an
SPE column for fractionation. Fraction | (Frl) was eluted with n-hexane and
included the nonpolar analytes PBDEs, decabromodiphenyl ethane (DBDPE),
and emerging BFRs. Fraction 1l (Frll) included 2-ethylhexyl 2,3,4,5-
tetrabromobenzoate (EH-TBB), 1,2-bis(2,4,6-tribromophenoxy)ethane
(BTBPE), and bis(2-ethylhexyl) tetrabromophthalate (BEH-TEBP) and was
eluted with n-hexane:diethyl ether (9:1). Fraction Il (Frlll) was eluted with
ethyl acetate and split into Frllla and Frlllb, which contained
tetrabromobisphenol A (TBBPA), ao- -, and vy- 1,25,69,10-
hexabromocyclododecane (a-, B-, and y-HBCDD) and Frlllb contained
chlorinated organophosphate esters (CI-OPEs).

In Paper lll, the same PFAS extracts as described above were used for
suspect screening. The CP and HFR extracts were reanalyzed using
nontarget screening in Paper IV.

Paper |
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Figure 3. Summary overview of the different types of samples, extraction methods, and
instrumental analyses applied in Paper I.
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Figure 4. Summary overview of the different extraction methods, and instrumental analyses
used in Papers lI-IV.

Instrumental analyses

Analyses of TX and EOX were done using CIC. Target analyses were
performed by both LC and gas chromatography (GC) instruments in
conjunction with both low resolution mass spectrometry (LRMS) and HRMS
(Figure 4). Further details on each instrumental method are briefly discussed
below.
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Combustion ion chromatography

The CIC method is a main pillar in this thesis, and is applied to conduct
halogen measurements. The instrument consists of four main components: i)
the autosampiler, ii) the combustion oven, iii) the absorption tube, and iv) the
ion chromatograph (Figure 5). Samples (neat sludge or extracts) were placed
into a ceramic boat, and combusted at ~1000 °C. At this high temperature all
substances are mineralized and organohalogens are converted into inorganic
halides after which they are absorbed in a water-filled absorption unit. This
solution is then injected onto an ion chromatograph where the halide ions are
separated and measured via an ion conductivity meter.

@& [HF] [y

¢ % f & f ”0 & & [H ] [ ]
e F R Oﬂs\o\f\ ﬁ 4 ﬁ
¢ e? FC o o c §
s o [HBT]
3 C
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T=1000°C
Combustion Absorption  lon chromatography

Figure 5. Schematic drawing of the combustion ion chromatograph (CIC).

PFAS analysis

For PFAS determination in Paper | and Il, instrumental analysis was
carried out by ultra-performance liquid chromatography — tandem mass
spectrometry (UPLC-MS/MS) and included 16 target PFAS (“PFAS-16”),
consisting of 11 perfluoroalkyl carboxylic acids (PFCAs; Ca1s16), 4
perfluoroalkyl sulfonic acids (PFSAs; Casgs10) and perfluorooctane
sulfonamide (FOSA).

CPs analysis

Targeted analysis of very short-, short-, medium-, and long-chain CPs
(vSCCPs, SCCPs, MCCPs, LCCPs) was carried out in Paper Il by UPLC -
atmospheric pressure chemical ionization - HRMS (UPLC-APCI-HRMS) using
a QExactive HF Orbitrap (Thermo Fisher Scientific) in full scan (m/z 250-
2,000) mode with a resolution of 120,000 full width at half maximum (FWHM).
A total of 342 CP homologues (expressed as CnClm, n = 6-33 and m = 1-16)
were measured. Quantification was carried out based on a CnCln-profile
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reconstruction method (Bogdal et al., 2015). Sixteen commercial mixtures
were used for quantification. The chlorine weight was calculated based on the
semi-quantitative determination of the degree of chlorination obtained by the
instrument.

HFRs analysis

In Paper Il, Frl and Frll from the HFR extracts were analyzed on a GC
mass spectrometer (GC-MS) equipped with an electron capture negative
ionization (ECNI) source. Since highly brominated PBDEs are prone to
thermal degradation (Hites, 2004), the octaBDEs, nonaBDEs and decaBDEs
were analyzed using a short column (15 m), while the remaining BDEs were
analyzed on a long column (30 m). Frllla was run on a LC-MS. FrllIb analysis
was carried out on a GC-MS with electron ionization (GC-MS/EI).

