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Summary

Summary

Chlorinated para�ns (CPs) are industrial chemicals widely applied as plasticizers, �ame retar-

dants and additives in metal working �uids. CPs are produced by nonspeci�c chlorination of

n-alkane mixtures. Therefore, they are a complex class of compounds of tens of thousands of

di�erent isomers. CPs can di�er in carbon chain length (C10� C30) and degree of chlorination

(30� 70 m/m%Cl). They are categorized according to their chain length into short-chain (SCCPs,

C10� C13), medium-chain (MCCPs,C14� C17) and long-chain CPs (LCCPs,C� 18). CPs are high

production volume chemicals (> 1 000 000 t a� 1 ) of emerging environmental concern. SCCPs

are persistent, bioaccumulative, subject to long-range transport and toxic. In 2017, SCCPs

have been listed as persistent organic pollutants (POPs) under the United Nations Stockholm

Convention.

Due to their complexity, the analysis of CPs is challenging. Several issues are associated

with CP analysis, including (a) chromatographic co-elution of the many isomers, (b) unknown

composition of CP standard materials, and (c) broad and complex isotopic clusters often

resulting in interfered mass spectra. These issues get worse in presence of CP transformation

products. Up to now, CP research mainly focused on reporting SCCP levels in di�erent matrices.

Only few studies dealt with their environmental toxicity and the identi�cation of transformation

pathways and products. Even fewer studies, reported respective data for MCCPs. Almost no

studies are available for LCCPs. Risk assessments and discussions about the regulation of CPs

are impeded by the many analytical uncertainties and, hence, the lack of robust data. It is

crucial that analytical issues are addressed and solved, and comprehensive data about the fate

of CP is generated.

The focus of this thesis is on the development of new analytical methods to investigate CPs and

potential transformation pathways and transformation products. CPs are considered persistent

in the environment and, hence, their abiotic and biotic transformation is slow. This thesis

considered thermal exposure during the application of CPs as an important transformation

pathway and this subject was herein investigated.

In the �rst part of this thesis, thermal transformation products of CPs were identi�ed by

mass spectrometric (MS) analysis using thermally aged chlorinated tridecane mixtures. Direct

liquid injection coupled to chloride-enhanced atmospheric pressure chemical ionization (APCI)

L. Schinkel v
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was the method of choice. This method forces the formation of pseudo-molecular chloride-

adduct ions without fragmentation and, therefore, is highly suited to investigate CPs and

their transformation, when applied in full scan mode. It was found that thermal exposure of

CPs causes the elimination of HCl, resulting in chlorinated ole�ns (COs) with one or more

double bonds. Isotope clusters of CP and CO isomers of the same chain length and degree of

chlorination strongly interfere even at a moderately high mass resolution of R� 10 000. This so

called CP/CO problem was tackled by developing a mathematical deconvolution method that

resolves interfered mass spectra of CPs and COs. This method derives a linear combination

of theoretical CP and CO isotope clusters that best describes the measured cluster. This

information was then used to deduce non-interfered CP/CO data. The deconvolution method

was later extended to resolve contributions of chlorinated diole�ns as well, which is needed to

describe highly aged materials, too.

In the second part of this thesis, a variety of analytical methods were assessed and compared

for their capability to deal with the CP/CO problem. This assessment was based on a common

set of thermally exposed chlorinated tridecanes. It was found that novel methods based on

liquid chromatography (LC) or direct liquid injection coupled to soft ionization MS methods are

suited best to study transformation processes of CPs. The LC-based methods rely on adduct ion

formation and, thus, suppress fragmentation reactions that could interfere with the detection of

CP transformation products. High-resolution MS (HRMS), with mass resolution of R� 100 000,

was identi�ed as the preferred method to assess CP/CO mixtures with strongly overlapping

isotopic patterns. If HRMS at R� 100 000is not available, the presented deconvolution method

was proven to be a reliable alternative. Conventionally, CPs are analyzed by gas chromatography

(GC) coupled to electron capture negative ionization (ECNI) MS. This thesis could demonstrate

that ECNI produces a variety of CP fragment ions, which results in complicated mass spectra,

and induces a substantial in-source fragmentation of CPs to COs. Thus, it is not possible to

distinguish COs, that are present in the sample, from COs, that are formed in the ion source,

due to chromatographic co-elution of CPs and COs. Hence, GC-ECNI-MS is not suited to

investigate transformation reactions of CPs that could lead to a formation of COs. Furthermore,

it was demonstrated that the widely used selected ion monitoring method (SIM) can overlook

severe CP/CO mass interferences. Depending on the mass accuracy, this can lead to an over- or

underestimation of CP levels. Only full scan methods could reveal CP/CO mass interferences.

The third part of this thesis assessed commercially available CP standard materials for their

capability to quantify CPs and for their application in CP transformation and toxicity studies.

Mostly complex mixtures, containing CPs of di�erent chain lengths, are used for quanti�cation.

However, herein, it was demonstrated that CP chain length patterns of standard materials and

samples can substantially di�er, a�ecting a correct quanti�cation. An improved quanti�cation

method based on pattern deconvolution with single-chain CP mixtures was presented. However,
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such standard materials are only available for SCCPs. It was highlighted that MCCPs, LCCPs

and even very long-chain CPs (vLCCPs,C� 21) can dominate environmental samples. However,

no single-chain CP mixtures and almost no constitutionally de�ned CP standard materials are

available for MCCPs and LCCPs. So far, for vLCCPs, no analytical materials are available at

all. It was discussed how CP materials of lower complexity, e.g., single-chain CP mixtures and

constitutionally de�ned CPs, can be applied for studying the toxicity and transformation of

CPs. With such materials, the in�uence of carbon chain length, degree of chlorination, chlorine

substitution pattern and stereochemistry can be investigated.

In the �nal part of this thesis, the new analytical methods and deconvolution procedures were

applied. A single-chain CP mixture of chlorinated tridecanes was used to study the thermolysis

of CPs at di�erent temperatures in detail. A LC-based MS method, applying chloride-enhanced

soft ionization, was applied to study non-exposed and exposed material. Non-interfered CP/CO

data was derived by the mathematical deconvolution of interfered isotope clusters. It was

found that thermolysis of CPs follows �rst-order kinetics. Determined degradation rates and

half-lives suggested that CPs with a higher degree of chlorination degrade faster when exposed

to heat. Degradation rates increased with increasing temperatures (160� 220°C). The same

approach was also applied to study the degradation of chlorinated tridecanes during metal

working applications. COs could be identi�ed as CP transformation products formed during

metal drilling, when CPs are in contact with freshly cut, hot metal surfaces.

Overall, this thesis provides detailed insights into the thermal degradation of CPs to COs.

Analytical issues related with the CP/CO analysis were assessed and solutions were presented.

This thesis identi�ed the lack of representative CP standard material as the major limitation

when studying the fate of longer-chain CPs and their transformation products, which will be

needed for a comprehensive risk assessment of MCCPs, LCCPs and vLCCPs in the future.

L. Schinkel vii





Zusammenfassung

Zusammenfassung

Chlorpara�ne (CPs) sind Chemikalien die als Weichmacher und Flammschutzmittel in Polyme-

ren und als Zusatzsto�e in Kühlschmiermitteln in der Metallverarbeitung eingesetzt werden.

Bei der unspezi�schen Chlorierung vonn-Alkanen entstehen komplexe CP-Gemische mit zehn-

tausenden Isomeren. CPs variieren bezüglich der Kohlensto�kettenlänge (C10� C30) und des

Chlorierungsgrades (30� 70 m/m%Cl). Sie werden entsprechend ihrer Kettenlänge in drei Klassen

unterteilt: In kurzkettige ( short-chain, SCCPs,C10� C13), mittelkettige ( medium-chain, MCCPs,

C14� C17) und langkettige CPs (long-chain, LCCPs, C� 18). CPs sind Umweltschadsto�e mit ho-

hem Produktionsvolumen (> 1 000 000 t a� 1 ). SCCPs sind persistent, bioakkumulierend, toxisch

und verteilen sich weiträumig in der Umwelt. 2017 wurden SCCPs als persistente organische

Schadsto�e (persistent organic pollutants, POPs) klassi�ziert und in die Stockholm Konvention

der Vereinten Nationen aufgenommen.

Auf Grund der Komplexität von CP-Mischungen birgt ihre Analytik verschiedene Herausfor-

derungen: (a) chromatographische Koelution der vielen CP-Isomere, (b) unbekannte Zusammen-

setzung der CP-Standardmaterialien und (c) komplexe Isotopenmuster die im Massenspektrum

häu�g interferieren. In Anwesenheit von CP-Abbauprodukten erschwert sich die Analytik

nochmals. Bisher wurde vorwiegend das Umweltvorkommen von SCCPs erforscht. Nur wenige

Studien haben sich mit der Umwelttoxizität oder mit der Identi�zierung von Abbauwegen

und Abbauprodukten beschäftigt. Entsprechende Studien zu MCCPs sind noch seltener und

Studien zu LCCPs sind kaum verfügbar. Durch die vielen analytischen Unsicherheiten fehlen

robuste Daten, wodurch wiederum eine Risikobewertung und Diskussionen zur Regulierung

dieser Umweltschadsto�e erschwert werden.

Der Fokus dieser Arbeit liegt auf der Entwicklung von neuen, verbesserten analytischen Me-

thoden zur Bestimmung von CPs und die Untersuchung von Abbauwegen und Abbauprodukten.

CPs gelten in der Umwelt als persistent. Dementsprechend ist ein abiotischer und biotischer

Abbau langsam. Es wurde vermutet, dass die thermische Belastung von CPs während ihrer

Anwendung ein wichtiger Abbauprozess ist. Dies wurde in dieser Arbeit genauer untersucht.

Im ersten Teil der Arbeit wurden, mit Hilfe von Massenspektrometrie (MS), CP-Abbauprodukte

in thermisch belasteten Chlortridecan-Mischungen identi�ziert. Die analytische Methode beruht

auf einer direkten Flüssiginjektion der Probe in die Ionenquelle und einer chemischen Ionisati-
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Zusammenfassung

on bei Atmosphärendruck (atmospheric pressure chemical ionization, APCI). Die gewählten

Bedingungen unterstützen eine Bildung von Chlorid-Adduktionen (Quasi-Molekülionen) ohne

Fragmentierung der CPs. Die Methode ist somit gut geeignet, um CPs und verwandte Abbau-

produkte zu untersuchen. Es konnte gezeigt werden, dass die thermische Belastung von CPs

eine Eliminierung von HCl verursacht und somit die Bildung von Chlorole�nen (COs) mit einer

oder mehreren Doppelbindungen begünstigt.Die Isotopenmuster von CPs und COs gleicher

Kettenlänge und gleichen Chlorierungsgrades weisen selbst bei moderat hoher Massenau�ösung

(R� 10 000) starke Interferenzen auf. Dieses sogenannte CP/CO-Problem konnte mittels ma-

thematischer Dekonvolution gelöst werden, welche die Masseninterferenzen aufschlüsselt. Die

Methode zerlegt das gemessene Muster in eine lineare Kombination von theoretischen CP- und

CO-Isotopenmustern. Mit dieser Information können dann interferenzfreie CP- und CO-Daten

abgeleitet werden. Die Methode wurde später erweitert, um auch Anteile von interferierenden

Chlordiole�nen zu beschreiben, welche in stark belasteten Proben vorhanden sind.

Im zweiten Teil der Arbeit wurden, anhand von thermisch belasteten Chlortridecanen, verschie-

dene analytische Methoden auf ihre Möglichkeiten untersucht, das CP/CO-Problem zu lösen.

Es konnte gezeigt werden, dass neue Methoden, welche Flüssigchromatographie (liquid chroma-

tography, LC) oder direkte Flüssiginjektion in eine MS Quelle mit weicher Ionisation nutzen, am

besten geeignet sind, um Abbauprozesse von CPs zu COs zu untersuchen. Diese LC-basierten

Methoden beruhen auf einer Bildung von Adduktionen und unterbinden Fragmentierungsprozes-

se, die mit den CP-Abbauprodukten interferieren. Hochau�ösende MS (high-resolution, HRMS),

mit einer Massenau�ösung von R� 100 000, ist die bevorzugte Methode um CP/CO-Mischungen

mit stark interferierenden Isotopenmustern zu untersuchen. Falls eine so hohe Au�ösung nicht

verfügbar ist, kann Alternativ die hier vorgestellte mathematische Dekonvolution zuverlässig

angewandt werden. Üblicherweise werden CPs mittels Gaschromatographie (GC)-MS bestimmt,

unter Verwendung der Elektroneneinfang Negativ-Ionisation (electron capture negative ioniza-

tion, ECNI). In dieser Arbeit konnte gezeigt werden, dass ECNI verschiedene Fragmentionen

verursacht und somit komplexe Massenspektren erzeugt. Zudem werden durch ECNI in der

Quelle CPs zu COs fragmentiert. Da CPs und COs chromatographisch stark koeluieren, sind

COs in der Probe nicht zu unterscheiden von COs, die in der Quelle entstanden sind. Zudem

konnte gezeigt werden, dass die weit verbreitete Methode um CPs zu bestimmen, bei welcher

nur ausgewählte Ionen des Isotopenclusters gemessen werden (selected ion monitoring, SIM),

Masseninterferenzen von CPs und COs übersieht. Abhängig von der Massengenauigkeit, können

CP-Gehalte unter- oder überbestimmt werden. Nur Methoden, die alle Ionen erfassen (full scan),

können starke Masseninterferenzen von CPs und COs o�enbaren.

Im dritten Teil dieser Arbeit wurden kommerziell verfügbare Standardmaterialien für CPs

untersucht. Ihr Nutzen für die Quanti�zierung von CPs wurde erörtert und die Möglichkeiten für

Anwendungen in Abbau- und Toxizitätsstudien bewertet. Für die Quanti�zierung werden meist
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komplexe CP-Mischungen verwendet. Es konnte aber gezeigt werden, dass sich die Kettenlängen-

verteilungen von Standardmaterialien und Proben stark unterscheiden können, was wiederum

eine korrekte Quanti�zierung beeinträchtigt. Es wurde eine verbesserte Quanti�zierungsmethode

entwickelt, die CP-Einzelkettenstandards für eine Dekonvolution der CP-Verteilung einsetzt.

Allerdings sind solche Standards momentan nur für SCCPs verfügbar. Es wurde diskutiert, dass

vermehrt MCCPs, LCCPs und sogar sehr langkettige CPs (very long-chain, vLCCPs, C� 21)

in Umweltproben dominieren können. MCCP- und LCCP-Einzelkettenstandards sind jedoch

nicht kommerziell verfügbar. Für vLCCPs sind bisher gar keine Standardmaterialien verfügbar.

Es wurde erörtert, wie weniger komplexe Standardmaterialien (z.B. Einzelkettenstandards

oder CP-Isomere mit de�nierter Konstitution) für Abbau- und Toxizitätsstudien verwendet

werden können. Mit solchen Materialien können die Ein�üsse von Kettenlänge, Chlorierungsgrad,

Chlorsubstitutionsmuster und Stereochemie untersucht werden.

Im letzten Teil der Arbeit, wurden die neuen analytischen Methoden und die mathematische

Dekonvolution angewandt. Der thermolytische Abbau von CPs bei verschiedenen Temperaturen

wurde mit Chlortridecan-Mischungen untersucht. Genutzt wurde eine LC-basierte Methode

mit weicher Ionisation (Forcierung von Chloridaddukten). Damit konnten exponierte und nicht-

exponierte Proben analysiert werden. Interferenzfreie CP- und CO-Daten konnten mit der hier

entwickelten Dekonvolutionsmethode ermittelt werden bestimmt. Der thermische Abbau von CPs

konnte mit einer Kinetik erster Ordnung beschrieben werden. Die bestimmten Abbauraten und

Halbwertszeiten belegen, dass, bei thermischer Belastung, höher chlorierte CPs schneller abgebaut

werden. Die Abbauraten steigen mit zunehmender Temperatur (160� 220°C). Die gleiche Methode

wurde verwendet, um den Abbau von Chlortridecanen bei der Metallverarbeitung zu untersuchen.

COs konnten auch hier als Abbauprodukte identi�ziert werden, welche bei Kontakt mit einer

frisch bearbeiteten, heissen Metallober�äche entstanden.

Alles in allem, verscha�t diese Arbeit einen detaillierten Einblick in den thermischen Abbau

von CPs zu COs. Analytische Herausforderungen, die bei der CP/CO-Analytik entstehen,

wurden ausführlich untersucht, bewertet und es wurden Lösungen präsentiert. Es konnte gezeigt

werden, dass das Fehlen von geeigneten Standardmaterialien Studien über längerkettige CPs

beeinträchtigt. Solche Studien werden aber für eine zukünftige Risikobewertung von MCCPs,

LCCPs und vLCCPs dringend benötigt.
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1.1. Chlorinated para�ns

Chlorinated para�ns (CPs), also known as chloropara�ns and polychlorinatedn-alkanes (PCA),

are industrial chemicals applied as plasticizers, �ame retardants and as additives in metal work-

ing �uids [Muir et al., 2000b]. Their annual production volume in 2013 exceeded1 million t a � 1

[Glüge et al., 2016]. For comparison, the overall production volume of polychlorinated biphenyls

(PCBs) was approximately1.3 million tons in total before their ban and worldwide restric-

tion [Breivik et al., 2002]. Nowadays, CPs are ubiquitous pollutants and data about their

environmental fate is urgently needed to accelerate discussions about their potential regulation.

1.1.1. Chemistry and Nomenclature

Technical CPs are mainly produced by radical chlorination ofn-alkane feedstocks, applying

heat and UV radiation [Tomy, 2010]. Hence, the resulting products contain a large number of

di�erent CP isomers with a general formula ofCyH2y+2 � zClz. CPs di�er in chain length (C10�

C30), degree of chlorination (30� 70 m/m%Cl), chlorine position and stereochemistry [Fiedler,

2010]. Figure 1.1 displays the structure of 2,3,5,8,9,10,12-heptachlorotetradecanes, as an

example. This single constitution with seven independent stereocenters results in up to27 = 128

di�erent stereoisomers.

Figure 1.1. Constitutional isomer of heptachlorinated tetradecane. Up to 128 stereoisomers of
2,3,5,8,9,10,12-heptachlorotetradecanes are expected. CPs can di�er in chain length, degree of chlorina-
tion, chlorine position and stereochemistry (di�erent stereocenters are marked with asterisks).

CPs are usually classi�ed according to their chain length as short-chain (SCCPs,C10� C13),

medium-chain (MCCPs, C14� C17) or long-chain CPs (LCCPs,C� 18). LCCPs of C� 21 are

also referred to as very long-chain CPs (vLCCPs) [UNEP, 2016b].Figure 1.2 demonstrates

the expected number of constitutional isomers for chlorinated decanes, assuming only one

chlorine per carbon atom [Tomy, 2010]. For example, 5 constitutional isomers are expected

for monochlorinated decanes, whereas for pentachlorinated decanes, 125 constitutional isomers

are expected in respective CP mixtures. When also considering stereoisomers the number of

potential isomers massively increases, as shown inFigure 1.1 . These examples highlight the
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complexity of CP mixtures with tens of thousands of di�erent isomers. Therefore, investigating

the environmental fate of CPs is extremely challenging.

Figure 1.2. Number of possible constitutional isomers forC10H22 � zClz. When also considering
stereoisomers, the number of possible isomers further increases. (Modi�ed from Tomy [2010])

The nomenclature of CPs is not yet standardized. Herein, the following terminology is used:

ˆ CP mixtures of di�erent chain lengths and degrees of chlorination are called complex CP

mixtures and referred to as, e.g., SCCPs.

ˆ CP mixtures of one carbon chain length only but di�erent degrees of chlorination are

called single-chain CP mixtures and referred to as, e.g., C13-CPs.

ˆ CPs of the same sum formula are a group of constitutional isomers and stereoisomers.

They are referred to as, e.g., C13Cl6-CPs or C13Cl6-isomers.

ˆ CPs can di�er in chain length and degree of chlorination. To compare CPs of di�erent

sum formulas the term 'CP homologue' is used. The homologous series of CPs has two

dimensions that refer to an increasing carbon number and to an increasing chlorine number.

ˆ CP isomers of de�ned constitution are usually referred to as, e.g., 2,3,5,6,8,10-hexachloro-

undecanes.

ˆ Single CP stereoisomers with de�ned stereochemistry have not been synthesized yet, to

the best of our knowledge. Hence, stereoisomers of CPs are not discussed in this thesis.
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1.1.2. Use, Emission and Regulation

CPs are high production volume chemicals with a volume of more than1 million t a � 1 , that

are mainly produced in China [Glüge et al., 2016]. As described, chlorinated para�ns are a

diverse class of chemical compounds exhibiting a range of physicochemical properties depending

on their carbon chain length and degree of chlorination [Glüge et al., 2013]. Hence, they can

be useful for a variety of applications. They are used as plasticizers and �ame retardants in

plastics and rubber, and as additives in metal working �uids.

Use and emission inventories have been mainly studied for SCCPs. Today in China,94 %

of the produced SCCPs are used as plasticizers, especially in PVC production, and as �ame

retardants [Zhang et al., 2017]. Only6 % is applied in the metal industry. Nevertheless, more

than 70 %of the SCCPs emitted to air and water in China origin from their use in the metal

industry [Zhang et al., 2017]. In Europe, the preferred applications of SCCPs vary between

countries and have shifted over the years [Glüge et al., 2016]. Nowadays, use and production of

SCCPs is restricted within the European Union (EU) and Switzerland, with currently acceptable

levels of SCCPs in products of0.15 %by mass [European Comission, 2015]. Consequently,

SCCPs are mainly emitted from imported goods [Olofsson et al., 2013] or from old products

that were produced with SCCPs and that are still in use [Diefenbacher et al., 2015]. In Europe,

emission of SCCPs to air, water and soil, are caused by their use in PVC, sealants and rubber,

respectively [Glüge et al., 2016].