Halogen mass balance

In order to compare target analyses with EOF and EOX concentrations in
Paper | and Paper Il, respectively, the target compound concentrations were
converted to halogen equivalents (Cx_onc; i.e., mass of halogen per mass of
sample [ng X/g]). This was calculated according to the following equation:

Equation 1: Cx_onc = Conc * nx * Ax / MWonc

Where Conc is the concentration of the target OHC (ng/g), nx is the number
of halogens in the molecule, Ax is the atomic mass of the halogen (g/mol), and
MWohc is the molecular weight of the OHC (g/mol).

Nontarget and suspect screening

In Paper lll, suspect screening was applied to the sludge extracts from
PFAS analysis. Extracts were analyzed on a high resolution mass
spectrometer (Orbitrap) coupled to an LC. Full scan data were acquired in
both positive and negative mode. The data were preprocessed in Compound
Discoverer v3.3, by low-intensity peak removal, retention time alignment,
feature grouping, and blank subtraction. Exact masses were compared with a
compiled suspect list, which included 340 fluoropharmaceuticals (Inoue et al.,
2020), 424 fluoro-agrochemicals (Ogawa et al., 2020), and 498 conventional
PFAS from previous literature. All exact mass hits with the suspect list were
added to an inclusion list in order to collect fragmentation spectra (MS?).
Tentative identification was achieved by comparing acquired MS? spectra to
the mzCloud database, as well as the in silico MS? prediction tools MetFrag
and SIRIUS4 CSI:FingerID. For confirmation and quantification of suspects,
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samples were reanalyzed together with procured authentic standards. For
confirmed substances, a list of potential transformation products (TPs) was
predicted by BioTransformer v3.0 and MS? spectra were acquired for those
TPs that were present in the extract using an inclusion list. Authentic
standards or a structurally similar compound were used for
(semi)quantification.

In Paper IV, CP and HFR extracts from Paper |l were reanalyzed on a GC
- APCI coupled to an ion mobility - HRMS (GC-APCI-IM-HRMS) according to
a previous method (Shi et al., 2024). IM provides an additional dimension to
the data: a collision cross section (CCS) value, which depends on the ion’s
size, shape and charge. Polyhalogenated compounds occupy a specific
region of chemical space defined by m/z and CCS (MacNeil et al., 2022).
Halogenated compounds tend to have shorter drift times, and consequently
lower CCS values, which could be explained by their more condensed
molecular conformation compared to non-halogenated compounds with
similar m/z (Mullin et al., 2020). The raw data were preprocessed in
Progenesis QI (v3.0, Waters Corporation). Nontarget screening was carried
out by prioritizing features using three filters that all indicate the presence of a
halogen: i) isotope patterns - identified using a HaloSelect script (Zhang et al.,
2019); ii) CCS screening - by setting a filter selecting CCS values < 0.2 m/z +
100 A2 and CCS values < 250 A2, a significant number of polyhalogenated
compounds is captured (MacNeil et al., 2022); and iii) mass defect (MD) -
features with low or negative mass defect are more likely to contain halogens
(Dolios et al., 2019).

Features matching two or more of the prioritization filters were further
analyzed by checking the extracted ion chromatograms in the raw data for
good peak shape and isotopic pattern. Possible molecular formulae were
calculated using the cheminfo.org website (Cheminfo.org, 2024) by inserting
the observed monoisotopic mass and considering both molecular ions and
protonated ions ([M]* and [M+H]*), constrained by the number of halogen
atoms after inspecting isotopic patterns. In addition to molecular formulae
search, a simultaneous search in the PubChem database was done.
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Results and discussion

Interlaboratory comparison of EOF and fluorine
mass balance (Paper [)

Fluorine mass balance studies are increasing in interest as targeted
analytical methods, measuring only a limited number of compounds, do not
capture the total burden of PFAS and other organofluorines in a sample. Many
studies have reported large fractions of unknown EOF in various matrices.
However, there has been little effort to standardize fluorine mass balance
methods using the same instrument and extraction method, which is
necessary to ensure good reproducibility of data.