In 2017, SCCPs were listed as persistent organic pollutants under the United Nations (UN)

Stockholm Convention resulting in worldwide restrictions [UNEP, 2017]. MCCPs are suggested

as substitutes and a shift in production to MCCPs and also LCCPs is expected, causing them

to be of emerging environmental concern. Governments worldwide are currently discussing the

classi�cation and regulation of MCCPs. However, data regarding their risk assessment is scarce,

impeding respective discussions.

1.1.3. Environmental Relevance

Emission of CPs to the environment can occur during their production, transportation, storage,

application and disposal of CP-containing products. CP levels have been reported in samples

with high anthropogenic impact, like indoor dust [Liu et al., 2017; Zhuo et al., 2019] and sewage

sludge [Brandsma et al., 2017; Olofsson et al., 2013]. This indicates that humans are often

exposed to CPs and, indeed, CP levels were already reported for, e.g., human blood [Li et al.,

2017a], human breast milk [Thomas et al., 2006; Yang et al., 2018] and human placenta [Qiao

et al., 2018; Wang et al., 2018a]. CPs are ubiquitous environmental pollutants that can be found

in many environmental compartments. CP levels were reported for water [Wang et al., 2018b],

sediments [Iozza et al., 2008; Zeng et al., 2013], soils [Bogdal et al., 2017; Wang et al., 2014],
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air [Diefenbacher et al., 2015; Li et al., 2012], plants [Iozza et al., 2009] and wildlife [Du et al.,

2018; Tomy et al., 2000b].

CPs are lipophilic, poorly water soluble and semi-volatile, with high octanol-water partition

coe�cients ( logK OW = 4:5 � 13) and high octanol-air partition coe�cients ( logK OA = 8 � 13)

[Environment Canada, 2008; Glüge et al., 2013]. Hence, CP levels in water and air are usually

much lower compared to soil and sediment, which are common sinks for POPs [Bigus et al., 2014].

Data from sediment cores and soil show that SCCPs are indeed persistent in the environment

[Tomy et al., 1999; Zeng et al., 2013]. CP levels are commonly higher in urban and industrial

areas. However, SCCPs were also detected in remote Arctic and Antarctic regions, indicating

their long-range transport potential [Li et al., 2016; Vorkamp and Riget, 2014]. Even though

SCCPs only induce low acute toxicity, chronic toxic e�ects were observed, especially for aquatic

organisms [Ali and Legler, 2010]. Furthermore, bioaccumulation of SCCPs along the aquatic

food chain was con�rmed [Houde et al., 2008; Reth et al., 2006]. Hence, SCCPs ful�ll the PBT

criteria (PBT = persistent, bioaccumulative and toxic) and were consequently listed as POPs

under the UN Stockholm Convention.

The few studies that also reported on MCCP levels suggest that MCCPs levels nowadays

often exceed those of SCCPs [Glüge et al., 2018], and LCCP levels are on the rise, too [Du et al.,

2018; Li et al., 2018]. This highlights that MCCPs and LCCPs are of emerging environmental

concern, as well. Unfortunately, PBT data about MCCPs and LCCPs is scarce or missing at

all, which prevents a proper risk assessment of these compounds.

1.1.4. Abiotic and Biotic Transformation

Only few studies have dealt with the transformation of CPs or with the characterization of

respective CP transformation products. Even though CPs are considered persistent, once they

have entered the environment they can be subject to di�erent abiotic and biotic transformation

processes. The transformation of CPs is expected to depend on their chain length, degree of

chlorination, and chlorine position [Feo et al., 2009]. In previous studies, biotic dechlorination

of CPs has been shown for certain bacterial strains [Allpress and Gowland, 1999; Heath et al.,

2006; Omori et al., 1987]. Furthermore, dechlorination of CPs and rearrangement of chlorine

atoms mediated by pumpkin seedlings has been observed [Li et al., 2017b]. CPs are not subject

to direct photochemistry, because they lack chromophores. However, their abiotic dechlorination

has been reported by indirect photolysis [Koh and Thiemann, 2001].

During some of their applications, CPs can be exposed to thermal stress. When CPs are

used as plasticizers or �ame retardants in plastics they experience elevated temperatures during

polymer processing or use [Gallistl et al., 2018; Zhan et al., 2017]. Further, they are exposed to

hot metal surfaces when used as additives in metal working �uids [Schinkel et al., 2018c]. Also,
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when CP-containing products are incinerated, CPs experience thermal stress [Xin et al., 2017].

A previous study showed that HCl is eliminated when CPs are exposed to heat [Camino and

Costa, 1980]. Bergman et al. [1984] discussed that this reaction can lead to the formation of

unsaturated CP analogues, so called chlorinated ole�ns (COs) (Figure 1.3 ).

So far, several low- and non-chlorinated aromatic hydrocarbons could be identi�ed as thermal

transformation products of CPs, including certain polychlorinated biphenyls and naphthalenes

[Bergman et al., 1984; Xin et al., 2017]. However, more investigations regarding abiotic and

biotic transformation of CPs are required. Especially, the identi�cation and characterization of

potential transformation products is of high relevance.

Figure 1.3. Potential reaction of CPs to COs under thermal stress. Double bonds can form when
HCl is eliminated from CPs, resulting in COs.

1.2. Analysis and Quanti�cation

1.2.1. Analytical Methods

Due to the complex nature of CPs, their analysis is extremely challenging. A variety of methods

has been developed to investigate CPs [van Mourik et al., 2015]. In the following, methods based

on gas chromatography (GC) and liquid chromatography (LC) are distinguished. In both cases,

the method of choice for CP detection is mass spectrometry (MS). Other detection methods are

possible, e.g., the carbon skeleton method (CSM) and electron capture detection (ECD), but

will not be discussed herein.Table 1.1 provides an overview of the most common MS-based

methods for CP analysis.

In the past, mainly the more volatile SCCPs have been investigated, usually applying GC-MS

methods [Schmid and Muller, 1985; van Mourik et al., 2015].Figure 1.4a shows a total

ion chromatogram (TIC) of an SCCP mixture andFigure 1.4b the respective extracted ion

chromatogram (EIC) of C13Cl6-CPs, at a mass resolution of R� 120 000. Due to the many

isomers, CPs of the same sum formula elute from the GC column over several minutes. Complete

chromatographic separation of di�erent CP homologues has not been achieved so far. The

use of demanding but promising two-dimensional GC (GC� GC) can improve the separation
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of di�erent (SC)CP homologues but does not result in chromatographic resolution of isomers

[Korytár et al., 2005; Xia et al., 2014]. This method is not yet applied for routine CP analysis.

Table 1.1. Overview of the most common analytical methods for CP analysis.

Method Speci�cation

GC-ECNI-SIM-MS GC coupled to electron capture negative ionization (ECNI) selected ion
monitoring (SIM) MS

GC-EI-MS/MS Gas chromatography (GC) coupled to electron impact ionization (EI)
tandem mass spectrometry (MS/MS)

DI-APCI-MS* Direct liquid injection (DI) coupled to atmospheric pressure chemical
ionization (APCI) MS

LC-ESI-MS* Liquid chromatography (LC) coupled to electrospray ionization (ESI)
MS

* novel methods for CP analysis based on full scan MS and adduct ion formation (e.g., halide-
adducts or acetate-adducts)

The most common analytical method for CPs is GC coupled to electron capture negative

ionization (ECNI) MS in selected ion monitoring mode (SIM) [van Mourik et al., 2015]. ECNI

is considered a soft ionization technique and depends on the chlorine's electron a�nity. Pseudo-

molecular [M � Cl] ¯ ions are generated under speci�c ECNI conditions which allow homologue-

speci�c analysis. However, the ECNI response strongly depends on a compound's degree of

chlorination. This may lead to an underestimation of lower chlorinated CPs and overestimation

of higher chlorinated CPs. Furthermore, even if ECNI is considered a soft ionization technique,

di�erent fragment ions, e.g., [M � HCl] ¯ or [M � HCl � Cl] ¯ , are formed that strongly interfere

with the [M � Cl] ¯ target ions in case of low mass resolution [Yuan et al., 2016].

Besides ECNI, electron impact ionization tandem mass spectrometry (EI-MS/MS) has been

used for detecting CPs [Zencak et al., 2004]. EI causes much stronger in-source fragmentation

of CPs than ECNI, resulting in a loss of molecular ions. Usually, only one or two characteristic

MS/MS transitions are used for quanti�cation of CPs. Homologue-speci�c analysis is not

possible and, thus, GC-EI-MS/MS is mainly used for fast screening of sum parameters of SCCPs

and MCCPs.

GC analysis of CPs is usually limited to SCCPs and sometimes MCCPs. Longer-chain CPs

are less volatile and, thus, not suitable to be analyzed with GC. Hence, in recent years, a

number of LC-based methods have been developed, allowing the simultaneous analysis of SCCPs,

MCCPs and LCCPs. Zencak and Oehme [2004] �rst introduced a LC method for CP analysis

coupled to atmospheric pressure chemical ionization (APCI) MS. Bogdal et al. [2015] used

this method applying direct-liquid-injection (DI) coupled to high-resolution MS (HRMS) in

full scan mode. This allows a fast and sensitive analysis of all CPs based on accurate mass,

making chromatographic separation redundant. This APCI method is based on chloride-adduct
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Figure 1.4. Total ion chromatogram of (a) a SCCP mixture (containing CP homologues ofC10 to C13
with a chlorination of Cl5 to Cl10) and (b) an extracted ion chromatogram of C13Cl6-CPs, recorded
with GC-ECNI-MS. CPs of the same sum formula elute over several minutes and, hence, complete
chromatographic separation of di�erent homologues is not possible.

formation and has been mainly used throughout this thesis. Chloride-adduct [M + Cl]¯ ion

formation is forced by adding a chlorinated solvent (e.g., dichloromethane) to the eluent. Yuan

et al. [2018] could show that other halide-adducts are possible and published a bromide-enhanced

APCI method for CP analysis. Besides APCI, electrospray ionization (ESI) MS can be coupled

to LC for CP analysis as well [Cariou et al., 2016; Li et al., 2017a]. These methods are usually

based on chloride- or acetate-adduct formation and also rely on accurate full scan HRMS.

In general, mass spectrometric analysis of CPs is a demanding task. Highly chlorinated

organic compounds, like CPs, show complex and broad isotope clusters in the mass spectrum

due to the abundance of, both,35Cl and 37Cl isotopes.Figure 1.5a shows the full scan mass

spectrum of a SCCP mixture, recorded with chloride-enhanced APCI. A zoom (Figure 1.5b )

shows the overlapping pseudo-molecular [M + Cl]¯ ion clusters of di�erent CP homologues. If

mass resolution is insu�cent (R< 7000) the di�erent clusters can interfere and may a�ect an

accurate quanti�cation (Figure 1.5c ). At high mass resolution (R� 100 000) interfering ions of,

e.g., heptachloroundecanes (with35Cl 37
6 Cl1 isotopes) and hexachlorotridecanes (with35Cl 37

2 Cl4
isotopes) can be distinguished (Figure 1.5d ). Hence, at a low resolution, mathematical

deconvolution of mass interferences is a crucial step before quanti�cation [Zeng et al., 2011].
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Figure 1.5. Full scan mass spectrum of a SCCP mixture recorded with chloride-enhanced APCI-MS.
Zooms of the spectrum highlights that isotope clusters of di�erent CP homologues strongly overlap and
interfere in case of insu�cient mass resolution (R< 7000), but can be resolved with HRMS (R> 100 000).

1.2.2. Quanti�cation Methods

Commonly, not single compounds but CP mixtures are used for quanti�cation.Figure 1.6

displays two measured homologue distributions of a standard SCCP mixture (55.5 m/m%Cl),

derived from GC-ECNI-MS (gray) and DI-APCI-MS (black) data. A measured CP homologue

distribution is plotted based on the mass spectral intensity of the monitored ion, i.e., [M � Cl]¯

ions for GC-ECNI-MS, and [M + Cl]¯ ions for DI-APCI-MS. The measured intensity is corrected

for the ion's abundance in the respective isotope cluster. Concentrations of individual CP
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homologues in such mixtures are unknown.Figure 1.6 illustrates that measured homologue

distributions of the same sample can di�er depending on the applied analytical method, due to

di�erences in response. Furthermore, the measured homologue patterns of samples can di�er

from those of standards and technical mixtures [Bogdal et al., 2015; Schinkel et al., 2018a].

These pattern variations are caused by mixing of technical CPs with di�erent origin and degree

of chlorination, and, by homologue-dependent partitioning, bioaccumulation and transformation

processes that can occur in the environment.

Figure 1.6. Measured MS response-based homologue pattern of a SCCP mixture (55.5 m/m%Cl),
derived from GC-ECNI-MS (gray) and DI-APCI-MS (black) data. Measured homologue distributions of
the same sample can di�er depending on the applied analytical method, due to di�erences in response.

For commonly used GC-ECNI-MS, the response of di�erent CP homologues is mainly in�uenced

by a CP's degree of chlorination, to a lesser extent by its chain length and possibly also by

the chlorine substitution pattern [van Mourik et al., 2015; Yuan et al., 2016]. Therefore,

quanti�cation procedures need to correct especially for di�erences in degrees of chlorination

between the standard material and the sample. Several quanti�cation approaches have been

developed for this purpose (Table 1.2 ).

Tomy et al. [1997] suggested quantifying CPs by normalizing each detected CP homologue for

their number of chlorine atoms. The most abundant homologue in the sample and the respective

standards are then used for quanti�cation. Reth et al. [2005] uses a di�erent approach by

deriving a linear dependency between MS response and chlorination degree of di�erent standards.

This dependency is used to mathematically correct the response of environmental CP patterns.

The combination of the two methods by Tomy et al. [1997] and Reth et al. [2005] results in

improved quanti�cation results [Diefenbacher et al., 2015]. The international organization for
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standardization (ISO) recommends quantifying SCCPs in water samples according to Geiÿ et al.

[2010] [Geiÿ et al., 2011]. They use two indicator CPs to derive sum concentrations for SCCPs.

However, any information about homologue distributions is lost when applying this method.

Thus, this method is prone to errors and rarely used for quanti�cation.

A so called pattern deconvolution method was published by Bogdal et al. [2015]. This method

is based on the assumption, that any CP pattern of a sample can be reconstructed as the sum of

CP patterns of di�erent standard materials. Hence, this method tries to �nd a linear combination

of available standards that best �ts the CP pattern of the examined sample. Yuan et al. [2017a]

developed a novel method that allows deriving response factors for di�erent homologues using

single-chain CP mixtures. However, due to limited availability of suitable single-chain standards,

this method is currently limited to SCCPs only. The high number of instrumental methods and

quanti�cation approaches indicates the complexity of CP analysis in practice.

Table 1.2. Overview of existing quanti�cation procedures for CP analysis.

Reference Method

Tomy et al. [1997] Normalization for chlorine number; quanti�cation based on most abun-
dant homologue

Reth et al. [2005] Linear relationship between response and di�erent degrees of chlorination;
correction of corresponding di�erences in response

Geiÿ et al. [2010] Multiple linear regression based on abundance of two representative
indicator CPs. This method has been recommended by ISO.

Bogdal et al. [2015] Pattern deconvolution into a linear combination of patterns of technical
CP formulations

Yuan et al. [2017a] Quanti�cation of homologues by response factor calculation using single-
chain CP mixtures

1.3. Motivation and Thesis Outline

1.3.1. Motivation

CPs are ubiquitous environmental pollutants that are partly classi�ed as POPs because they

are persistent, bioaccumulative and toxic. They are produced as complex mixtures of tens of

thousands of isomers. Therefore, their accurate analysis is one of the most demanding analytical

challenges today. This issue is aggravated by the broad isotope clusters caused by variable
35Cl and 37Cl abundances of polychlorinated compounds, like CPs. They result in strong mass

spectrometric interferences. The analysis becomes even more challenging in presence of CP

transformation products, such as chlorinated ole�ns. Thus, data regarding the environmental

fate of CPs is scarce. So far, only few studies reported on CP transformation and even fewer tried

to identify respective transformation products. This highlights the urgent need for respective
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data for this highly relevant class of environmental pollutants, which is produced at a large

scale.

CPs are often exposed to heat during their production, application and end of life-cycle

phases (e.g., polymer processing, metal cutting and waste incinerators). Hence, in this thesis,

thermal stress is considered as one of the most important transformation processes for CPs

that needs to be investigated in more detail. Analytical issues associated with the analysis of

CPs and CP transformation products need to be comprehensively assessed and solved. Latest

developments in mass spectrometry (e.g., HRMS technologies, soft ionization methods) lead to

increased capabilities to analyze CPs of all chain lengths without interferences. However, correct

quanti�cation of CPs is still challenging due to the lack of appropriate CP standard material.

Hence, requirements for new CP materials need to be evaluated for (a) their application for

novel and improved quanti�cation procedures and (b) their utility in transformation studies.

1.3.2. Thesis Outline

Chapter 2 . The �rst objective of this thesis was to identify thermal CP transformation

products. Chlorinated ole�ns (COs) were postulated as important transformation products.

However, CPs and COs of the same chain length and the same degree of chlorination show

strong mass interferences, as shown in this work. Therefore, a mathematical deconvolution

procedure was developed in a �rst step to derive non-interfered CP data, which is needed for

accurate quanti�cation of CPs and deriving CP degradation kinetics.

Chapter 3 . Mass interferences of COs and CPs inhibit the accurate quanti�cation of reg-

ulated CPs. Consequently, the second objective of this thesis was to explore and compare

novel and conventional analytical methods and discuss their capabilities to deal with the so

called CP/CO problem. Performances of di�erent modern LC-MS methods were compared to

conventional GC-MS methods. In-source formation of COs for conventional GC-MS methods

was discussed. The mathematical deconvolution method presented in Chapter 2 was validated

using di�erent LC-based HRMS methods. Furthermore, the impact of mass resolution and mass

accuracy on correct CP quanti�cation was evaluated.

Chapter 4 . Recent advances in mass spectrometry allow a non-interfered detection of CPs.

However, accurate quanti�cation is still limited by the lack of appropriate CP standard materials.

The third objective of this thesis was to comprehensively explore the requirements for novel

analytical standards. Currently, mainly complex CP mixtures are used for quanti�cation, which

often do not match with a sample's CP pattern. In this study, an improved quanti�cation

method based on pattern deconvolution with a series of single-chain CP mixtures was presented.

12 L. Schinkel
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Further, it was demonstrated that MCCPs and LCCPs are of emerging environmental concern,

but appropriate standard materials for a comprehensive risk assessment are currently missing.

Recommendations for improved future CP standard materials were given.

Chapter 5 . In the previous chapters, it has been shown that LC-based methods, applying

soft ionization methods with subsequent deconvolution of mass interferences, can be used to

solve the CP/CO problem. Furthermore, single-chain CP mixtures have been used successfully

for transformation studies. Hence, in this chapter, this knowledge was applied to investigate non-

interfered transformation kinetics of CPs at di�erent temperatures. The in�uence of the degree

of chlorination on the transformation kinetics was discussed. In addition, the transformation of

CPs to COs during metal cutting applications was studied.

L. Schinkel 13
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2.1. Abstract

Chlorinated para�ns (CPs) are high production volume chemicals and ubiquitous environmental

contaminants. CPs are produced and used as complex mixtures of polychlorinatedn-alkanes

containing thousands of isomers, leading to demanding analytical challenges. Due to their high

degrees of chlorination, CPs have highly complex isotopic mass patterns that often overlap, even

when applying moderately high mass resolution. This is further complicated in the presence of

degradation products such as chlorinated ole�ns (COs). COs are formed by dehydrochlorination

of CPs and are expected thermal degradation products in some applications of CPs, for example,

as metal working �uids. A mathematical method is presented that allows deconvolution of

the strongly interfered measured isotope clusters into linear combinations of isotope clusters of

CPs and COs. The analytical method applied was direct liquid injection into an atmospheric

pressure chemical ionization source, followed by quadrupole time-of-�ight mass spectrometry

(APCI-qTOF-MS), operated in full scan negative ion mode. The mathematical deconvolution

method was successfully applied to a thermally aged polychlorinated tridecane formulation

(Cl 5�Cl 9). Deconvolution of mass patterns allowed quantifying fractions of interfering CPs and

COs. After exposure to220°C for 2, 4, 8, and 24 h, fractions of COs within the respective

interfering clusters increased from0� 3 % at 0 h up to 37� 44 % after 24 h. It was shown that

thermolysis of CPs follows �rst-order kinetics. The presented deconvolution method allows CP

degradation studies with mass resolution lower than20 000and, therefore, is a good alternative

when higher resolution is not available.
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2.2. Introduction

Polychlorinated alkanes, commonly referred to as chlorinated para�ns (CPs), are industrial

chemicals widely used as additives in metal working �uids, plasticizers and �ame retardants

[Muir et al., 2000b]. They are synthesized by chlorination ofn-alkane feedstocks, which might

include impurities of isopara�ns ( � 1 %), resulting in complex technical mixtures of thousands of

isomers [Tomy et al., 1998a; Tomy, 2010]. CPs are classi�ed according to their chain lengths into

short-chain (SCCPs, C10�C 13), medium-chain (MCCPs, C14�C 17) and long-chain CPs (LCCPs,

C� 18). The content of chlorine can vary between30 and 70 % by mass [Fiedler, 2010]. It is

estimated that since the 1930s more than13 000 000 tCPs have been produced worldwide; their

production volume nowadays is about1 000 000 t a� 1 (in 2012) [Glüge et al., 2016]. Even though

CPs are high production volume chemicals, data about their environmental fate is limited,

mainly due to their challenging chemical analysis.