In Paper | we presented the first interlaboratory study comparing EOF and
fluorine mass balance measurements. This study involved a comparison of
fluorine mass balance measurements in sludge and various aqueous matrices
across three laboratory participants and we assessed the potential for
standardizing EOF methods.

Accuracy was determined between the laboratories by repeated
measurements of EOF in water samples spiked with known concentrations,
and ranged from 85-101% for low-level spikes and 76-109% for high-level
spikes. The measurements covered a wide range of concentrations from ~60
to ~2,500 ng/L F and showed good reproducibility between labs. The revised
EU Drinking Water Directive proposed a ‘PFAS Total’ measurement, requiring
measurement uncertainties of <50% (European Union, 2020), which was the
case for all samples. Although procedural blanks were relatively high for two
laboratories (151 and 124 ng/L F) compared to the third laboratory (13 ng/L
F), reporting limits were still well within the range for regulatory purposes, as
the requirements for the revised Drinking Water Directive limit are proposed
at 500 ng/L ‘PFAS Total'. Efforts to reduce the background levels in procedural
blanks are needed.

EOF measurements are highly dependent on the extraction method that is
applied (Kaiser et al., 2020). For example, (ultra)short-chain PFAS (such as
trifluoroacetic acid) are often not captured using common PFAS extraction
methods, as was the case in this study. Therefore, a separate extraction
method may be necessary to get a more comprehensive picture of the total
organofluorine content.
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Overall, this first interlaboratory study between the participants
demonstrated that EOF methods using CIC can be standardized. Despite the
small participant number and poor extraction efficiency for short-chain PFAS,
the method showed promising accuracy, robustness and reporting limits.

Multihalogen mass balance (Paper Il)

The first organohalogen mass balance studies were conducted during the
mid-1990s and measured EOCI, EOBr and EOI using instrumental neutron
activation analysis (INAA) (Loganathan et al., 1995; Kiceniuk et al., 1997;
Kannan et al.,, 1999). In recent years fluorine mass balance studies have
become increasingly more common and have been applied to many different
types of samples (Shelor et al., 2024). However, there still remains a
significant gap in our knowledge on how much target compounds contribute
to the total OHC burden.

In Paper Il, a multihalogen mass balance method was developed using
CIC, where we extended our existing EOF-CIC method to include, in addition
to fluorine, also chlorine and bromine measurements. This method was
applied to municipal WWTP sludge and standard reference materials (SRMs).
TX determination, performed by directly combusting the sludge without any
prior extraction, was highest for TCI (205 + 27 pg/g dw), then TF (106 + 16
pg/g dw), and finally TBr (7 £ 1 pg/g dw). EOX concentrations were an order
of magnitude lower. Three separate extracts were analyzed each focusing on
a specific OHC class: EOF/PFAS, EOCI/CPs, and EOCI+EOBr/HFRs (Figure
6).

The fluorine mass balance showed that of the measured EOF (304 + 116
ng F/g) in sludge only 2% was characterized by target PFAS, of which PFOS
was the most prevalent target at 7 £ 1 ng/g dw. In the NIST domestic sludge
SRM 2781, the EOF concentration was measured at 3,590 + 311 ng F/g dw,
of which 6% was identified by target PFAS. The chlorine mass balance was
calculated for two extracts, one for CPs and one for HFRs. The CPs explained
nearly all of the EOCI (92%) in the CP extracts, while the CI-HFRs only
explained <1% of the EOCI in the HFR extracts. The CP extraction was also
applied to indoor dust SRM 2585 and revealed 106% of the 17,000 £ 1,600
ng Cl/g dw EOCI was characterized by CPs. The extract for the bromine mass
balance was separated into three fractions. The first and least polar fraction
was characterized 63% by PBDEs. The second, slightly more polar, fraction
was identified 19% by BFRs. For the third fraction EOBr measurements were
below the detection limit.