SCCPs are especially of concern, since several studies revealed their persistence [Tomy et al.,

1999; Zeng et al., 2013], toxicity [Ali and Legler, 2010; UNEP, 2011], bioaccumulation potential

[Houde et al., 2008; Reth et al., 2006; Strid et al., 2013], and long-range transport potential [Li

et al., 2016; Muir et al., 2000a; Vorkamp and Riget, 2014]. This is why, in 2017, SCCPs were

classi�ed as persistent organic pollutants (POPs) by the United Nations Stockholm Convention

[UNEP, 2017]. In many countries, the use and production of SCCPs were already banned and,

therefore, a shift in production to MCCPs and LCCPs is expected [Glüge et al., 2016]. Their

environmental fate and (eco-)toxicology are even less studied than for SCCPs. Hence, MCCPs

and LCCPs pose an unknown risk to the environment and, thus, are of increasing concern.

Technical CP formulations are usually mixtures of hundreds of structural isomers each

consisting of hundreds of stereoisomers. In other words, CP formulations consist of thousands

of di�erent compounds of unknown concentrations. This leads to considerable data uncertainty,

because single compound standards are rare. Chromatographic resolution of neither gas

chromatographic (GC) nor liquid chromatographic (LC) columns is su�cient to separate isomers

or homologue groups. Furthermore, polychlorinated hydrocarbons exhibit complex isotopic

mass patterns (Figure 2.1a ). In case of CP mixtures, isotopic patterns of di�erent homologues

overlap at high levels of chlorination. For example, mass spectra of hexachlorinated tridecanes

(Figure 2.1c ) interfere with spectra of heptachlorinated decanes and undecanes (Figure 2.1b ).

Polychlorinated CPs of the same chain length, but di�erent degrees of chlorination, show no such

mass interference (Figure 2.1c ). In the presence of transformation products, mass interferences

further increase, for example, in case of HCl elimination products (Figure 2.1d ).

First indications have been provided, that HCl is eliminated from CPs, when exposed to

heat [Camino and Costa, 1980]. This can occur, for example, during the application of CPs as

metal working �uids or as �ame retardants [Bergman et al., 1984]. Elimination of HCl leads
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Figure 2.1. Mass spectrometric interferences of CPs and COs. (a) Simulated CP spectrum (monitored
chloride-adduct ions [M + Cl] ¯ , mass resolution of about4000, m/z rounded to �rst decimal place)
of penta- to decachlorinated C10�C 13 homologues is given, assuming an equimolar mixture and equal
response. (b) Polychlorinated tridecanes (red) interfere with spectra of C10- (blue) and C11-homologues
(light blue) with n + 1 chlorine atoms at the beginning and the end of their isotopic pattern. (c) In case
of only polychlorinated tridecanes, no interfering compounds are expected. (d) Degradation of CPs via
dehydrohalogenation reactions leads to COs. HCl elimination reactions result in severe mass spectral
interferences. Highlighted interfering pairs in blue are used to apply the deconvolution method.
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to the formation of C�� C double bonds, resulting in chlorinated ole�ns (CO) as degradation

products. Figure 2.1d illustrates the problem that emerges when investigating HCl elimination

products of CPs in a mixture of polychlorinated tridecanes. For example, when HCl is eliminated

from CPs with the formula C13H21Cl7, unsaturated CPs (COs) with the formulaC13H20Cl6 are

formed. The isotopic clusters of such degradation products almost fully overlap with the clusters

of corresponding saturated CPs with the formulaC13H22Cl6. In this example (monitored ions

were [M + Cl]¯ adducts), the most abundant ion of theC13Cl6-CO cluster is m/z 422.9356

(27.95 %). To prevent overlapping with the abundant ion of the interferingC13Cl6-CP, m/z

422.9541(12.42 %), a mass resolution of20 000is required (resolving power based on full width

at half maximum). However, the extent of COs in technical formulations and whether they

occur and accumulate in the environment is not investigated, since CP degradation studies are

analytically challenging. This is due to chromatographic and mass spectrometric interferences

and the lack of single compound standards.

Typically, CPs are analyzed using gas chromatography followed by electron capture negative

ion mass spectrometry (GC-ECNI-MS) in selected ion monitoring mode (SIM) [van Mourik et al.,

2015]. ECNI is a relatively hard ionization method, causing extensive in-source fragmentation

of CPs [Yuan et al., 2016]. This ionization shows a strong dependency on the CP material's

degree of chlorination . This issue can be approached with mathematical statistical solutions as

presented by Tomy et al. [1997] and Reth et al. [2005]. Further, ISO 12010 provides a validated

method for determining SCCP sum parameter (in water) by multiple linear regression [Geiÿ

et al., 2010, 2011]. The latter method is said to be less dependent on the degree of chlorination

but su�ers the disadvantage of losing information about homologue distributions, which can

be essential for comprehensive fate studies. Still, most CP studies use low-resolution mass

spectrometry (LRMS) [van Mourik et al., 2015]. However, mass resolutions of below20 000

combined with SIM mode will overlook COs if present. Slight changes of the ratios of the

monitored CP ions, caused by interfering COs, are usually covered by a chosen uncertainty

range.

A new method, published by Bogdal et al. [2015] applies direct liquid injection, followed by

soft atmospheric pressure chemical ionization (APCI) in full scan mode, with almost no observed

in-source fragmentation. This method allows fast screening of CPs and, as shown herein, their

transformation products. We present a mathematical method that allows the deconvolution

of the described mass interferences, based on the recorded full scan spectra. The method was

applied to study thermal aging of a polychlorinated tridecane mixture, to observe and quantify

the occurrence of degradation products and to investigate the kinetics of dehydrohalogenation

reactions. Deconvolution of CP and CO mass interferences will enable studies on respective

transformation reactions. In regard of the relevance of CPs worldwide, we provide a signi�cant

contribution to bridge the data gap on their possible transformation products.
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2.3. Materials and Methods

2.3.1. Chemicals

A polychlorinated tridecane mixture (Empa;57 m/m%Cl, according to APCI-MS analysis) and a

racemic� -hexabromocyclododecane mixture (� -HBCD; Empa) was used as test material and as

internal standard (IS), respectively. � -HBCD was chosen as IS since it does not show any mass

interferences with the studied polychlorinated tridecanes. HBCDs and polychlorinated tridecanes

have comparably low vapor pressures [Glüge et al., 2013; Nordic Council of Ministers, 2008].

Due to the simple sample processing (seeSection 2.3.2 ), other physicochemical properties

will not likely a�ect their recoveries. HPLC supra-gradient methanol (MeOH, BioSolve) and

LiChrosolv-gradient dichloromethane (DCM, Merck) were used for sample preparation and

analysis.

2.3.2. Thermolysis and Sample Preparation

To avoid losses by volatilization, thermal exposure experiments were carried out using sealed

melting point tubes of 50µL volume. The polychlorinated tridecane mixture (500 ng) was added

to the glass tubes. The loaded tubes were centrifuged and solvent was evaporated to dryness

under vacuum. The tubes were then sealed by melting the open tip with the help of a Bunsen

burner. The sealed tubes were exposed to220°C for 0, 2, 4, 8, and 24 h. After exposure, the

tubes were fragmented within a vial and spiked with� -HBCD (50 ng, IS). The broken tubes

were extracted with MeOH (250µL) and �ltered through a glass pipet plugged with cellulose.

The last step was then repeated and the combined sample was reduced to a volume of50µL

under nitrogen �ow.

2.3.3. Potential in-Source Fragmentation

In general, the target ions of the transformation products [CO + Cl]̄ have the same masses as

their parent compounds when ionized via deprotonation [CP � H]¯ . For example, CPs with the

formula C13H22Cl6 result in [C13H21Cl6]¯ ions, when ionized by proton abstraction [CP � H]̄ .

Their dehydrochlorination products, that is, COs with the formulaC13H21Cl5, also result in

[C13H21Cl6]¯ ions, when ionized by chloride addition [CO + Cl]̄ . Recently, Yuan et al. (2016)

discussed the issues of di�erent fragmentation and ionization pathways, when analyzing CPs

using mass spectrometry [Yuan et al., 2016]. It was stated that the deprotonated [CP � H]¯

can be found when using the described APCI method on a di�erent MS instrument. However,

at di�erent collision energies (0� 7 V), the formation of [CP � H] ¯ was rather constant (4� 6 %)

[Yuan et al., 2016]. Therefore, this fraction can also be interpreted as CO impurities in the used
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material rather than a signi�cant formation of [CP � H] ¯ . In our study, it was assumed that

there is no proton loss within the source, because the applied APCI method was optimized to

favor adduct formation rather than fragmentation. The spectra obtained of pure CP material

also did not indicate substantial in-source deprotonation (Figure A.1 , Appendix A).

2.3.4. Deconvolution Procedure

The work�ow of the deconvolution procedure is presented in seven steps inFigure 2.2 . The

di�erent steps are explained in detailed below. Isotopic cluster data are extracted from the full

scan spectrum (step 1). The illustrative example inFigure 2.2 shows an interfered isotopic

pattern with �ve isotopic masses (labeled ions: A�E). Respective measured signal intensities

I for each ion are stated in counts in the vector format of vector~I meas. In step 2, theoretical

relative clusters for the interfering COs and CPs, named vectors~P CO (step 2a) and ~P CP (step

2b), are calculated. It has to be noted that isotopic patterns of CPs present in technical

formulations exhibit more complex isotopic patterns, because they usually have more than just

four chlorine substituents and chain lengths above10 carbon atoms, which cause detectable
13C-isotope signals. Hence, the given example is simpli�ed to some degree. Only ions of su�cient

abundance are used for the deconvolution procedure. All the ions used for this study are listed

in Appendix A (Tables A.1�A.3 ). In general, the heaviest ions (ions with a high number of
37Cl) within an isotopic cluster of a critical CP/CO pair have low abundances. Those ions are

excluded from the list of ions used for the deconvolution.

One can assume that the �rst ion of the interfered cluster is speci�c for the COs, without

being interfered by the corresponding CPs of the same degree of chlorination. Based on the

signal abundance of this speci�c ion, the intensity of the total CO clusterI CO100 is calculated in

step 3. In this example, the abundance of ion AI A is known (13 000 cts). It is also known that

the theoretical proportion P A of ion A is 0.30(30 %) of the overall CO cluster. By dividing I A

(13 000 cts) by its relative proportion P A (0.30), the theoretical sum intensity of all ions of the

CO cluster (I CO100) can be calculated.

I CO100 =
I A

PA
(2.1)

When multiplying I CO100 with the proportion vector ~P CO, derived in step 2a, the intensities

of all individual ions of the CO cluster (~I CO) can be derived. Assuming that the unknown

proportion of COs within the measured cluster isnCO, the proportion of the CPs (nCP) must

be 1 � nCO . Therefore, the intensity of the total CP clusterI CP100 is described as

I CP100 =
I CO100

nCO
� (1 � nCO ) (2.2)
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Figure 2.2. Principle and work�ow for deconvolving mass interferences of chlorinated para�ns (CPs)
and corresponding chlorinated ole�ns (COs). The seven steps displayed in the �gure are described in
the text.

With this, a system of linear equations is set up in step 4, based on the assumption, that the

measured cluster is a linear combination of the isotopic clusters of the interfering COs and CPs.

The signal intensity ~I meas can then be expressed as follows:

~I meas = ~PCO � I CO100 + ~PCP � I CP100 (2.3)

The number of linear equations in this system is determined by the number of monitored

ions considered for deconvolution. Hence, the equation system has typically more equations

than unknown variables (nCO) and, therefore, is overdetermined. A least root-mean-square

error (RMSE) approximation is carried out to �nd the best estimate for the unknownnCO. The

di�erence between measured signal intensityI i,meas and the calculated signal intensityI i,cal for

a speci�c nCO is derived for each ion i. Respective di�erences are then squared, summed up and

the square root is extracted from the resulting sum according to the following equation:
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RMSE =
s X

ion i

(I i,cal � I i,meas)
2 (2.4)

The RMSE values are minimized to obtain the best estimate fornCO (step 5). In step 6, the

calculated pattern (~I cal) is compared to the initially measured cluster (~I meas) to determine the

quality of the �t by calculating the coe�cient of determination R2 (hereR2 = 0:99). The patterns

deconvolved based on the presented method are displayed in step 7. The full deconvolution

procedure was carried out with MS Excel 2010.

The described method is adopted and modi�ed from Bogdal et al. [2015]. They describe CP

homologue patterns in environmental samples as a linear combination of homologue patterns in

available CP material. Herein, an analogue approach is used to describe mass interferences of

CPs and COs. Contrarily to Bogdal et al. [2015], this method is based on one non-interfered

mass. Further, the method herein considers only two unknowns (proportion of CP,nCP, and

proportion of CO, nCO), of which one (nCP) is further described as a function of the other (nCO)

resulting in only one unknown, decreasing potential uncertainties.

2.3.5. Quanti�cation

The deconvolution provided sum counts for respective interfering CPs and COs (I CP100 and

I CO100). The signal intensities of the major ion of the IS (m/z 676.61) in all measurements

were averaged. The ratio of this average and the IS signal of an individual measurement was

used to correct the sum counts of CPs and COs of the respective sample. This procedure

allows displaying the IS corrected data in counts. Concentrations of di�erent CP homologues

within the tridecane mixture and their respective response factors are unknown. This is why

quanti�cation of individual homologues is currently not possible. In this study, quantitative

data is given in relative signal intensities, rather than concentration units. By relating signal

intensities over time to initial signal intensities, comparative kinetic studies are independent

from the response factor of individual CP and CO homologues.

2.4. Results and Discussion

2.4.1. Changes in Mass Spectra after Thermal Aging

In order to investigate thermal degradation of CPs, a less complex mixture of only polychlorinated

tridecanes was chosen. This material mainly consists of penta-, hexa-, hepta-, octa-, and

nonachlorinated tridecanes (Figure 2.3a ). This way, possible isotopic interferences with CPs of

di�erent chain lengths are avoided. A clear shift to lower chlorinated compounds is observed in
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the full scan mass spectrum when comparing the initial material (Figure 2.3a ) and the thermally

aged material after exposure to220°C for 24 h (Figure 2.3b ). While isotope clusters of hexa-

and heptachlorinated compounds dominate at start, clusters of penta- and hexachlorinated

compounds dominate after exposure. Furthermore, it can be observed that the ratios of ions

within an isotopic cluster changed, indicating the presence of interfering COs.

The formation of COs as the thermal degradation products of CPs, was independently proven

by a control experiment. In this control, a mixture of 1,2,5,6,9,10-hexachlorodecanes with de�ned

constitution was exposed to220°C and respective formation of COs due to HCl-elimination was

demonstrated without mass interferences (Figures A.5�A.6 , Appendix A). The Cl5-, Cl6-, and

Cl7-clusters highlighted inFigure 2.3 are used for further demonstration of the deconvolution

procedure. The gradual changes observed in the spectra of hexachlorinated tridecanes and

tridecenes after0, 2, 4, 8, and 24 h exposure are shown inFigure 2.4a . For comparison,

respective changes of the penta- and heptachlorinated homologues are also given inFigures

A.3�A.4 (Appendix A).

Figure 2.3. Spectra of a polychlorinated tridecane material (Cl5�Cl 9, 57 m/m%Cl) before (a) and
after (b) thermal aging at 220°C for 24 h. A shift to lower chlorinated compounds and isotope pattern
changes are observed after thermal exposure. The CO proportions of the isotope clusters highlighted
in blue were determined with the described deconvolution method.

2.4.2. Deconvolution of Interfered CP and CO Spectra

The deconvolution procedure was applied to determine the proportion of the HCl-elimination

products in respective Cl5-, Cl6-, and Cl7-clusters and visualized inFigure 2.4 for the Cl6-cluster.

Data for respective Cl5- and Cl7-clusters are given in Appendix A (Figures A.3�A.4 ). The

measured Cl6-clusters (Figure 2.4a ) and the reconstructed clusters (Figure 2.4b ), both, show

slight changes over time. Respective deconvolved relative proportions of COs (Figure 2.4c )

and CPs (Figure 2.4d ) are indicated. The measured clusters (Figure 2.4a ) show moderate
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changes in the proportions of di�erent ions, especially the increase of the �rst ion (m/z 421),

which is characteristic for COs and, thus, indicates its formation. The fraction of COs within

the cluster is derived from the minimized RMSE (Figure 2.4e ). Here, CO proportions (nCO)

gradually increased from below3 % before exposure to37 %after 24 h at 220°C. For Cl5- and

Cl7-clusters, the CO fractions increased up to44 %and 28 %, respectively. The reconstructed

clusters resulting from the deconvolution procedure are always similar to the initially measured

clusters (R2 > 0:98), indicating a successful deconvolution (Table A.6 , Appendix A). Initial

CO proportions below3 % indicate that the used material shows no or only low contaminations

of COs and no or little in-source fragmentation.

2.4.3. Degradation Kinetics

The deconvolution allows to derive signal intensities of CPs and COs, even though their respective

signals are strongly interfered in the mass spectra. This allows us to study changes of CP

and CO intensities over time and with this to determine the transformation kinetics. The

deconvolved and IS corrected signal intensities, i.e. the sum intensity of entire isotope clusters,

for CPs and COs over time are listed inTable A.5 (Appendix A) and visualized in Figure

2.5. Tridecane homologues of di�erent degrees of chlorination decrease exponentially over time

(Figure 2.5a ), following �rst-order kinetics (Figure 2.5b ):

I t = I 0 � e� kt (2.5)

or

ln (I t =I0) = � kt (2.6)

I 0 is the initial CP signal intensity and I t the signal intensity at time t. The �rst-order rate

constant k is derived by estimating the slope of a linear regression ofln (I t =I0) versus time

(Figure 2.5c ). Rate constantsk increase with higher degrees of chlorination from0.16 to 0.25

to 0.39 h� 1 for Cl5-, Cl6-, and Cl7-tridecanes, respectively (Table A.7 , Appendix A). Conversely,

the half-lives (t1=2 = ln(2)=k) decrease with higher degrees of chlorination from4.3 to 2.8 to

1.8 h. This suggests a faster transformation of higher chlorinated CPs at increased temperatures.

Conversion of heptachlorinated tridecanes, therefore, is faster than of hexa- or pentachlorinated

tridecanes, indicating that degradation of higher chlorinated CPs is preferred. This is supported

by the observation that the relative abundance of heptachlorinated tridecanes decreases from

41 %to 17 %over time, while the relative abundance of pentachlorinated tridecanes increases

from 15 % to 32 % (Figure 2.5d ). The average chlorine number of the measured mixture

decreases from6.25 to 5.83 within 8 h as calculated from the Cl5-, Cl6-, and Cl7-clusters

(Figure A.7 , Appendix A). Overall, one can conclude that thermal exposure at220°C indeed
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Figure 2.4. Deconvolution of interfering isotope patterns ([M + Cl] ¯ adduct ions) of hexachlorinated
tridecanes (C13H22Cl6, gray) and hexachlorinated tridecenes (C13H20Cl6, red), during 0, 2, 4, 8, and
24 h of thermal exposure at 220°C. Changes in measured spectra (black) over time are shown (a)
together with the deconvolved and reconstructed mass spectra (b), the CO fraction (c, red) and the
CP fraction (d, gray). Respective proportions, which increase from3 to 37 % for COs and decrease
accordingly from 97 to 63 % for CPs are indicated. In addition, RMSE is plotted vs CO fraction (e) to
�nd minima of the respective least-RMSE function.
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induced dehydrohalogenation reactions, which lowered the degree of chlorination in the exposed

polychlorinated tridecane mixture over time. An early study on thermal degradation described

the dehydrochlorination of CPs at260°C as zero-order kinetics [Camino and Costa, 1980]. In

the latter study, degradation of CPs was analyzed by quantifying the amount of formed HCl and

not the loss of the respective parent compounds. However, CPs can follow other degradation

pathways di�erent from HCl elimination and degradation products once formed can possibly

further eliminate HCl [Bergman et al., 1984]. Therefore, it is possible that the HCl formation

follows zero-order kinetics while CP losses follow �rst-order kinetics, as observed herein.

2.4.4. Degradation Products

In our study, we observe that the signals for COs �rst increase, before declining again (Figure

2.5e). The highest increase is observed for Cl6-tridecenes. Cl7-tridecenes are formed to a

smaller extent, since their parent compounds, the Cl8-tridecanes, are less abundant (seeFigure

2.3a). Even though the precursors of Cl5-tridecenes (i.e., Cl6-tridecanes) are as abundant as

the precursors of Cl6-tridecenes (i.e., Cl7-tridecanes), the formation of the degradation products

Cl5-tridecenes is less pronounced. This can be explained by the lower transformation rate of

their precursors as mentioned earlier. The decrease of CO signal intensities after an initial

increase indicates that the formed products are further converted (Figure 2.5e ).

Moreover, it is investigated how much parent compound is transformed to COs (Figure

2.5f ). The signal of the formed Cl5-tridecenes is plotted relative to the initial signal of the

Cl6-tridecanes, the assumed precursors. Accordingly, relative signals of Cl6-tridecenes and their

Cl7-precursors are plotted. After2 h of exposure at220°C, already 50 %and 68 %of the Cl6-

and Cl7-tridecane precursors are transformed, respectively (Figure 2.5b ). However, only7 %

and 15 %of the respective initial signals are recovered as Cl5- and Cl6-tridecene transformation

products after 2 h (Figure 2.5f ).

When assuming similar response factors for parent compounds and their transformation

products, the loss of CP signal cannot be fully explained by the formation of COs. It cannot be

excluded that the maximum abundance of COs was between0 and 2 h and, hence, not captured

with the chosen sampling times. However, the overall signal intensities of all clusters decrease

over time (Figure A.1 , Appendix A). Losses due to volatilization can be excluded since a

closed system was applied (sealed glass tubes with a low headspace volume). Therefore, other

degradation reactions could be involved. According to Bergman et al. [1984], thermolysis of CPs

can also result in the formation of chlorinated and non-chlorinated aromatic compounds, such

as lower-chlorinated biphenyls, benzenes or naphthalenes. The applied APCI method is not

able to ionize aromatic compounds, which could explain some of the signal loss [Bogdal et al.,

2015]. Furthermore, it is likely that several HCl-elimination reactions can occur, resulting in
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Figure 2.5. Changes of CP and CO levels over time. Absolute intensities of selected CPs (a) show
a continuous signal loss over time. Normalization to their initial intensities (b) reveals that higher
chlorinated CPs disappear faster. The natural logarithm of the normalized intensities over time
shows that the transformation of CPs obeys �rst-order kinetics in the �rst 8 h (c). A shift to lower
chlorinated CPs over time is observed (d), while the relative abundance ofCl5-isomers increases and
those of Cl7-isomers decreases. Absolute intensities of the observed CO transformation products
initially increase before declining again (e) indicating further degradation. Normalizing the absolute
CO intensities I CO100,t to the initial intensities of the corresponding parent compoundsI parent100,0 (f),
shows that the fast initial loss of CP signal cannot be fully explained by the formation of COs.
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chlorinated diole�ns or higher polyole�ns, which can further interfere with CPs and COs of same

chain length and degree of chlorination. However, we could not �nd indications of polyole�n

formation in the examined samples.

So far, the occurrence of COs in technical materials and environmental samples is not reported,

possibly due to severe analytical problems, one being the strongly interfered mass spectra of

CP and CO mixtures. Due to their double bond, the environmental fate of COs could be

di�erent compared to CPs. For example, CPs do not undergo direct photolysis because of a

missing chromophore [Muir et al., 2000b]. Therefore, we assume that the photostability of COs

may be decreased due to their double bond. Double bonds increase a compound's reactivity,

which can lower the environmental stability of COs compared to CPs, but could also increase

the risk of metabolic activity in exposed organisms. Thus, investigations on COs as potential

environmental contaminants are of interest.

It is di�cult to investigate COs in environmental samples, because commonly used GC-MS

methods mainly analyze CPs in SIM mode [Reth et al., 2005; Tomy et al., 1997; Zeng et al.,

2011]. Usually, the two most intense ions of an isotope cluster are used for quanti�cation of

CPs. This approach disregards the potential interferences of COs, which can be substantially

as shown herein. Furthermore, commonly used electron ionization (EI) and electron capture

negative ionization (ECNI) methods are prone to produce in-source fragmentation which can

produce the same HCl-elimination products [van Mourik et al., 2015; Yuan et al., 2016]. In

order to discuss the importance of COs as CP degradation products and consequently their

importance as potential environmental pollutants, more information is required. The given full

scan MS approach and the subsequent deconvolution method are suitable to learn more about

these CP transformation products and to study such dehydrohalogenation reactions.

2.5. Conclusions

The described APCI-qTOF-MS method was successfully applied to study CP samples which

were strongly interfered with respective dehydrohalogenation products. Deconvolution of these

severe mass interferences was achieved with the given mathematical approach. Corresponding

CP and CO abundances could be deduced. The method is based on deconvolving the observed

isotope pattern into a linear combination of both interfering patterns. After deconvolution,

it was possible to determine CP/CO proportions and changes in degrees of chlorination due

to thermally induced degradation of CPs, and investigate the corresponding transformation

kinetics which was of �rst-order, as shown herein. In order to study the persistence of CPs in the

environment, more information about their abiotic and biotic degradation chemistry is needed.

The presented method provides a tool to deal with the analytical challenges of CPs and COs,

their transformation products, in degradation studies, especially when su�cient mass resolution
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(> 20 000) is not available. Certainly, for future CP fate studies, information about di�erences

in response factors of individual isomers or homologues is needed. This study showed that

COs are indeed transformation products of CPs, and hence, they could also turn into potential

environmental pollutants. Therefore, it is of interest, whether COs occur in the environment

along with their parent compounds CPs. However, in case of more complex CP and CO mixtures

the analysis continues to be challenging due to di�culties to quantify individual homologues.
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3.1. Abstract

Chlorinated para�ns (CPs) are high production volume chemicals. Their analysis is demanding

and becomes even more challenging in presence of CP transformation products. Chlorinated

ole�ns (COs) are expected thermal CP transformation products that can be present in technical

CP products and in the environment. Thus, a speci�c analysis of CPs and COs is important.

Commonly, CPs are analyzed by gas chromatography electron capture negative ionization

mass spectrometry (GC-ECNI-MS). It was shown that GC-ECNI-MS su�ers from in-source

formation of COs. Further, selected ion monitoring can lead to false quanti�cation of COs as

CPs. Alternative methods based on liquid chromatography and soft ionization techniques can

solve the CP/CO problem. Non-interfered CP data is inevitable for CP transformation studies

and non-biased degradation kinetics. Data about CP transformation is urgently needed, but

respective studies are challenging. Herein, we provided an analytical guide to deal with severe

mass interferences of CPs and their transformation products.
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3.2. Introduction

Chlorinated para�ns (CPs) are high production volume chemicals (>1 000 000 t a� 1 in 2012)

with a wide scope of applications, for example as additives in metal working �uids, plasticizers

or �ame retardants [Glüge et al., 2016; Muir et al., 2000b]. CPs are produced by chlorination

of di�erent n-alkane feedstocks. This results in complex mixtures of thousands of isomers of

various chain lengths, degrees of chlorination and stereochemistry [Tomy et al., 1998a; Tomy,

2010]. To deal with this diverse class of compounds, CPs are categorized according to their chain

lengths as short-chain (SCCPs,C10� C13), medium-chain (MCCPs,C14� C17) and long-chain CPs

(LCCPs, C18� C30). Their degrees of chlorination usually range between30 and 70 m/m%Cl

[Fiedler, 2010].

Among CPs, especially SCCPs have been a focus of past research, revealing that they are

persistent [Tomy et al., 1999; Zeng et al., 2013], bioaccumulating [Houde et al., 2008; Reth

et al., 2006; Strid et al., 2013], toxic [Ali and Legler, 2010; UNEP, 2011], and possess long-range

atmospheric transport potential [Li et al., 2016; Muir et al., 2000a; Vorkamp and Riget, 2014].

As a consequence, SCCPs have been listed as persistent organic pollutants (POPs) under the UN

Stockholm Convention on POPs in 2017 [UNEP, 2017]. Their production and use was already

restricted before in many European countries, including members of the European Union and

Switzerland [Glüge et al., 2016]. Due to the international ban of SCCPs, a shift in production

to MCCPs and LCCPs is expected, causing an urgent need for adequate analytical methods.

3.2.1. Trends in Analysis of Chlorinated Para�ns

Analysis of CPs is challenging due to mixtures of thousands of isomers, insu�cient chromato-

graphic resolution, complex isotopic patterns and unknown compositions of reference materials.

Conventional methods for CP analysis apply gas chromatography (GC) coupled to electron

capture negative ionization (ECNI) mass spectrometry (MS) in the selected ion monitoring

mode (SIM) [Eljarrat and Barcelo, 2006; van Mourik et al., 2015, 2018]. GC-ECNI-MS methods

have been applied to study SCCPs since the early 1980s [Schmid and Muller, 1985]. However,

ionization e�ciencies with ECNI are highly dependent on a CP's chlorine content. If the refer-

ence material used for quanti�cation has a degree of chlorination that is signi�cantly di�erent

from the sample's degree of chlorination, ECNI-MS results can be o� by orders of magnitude. In

addition, the application of SIM methods may overlook interfering CP fragment ions produced

by ECNI conditions if mass resolution is insu�cient [Yuan et al., 2016]. Although, considerable

e�orts have been made to improve the quanti�cation procedures for CPs [Reth et al., 2005;

Tomy et al., 1997; Yuan et al., 2016, 2017a], the GC-ECNI-SIM-MS method is still limited

for its ability to correctly quantify SCCPs, especially in combination with low-resolution MS
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(LRMS) [van Mourik et al., 2018]. Nevertheless, GC-ECNI-SIM-LRMS is still widely used.

Besides ECNI, GC can be coupled to electron impact ionization tandem mass spectrometry

(EI-MS/MS) to quantify CPs [Zencak et al., 2004]. Although, it revealed to be a promising

method and is still applied today for fast screening of the sum of SCCPs and MCCPs in samples,

the GC-EI-MS/MS has not become an option for accurate quanti�cation of individual CP

homologues. The strong and rather unspeci�c fragmentation of CPs in the EI source represents

the main limitation of this method. Besides the mentioned issues, GC-based methods are in

general not suited to analyze CPs with increased chain length due to their lower volatility.

Huang et al. [2018] abandoned the use of chromatographic separation and recently proposed

the application of matrix-assisted laser desorption/ionization (MALDI) for CP analysis, using

graphene as matrix. This alternative method allows rapid, semi-quantitative screening of SCCPs

and potentially also of MCCPs and LCCPs.

Zencak and Oehme [2004] introduced a method based on liquid chromatography (LC) mass

spectrometry that was capable of analyzing CPs of chain lengths C10 to C20. They applied

chloride-enhanced atmospheric pressure chemical ionization (APCI) and monitored chloride-

adducts of CPs. Bogdal et al. [2015] revived this method using a comparable APCI method,

directly injecting CPs of all chain lengths into the MS. They demonstrated that this APCI

method is less dependent on the degree of chlorination of CPs, compared to conventionally used

GC-ECNI-MS. This method has been successfully applied in several CP studies [Brandsma

et al., 2017; Du et al., 2018; Yuan et al., 2017b,c] and performed well in a recent interlaboratory

study [van Mourik et al., 2018]. Altering the halide-adduct from chloride to bromide can further

improve the performance of this APCI method [Yuan et al., 2018]. Cariou et al. [2016] applied

LC-MS with electrospray ionization (ESI) and forced acetate-adduct formation to detect CPs

with chain lengths of up to C35 in �sh samples. Furthermore, Li et al. [2017a] applied LC-MS

with chloride-enhanced ESI and successfully quanti�ed CPs in human blood samples. Using this

LC-based method, they recently provided a �rst attempt to fully characterize common Chinese

CP products [Li et al., 2018].

In addition, advanced MS technologies now allow sensitive CP analysis in full scan mode,

including time-of-�ight and Orbitrap MS technologies [Bogdal et al., 2015; Cariou et al., 2016;

Krätschmer et al., 2018]. These advances substantially improved (a) the quality of CP analysis

of all chain lengths, (b) the resolution of interferences by related chlorinated compounds, such

as polychlorinated biphenyls (PCBs), (c) the suppression of analytical artefacts by in-source

fragmentation, and (d) the detection of potential CP transformation products, such as chlorinated

ole�ns.
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3.2.2. Transformation Products of Chlorinated Para�ns

Regarding the large production volume of CPs there is an urgent need for more and better

data on their environmental fate. In particular information on CP transformation pathways

and transformation products is urgently needed. However, analytical challenges further increase

for mixtures of CPs and their polychlorinated transformation products. Therefore, only few

studies have reported on CP degradation and characterization of respective degradation products

[Feo et al., 2009; van Mourik et al., 2016]. In the past, dechlorination by indirect photolysis

has been observed for CPs [Koh and Thiemann, 2001]. Further, a recent study could show a

rearrangement of the chlorine pattern and a dechlorination of CPs by pumpkin seedlings [Li

et al., 2017b]. CP dechlorination has also been shown for certain bacterial strains [Allpress and

Gowland, 1999; Heath et al., 2006; Omori et al., 1987]. It is expected that transformation of

CPs is in�uenced by their chain length, degree of chlorination and chlorine position [Feo et al.,

2009].

In general, CPs are considered persistent in the environment. However, under thermal stress,

CPs degrade to various low- and non-chlorinated aromatic hydrocarbons [Bergman et al., 1984;

Xin et al., 2017]. Such thermal transformation products, like polychlorinated biphenyls and

naphthalenes, can be readily investigated with analytical target methods using available reference

materials. Camino and Costa [1980] showed that thermal stress on CPs causes the elimination

of HCl. It was hypothesized that this results in the formation of double bonds and respective

chlorinated ole�ns (COs) [Bergman et al., 1984; Camino and Costa, 1980]. In a recent study, we

could indeed prove the presence of COs in thermally exposed CP mixtures applying an adequate

mass spectrometric method (seeChapter 2 ) [Schinkel et al., 2017].

Exposure of CPs to heat during their applications and the corresponding formation of COs is

likely. E.g., in polymer processing, CPs can be exposed to temperatures up to200°C [Tadmor

and Gogos, 2006; Zhan et al., 2017]. Further, fat residues in baking ovens were shown to be

highly contaminated with CPs due to their use in oven sealants [Gallistl et al., 2018]. Here, CPs

are frequently exposed to high temperatures and most likely degrade to COs. Thermal stress

and degradation of CPs also occurs during recycling or incineration of CP containing products.

Recently, we found evidence that COs are formed when CPs are used as cutting �uids in metal

work applications (seeChapter 5 ) [Schinkel et al., 2018c].

We showed that CO and CP mass spectra strongly interfere if homologues have the same

chain length and degree of chlorination (seeChapter 2 ) [Schinkel et al., 2017]. For example,

the molecular ion [M]̄ of the most abundant isotopologue of CPs with the formulaC13H22Cl6
is m/z 389.9829(12C 1

13 H 35
22 Cl 37

5 Cl1, 31.64 %). This ion interferes with an abundant ionm/z

389.9643(12C 1
13 H 35

20 Cl 37
4 Cl2, 25.49 %) of COs with the formula C13H20Cl6. A mass resolution

of R>20 000 is needed to separate these two ions.
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COs have also been found in non-exposed CP products and have been identi�ed in atmospheric

samples [Li et al., 2018; Schinkel et al., 2018c]. We conclude that COs are pollutants that

can be released to the environment together with CPs. Analytical di�erentiation of CPs and

COs, therefore, is a crucial task and respective capabilities and limitations of conventional and

state-of-the-art MS methods need to be assessed.

3.2.3. Objectives of the Review

Several analytical challenges are associated with CP analysis, including (a) co-elution of the many

isomers, (b) mass interferences of the many isotopologues and (c) in-source fragmentation, leading

to complex mass spectra. These issues increase in presence of CP transformation products, like

chlorinated ole�ns. Herein, we use thermally exposed CP materials to demonstrate these issues

and compare di�erent analytical methods with helpful illustrations. Recently, we have presented

a method that allows the mathematical deconvolution of mass interferences of CPs and their

CO transformation products if instrumental mass resolution is insu�cient (seeChapter 2 )

[Schinkel et al., 2017]. In this review, we further explore the use of novel LC-based methods

and di�erent MS technologies to resolve such mass interferences. Soft ionization techniques

such as chloride-enhanced APCI and acetate-enhanced ESI are explored [Bogdal et al., 2015;

Cariou et al., 2016]. In addition, time-of-�ight-MS (resolution R� 10 000) in combination with

mathematical deconvolution is compared to Orbitrap-MS (R>100 000). Besides, the applicability

of conventional GC-ECNI-MS in SIM mode is investigated.

Recent advances in analytical technologies caused an increased diversity of methods to analyze

CPs. Herein, we classify strengths and weaknesses of one conventional and three novel methods.

With this, we provide an analytical guide to deal with the analysis of chlorinated para�ns in

presence of chlorinated ole�ns and resolve interference problems.

3.3. Experimental Details

The review of three novel and one conventional methods is based on experimental data with

an identical set of samples of thermally exposed polychlorinated tridecanes. This way, we can

comprehensively compare and review the four di�erent methods.

Aliquots of polychlorinated tridecane mixture (60 m/m%Cl; 100 ngµL � 1 , 500 ng) were trans-

ferred to melting point tubes of50µL volume. Solvent was evaporated under vacuum. Glass

tubes were sealed by melting their open tip and then exposed at220°C for 0, 1, 2, 4 and 8 h.

After exposure, tubes were fragmented within a vial, spiked with� -hexabromocyclododecane

(internal standard, 50 ng) and extracted twice with 250µL methanol. Extracts were �ltered

through cellulose and evaporated under nitrogen to a volume of50µL. For GC analysis the
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solvent was exchanged to toluene.Table 3.1 lists an overview of the four analytical methods

that are explored in this review. Details on chemical analysis and data processing are provided

in Appendix B (Section B.1 ).

Table 3.1. Overview of applied mass spectrometric methods. Full scan negative ion spectra were
obtained in all cases. Mass resolution is reported for FWHM atm/z 200. Detailed settings are provided
in Appendix B ( Table B.1 ).

Method (LC-)APCI- (LC-)APCI- LC-ESI- GC-ECNI
qTOF-MS* Orbitrap-MS Orbitrap-MS Orbitrap-MS

Instrument Agilent Technologies Thermo Scienti�c Thermo Scienti�c Thermo Scienti�c
6520 qTOF LC/MS Exactive Orbitrap Ultimate 3000 UHPLC Trace 1310 GC, Q

LC/MS qExactive Orbitrap Exactive Orbitrap
LC/MS GC/MS

MS technology Time-of-�ight (TOF) Orbitrap Orbitrap Orbitrap

Mass resolution 10 000 100 000 140 000 15 000
120 000

Monitored ions [M + Cl] ¯ [M + Cl] ¯ [M + acetate] ¯ [M � Cl] ¯
[M � H] ¯ [M � HCl � Cl] ¯

Column/ no column; eluents: no column; eluents: Hypersil Gold column DB-5 column (30 m �
eluent methanol/dichloro- methanol/dichloro- (100 mm � 2.1 mm, 1.9 0.25 mm, 0.25 µm);

methane (90:10) methane (90:10) µm); eluents: 10 mM carrier gas: helium
ammonium acetate in
water and acetonitrile

*applied with subsequent mathematical deconvolution of CP and CO mass interferences

3.4. Performance of Novel LC-MS Methods

CP analysis is a complex task and di�erent novel methods based on LC-MS have been recently

published [Bogdal et al., 2015; Cariou et al., 2016; Li et al., 2017a; Yuan et al., 2018]. Mass

spectra strongly depend on the chosen ionization mode and ion source parameters and can

also vary between di�erent instruments. Thus, it is crucial to carefully select and optimize an

analytical method. The following sections compare three novel LC-MS methods which can be

applied to tackle the CP/CO problem and address related analytical challenges.

3.4.1. Comparison of Full Scan Spectra of Three Di�erent LC-MS

Methods

Table 3.1 gives an overview of the three LC-MS methods which were compared in order to

demonstrate their applicability for CP and CO analysis. APCI-qTOF-MS, APCI-Orbitrap-

MS and ESI-Orbitrap-MS methods were all applied in full scan mode. Respective mean full

scan spectra of the examined chlorinated tridecane mixture are shown inFigure 3.1 . APCI-

qTOF-MS (Figure 3.1a ) and APCI-Orbitrap-MS ( Figure 3.1b ) spectra show a high degree

of similarity with distinctive [M + Cl] ¯ clusters for di�erent chlorinated homologues (Cl5� Cl10-
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Figure 3.1. Comparison of negative ion full scan mass spectra of a chlorinated tridecane mixture
(60 m/m%Cl) with di�erent ionization and MS methods. (a) APCI-qTOF-MS and (b) APCI-Orbitrap-
MS spectra show similar homologue distributions with distinctive [M + Cl] ¯ clusters (gray) without
apparent mass interferences or fragmentation reactions. With ESI-Orbitrap-MS two major ionization
mechanisms can be observed, with [M + acetate]¯ adduct formation (c, green) and proton loss [M � H]¯
(d, orange).

homologues are indicated in gray). The derived homologue distributions match between both

methods, with heptachlorotridecanes being the most abundant homologues, followed by octa-

and hexachlorotridecanes (Appendix B,Figure B.1 ).

The mean full scan spectrum of the ESI-Orbitrap-MS (Figure 3.1c ) is more disturbed

compared to both APCI spectra (Figures 3.1a , b). Cariou et al. [2016] reported [M + acetate]̄

adduct ion formation when publishing the acetate-enhanced ESI-MS method. However, besides

the reported [M + acetate]̄ ions (Figure 3.1c , green clusters), intense pseudo-molecular

[M � H] ¯ ions are also observed in the ESI spectrum (Figure 3.1d , orange clusters). When

monitoring [M + acetate]¯ ions, the observed homologue distribution (Appendix B,Figure

B.1 ) matches the homologue distributions of both APCI methods with heptachlorotridecanes

being most abundant, followed by octa- and hexachlorotridecanes. However, when monitoring

[M � H] ¯ ions, the distribution shifts towards higher chlorinated CPs with octachlorotridecanes

being the most abundant, followed by hepta- and nonachlorotridecanes.

Due to the nonspeci�c synthesis of CP mixtures, the true homologue distribution is typically

not known. However, based on measured homologue distributions, mean degrees of chlorination

of the used polychlorinated tridecane mixture were calculated as59.9 %, 59.0 %, 60.0 %and

61.4 %for the APCI-qTOF-MS, APCI-Orbitrap-MS, acetate-enhanced ESI-MS and proton loss

ESI-MS method, respectively. The degree of chlorination determined by the proton loss ESI-MS
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data deviates the most (+1.4 %) from the manufacturer's speci�cation of60 %. For chlorinated

tridecanes, a small change in degrees of chlorination by +1.4 %already results in an increase

of average chlorine number fromzCl = 7:5 to zCl = 7:9. Thus, it is concluded that monitoring

[M � H] ¯ ions with the tested ESI settings causes an underestimation of lower chlorinated CPs.