This first multihalogen mass balance assessment in municipal WWTP
sludge offers a new approach to prioritization of samples for follow-up
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investigation. In the examined sludge, CPs accounted for the majority of EOCI
in the CP extract. PFAS and HFRs only partially explained the EOF and
EOCI/EOBr in the extracts and these were therefore of interest to further
investigate in Papers Il and IV (Figure 6).

Fluorine suspect screening (Paper lll)

Following the results from Paper Il, only 2% of the EOF was identified by
target PFAS in municipal wastewater treatment plant sludge. Therefore,
Paper lll focused on investigating the unidentified fraction of the EOF by
reanalyzing the extracts and applying HRMS suspect screening,
hypothesizing that pharmaceuticals and pesticides could be important
contributors to the unknown EOF in wastewater treatment plant sludge.

Suspect screening revealed the presence of eight fluoropharmaceuticals,
one fluoropesticide and eight pharmaceutical TPs at confidence levels of 1-4.
Suspects were (semi-)quantified with either an authentic standard, a
structurally similar standard, or with a parent compound standard. The highest
fluorine contributions to EOF were determined for a TP of ticagrelor (155 + 43
ng/g dw; 4.0%), ezetimibe (127 + 2 ng/g dw; 3.9%), and bicalutamide (60 + 26
ng/g dw; 3.5%). Conventional PFAS accounted for 7% of the EOF, of which
the highest contribution was for 5:3 FTCA (12 ng/g dw; 2.4%) followed by
PFOS (7.2 ng/g dw; 1.1%).

This study revealed for the first time that fluoropharmaceuticals and their
TPs significantly contributed to the EOF, increasing the percentage of known
EOF from 2% to 27%. This result shows that even though fluoro-
pharmaceuticals and pesticides typically contain only one or a few fluorine
atoms, at high concentrations they can still contribute significantly to the
fluorine mass balance. Pharmaceuticals are not necessarily persistent, but
their widespread use can lead to elevated concentrations in sludge. Although
this study characterized a larger fraction of the EOF in sludge, 73% remains
unidentified. Further scrutinization to close the fluorine mass balance could
include GC-based analyses for detection of neutral and more hydrophobic
fluorinated compounds.

Nontarget organohalogen screening (Paper V)

In Paper IV, the EOCI and EOBr fractions of sewage sludge, which were
only partially characterized in Paper Il were further investigated using
nontarget screening by GC-APCI-IM-HRMS. A prioritization workflow was
used involving three filters: isotope pattern, CCS, and MD. Since halogenated
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compounds occupy a specific region of chemical space defined by m/z and
CCS, they can be prioritized for further investigation (MacNeil et al., 2022).
Isotope patterns were selected using a HaloSelect script (Zhang et al., 2019),
and a MD filter was applied as negative MDs are indicative for the presence
of chlorine and/or bromine atoms.

The prioritization workflow was evaluated using halogenated target
compounds including PBDEs, PCBs, and CI-OPEs, where 52 out of 54 (96%)
of the standards matched all three prioritization criteria, demonstrating high
confidence in the approach. From a total of 17,982 detected peaks, 3,890
were prioritized, and those matching =2 prioritizations were further assessed
by examining extracted ion chromatograms for peak shape and isotopic
pattern. The latter helped determine the number of chlorines and/or bromines
present in a suspect compound.

Thirty unknown halogenated compounds were selected, and tentative
molecular formulas were calculated using exact monoisotopic mass,
constrained by the number of halogens based on the isotope patterns.
Tentative identifications were then searched for in the PubChem database
and MS? fragments (if available) were used to increase confidence. Eleven
compounds were tentatively identified at CL 4, including the pesticides
chloroxynil, 3,4-dichloroaniline, trichloroaniline, bromocyclen, chlorinated
cyclodienes chlordane and its impurity, chlordene and a pharmaceutical
metabolite, sertraline ketone.