3.4.2. APCI: Deconvolution Versus Resolution

In order to show the applicability of the mathematical deconvonlution of CP/CO mass interfer-

ences [Schinkel et al., 2017], samples obtained from thermolysis of chlorinated tridecane mixtures

were analyzed with two di�erent MS technologies, with qTOF-MS (R� 10 000) and Orbitrap-MS

(R� 100 000). Both instruments were operated in APCI full scan negative ion mode.Figure

3.2 compares respective isotope clusters ofC13Cl6-isomers. The initial Cl6-clusters measured

with APCI-qTOF-MS ( Figure 3.2a ) and APCI-Orbitrap-MS ( Figure 3.2c ) are very similar

and both match the theoretical [M + Cl]¯ ion cluster for hexachlorinated tridecanes. After

being exposed to220°C for 4 h, respective clusters (Figure 3.2b ,d) change compared to the

initial ones (Figure 3.2a ,c), caused by mass interferences of formed chlorinated ole�ns. When

comparing exposed clusters of both MS methods (Figure 3.2b ,d), they still look similar at �rst

glance. Zooming (400 mmu) to selected single isotope signals of the clusters (Figure 3.2b ,d;

indicated in green) shows that Orbitrap-MS (Figure 3.2f ) can resolve mass interferences of

chlorinated para�ns (CPs), chlorinated ole�ns (COs) and chlorinated diole�ns (CdiOs), whereas

the used qTOF-MS instrument (Figure 3.2e ) cannot.

However, subsequent mathematical processing of qTOF-MS data allows the deconvolution

of the measured ion clusters into linear combinations of respective CP, CO and CdiO clusters

(Figure 3.2g ). The reconstructed cluster (Figure 3.2g ) matches the measured qTOF-MS

cluster (Figure 3.2e ) with a coe�cient of determination R2 � 1:00. The deconvolved qTOF-

MS data (Figure 3.2g ) and the resolved Orbitrap-MS data (Figure 3.2h ) are comparable.

Small di�erences may be expected, since both MS technologies, qTOF- and Orbitrap-MS, have

di�erent ion optics. The similarity between these results shows that the previously published

deconvolution method is well suited to determine CPs, COs and even CdiOs in respective

mixtures when su�cient MS resolving power is not available [Schinkel et al., 2017].

3.4.3. ESI: Acetate-Adduct Ions Versus Proton Loss Ions

Two major ionization processes can be observed with the applied acetate-enhanced ESI method.

On one hand, acetate-adduct formations [M + acetate]¯ and, on the other hand, proton

loss reactions [M � H]̄ (Figure 3.1c ,d). The relative ionization e�ciency of acetate-adduct

formation decreased with increasing degrees of chlorination. As shown inFigure B.3 and listed
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Figure 3.2. Comparison of isotope clusters of hexachlorotridecanes (CPs) and hexachlorotridecenes
(COs) measured with APCI-qTOF-MS (left: a,b,e,g) and APCI-Orbitrap-MS (right: c,d,f,h). Isotope
clusters before (a,c) and after thermal exposure at220°C for 4 h (b,d) are compared. Changes indicate
a formation of chlorinated ole�ns (COs) during thermal exposure. Zooms (b,d green:400 mmu) to
single isotope signals show that Orbitrap-MS with a resolution of100 000(f) can resolve these mass
interferences whereas the used qTOF-MS with a resolution of10 000(e) cannot. Arrows indicate mass
peaks for CPs (gray), COs (red) and chlorinated diole�ns CdiOs (orange). Subsequent mathematical
deconvolution of qTOF-MS data (g) allows the calculation of CP, CO and CdiO proportions and
comparison to Orbitrap-MS results (h). COs and CdiOs refer to ole�ns with one or two double bonds,
respectively.

in Table B.2 (Appendix B), 2 %, 11 %, 25 %, 33 %, 36 %and 44 %of the Cl5-, Cl6-, Cl7-, Cl8-,

Cl9- and Cl10-tridecanes are ionized by proton loss, respectively. Acetate is a potential weak

adduct. It seems that with increasing degrees of chlorination, the stability of acetate-adducts

decreases and proton loss reactions increase. This contrasts with �ndings from the APCI

methods, where only one major ionization process is observed (Figure 3.1a ,b), leading to

chloride-adduct formation [M + Cl]¯ [Schinkel et al., 2017]. We conclude that both APCI
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methods ionize softer than the applied ESI method.

We postulate that chloride is a weaker base than acetate and, hence, proton loss with chloride

is less pronounced compared to acetate. This is in line with the pKa values of corresponding

acids pKa(HCl) = � 7 and pKa(CH3COOH) = 4:76 [Smith and March, 2006]. Further, with

chloride-enhanced APCI, a halide-halide interaction of [Cl]¯ and CPs can be observed, which

is potentially stronger than the acetate-adduct formation. An additional explanation could

be that the acidic strength of CPs increases with increased degrees of chlorination. Thus,

higher chlorinated CPs are stronger acids than lower chlorinated CPs. However, it is possible

that further optimization of ESI source parameters could increase acetate-adduct stability of

higher chlorinated compounds or reduce respective proton loss or vice versa. This example

clearly demonstrates that CP homologue distributions can di�er depending on the monitored

ions. Therefore, it is crucial to optimize a method and carefully select those ions to neither

underestimate nor overestimate certain CP homologues.

3.4.4. Proportions of Chlorinated Para�ns, Ole�ns and Diole�ns

Figure 3.3 compares CP, CO and CdiO proportions for hexachlorinated compounds derived

from both APCI-MS methods (qTOF-MS and Orbitrap-MS) and both ESI-MS methods (acetate-

adduct and proton loss ionization). Respective data for Cl5-, Cl7-and Cl8-homologues are given

in Appendix B in Tables B.3�B.7 and Figure B.4 . A decrease in CP proportions (Figures

3.3 and B.4 , gray) is observed over time with all methods, whereas CO (red) and CdiO (orange)

proportions increase with exposure time. Thus, chlorinated para�ns degrade under thermal

stress and chlorinated ole�ns and diole�ns are formed.

In general, these methods give similar results. Observed di�erences can be explained by

di�erent ionization e�ciencies for CPs, COs and CdiOs when applying di�erent MS technologies.

Average initial proportions for Cl5-CPs decrease after8 h exposure at220°C from 90 ± 11 %to

41 ± 10 %, those for Cl6-CPs are lowered from91 ± 6 % to 49 ± 6 %, for Cl7-CPs from 93 ±

4 % to 64 ± 4 % and for Cl8-CPs from 95 ± 3 % to 77 ± 7 %, respectively (mean± standard

deviation of four MS methods). Combined proportions of COs and CdiOs increase accordingly

from 10 ± 11 %to 59 ± 10 %, 9 ± 6 % to 50 ± 6 %, 7 ± 4 % to 36 ± 4 % and 5 ± 3 % to 23 ±

7 % for penta-, hexa-, hepta- and octachlorinated ole�ns and diole�ns, respectively. CO and

CdiO formation is more pronounced for lower chlorinated compounds, possibly due to higher

abundances of precursor CPs, which are the higher chlorinated CPs (Appendix B,Figure B.1 ).

Furthermore, all methods indicate that the non-exposed tridecane mixture already contains

some ole�n proportions of8 ± 9 %, 8 ± 6 %, 6 ± 4 % and 5 ± 3 % for penta-, hexa-, hepta- and

octachlorinated compounds. This con�rms our own �ndings (Chapter 5 ) and the �ndings of Li

et al. [2018], who reported unsaturated CP analogues (chlorinated ole�ns) in common Chinese
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Figure 3.3. Relative proportions of hexachlorinated C13-para�ns (CPs), -ole�ns (COs) and -diole�ns
(CdiOs) over time. Material was exposed for0, 1, 2, 4 and 8 h at 220°C and observed with four di�erent
ionization and MS methods (APCI-qTOF- and APCI-Orbitrap-MS by [M + Cl] ¯ ; ESI-Orbitrap-MS
by [M + acetate] ¯ and [M � H] ¯ ). All LC-MS methods show decreasing CP proportions (gray) and
increasing CO (red) and CdiO (orange) proportions with prolonged exposure time.

CP products. Thus, COs can already be present in technical CP mixtures and are released from

such products to the environment together with CPs [Li et al., 2018].

In principle, two ionization processes, either by chloride-adduct formation [M + Cl]¯ or

deprotonation [M � H] ¯ , can be expected under APCI conditions [Yuan et al., 2016]. Chlorinated

para�ns (CPs) ionized by proton loss have the same mass as their corresponding transformation

products, the chlorinated ole�ns (COs), when ionized by chloride-adduct formation (Appendix B,

Figure B.5 ). This can cause a higher initial CO fraction when using chloride-enhanced APCI.

However, in a previous study we showed that ionization by [M � H]¯ formation is negligible

when optimizing APCI instrument parameters accordingly [Schinkel et al., 2017]. The same

has been stated for related bromide-enhanced APCI and chloride-enhanced ESI [Li et al., 2018;

Yuan et al., 2018].

3.5. Performance of Conventional GC-ECNI-MS

GC-ECNI-MS is conventionally used for CP analysis [van Mourik et al., 2018]. The following

sections give an overview of critical analytical challenges of this method with special focus on

interfering fragment ions and interfering transformation products. It is demonstrated how these

issues a�ect CP/CO data.
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3.5.1. In-Source Fragmentation of CPs to COs

Using GC-ECNI-MS, diverse CP fragmentation patterns can be observed [Tomy et al., 1997;

Yuan et al., 2016]. As shown by Yuan et al. [2016], di�erent fragment ions can strongly interfere

if mass resolution is insu�cient. Herein, we demonstrate how in-source fragmentation in�uences

CO analysis in presence of CPs. For this, we re-analyzed our thermolysis samples with GC-ECNI-

MS (at a resolution of R� 120 000). Conventional GC-MS methods usually investigate only

selected ions.Figure 3.4 compares extracted ion chromatograms (EIC) for the most abundant

[M � Cl] ¯ ions ofC13H21Cl7-CPs (green),C13H19Cl7-COs (orange) andC13H20Cl8-CPs (gray)

before (Figure 3.4a ,c,e,h) and after (Figure 3.4b ,d,f,i ) 4 h exposure at 220°C.

Before exposure, the peak shape and retention time ofC13H19Cl7-COs (orange) is similar to

that of C13H20Cl8-CPs (Figure 3.4c ,e; red area), whereas after exposure, retention time of

C13H19Cl7-COs is earlier and similar toC13H21Cl7-CPs (Fig. 4d,b). It was found that C13H19Cl7-

COs ionized by [M � Cl]¯ are interfered by C13H20Cl8-CPs ionized by [M � HCl � Cl] ¯ . Both

processes give exactly the same mass of [C13H19Cl6]¯ (Appendix B, Figure B.6 ). Thus, with

GC-ECNI-MS, a formation of COs by in-source fragmentation of CPs is observed.

As seen inFigure 3.4c , the early eluting part of the C13H19Cl7-CO peak, cannot be explained

by fragmentation of C13H20Cl8-CPs to COs (red area). This chromatographically separated CO

fraction indicates that some COs are indeed already present in the non-exposed material, as

shown before by all tested LC-MS methods (Figure 3.3 ), or are formed in the hot GC injector

or column. Potential formation of interfering COs in hot GC injectors could not be examined,

due to con�rmed CO contamination in the CP starting material.

After thermal exposure, the relative abundance ofC13H20Cl8-CPs is decreased due to CP

degradation, whereas the relative abundance ofC13H19Cl7-COs in the exposed sample is increased,

as seen from overlaid chromatograms inFigures 3.4h and 3.4i . Therefore, after exposure,

the chromatogram ofC13H19Cl7-COs (orange) is less in�uenced by in-source CO formation

but dominated more by COs already present in the sample. It is concluded that COs and

CPs of the same chain length and degree of chlorination elute at similar times from the GC

column (3.4b,d). However, even if mass resolution is high enough (R>20 000) to resolve mass

interferences of CPs and COs, there is still the problem of COs that form in the MS source and

partially co-elute with COs present in the sample. Thus, it is almost impossible to investigate

COs in presence of CPs with conventional GC-ECNI-MS if in-source formation is an issue.

ECNI mass spectra strongly depend on the chosen source parameters and can vary between

di�erent instruments [Ong and Hites, 1993; Tomy et al., 1998b]. Further, the extent of CP

fragmentation to [M � HCl � Cl] ¯ ions possibly also depends on their degree of chlorination, but

respective data is not conclusive (Appendix B,Figure B.7 and Table B.8 ). If the extent of

[M � HCl � Cl] ¯ fragmentation is known for individual CP homologues, one may estimate the

L. Schinkel 43



Chapter 3

Figure 3.4. GC-ECNI-Orbitrap-MS (R � 120 000) extracted ion chromatograms (EIC) for selected
CPs and COs before (left) and after4 h exposure at220°C (right). Most intense ions of the [M � Cl] ¯
clusters were extracted forC13H21Cl7 para�ns (green, a, b), C13H19Cl7 ole�ns (orange, c, d) and
C13H20Cl8 para�ns (gray, e, f). The EIC of C13H19Cl7-COs before exposure (c) is interfered by
[M � HCl � Cl] ¯ fragment ions of C13H20Cl8-CPs, indicated by the same retention time and a similar
peak shape (red area, c, e). After4 h exposure, the EIC ofC13H19Cl7-COs (d) shows the same retention
time and similar peak shape asC13H21Cl7-CPs (b), indicating the presence of these COs in the sample
rather than due to in-source formation from the C13H20Cl8-CPs (f). Relative proportions of interfering
[M � HCl � Cl] ¯ fragments of C13H20Cl8-CPs decrease after exposure, indicated by a shift in retention
time of C13H19Cl7-COs compared toC13H20Cl8-CPs (orange vs. gray, h, i). The relative abundance of
COs (orange) increases after exposure (h, i), indicating a formation of COs and a conversion of CPs.

proportion of COs present in the sample. However, compensation for in-source CO formation

from such ECNI-MS data continues to be a challenge. The use of softer ionization techniques like

APCI- and ESI-MS remains the more promising approach when investigating CP transformation

products, such as chlorinated ole�ns.
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3.5.2. In�uence of Mass Resolution and Mass Accuracy

Mass resolution and mass accuracy are important parameters to increase the selectivity of an

analytical method and to avoid or minimise interferences, allowing a correct quanti�cation. Due

to their complex isotope patterns, in-source fragmentation and chromatographic co-elution,

su�cient mass resolution is inevitable for CP analysis. Insu�cient mass resolution usually

requires elaborate data processing to mathematically correct for respective interferences [Schinkel

et al., 2017; Yuan et al., 2016; Zeng et al., 2011]. Herein, we demonstrate the in�uence of those

parameters on CP analysis in presence of interfering fragments and interfering transformation

products.

Figure 3.5 shows the in�uence of mass resolution and mass accuracy on EICs for the most

abundant [M � Cl] ¯ ion of heptachlorotridecanes (m/z 388.9751). At a mass resolution of

Figure 3.5. GC-ECNI-MS total ion chromatogram (TIC) of a non-exposed chlorinated tridecane
mixture (a) and three di�erent extracted ion chromatograms (EIC) for C13H21Cl7 para�ns, monitoring
the most intense [M � Cl] ¯ ion m/z 388.9751. At a mass resolution of120 000and a mass accuracy of
5 ppm, heptachlorinated tridecanes can be detected without interferences (b). At a mass resolution
of only 15 000, the EIC is cut o� (c, red arrow), indicating an interference that causes a shift of the
average isotope mass which cannot be extracted when applying a mass accuracy of5 ppm. When
lowering the mass accuracy to50 ppm, the peak is extended (d, red arrow) because the EIC now also
includes underlying mass interferences. Here, these interferences are caused by the [M � HCl � Cl]¯
ions of C13H20Cl8 para�ns but could also be caused by the [M � Cl] ¯ ions of correspondingC13H19Cl7
ole�ns, whose isotope clusters both include interfering ions ofm/z 388.9566.
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R� 120 000and extracting with a mass accuracy of5 ppm (Figure 3.5b ), CP target ions can

be extracted without mass interferences. In case of insu�cient mass resolution but with high

mass accuracy, the EIC peak is cut o� (Figure 3.5c , red arrow). When applying a lower mass

resolution of R� 15 000, mass interferences of CPs and COs and other CP fragment ions cannot

be resolved. In presence of interfering compounds, target isotope masses get shifted due to

underlying interferences and, therefore, are not extracted anymore when applying high mass

accuracy. Here, the mass interference is caused by slightly later eluting octachlorotridecanes

ionized by [M � HCl � Cl] ¯ ions (m/z 388.9566), causing the cut-o� at the right end of the

peak. When applying a lower mass accuracy of50 ppm, the peak is extended (Figure 3.5d ,

red arrow) because underlying mass interferences are now included. Hence, insu�cient mass

resolution can lead to false negative or false positive quanti�cation of CPs, depending on the

chosen mass accuracy.

CPs are usually analyzed in selected ion monitoring (SIM) mode. To identify individual

Figure 3.6. Selected ion monitoring of CP/CO mixtures. Quanti�er and quali�er ion proportions
for heptachlorinated tridecanes over time, when exposed at220°C for 0, 1, 2, 4 and 8 h are shown.
Most intense [M � Cl] ¯ ions with m/z 388.8751(100 %) and m/z 390.9722(80.5 %) were extracted
from GC-ECNI-MS full scan spectra. Proportions of extracted ions are shown for mass resolution
and mass accuracy of (a) R� 120 000and 5 ppm and (b) R� 15 000and 50 ppm. Green bars (left) show
theoretical quanti�er and quali�er ion proportions. Ion ratios and deviations from the theoretical ion
ratio are given in red. When applying su�cient mass resolution and mass accuracy (a), deviations are
always below4 %. At lower resolution and mass accuracy (b), deviations steadily increase from10 %
at t = 0 h up to 21 % at t = 8 h. When accepting deviations of15 %, CPs are quanti�ed even though
they are heavily interfered by COs.
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CP homologues and exclude possible mass interferences, the ratio of measured quanti�er and

quali�er ions is determined and compared to the theoretical ratio. To demonstrate whether

such ion ratios can be used to detect underlying interferences, we studied them for thermally

exposed chlorotridecane mixtures that contain substantial amounts of COs.Figure 3.6 displays

relative intensities of quanti�er (m/z 388.8751, 100 %) and quali�er ions (m/z 390.9722, 80.5 %)

of heptachlorotridecanes. When applying a mass resolution of120 000and a mass accuracy

of 5 ppm, expected ion ratios can be determined without interferences, with deviations of0 %,

1 %, 1 %, 1 % and 3 % in samples which were exposed for0, 1, 2, 4 and 8 h at 220°C (Figure

3.6a). In case of insu�cient resolution and low mass accuracy of 50 ppm, measured ion ratios

deviate 10 %, 12 %, 13 %, 15 % and 21 %, respectively (Figure 3.6b ). The underlying mass

interferences by COs (found in samples or formed in source) are27 %, 31 %, 34 %, 38 % and

42 %, respectively (Appendix B,Table B.9 ). If one applies a commonly accepted tolerance of

15 %deviation, CPs would be erroneously quanti�ed, even though they are highly interfered by

up to 38 % COs.

In conclusion, CP analysis with SIM methods can overlook potential mass interferences by

COs and other CP fragments if the applied mass resolution and mass accuracy are insu�cient.

In contrast, full scan measurements can better reveal underlying CO mass interferences and

further allow the use of a deconvolution method to mathematically separate CP and CO mass

spectra [Schinkel et al., 2017; Yuan et al., 2016].

3.6. Conclusions and Recommendations

Chlorinated ole�ns are important CP transformation products, that form during thermal

exposure, e.g., during metal work applications or polymer processing. COs are already present

in certain technical CP products and are found in the environment where they are pollutants of

unknown risk. The analysis of CP/CO mixtures is challenging and impeded by severe mass

interferences.

On one hand, the potential of three di�erent LC-MS methods relying on soft ionization (APCI

and ESI) was demonstrated to analyze CP/CO mixtures. Mass interferences can be resolved

either by su�cient instrumental resolving power or by mathematical deconvolution of full scan

spectra. Di�erent ionization processes can be observed a�ecting the measured homologue

distributions of CP/CO mixtures. On the other hand, analytical problems related to the widely

used GC-ECNI-MS were discussed. Due to in-source fragmentation of CPs to COs, this method

cannot be used for CO analysis. When using selected ion monitoring, su�cient mass resolution

(> 20 000) and mass accuracy (<50 ppm) is required to avoid false positive quanti�cation of

COs as CPs. In case of low-resolution MS, we encourage the use of deconvolution methods to

mathematically resolve CP/CO mass interferences from full scan spectra [Schinkel et al., 2017;
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Yuan et al., 2016]. We also recommend reporting the applied mass resolution and mass accuracy

for a transparent discussion of the reported data.

Due to several analytical challenges, CP transformation is still an unexplored topic that needs

more attention. We recommend the use of less complex CP mixtures of single carbon chain

length when investigating CP transformation. Such single-chain standards of di�erent degrees of

chlorination are commercially available for SCCPs, but single-chain standards of higher carbon

number are urgently needed. When investigating CP transformation processes it is important to

be aware of interfering transformation products. Non-interfered CP data is essential to determine

correct degradation kinetics. To avoid interfering in-source fragmentation, we recommend the

use of LC-MS with soft ionization techniques. Non-target analysis could be used to identify

unknown CP transformation products. To identify other potential transformation products it

might be required to apply a combination of di�erent analytical methods.

Overall, this review provides a guide to investigate and understand complex mass spectra

of CPs and interfering transformation products, such as COs and CdiOs. Mass spectrometry

indeed is a powerful tool, commonly applied in analytical chemistry and currently undergoing a

phase of rapid technological developments. Herein, we discussed major advances and limitations

of di�erent MS methods (including state-of-the-art technologies), considering structure-related

compounds and in-source fragmentation that can interfere with a chosen target ion.
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4.1. Abstract

Chlorinated para�ns (CPs) are high production volume chemicals and ubiquitous environmental

pollutants. In particular, data about the environmental fate of medium-chain (MCCPs, C14�C 17)

and long-chain (LCCPs, C� 18) CPs are urgently needed. Their analysis requires elaborate

analytical methods and representative analytical standards. Complex mixtures that contain CPs

of di�erent carbon chain lengths and degrees of chlorination are currently used for quanti�cation

but are impractical when chain length distributions substantially di�er between samples and

standards. Single-chain CP mixtures of only one carbon chain length but varying degrees of

chlorination are more suitable for accurate quanti�cation but are not available for MCCPs and

LCCPs. Such standards are useful for homologue pattern deconvolution and response factor

calculations. Toxicity and transformation studies on MCCPs and LCCPs are scarce. Respective

studies would also bene�t from less complex CP standards, e.g., single-chain mixtures or even

constitutionally de�ned CPs. Currently available analytical standards are inadequate for the

demanding task of quantifying MCCPs and LCCPs. Improved standards are required. This

review provides an overview of the available analytical CP materials, discusses their advantages

and disadvantages for accurate CP analysis, and gives a recommendation for improvements.

Recommendations for improved analytical standards include (A) complex CP mixtures that

better resemble technical CP mixtures, (B) single-chain CP mixtures of di�erent carbon chain

lengths (C10� C30) and varying degrees of chlorination (40� 70 m/m%Cl), (C) constitutionally

de�ned CPs with representative chlorination patterns, and (D) isotopically labeled CP isomers

that represent a broad range of CPs.
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4.2. Introduction

Chlorinated para�ns (CPs, CyH2y+2 � zClz; y = 10 � 30; 1 � z � y) are high production volume

chemicals (1 million metric tons annually) of emerging environmental concern [Glüge et al.,

2016; van Mourik et al., 2016]. They are produced and used as complex mixtures of thousands of

isomers of di�erent carbon chain lengths (C10�C 30) and degrees of chlorination (30� 70 m/m%Cl)

[Muir et al., 2000b]. They are industrial chemicals applied as plasticizers, �ame retardants,

and metal working �uids [Muir et al., 2000b]. CPs are commonly classi�ed according to their

carbon chain length into short-chain CPs (SCCPs, C10�C 13), medium-chain CPs (MCCPs,

C14�C 17), and long-chain CPs (LCCPs, C� 18) [Tomy, 2010]. LCCPs with chain lengths of C� 21

are sometimes termed very long-chain CPs (vLCCPs) [UNEP, 2016b].

In 2017, SCCPs have been classi�ed as persistent organic pollutants (POPs) under the United

Nations Stockholm Convention [UNEP, 2017]. SCCPs were �rst suggested for classi�cation as

POPs in 2006 [UNEP, 2006]. It took more than a decade to regulate SCCPs because it was

argued that analytical methods are uncertain and the data were insu�ciently reliable [UNEP,

2007, 2015]. This argument is still used and is likely to be used in future discussion about an

Figure 4.1. Measured (LC-ESI-MS) CP homologue pattern in the top sediment of a tributary of
Rhône River (Bourbre, France), sampled in 2013 (modi�ed from Cariou et al. [2017]). The measured
homologue pattern is dominated by LCCPs. Currently, there are no analytical standards commercially
available for CPs with chain lengths of higher thanC20. Single-chain CP mixtures (type B) are available
for only SCCPs.
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eventual regulation of MCCPs and LCCPs, too. Because of the international ban, SCCPs are

now included in monitoring programs of laboratories worldwide. Another consequence is a shift

in production to MCCPs and LCCPs, requiring an assessment of their environmental risk. For

example, cleavage of a carbon chain has been indicated during incineration of CPs, which would

convert longer-chain CPs to restricted SCCPs [Xin et al., 2018].

Already, environmental levels of MCCPs often exceed those of SCCPs, and levels of LCCPs

are on the rise, too [Bogdal et al., 2017; Glüge et al., 2018].Figure 4.1 displays the observed

CP homologue distribution of a sediment of the river Bourbre (France) as reported by Cariou

et al. [2017]. The pattern is clearly dominated by MCCPs and LCCPs. Similar observations

have been made for, e.g., coastal sediments [Yuan et al., 2017b], sewage sludge [Brandsma et al.,

2017], air [Li et al., 2018], and �sh [Cariou et al., 2016]. These environmental trends toward

MCCPs and LCCPs require improved methods for the analysis and quanti�cation of CPs of

all carbon chain lengths, including more and better analytical standards for these emerging

contaminants. In this review, we distinguish four di�erent types of CP standards that are

required for MCCP and LCCP analysis:

ˆ Type A : Complex CP mixtures that cover representative carbon chain length distributions

and are available with di�erent degrees of chlorination (e.g., LCCP mixtures with chain

lengths of C21�C 30 and 70 m/m%Cl).

ˆ Type B : Single-chain CP mixtures that include homologues of only one carbon chain

length and are available with di�erent degrees of chlorination (e.g., C15-CPs with chain

lengths of C15 and 45 m/m%Cl).

ˆ Type C : Constitutionally de�ned CPs that are de�ned by carbon chain length, chlorine

number and chlorine position (e.g., 2,4,5,7,9,13,14-heptachloropentadecane,C15H25Cl7).

Stereoisomeric mixtures are possible.

ˆ Type D : Isotopically labeled CPs with a de�ned constitution.

Currently, quanti�cation mainly relies on the use of complex CP mixtures (type A), allowing

only semiquantitative analysis of CPs, usually reporting sum parameters for SCCPs, MCCPs,

and lately also LCCPs. Conventionally, SCCPs are analyzed using gas chromatography (GC)

coupled to electron capture negative ionization mass spectrometry (ECNI-MS) [van Mourik

et al., 2018]. This method is known to be highly sensitive to a compound's degree of chlorination

[van Mourik et al., 2015]. If environmental CP mixtures di�er in their degrees of chlorination

from the used analytical mixtures, reported levels can di�er from the target value by orders

of magnitude. Various mathematical approaches have been used in the past to correct for

di�erences in chlorination [Diefenbacher et al., 2015; Reth et al., 2005; Tomy et al., 1997].
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GC applications are not suitable for the analysis of longer-chain CPs because of their low

volatility. Several laboratories now use liquid chromatography (LC)-MS applications to analyze

CPs of all chain lengths. Such LC-MS methods apply soft ionization modes, e.g., halide- or

acetate-enhanced atmospheric pressure chemical ionization (APCI) or electrospray ionization

(ESI) [Bogdal et al., 2015; Cariou et al., 2016; Li et al., 2017a; Yuan et al., 2018; Zencak and

Oehme, 2004]. These methods are based on adduct formation and seem to be less dependent on

a CP's degree of chlorination [Bogdal et al., 2015].

Limits of detection (LODs) vary among di�erent methods and instruments. LODs for SCCPs

in the low picograms per microliter range have been observed with a GC-ECNI Orbitrap MS

instrument [Krätschmer et al., 2018]. For latest LC-MS methods, LODs for SCCPs are in the

low nanograms per microliter range and, thus, comparable to those of GC-ECNI low-resolution

MS [Bogdal et al., 2015]. In general, with halide-enhanced LC-MS methods, the LODs for CPs

improve with an increasing carbon chain length [Bogdal et al., 2015; Li et al., 2017a]. CPs

have complex isotopic patterns that often interfere. Thus, CP analysis requires high mass

resolution and mass accuracy [Schinkel et al., 2018b], or, if those are not available, mathematical

deconvolution procedures to deduce spectra without interference [Yuan et al., 2016; Zeng et al.,

2011].

Two improved quanti�cation methods have been published lately [Bogdal et al., 2015; Yuan

et al., 2017a]. One method is based on the deconvolution of homologue patterns into linear

combinations of patterns of di�erent analytical standards (type A) [Bogdal et al., 2015]. This

allows quanti�cation of CPs of all carbon chain lengths without additional correction for

the degree of chlorination as long as samples and standards contain the same chain length

distribution. Another method allows the quanti�cation of individual CP homologues (CPs of the

same sum formula, e.g.,C12H20Cl6) after the respective response factors have been derived from

single-chain CP mixtures (type B) with di�erent degrees of chlorination [Yuan et al., 2017a].

Quanti�cation based on type B standards is promising, which is addressed in this review. Recent

advances led to improved capabilities to correctly quantify SCCPs [Krätschmer et al., 2018; van

Mourik et al., 2018; Yuan et al., 2017a]. However, to make use of these advances for MCCP and

LCCP analysis, more and better analytical CP standards are needed.

4.3. Type A: Complex CP Mixtures

CPs are usually produced by radical chlorination ofn-alkane feedstock [Fiedler, 2010]. Technical

mixtures, therefore, contain CPs of various carbon chain lengths and degrees of chlorination.

Consequently, technical CPs are complex mixtures. The situation becomes even more complex

if various technical mixtures are applied and then mix in environmental compartments. For

these reasons, environmental levels of CPs are usually reported as sum parameters, i.e., as
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� SCCP, � MCCP, and � LCCP. To the best of our knowledge, there are currently four suppliers

of analytical CP materials: Dr. Ehrenstorfer GmbH (Augsburg, Germany), AccuStandard

(New Haven, CT), Chiron AS (Trondheim, Norway), and Cambridge Isotope Laboratories Inc.

(Tewksbury, MA) ( Table C.1 , Appendix C).

Usually, complex CP mixtures (type A) are used for quanti�cation of environmental samples,

which often do not match well. Analytical type A standards are mainly provided by Dr.

Ehrenstorfer. These standards cover carbon chain lengths of C10�C 20, including eight mixtures

of SCCPs, MCCPs, and LCCPs with di�erent degrees of chlorination (Table C.2 , Appendix

C). These mixtures are de�ned by the covered chain length range and their average degree

of chlorination. However, the accurate proportions of di�erentn-alkanes used as feedstock

are not speci�ed. Distributions of di�erent CP homologues cannot be speci�ed because of

their production by non-speci�c chlorination of n-alkanes. Neat and diluted aliquots of several

technical CP formulations produced in North America are provided by AccuStandard (Table

C.3 , Appendix C). Unfortunately, data about speci�c carbon chain length ranges and degrees

of chlorination are not always provided.

4.3.1. Quanti�cation by Pattern Deconvolution with Complex CP

Mixtures

Bogdal et al. [2015] described a mathematical algorithm that allows the deconvolution of CP

homologue patterns of environmental samples into linear combinations of homologue patterns of

type A standards. This is based on the assumption that the CP pattern of a sample can be

represented by a mixture of available CP standards. This quanti�cation approach is increasingly

used for determining CP levels and performed well in a recent interlaboratory study [Brandsma

et al., 2017; van Mourik et al., 2018; Wong et al., 2017; Yuan et al., 2017c]. In the work presented

here, we have used this method to reconstruct SCCP patterns found in two commercial polymer

products.

Figure 4.2a displays homologue patterns of three commonly used type A SCCP standards

(Dr. Ehrenstorfer) with degrees of chlorination of51.5, 55.5, and 63.0 m/m%Cl, when analyzed

by GC-ECNI-MS (instrument settings are provided inTable C.6 , Appendix C). They all contain

CPs with carbon chain lengths of C10�C 13 but have di�erent average degrees of chlorination.

Figure 4.2b shows the observed SCCP pattern (black) of polymer extract 1 (space hopper toy)

and a reconstructed pattern. The observed pattern can be deconvolved into a linear combination

of the available analytical standards, with a correlation ofR2 = 0:91. Mainly the 55.5 m/m%Cl

standard (green) and the63 m/m%Cl standard (red) contribute to the observed pattern of

polymer extract 1. The proportions of the two standards in the reconstructed pattern are52 and

48 %, respectively (Table C.7 , Appendix C). Figure 4.2c shows the observed SCCP pattern
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Figure 4.2. Measured (GC-ECNI-MS) and reconstructed SCCP homologue patterns in available
analytical type A standards and two polymer extracts. (a) Available type A SCCP standards cover
chain lengths of C10� C13 and degrees of chlorination of51.5 (blue), 55.5 (green), and 63 m/m%Cl
(red). Polymer extracts 1 and 2 are extracts of a space hopper toy and a yoga mat, respectively.
The measured homologue pattern of polymer extract 1 (b, black) can be deconvolved into a linear
combination of the available SCCP standards (reconstructed pattern with a coe�cient of determination
of R2 = 0 :91). In contrast, the measured pattern of polymer extract 2 (c, black) contains only SCCPs
with chain lengths of C12 and C13. The reconstructed pattern (R2 = 0 :28) shows that the measured
homologue pattern cannot be deconvolved into a linear combination of the available type A standards.
Di�erences between measured and reconstructed patterns are shown inFigure C.1 (Appendix C).
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(black) of polymer extract 2 (yoga mat). Only C12- and C13-CPs are present in this sample. In

this case, the reconstructed pattern does not match well with the observed pattern (R2 = 0:28).

The observed pattern cannot be deconvolved into a linear combination of the available type A

standards. This demonstrates that the current deconvolution method can fail if the analytical

standards do not re�ect the same chain length distribution as the sample. Accurate quanti�cation

of CPs is not possible in this case. The issue not only is associated with pattern deconvolution

but also is relevant whenever type A standards are used for quanti�cation. Other quanti�cation

methods according to Tomy et al. [1997] or Reth et al. [2005] correct for di�erences in degrees

of chlorination but not for di�erences in carbon chain length distributions. The response in

GC-ECNI-MS is strongly in�uenced by a CP's degree of chlorination but to a lesser extent can

also be in�uenced by its chain length [van Mourik et al., 2015].

Today, China is the major producer of CPs [Glüge et al., 2016]. A majority of Chinese CP

products are not produced with a speci�ed carbon chain length range but are produced with

speci�ed degrees of chlorination [Li et al., 2018]. Such CP products are called CP42, CP52,

and CP70, corresponding to degrees of chlorination of42, 52, and 70 m/m%Cl, respectively.

Chain length ranges and distributions of these products can vary between di�erent producers

[Li et al., 2018]. In addition, CPs can be produced by chlorination of ole�n feedstock. Such

ole�n feedstock can be synthesized by ethylene oligomerization of� -ole�ns, resulting in CP

mixtures of a speci�c carbon chain length [US EPA, 1999]. Even-numbered chains are favored,

resulting in, e.g., hexacosane, chloro derivatives (CAS Registry No. 2097144-46-0). For these

reasons, chain length distributions of technical formulations can signi�cantly di�er from those

of analytical type A standards (as demonstrated inFigure 4.2c ).

Several research groups now use (European) technical formulations for pattern deconvolution

and CP quanti�cation [Du et al., 2018; Wong et al., 2017; Yuan et al., 2017b]. However,

most technical formulations are not commercially available and not accessible for laboratories,

especially those that are no longer produced. Such formulations are still present in open

applications and, therefore, in�uence the observed environmental patterns [Diefenbacher et al.,

2015]. Technical CP formulations can also contain byproducts like unsaturated analogues

(chlorinated ole�ns) [Li et al., 2018; Schinkel et al., 2018c], isopara�ns, and aromatic compounds,

including PCBs [Takasuga et al., 2012; Tomy et al., 1998a]. Nevertheless, the use of technical

formulations for quanti�cation is currently the only option for quantifying LCCPs. As shown in

Figure 4.1 , the observed CP pattern in environmental samples can be dominated by vLCCPs

(C21�C 30). In such a case, the observed homologue pattern cannot be described with the

commercially available analytical standards that cover only carbon chain lengths between C10

and C20 (Table C.2 , Appendix C). Therefore, pattern deconvolution can fail when only a

low correlation (e.g.,R2 < 0:8) between reconstructed and measured homologue patterns for

LCCPs can be achieved [Brandsma et al., 2017]. This example indicates that environmental
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CP mixtures can substantially di�er from available type A standards. In addition, in a recent

study C8- to C36-CPs were detected in sediment samples, which extends the often reported

speci�cation of C10- to C30-CPs [Tomy, 2010; Yuan et al., 2017b].

Recent advances in CP analysis allow the simultaneous detection of CPs of all carbon chain

lengths [Bogdal et al., 2015; Li et al., 2018; Yuan et al., 2018]. Several studies could indeed

show that MCCP and LCCP levels are on the rise and of increasing concern [Brandsma et al.,

2017; Wong et al., 2017; Yuan et al., 2017b]. Pattern deconvolution is an elegant approach for

quantifying complex CP mixtures of all carbon chain lengths [Bogdal et al., 2015; van Mourik

et al., 2018]. However, as discussed, this approach strongly depends on the availability of

high-quality type A standards with patterns that resemble those found in samples of interest.

This would include CP mixtures with various degrees of chlorination and carbon chain lengths

of up to C30 or even C36.

4.4. Type B: Single-Chain CP Mixtures

Single-chain CP mixtures (type B) are an interesting alternative when studying the fate of

chlorinated para�ns. The synthesis of type B standards is fast, cheap, and easy. They are

produced by unspeci�c chlorination ofn-alkanes of only one speci�c carbon chain length [Tomy

et al., 2000a]. Hence, they still contain hundreds of constitutional isomers and stereoisomers

with di�erent degrees of chlorination, but all are of the same chain length. In the following, we

discuss bene�ts of type B standards for accurate CP quanti�cation. In addition, their use for

transformation and toxicity studies is described.

4.4.1. Quanti�cation of CPs Using Single-Chain CP Mixtures

We have shown that the carbon chain length distribution in samples sometimes does not match

with distributions of the available type A standards. This impedes accurate CP quanti�cation.

Figure 4.3 shows the measured SCCP homologue distribution (black) of two polymer extracts.

As shown before inFigure 4.2c , polymer extract 2 cannot be reconstructed with available

type A standards (R2 = 0:28). Polymer extract 2 contains only C12- and C13-CPs, whereas the

type A standards also contain C10- and C11-CPs (Figure 4.2a ,c). However, the reconstructed

pattern in Figure4.3b demonstrates that the observed homologue distribution of polymer

extract 2 can be accurately deconvolved into a linear combination of �ve type B standards

(R2 = 0:99). The pattern of the more complex polymer extract 1 (Figure4.3a ) can also be

reconstructed, using eight type B standards, with an improved correlation (R2 = 0:98) (compared

to R2 = 0:91 when using type A standards (Figure 4.2b )). The respective proportions of the

standards in the reconstructed pattern are listed inTable C.8 (Appendix C). For comparison,

L. Schinkel 57



Chapter 4

Figure 4.3. Pattern deconvolution with single-chain CP mixtures (type B) of two polymer extracts.
Polymer extracts 1 and 2 are extracts of a space hopper toy and a yoga mat, respectively. The SCCP
homologue distribution of polymer extract 2 contains only C12- and C13-CPs. The reconstructed
patterns show that the measured patterns (black) can be accurately deconvolved into linear combinations
of di�erent type B standards with coe�cients of determination ( R2) of 0.98 and 0.99 for polymer
extracts 1 and 2, respectively. Di�erences between measured and reconstructed patterns are shown in
Figure C.1 (Appendix C).

measured homologue distributions of all commercially available type B standards (C10�C 13, Dr.

Ehrenstorfer) are displayed inFigure C.2 (Appendix C).

The pattern deconvolution method of Bogdal et al. [2015] must fail if environmental processes

a�ect the degrees of chlorination and carbon chain length distributions of environmental CP

patterns. Such processes include transformation reactions, partitioning between di�erent envi-

ronmental matrices (fractionation), and bioaccumulation processes that change the homologue

distributions in the environment compared to technical mixtures. This a�ects the quality of

the pattern deconvolution. Here, we demonstrate that pattern deconvolution does not require
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the use of complex CP mixtures (type A). By using single-chain CP mixtures (type B) with

di�erent degrees of chlorination (Figure 4.3 ), limitations of the former deconvolution method

are circumvented.

Pattern deconvolution with type B standards allows the determination of sum parameters for

CPs of the same chain length but does not allow quanti�cation of individual CP homologues (CPs

of the same sum formula). Recently, Yuan et al. [2017a] used type B standards to mathematically

derive response factors for speci�c SCCP homologues. With such response factors, it is now

possible to quantify speci�c CP homologues. This method also avoids issues that occur when

homologue patterns of a sample do not match those of type A standards. In addition, it is

assumed that the quality of quanti�cation methods according to Tomy et al. [1997] or Reth et al.

[2005] could also be improved when applying single-chain CP mixtures [Sprengel and Vetter,

2018].

Type B standards with variable degrees of chlorination are currently available for only SCCPs,

coveringC10- to C13-CPs (Table C.4 , Appendix C). MCCPs are suggested as substitutes for

SCCPs and are not yet regulated under the United Nations Stockholm Convention [UNEP,

2016a], but governments, e.g., that of the United States, are discussing a regulation of MCCPs

and even LCCPs [Federal Register, 2016]. It has been shown that environmental levels of

MCCPs are increasing and often exceed SCCP levels [Bogdal et al., 2017; Glüge et al., 2018].

Therefore, type B standards coveringC14-, C15-, C16-, and C17-CPs are urgently needed to

quantify MCCPs, investigate their fate, and support evaluations and discussions about their

potential regulation. Furthermore, the sediment CP pattern inFigure 4.1 demonstrates that

LCCPs are also of emerging environmental relevance. Hence, type B standards covering the

wide range of LCCPs (C18�C 30) are needed, too.