This study shows the great advantage IM-derived CCS values give for
halogen-specific screening using HRMS. The combination of isotope pattern
search together with the CCS threshold values and MD filters to prioritize
chlorinated and brominated compounds allowed prioritization of OHCs in a
large dataset. Although none of the prioritizations provides unequivocal
evidence of a chlorinated or brominated compound itself, their combined
application improves confidence in flagging OHCs. Future studies will focus
on confirming the tentatively identified unknowns and to (semi-)quantify these
substances in order to determine their overall contribution to the
organochlorine and organobromine mass balance.
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Conclusions and future perspectives

The overarching hypothesis that the presence of OHCs in WWTP sludge
is underestimated, when only using targeted methods, was confirmed. In this
thesis, an interlaboratory EOF study was conducted, WWTP sludge was
analyzed for the presence of known compounds, and a multihalogen CIC
method was developed and applied to measure the size of the so-called
organohalogen iceberg. Moreover, the fraction of unknown organohalogens
in sludge was quantified and the “unseen” part of the organohalogen iceberg
was further characterized using suspect and nontarget screening.

The interlaboratory comparison in Paper | showed that CIC-based fluorine
mass balance studies can be standardized. Although the number of
participants was small, this initial study shows promising results for
standardization of EOF and fluorine mass balance studies using CIC.
Accuracy was good and measured values were consistent between the
laboratories, indicating good reproducibility. However, more studies with
larger numbers of participants and inclusion of SRMs are needed to improve
confidence and better understanding of the limitations of the method.

The multihalogen mass balance study in Paper Il presented the possibility
of measuring EOF, EOCI, and EOBr simultaneously using CIC. Comparison
of these measurements with target analyses revealed that CPs explain the
majority of EOCI, while PFAS and BFRs only explain a smaller part of EOF
and EOBr (2% and 54%), respectively. Extraction methods applied were
specifically designed to capture our target analytes. In order to get a more
comprehensive picture, a more generic extraction method involving limited
sample processing would be preferable to reduce the risk of losing
compounds during sample preparation. However, this will also mean that
certain matrix interferences might hinder detection as the sensitivity is
decreased (Travis et al., 2021).

In Paper lll, pharmaceuticals were found to contribute significantly to the
organofluorine mass balance. Sixteen fluoropharmaceuticals and one
fluoropesticide were detected using suspect screening by high resolution
mass spectrometry. These compounds made up ~22% of the EOF, while
conventional PFAS only accounted for ~5%. Nevertheless, the majority of
EOF (73%) remains unidentified, which raises concerns as there is no
information on the persistence and potential toxicological properties of the
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unknown organofluorine compounds. Speculatively, the unidentified EOF
could consist of neutral PFAS — such as perfluoroalkyl sulfonamide
copolymers, fluorotelomer alcohols, silicones and olefins. GC-based analyses
could be applied to include neutral or more hydrophobic fluorinated
substances.

Paper IV explored the unidentified fractions of EOCI and EOBr in sludge
extracts from Paper Il. A nontarget prioritization workflow for halogenated
compounds in large datasets was investigated, by analyzing data gathered
using a GC-APCI-IM-HRMS analysis. CCS values derived via ion mobility
separation were used to prioritize halogenated species, in combination with
isotope patterns and mass defects. Thirty unknown halogenated compounds
were selected in the sewage sludge extracts and SRM, of which eleven were
tentatively identified. However, only qualitative analysis was carried out and
their concentrations and contribution to the organochlorine and
organobromine mass balance remain unclear.

Overall, achieving a comprehensive coverage of all contaminants in a
sample is challenging, due to the diversity of chemical properties, detection
limits, and limitations of analytical techniques. There are always trade-offs to
consider when choosing a method. Therefore, a combination of analytical
technologies is the key to cover a variety of chemicals with different chemical
properties. Mulithalogen mass balance studies offer a novel approach for
prioritizing samples for follow-up analysis. HRMS techniques extend the
spectrum of compounds that can be detected and identified, which provides a
more comprehensive picture. This thesis improves the knowledge on pollution
of OHCs in WWTP sludge samples by application of multiple techniques to
uncover a variety of chemicals and estimate the total burden of OHCs in
WWTP samples. Although these nontarget and multihalogen mass balance
studies provide a more comprehensive picture of contamination, some
chemicals may remain outside the spotlight — or the unseen part of the OHC
“iceberg”, due to analytical limitations.
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