4.4.2. Toxicity and Transformation Studies with Single-Chain CP

Mixtures

Experimental fate studies with type A standards are challenging because they include thousands

of isomers. In addition, CPs have complex mass spectra because of their high degrees of

chlorination and corresponding large numbers of35Cl and 37Cl isotopologues. Thus, mass

interferences are common if mass resolution is insu�cient [Schinkel et al., 2017]. The problem of

mass interference gets worse in the case of in-source fragmentation, leading to various fragment

ions [Yuan et al., 2016]. Spectra become even more complex in the presence of transformation

products, like chlorinated ole�ns [Schinkel et al., 2017]. As a consequence, CP transformation

studies are scarce. For these reasons, less complex CP materials, e.g., single-chain CP mixtures

(type B), are needed for the identi�cation of CP transformation pathways and formed products.

When toxicity is being investigated, type A standards can be used to investigate mixture toxicity
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[Birtley et al., 1980; Castro et al., 2018]. However, using type B standards, the in�uence of

carbon chain length and degree of chlorination can be investigated [Cooley et al., 2001; Geng

et al., 2015]. A comprehensive assessment of these two parameters is important for identifying

CP homologues that pose the greatest toxicological and environmental risk. Those compounds

should be subject to regulation.

As shown by Tomy et al. [2000a], synthesis of type B standards is fast, cheap, and easy. Several

laboratories have synthesized such mixtures for characterization, quanti�cation, and toxicity

studies [Fisk et al., 1999, 2000; Gallistl and Vetter, 2015; Tomy et al., 2000a]. To ensure a high

quality of such standards and long-term comparability between studies, type B standards should

be made available by laboratories that commercially provide analytical standard materials. Type

B standards are commercially available for only SCCPs in relatively low concentrations and

volumes (10 ngµL � 1 and 1 mL, respectively (Table C.4 , Appendix C)) at relatively high costs.

Larger amounts are required for comprehensive transformation (kinetics) and toxicity studies

(dose�response curves), which adds to the expense of such cost-intensive studies. Consequently,

respective experimental data are scarce but are needed to justify regulatory discussions. To

improve the situation, large quantities of type B standards should be made available at lower

costs, especially for medium- and long-chain CPs (C� 14).

4.5. Type C: Constitutionally De�ned CPs

The composition and impurities of type A and type B standards are di�cult to determine and,

therefore, are a major drawback when using such materials for CP fate studies. Therefore,

CPs with a de�ned constitution (type C) are highly relevant for mechanistic studies, espe-

cially when investigating CP toxicity or transformation. Constitutionally de�ned CPs, e.g.,

2,4,5,7,9,13,14-heptachloropentadecane (C15H25Cl7), ideally are just one isomer or a mixture

of several stereoisomers. The in�uence of carbon chain length, degree of chlorination, chlorine

pattern, and stereochemistry can be investigated in more detail with such standards. For exam-

ple, for polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD and PCDF, respectively),

it was observed that PCDD isomers with chlorine at positions 2, 3, 7, and 8 trigger the main

toxicological response [van Zorge et al., 1989]. On the basis of this �nding, the widely used toxic

equivalence factor (TEF) concept was developed. This would not have been possible without

the existence of adequate analytical standards.

Type C standards can also be used to assess analytical methods, including MS ionization

and fragmentation processes. CPs are produced as complex mixtures of tens of thousands of

di�erent isomers. Hence, it is crucial to study those type C standards that are representative of

a majority of these thousands of isomers. It is expected that CPs are randomly chlorinated when

produced by non-speci�c chlorination of n-alkanes. Typically, geminal chlorination and terminal
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chlorination are less favored [Tomy, 2010]. Beaume et al. [2006] demonstrated thatC10-CPs can

be quanti�ed with �ve selected constitutionally de�ned CPs. However, they also observed a

variable response depending on the degree of chlorination and the chlorine substitution pattern.

Thus, careful selection of suitable type C standards and proper method validation are required.

The synthesis of type C standards is a challenging task, which is re�ected by the low number

and low diversity of commercially available standards (Table C.6 , Appendix C). Again, mostly

SCCPs are available. A series of tetra- to nonachlorinated decanes (C10) with an evenly

distributed chlorination pattern is available from Dr. Ehrenstorfer. They do not provide

type C standards for MCCPs and LCCPs. A remarkable number of standards with a de�ned

constitution are provided by Chiron, covering carbon chain lengths ofC6� C20. A majority of

these type C standards show chlorination patterns that include terminal chlorine atoms and

higher oxidized carbons with two or three chlorine substitutions. Analysis by two-dimensional

GC indicated that such isomers are mostly not present in CP mixtures that are synthesized

by unspeci�c chlorination like most technical CPs [Korytár et al., 2005]. Thus, respective type

C standards are probably not representative for most CP mixtures of the same carbon chain

length and degree of chlorination, where one might expect random and more evenly distributed

chlorination.

Transformation and toxicity studies based on such type C standards are possibly not repre-

sentative. The same applies when these standards are used to investigate ionization processes in

di�erent MS sources. Because of unusual chlorination patterns, their ionization behavior and

yield, which correspond to the MS response, might di�er from those of randomly chlorinated

CPs [Yuan et al., 2016]. Thus, those compounds cannot be used to quantify CPs even if they

are of the same carbon chain length and degree of chlorination.

Constitutionally de�ned CPs with a very low degree of chlorination (Cl2 and Cl4) are also

available. These compounds have weak responses in commonly used MS methods. Thus, CP

transformation studies, where dechlorination is expected, are di�cult to perform because the

transformation products are expected to have an even weaker MS response. However, even if

currently available type C standards are mostly not ideal, they are useful for gaining detailed

insights into the speci�c breakdown of CPs in abiotic and biotic environments and investigating

the toxicodynamics of CPs.

4.6. Type D: Isotopically Labeled CPs

Constitutionally de�ned CPs are useful internal or recovery standards. In the past, non-CP com-

pounds have been used as internal standards for CP analysis, including [13C6]-hexachlorobenzene,

[13C10]-trans-chlordane, [13C10]-anti-Dechlorane Plus, and [13C8]-mirex [Bayen et al., 2006; Dick

et al., 2010; Li et al., 2017a; Ma et al., 2014; Reth et al., 2005]. However, those compounds
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Figure 4.4. 13C-labeled standards (type D). (a) [13C10]-1,5,5,6,6,10-Hexachlorodecane is one of two
available labeled CP standards. (b) Nine type D standards that cover the full CP range of di�erent
carbon chain lengths and degrees of chlorination are considered an optimal solution for internal
standards. (c) If only one labeled standard should be used, [13C15]-heptachloropentadecane is suggested
herein to represent SCCPs, MCCPs, and shorter LCCPs. An ideal isotopically labeled standard should
not have terminal or geminal chlorine substitutions.

have low levels of structural similarity to CPs. Cambridge Isotope Laboratories provides two
13C-labeled chlorinated para�n standards (type D), [13C10]-1,5,5,6,6,10-hexachlorodecane and

[13C12]-1,1,1,3,10,12,12,12-octachlorododecane (Table C.6 , Appendix C).

[13C10]-1,5,5,6,6,10-Hexachlorodecane (Figure 4.4a ) is today often used as an internal stan-

dard for CP analysis. It has a good response with GC-ECNI-MS when [M � Cl]¯ ions are

being monitored. However, this compound has a very weak response with novel halide-enhanced

LC-MS methods that monitor, e.g., [M + Cl]̄ adduct ions. These LC-MS methods are used

to analyze LCCPs that cannot be measured with GC methods. Thus, this labeled standard

has to be analyzed with a separate method, e.g., GC-ECNI-MS, which increases the time and

cost of the analysis [Du et al., 2018; Wong et al., 2017]. Both labeled standards have unusual

chlorination patterns with terminal and geminal chlorine substitutions. This might be a reason

for poor adduct formation under LC-MS conditions. Thus, both available type D standards

(both SCCPs) are not well suited for LC-MS methods, which are increasingly used for analysis
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of MCCPs and LCCPs.

Chlorinated para�ns can vary substantially in their physicochemical properties depending

on their carbon chain length, degree of chlorination, and chlorine substitution pattern [Glüge

et al., 2013]. Therefore, it is essential to use a variety of isotopically labeled CP standards that

cover the entire range of carbon chain lengths and degrees of chlorination present in technical

CP mixtures. Here, we suggest the development of nine labeled standards (Figure 4.4b ) with

chain lengths ofC12, C16, C20, and C26 to represent SCCPs, MCCPs, LCCPs, and vLCCPs,

respectively. Ideally, these type D standards come with two di�erent degrees of chlorination,

e.g., Cl6 and Cl10. The vLCCPs could come with a third degree of chlorination, e.g., Cl20.

If only one type D standard should be used, we suggest [13C15]-heptachloropentadecane (Figure

4.4c) with a representative chlorine substitution pattern. Via the choice of a MCCP with an

intermediate carbon chain length, emerging MCCPs can be quanti�ed, but regulated SCCPs

and shorter LCCPs can also be quanti�ed. However, it is debatable whether only one type D

standard is suitable for quantifying the broad range of CPs, considering the di�erences in their

physicochemical properties. Thus, the best solution is still the application of a diverse range of

labeled CPs. A prerequisite for type D standards is an evenly distributed chlorination pattern,

without terminal or geminal chlorine substitution.

4.7. Recommendations and Outlook

SCCPs are now classi�ed as POPs under the United Nations Stockholm Convention and are

restricted worldwide. MCCPs and LCCPs are used as alternatives and are of emerging concern.

New analytical methods based on adduct-enhanced LC-MS are increasingly used to analyze

complex mixtures with C8- to C36-CPs [Yuan et al., 2017b]. In addition, two new quanti�cation

methods based on pattern deconvolution and response factor corrections were introduced [Bogdal

et al., 2015; Yuan et al., 2017a]. These developments cause a need for better analytical CP

standards. For accurate quanti�cation and comprehensive toxicity and transformation studies,

four types of analytical standards are required:

ˆ Type A : Complex CP mixtures that cover CPs of all carbon chain lengths (C10� C30) with

di�erent degrees of chlorination (40� 70 m/m%Cl) are needed, with a focus on MCCPs

and LCCPs. Manufacturers and suppliers should specify the chain length range and

distribution of the n-alkane feedstock and the average degree of chlorination.

ˆ Type B : Single-chain CP mixtures for each carbon chain length with di�erent degrees of

chlorination (40�70 m/m%Cl) are needed, especially for MCCPs and LCCPs.

ˆ Type C : Constitutionally de�ned CPs of a speci�ed carbon chain length, with de�ned
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and representative chlorination (no terminal or geminal chlorine substitution), are needed

for mechanistic studies.

ˆ Type D : Isotopically labeled CPs with a de�ned constitution are needed as internal

standards, with speci�c chlorination (no terminal or geminal chlorine substitution), rep-

resenting carbon chain lengths of SCCPs, MCCPs, and LCCPs. Ionization of these

compounds should be as e�cient as for technical CPs, under both GC-ECNI-MS and

adduct-enhanced LC-MS conditions.

For pattern deconvolution, analytical grade type A standards with chain length distributions

and degrees of chlorination that are similar to those of technical mixtures are required. In

particular, type A standards for vLCCPs (C21� C30) are urgently needed. This could be achieved

if technical CP products are bought from bulk producers, then puri�ed and comprehensively

characterized, and then commercially distributed in aliquots suitable for quanti�cation.

Type B standards are currently available for only SCCPs but are needed for other carbon chain

lengths in the range of MCCPs and LCCPs with varying degrees of chlorination. Comprehensive

data on CP toxicity and transformation are important for evaluating their environmental

risk. For this, type B and type C standards are useful and must be made available at higher

concentrations, larger volumes, and lower costs. This will improve the quantity and quality of

CP fate and toxicity studies.

Furthermore, isotopically labeled CP materials (type D) used as internal standards that cover

the full range of CPs (C10� C30) are needed. Currently available type D standards are SCCPs

with uncommon chlorination patterns. They show weak responses in the latest LC-MS methods

that are based on adduct-ion formation. Only these methods are suitable for detecting LCCPs

(C� 18).

MCCPs and LCCPs are highly environmentally relevant, and correct quanti�cation of them

in environmental matrices is inevitable. However, due to the complexity of CP mixtures and

the many analytical issues related to this, CP fate studies are challenging to conduct. Here,

we demonstrate that type B standards are suitable standard materials for quantifying CPs by

pattern deconvolution. Furthermore, type B standards can be used to derive response factors

for speci�c CP homologues [Yuan et al., 2017a]. Apart from improved analytical standards,

certi�ed reference materials for CPs in environmental matrices are also needed.

Recent analytical advances (e.g., high-resolution mass spectrometry, soft ionization techniques,

and innovative quanti�cation methods) now allow the analysis of complex mixtures of MCCPs

and LCCPs. However, suitable analytical standards are still missing, impeding investigations of

their environmental fate and risks. This review may help to raise awareness for these issues and

motivates others to work on better analytical standards for the analysis of MCCPs and LCCPs.
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5.1. Abstract

Chlorinated para�ns (CPs) are high production volume chemicals widely used as additives

in metal working �uids. Thereby, CPs are exposed to hot metal surfaces which may induce

degradation processes. It was hypothesized that the elimination of hydrochloric acid would

transform CPs into chlorinated ole�ns (COs). Mass spectrometry is widely used to detect

CPs, mostly in the selected ion monitoring mode (SIM) evaluating 2�3 ions at mass resolutions

R< 20 000. This approach is not suited to detect COs, because their mass spectra strongly

overlap with CPs. Herein,a mathematical deconvolution method based on full scan MS data

was applied to separate interfered CP/CO spectra. Metal drilling indeed induced the loss of

HCl. CO proportions in exposed mixtures of chlorotridecanes increased. Thermal exposure of

chlorotridecanes at160, 180, 200and 220°C also induced dehydrohalogenation reactions and CO

proportions also increased. Deconvolution of respective mass spectra is needed to study the CP

transformation kinetics without bias from CO interferences. Apparent �rst-order rate constants

(kapp) increased up to0.17, 0.29and 0.46 h� 1 for penta-, hexa- and heptachlorotridecanes exposed

at 220°C. Respective half-life times (t1=2) decreased from4.0 to 2.4 and 1.5 h. Thus, higher

chlorinated para�ns degrade faster than lower chlorinated ones. In conclusion, exposure of

CPs during metal drilling and thermal treatment induced loss of HCl and CO formation. It is

expected that CPs and COs are co-released from such processes. Full scan mass spectra and

subsequent deconvolution of interfered signals is a promising approach to tackle the CP/CO

problem, in case of insu�cient mass resolution.
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5.2. Introduction

Chlorinated para�ns are a diverse class of compounds di�ering in carbon chain lengths (C10� C30)

and degrees of chlorination (30� 70 m/m%Cl) [Muir et al., 2000b]. Their broad chemical diversity

allows a wide range of applications. CPs are used as additives in metal working �uids, as

plasticizers or �ame retardants in polymers, paints and sealants. According to their chain lengths,

CPs can be divided into three subgroups, into short-chain (SCCPs,C10� C13), medium-chain

(MCCPs, C14� C17)) and long-chain CPs (LCCPs, C� 18) [Muir et al., 2000b]. CPs are high

production volume chemicals with about 1 million metric tons produced only in 2012 [Glüge

et al., 2016]. Technical CPs are complex mixtures containing thousands of di�erent isomers

[Tomy, 2010].

Analysis of sediment cores showed that SCCPs are evidentially persistent chemicals [Tomy

et al., 1999; Zeng et al., 2013]. SCCPs were found in Arctic and Antarctic biota indicating their

potential for long-range transport [Li et al., 2016; Vorkamp and Riget, 2014]. Furthermore,

bioaccumulation of SCCPs was observed [Houde et al., 2008; Reth et al., 2006; Strid et al., 2013]

and toxic e�ects were found for certain aquatic organisms [Ali and Legler, 2010]. Based on

this evidence, SCCPs have been listed as priority substances under the European Union (EU)

Water Framework Directive [European Parliament, 2001]. The use of SCCPs in the EU was

�rst restricted in 2004 and further reinforced in 2015 [European Comission, 2015]. Moreover,

SCCPs were recently classi�ed as persistent organic pollutants (POPs) under the UN Stockholm

Convention [UNEP, 2017]. However, several exemptions have been listed causing continuous

applications of SCCPs in various products and processes, including, e.g., metal processing.

Anyway, SCCP production will decrease while production of MCCPs and LCCPs is expected to

increase in the future.

Considering the relevance of CPs, more data is needed about their fate in the environment

and in biota and potential transformation pathways should be investigated. But CP analysis is

a demanding task due to complex isomer mixtures, di�cult chromatography and challenging

isotopic mass patterns which are often interfered. Gas chromatography (GC) has been applied

to analyze SCCP mixtures, often in combination with electron-capture negative ionization

(ECNI) mass spectrometry (MS) in the selected ion monitoring mode (SIM) [Bogdal et al.,

2017; Diefenbacher et al., 2015; Schmid and Muller, 1985]. However, gas chromatography is not

suitable to analyze CPs of higher carbon chain lengths and higher degrees of chlorination due

to the low volatility of long-chain CPs.

In recent years, methods based on direct liquid injection (DI) or liquid chromatography

(LC) showed to be promising alternatives allowing the analysis of CPs of all chain lengths

[Bogdal et al., 2015; Cariou et al., 2016; Li et al., 2017a] and also potential non-polar and polar

CP transformation products [Schinkel et al., 2017]. Furthermore, advanced MS technologies,
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like quadrupole time-of-�ight (qTOF) or Orbitrap technologies, allow sensitive CP analysis

in full scan mode. In addition, it was an important �nding that halide-adduct formation is a

soft and selective ionization method that can be used to study polyhalogenated compounds

like hexabromocyclododecanes (HBCDs) and CPs as discussed herein [Heeb et al., 2010a,b].

Chloride-adduct formation can be enhanced with the addition of dichloromethane to the LC

eluent [Bogdal et al., 2015; Schinkel et al., 2017; Zencak and Oehme, 2004].

Chlorinated para�ns are non-�ammable compounds with low volatility and high �ash points.

Hence, CPs are considered as safe �uids and, therefore, are widely used in the metal working

industry. Due to high friction energy, local temperatures of up to1200°C can occur during

metal cutting applications [Trent and Wright, 2000]. Thus, we hypothesized that the application

of CPs as metal working �uids and, hence, their exposure to freshly cut metal surfaces, can

catalyze CP transformation reactions. It is expected that mechanical stress and exposure to

higher temperatures might induce the elimination of hydrochloric acid and with it the formation

of chlorinated ole�ns (COs) [Bergman et al., 1984; Camino and Costa, 1980; Schinkel et al.,

2017].

COs do not only have similar physicochemical properties as CPs, their mass spectra also

strongly overlap with those of CPs. Conventional GC-SIM-MS methods are not well suited to

resolve these mass interferences. Recently, we described an analytical method that is able to

tackle the CP/CO problem (seeChapter 2 ) [Schinkel et al., 2017]. The method applies direct

liquid injection of CPs into the ion source with enhancement of chloride-adduct formation. The

data analysis relies on full scan mass spectra in combination with a mathematical deconvolution

procedure. This approach allows resolving interfered CP and CO spectra. Herein, this method

is applied to study CP transformations and CO formation during metal work and thermal

exposure.

As shown herein, thermal exposure and mechanical stress indeed induced the formation of

COs, which accumulated in the exposed CP mixtures. Hence, it is likely that COs are released

together with CPs from the metal working industry. So far, studies on CP transformation

reactions are rare due to these analytical challenges. This study provides a contribution in

understanding CP transformation reactions during their application phase.

5.3. Materials and Methods

5.3.1. Materials and Chemicals

Stainless steel rod (steel 1.4301) and chromium steel drillers (6 mm, Garant 114150 HSS

44429) were used for metal drilling experiments. Two polychlorinated tridecane mixtures of

mCl = 57 m/m%Cl and mCl = 60 m/m%Cl (Empa, Switzerland) were used as test materials.
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Diastereomerically-pure, racemic� -HBCD in acetonitrile (10 ngµL � 1 ), isolated from a low-

melting, technical-grade HBCD mixture was used as internal standard (IS) [Heeb et al., 2005].

Acetonitrile (ROMIL, Cambridge, United Kingdom), dichloromethane (Merck, Darmstadt,

Germany), n-hexane (Merck), methanol (Biosolve, Valkenswaard, Netherlands) and water

(Merck) were used for sample preparation and analysis.

5.3.2. Metal-Drilling Experiments and Sample Preparation

A stainless steel rod (1 m) was cut into 3.5 cm long metal sticks with a band saw (KASTO

functional U, Milton Keynes, United Kingdom) and a lathe (Takisawa TS-15, Rima, Widnau,

Switzerland). Holes of6 Ö 5 mm were drilled into each stick with a CNC precision drilling

instrument (Fehlmann, Picomax 54, Seon, Switzerland) at a feed rate of6 mm min� 1 at 600

rounds-per-minute. These metal sticks were packed into a cellulose thimble together with new

6 mm drillers and cleaned for6 h with boiling dichloromethane in a Soxhlet apparatus, removed,

dried in a stream of nitrogen and stored in cleaned glass vials.

An n-hexane solution of polychlorinated tridecanes (60 m/m%Cl, 20µL, 2000 ng) was deposited

in the holes of six metal sticks and solvent was evaporated. A cleaned new driller and a loaded

metal stick were installed in the CNG drilling instrument (Fehlmann Picomax 54). Bore holes

were extended by5, 10, 15, 20 and 25 mm at 600 rpm and a feed rate of6 mm min� 1 . All

metal chips released during drilling were collected on aluminum foil and transferred into20 mL

glass vials together with the exposed metal stick. The driller was also recovered, transferred

into a 20 mL glass vial and rinsed with dichloromethane (2 � 15 mL). These extracts were

used to rinse metal chips and sticks. Internal standard solution (40µL, 400 ng� -HBCD) was

added. Combined extracts were concentrated to dryness withN2. Residues were dissolved

in methanol (15 mL), �ltered (PTFE, 0.2µm) and concentrated. Aliquots were dissolved in

n-hexane/dichloromethane (9/1 vol%, 200µL) and fractionated on a silica column (1.0 g) with

n-hexane (2 mL) and an n-hexane/dichloromethane mixture (9/1 vol%, 4 mL). The late fraction

was concentrated to dryness withN2. Residues were dissolved in methanol (400µL) and stored

at = 20°C until analyzed.

5.3.3. Thermal Exposure Experiments

Aliquots of a polychlorinated tridecane mixture (mCl = 57 m/m%Cl, 500 ng) were transferred

into glass capillaries (77 � 1 mm, Mettler, Greifensee, Switzerland). After centrifugation, solvent

was evaporated to dryness under vacuum and the loaded capillaries were sealed in a butane

�ame. Four series of sealed capillaries were exposed to160, 180, 200 and 220°C in an oven

(Heraeus, Carouge, Switzerland), sampled after0, 2, 4, 8 and 24 h and stored at= 20°C until

analyzed. Sealed capillaries were fragmented in a vial, IS was added (5µL, 50 ng� -HBCD) and
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the sample was extracted with methanol (2 � 250µL). Extracts were �ltered through cellulose

and concentrated (50µL) under nitrogen �ow before analysis.

5.3.4. Mass Spectrometric Analysis

An LC-qTOF-MS system (Agilent 6420 Accurate Mass Q-TOF LC/MS) in combination with an

atmospheric pressure chemical ionization (APCI) module was used for analysis. The LC-system

was operated without chromatographic column using isocratic �ow conditions (0.35 mL min� 1 ).

Samples (5µL) were delivered to the MS using a steady �ow of a methanol/dichloromethane

mixture (9/1 vol%). The APCI-qTOF-MS was operated in negative ion full scan mode with gas

and vaporizer temperatures of150and 250°C, a nitrogen �ow of 10 L min � 1 , corona discharge

and collision voltages of= 4000and 0 V. Spectra were recorded within am/z range of50� 1000

at a mass resolution of R� 10 000 and a scan rate of 2 spectra s� 1 .

5.3.5. Deconvolution of Mass Spectra and Kinetic Modeling

Herein, a mathematical deconvolution procedure is applied that is described previously in

Chapter 2 [Schinkel et al., 2017].Figure 2.2 in Chapter 2 displays a scheme of the applied

deconvolution method. The method allows the deconvolution of interfered isotopic clusters

into linear combinations of the respective CP and CO clusters. In brief, signal intensities of

interfered CP/CO ion clusters, obtained from full scan mass spectra, are extracted with the

Agilent Mass Hunter software (Qualitative Analysis B.07.00). Threshold levels were adjusted

to 100 cts, corresponding to signal-to-noise ratios of about10. Expected isotope patterns of

chloride-adducts [M + Cl]̄ of CPs and COs were calculated with the Agilent Mass Hunter

Isotope Distribution Calculator and reported inTables D.1 and D.2 and visualized inFigures

D.1 and D.2 (Appendix D). Measured and calculated signal intensities at correspondingm/z

ratios were transferred and processed with Microsoft Excel 2010 according to the steps displayed

in Figure 2.2 .

In a �rst step, the CO signal at the lowest mass, not interfered with CP signals, was identi�ed.

The respective signal intensity (I CO ) was divided by the expected signal proportion (PCO ) to

obtain the 100 %signal intensity of the CO cluster (I CO100). The unknown CO proportion

of the interfered cluster is de�ned asnCO , whereas the corresponding CP proportionnCP is

de�ned as 1 � nCO . A linear equation system was set up de�ning the measured cluster as a

linear combination of the respective CO and CP clusters with proportional factors ofnCO and

1 � nCO . The unknown variablenCO was then determined by a least root-mean-square error

(RMSE) approximation. This mathematical approach allows deriving the unknown CP and CO

proportions and the 100 % signal intensities of the CO (I CO100) and the CP cluster (I CP100).

In order to derive degradation kinetics, the100 %signal intensities of the individual CP clusters
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(I CP100) need to be IS-corrected. IS signal intensities were averaged for all measured samples.

The ratio of the IS mean intensity and the IS intensity of an individual sample was used to

correct the respective CP signal in that sample. Apparent �rst-order rate constants (kapp) for

di�erent temperatures and homologues were deduced from regression lines of logarithmic signal

intensities (ln (I CP100,t =ICP100,0)) over time.

5.4. Results and Discussion

5.4.1. Transformation of Chlorinated Para�ns to Chlorinated Ole�ns

During Metal Work

Figure 5.1 compares mass spectra of mixtures of chlorinated tridecanes and tridecenes before

(a, gray) and after (b, red) mechanical exposure through metal drilling work. Six isotope

clusters assigned to penta-, hexa-, hepta-, octa-, nona- and decachlorinated compounds are

observed in both spectra. All [M + Cl]̄ isotope clusters are well resolved and13C-signals can be

distinguished at resolutions of R� 10 000. Hepta- and octachlorinated compounds dominate in

both spectra followed by hexa- and nonachlorinated compounds and smaller proportions of penta-

Figure 5.1. Mass spectra of chloride-adducts [M + Cl]̄ of chlorinated tridecanes/tridecenes (a)
before and (b) after metal-metal contacts during metal drilling experiments. Clusters of penta-, hexa-,
hepta-, octa- and nonachlorinated compounds were studied in more detail for the presence of chlorinated
ole�ns (COs), the expected transformation products of chlorinated para�ns (CPs). Decachlorinated
compounds were also observed. Mean degrees of chlorination (zCl) of CP/CO mixtures (sum) and
respective CP and CO fractions are given. Dashed green lines indicate characteristic pattern changes
of speci�c isotope clusters.
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and decachlorinated homologues. A small shift towards higher degrees of chlorination is observed

when comparing non-exposed and exposed samples. This slight increase is possibly caused by

volatilization of lower chlorinated compounds during drilling due to elevated temperatures. It

was found that mass spectra of all samples (n = 5) exposed during metal drilling were similar,

consistently showing those changes described above. This indicates that transformation reactions

already occur in the �rst seconds of metal-metal surface contacts and exposed CP material is

possibly removed together with the produced metal chips.

Small pattern changes of individual isotope clusters, indicated by dashed green lines are seen

in Figure 5.1 when comparing exposed and non-exposed spectra. Relative signal intensities

changed to some degree, most pronounced if the third and fourth or the fourth and �fth most

intense signals of respective isotope clusters are compared (dashed green lines). However,

these pattern changes can be overlooked easily, especially when measuring in the selected ion

monitoring mode. We applied a mathematical deconvolution method that allows the separation

of interfered chloropara�n/chloroole�n clusters based on full scan spectra [Schinkel et al., 2017].

Figure 5.2a displays measured, interfered mass spectra of penta-, hexa-, hepta-, octa- and

nonachlorinated compounds (black) after a metal drilling experiment. Also given are calculated

isotope clusters of penta-, hexa-, hepta-, octa- and nonachlorotridecanes (CPs, gray,Figure

5.2d) and respective tridecenes (COs, red,Figure 5.2c ) and their reconstructed clusters (Figure

5.2b). Indicated are CO proportions for di�erent clusters which decreased with increasing

degrees of chlorination from46 to 30, 19, 11 and 10 %. Accordingly, CP proportions increased

from 55 to 70, 81, 89 and 90 %for penta-, hexa-, hepta-, octa- and nonachlorinated compounds.

Also displayed are respective RMSE trends obtained from deconvolution procedures (Figure

5.2, inserts). Higher CO shares for lower chlorinated compounds (Cl5 and Cl6) can be explained

by higher abundances of respective CP precursors (Cl6 and Cl7), compared to the interfering

CPs (Cl5 and Cl6). For comparison,Figure D.3 (Appendix D) shows the same information for

non-exposed material.

The applied chlorotridecane mixture (mCl = 60 m/m%Cl) already contained certain propor-

tions of COs, which further increased upon metal drilling. On average, ole�n proportions of

penta-, hexa-, hepta-, octa- and nonachlorinated compounds increased from28 ± 8 to 55 ± 5 %,

from 18 ± 4 to 39 ± 6 %, from 12 ± 2 to 24 ± 3 %, from 9 ± 1 to 14 ± 1 % and from 7 ± 1

to 12 ± 3 % respectively (Table 5.1a ). We conclude that metal drilling indeed supported

chloroole�n formation. Respective proportions increased in all signal cluster, more pronounced

for lower chlorinated compounds.

After deconvolution non-biased homologue distributions of CPs and COs can be obtained

(Table 5.1b ). On average, proportions of penta-, hexa-, hepta-, octa- and nonachlorinated

para�ns accounted for 2 ± 1, 17 ± 1, 36 ± 1, 31 ± 2 and 13 ± 1 % for non-exposed samples

and 1 ± 1, 13 ± 1, 33 ± 2, 35 ± 1 and 17 ± 2 % for exposed material. Chloroole�n proportions

72 L. Schinkel



Chapter 5

Figure 5.2. Deconvolution of mass spectra of penta-, hexa-, hepta-, octa- and nonachlorinated
tridecanes/tridecenes as found in exposed samples after metal drilling experiments. (a) Measured
(black) and (b) reconstructed isotope clusters are given. Deconvolved isotope clusters of chloroole�ns
(c, red) and chloropara�ns (d, gray) are distinguished. Resulting CO and CP proportions are indicated.
Root-mean-square-error (RMSE) trends are also given as inserts (1 % resolution). For comparison,
deconvolved mass spectra of a non-exposed sample are given inFigure D.3 and mean and individual
CO proportions of all samples are listed inTable D.3 (Appendix D). Dashed green lines indicate
characteristic isotope ratios of (a) interfered and (d) non-interfered CPs.
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of non-exposed material accounted for9 ± 4, 27 ± 1, 36 ± 2, 21 ± 3 and 8 ± 2 for penta-,

hexa-, hepta-, octa- and nonachlorinated ole�ns, respective proportions of exposed samples were

6 ± 1, 29± 2, 37± 1, 20± 1 and 9± 1 %.

In conclusion, hepta- and octachloropara�ns dominate the CP-fraction accounting for33�

36 % and 31� 35 % before and after exposure, while hexa- and heptachloroole�ns accounted

for 27� 29 % and 36� 39 %, respectively. In other words, homologue patterns did not change

substantially within the CP- and the CO-fraction, but di�er if comparing CPs and COs. Table

5.1c reports average chlorine numbers (zCl) which are 7.59± 0.08and 6.97± 0.02for CPs and

COs after exposure, respectively. The lower degree of chlorination of COs compared to CPs,

their precursors, indicates that CPs lose HCl and indeed are converted to COs with lower degree

of chlorination.

Table 5.1. Summary of results for transformation of CPs to COs during metal work, including
interfering CO proportions nCO (a), non-interfered homologue distributions for CPs and COs (b) and
respective degrees of chlorination of non-interfered CP and CO mixtures (c). Detailed data is listed in
Appendix D ( Tables D.3 � D.6 )

(a) Interfering CO proportions

Homologues in %

Sample C 13 Cl 5 C 13 Cl 6 C 13 Cl 7 C 13 Cl 8 C 13 Cl 9

nCO 1) Non-exposed 28 ± 8 18 ± 4 12 ± 2 9 ± 1 7 ± 1
2) Exposed 55 ± 5 39 ± 6 24 ± 3 14 ± 1 12 ± 3

(b) Homologue distributions for CPs and COs

CPs 1) Non-exposed 2.1 ± 0.7 17.2 ± 1.3 36.3 ± 1.3 31.3 ± 2.2 13.1 ± 1.3
2) Exposed 1.3 ± 0.3 12.6 ± 1.2 33.4 ± 1.8 35.4 ± 1.4 17.3 ± 2.2

COs 1) Non-exposed 8.7 ± 3.7 26.7 ± 1.3 35.8 ± 1.9 21.2 ± 3.0 7.7 ± 1.5
2) Exposed 5.9 ± 0.8 28.5 ± 1.5 37.1 ± 0.9 20.0 ± 1.4 8.6 ± 0.6

(c) Degree of Chlorination of CP and CO mixtures

Average chlorine number Degree of Chlorination in %

Sample zCl sum z Cl CO z Cl CP m Cl sum m Cl CO m Cl CP

1) Non-exposed 7.34± 0.03 6.98± 0.08 7.44± 0.03 59.5± 0.1 58.5± 0.3 59.9± 0.1
2) Exposed 7.44± 0.05 6.97± 0.02 7.59± 0.08 59.9± 0.2 58.5± 0.1 60.4± 0.3

5.4.2. Transformation of Chlorinated Para�ns to Chlorinated Ole�ns

During Thermal Exposure

The temperatures to which chlorinated para�ns are exposed to during drilling at metal/metal

contacts were not measured. During metal cutting high local temperatures can occur. Even

though, measurement of such temperatures is not feasible, modeling approaches estimated local

temperatures of up to1200°C [Trent and Wright, 2000]. To study the in�uence of temperature

on dehydrochlorination reactions of CPs, a chlorinated tridecane mixture (mCl = 57 m/m%Cl)
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Figure 5.3. Deconvolution of mass spectra of hexachlorotridecanes/tridecenes as found in non-
exposed (left) and thermally exposed samples. Samples at start (T0) and after24 h exposure at160,
180, 200 and 220°C are compared. (a) Measured (black) and (b) reconstructed isotope clusters are
given. Deconvolved isotope clusters of hexachloroole�ns (c, red) and hexachloropara�ns (d, gray) are
distinguished. Resulting CO and CP proportions are indicated and root-mean-square-error (RMSE)
trends are given as inserts (1 % resolution). Dashed green lines indicate characteristic isotope ratios of
(a) interfered and (d) non-interfered CPs.
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was exposed for0, 2, 4, 8 and 24 h to 160, 180, 200 and 220°C. Respective samples were

analyzed with the chloride-enhanced APCI-MS method and obtained spectra were deconvolved.

Figure 5.3 compares, as an example, chloride-adduct isotope clusters [M + Cl]¯ of hexa-

chlorotridecane/tridecene mixtures at start and after24 h exposure at160, 180, 200and 220°C.

Deconvolution of the measured spectra (Figure 5.3a ) with the described method (Figure

2.2, Chapter 2 ) resulted in respective chloroole�n (red) and chloropara�n (gray) clusters

(Figures 5.3c and 5.3d). A small proportion of hexachlorotridecenes (4 %) was already found

in the starting material. But CO proportions increased substantially to12, 21, 31 and 37 %

after 24 h exposure at160, 180, 200 and 220°C. This indicates that prolonged exposure at

higher temperatures indeed supports a transformation of chloropara�ns to chloroole�ns. Ole�n

proportions of other homologues also increased with time and temperature (Table D.7 ).

The deconvolution method also produces total signal intensities of chloropara�ns (I CP100)

and chloroole�ns (I CO100). Table D.8 (Appendix D) reports IS-corrected signal intensities for

penta-, hexa- and heptachloropara�ns during thermal exposure.Figure 5.4 displays respective

pattern changes for CPs. Some CO formation is already observed at160°C, but respective CP

pattern did not change much in24 h (Figure 5.4 , left). Distinct pattern changes for CPs are

noticed at 180, 200and 220°C. For example, pentachlorotridecane proportions (Figure 5.4 ,

light gray) increased with time from15 to 41 %at 220°C. Correspondingly, heptachlorotridecane

proportions (gray) decreased from41 to 12 %, while those of hexachlorotridecanes (dark gray)

remained similar, varying from44 to 48 %. In other words, thermal exposure of the CP mixture

resulted in a preferential transformation of higher chlorinated para�ns, inducing an enrichment

of lower chlorinated para�ns in the remaining material.

Figure 5.4. Patterns of three major chlorotridecane homologues of thermally exposed CP mixtures
depending on exposure time and temperature. Proportions of pentachlorinated tridecanes (light gray)
increase with exposure time and temperature, those of heptachlorinated tridecanes (black) decrease,
while hexachlorinated tridecane proportions (dark gray) remain nearly constant.
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5.4.3. Kinetics of Thermally Induced Transformations of Chlorinated

Para�ns

The deconvolution of interfered CP/CO spectra is necessary to properly describe the kinetics of

CP transformations not biased by the presence of COs, the expected transformation products.

Figure 5.5a displays measured relative signal intensities (I CP100;t =ICP100;0) of penta-, hexa-

and heptachlorotridecanes over time at160(black), 180(gray), 200(red) and 220°C (orange).

Respective IS-corrected data are given inTable D.8 (Appendix D). Plots of the logarithm of

the relative signal intensity (ln(I CP100;t =ICP100;0)) versus exposure time are also shown (Figure

5.5b). Regression lines indicate that �rst-order kinetics can be applied to model the observed

trends. Respective apparent �rst-order rate constantskapp (h � 1 ) are given in Appendix D

(Table D.9 ).

Arrhenius plots (Figure 5.5c ) displaying logarithm of apparent �rst-order rate constants

(ln(k)) versus reciprocal temperatures (1/T) also indicate a linear dependence. From respective

regression lines, �rst-order rate constants (kmod) were deduced for di�erent exposure temperatures

and compared with those measured (Table D.9 , Appendix D). Modeled and measured rate

constants are in good agreement in most cases, with some deviations at180°C. This deviation

is probably caused by the oven's uncertain manual temperature control. Modeled trends of

relative signal intensities are also shown inFigure 5.5a (lines).

It was found that �rst-order rate constants (kmod) of pentachlorotridecanes increase with

temperature from 0.019to 0.042, 0.088and 0.173 h� 1 at 160, 180, 200and 220°C. Respective

rate constants of hexachlorotridecanes were higher, increasing from0.020to 0.053, 0.129and

0.289 h� 1 , and those of heptachlorotridecanes were again higher, increasing from0.025 to

0.072, 0.188 and 0.456 h� 1 . Consequently, half-lives (t1=2) decrease with temperature and

degree of chlorination (Figure 5.5 , dashed green line,Table D.9 in Appendix D). Thus, the

transformation of pentachlorotridecanes is slowest witht1=2 = 37, 17, 7.9 and 4.0 h at 160, 180,

200and 220°C, respectively, compared to hexachlorotridecanes witht1=2 = 34, 13, 5.4 and 2.4 h

and heptachlorotridecanes, which are transformed fastest, witht1=2 = 26, 9.0, 3.7 and 1.5 h.

The preferential transformation of higher chlorinated para�ns also explains the observed CP

pattern changes (Figure 5.4 ) and the enrichment of lower chlorinated para�ns in the thermally

aged material. In conclusion, increased temperatures and higher degrees of chlorination result

in accelerated CP transformations.

5.5. Conclusions

Chlorinated para�ns are widely used as metal working �uids, �ame retardants and plasticizers.

They are chemically inert, thermally stable up to temperatures of about150°C, with low
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Figure 5.5. Kinetics of penta-, hexa- and heptachlorotridecane transformations at160 (black), 180
(gray), 200 (red) and 220°C (orange). (a) Plots of measured (symbols) relative signal intensities
(I CP100;t =ICP100;0) versus time are given for di�erent temperatures and CP homologues. Measured
data (symbols) and modeled data (lines, derived from Arrhenius plots) are compared. Half-life times
(t1=2, green line) decrease with increasing temperature and degree of chlorination. (b) Apparent �rst-
order rate constants (kapp) for di�erent temperatures and homologues were deduced from regression
lines of logarithmic signal intensities (ln(I CP100;t =ICP100;0)) over time. (c) Respective Arrhenius plots
are deduced from logarithmic �rst-order rate constants (ln(k)) and reciprocal temperatures (1/T).
Respective data are listed inTable D.9 (Appendix D).
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volatility, not producing �ammable mixtures with air. Therefore, CPs are considered as safe in

many applications of the metal working industry. However, herein, we considered the elimination

of hydrochloric acid as a plausible transformation pathway which would convert chlorinated

para�ns into lower chlorinated ole�ns. CPs and COs of same chain length and degree of

chlorination show strong mass interferences [Schinkel et al., 2017]. It is expected that chlorinated

ole�ns and para�ns have similar physicochemical properties. Their separation both, with gas

and liquid chromatography is as di�cult as the separation of CP homologues.

Here we applied an analytical approach that could overcome these problems, at least for less

complex CP mixtures, and could investigate the postulated transformations in samples with

CO proportions ranging from2 to 60 %. Due to these mass spectrometric interferences, it is

likely that previously reported CP data might also include some COs. This is the case when

applying selected ion monitoring at mass resolutions R<20 000. A soft ionization procedure was

applied, enhancing the formation of chloride-adduct ions, which can be extracted into the MS

without fragmentation under the given conditions [Schinkel et al., 2017].

The transformation kinetics of individual CP homologues could be deduced from deconvolved

data and modeled as �rst-order kinetics. It was found that higher chlorinated para�ns are

transformed faster than lower chlorinated ones. Transformations already occurred at160°C. At

220°C half-lives of only4.0, 2.4and 1.5 hwere determined for penta-, hexa- and heptachlorotride-

canes. Furthermore, we showed that dehydrochlorination also occurs during metal cutting. It

has been shown that during metal cutting, local temperatures up to1200°C can occur [Trent

and Wright, 2000]. This is more than �ve times higher than the highest temperature tested

(220°C). It is not yet clear if metal catalysis further accelerates HCl eliminations from CPs or

if only increased local temperatures at the metal/metal interface facilitate the HCl release.

Overall, we conclude that CO formation is a relevant transformation reaction, possibly also

occurring during other CP applications in the metal working industry. This is relevant, since

metal processing is one of the exemptions listed for SCCP use by the UN Stockholm convention

[UNEP, 2017]. If these metal working �uids are recycled and again sprayed over freshly cut metal

surfaces, transformation products like COs might accumulate over time. Therefore, it is likely,

that COs are released from such processes together with CPs, also reaching the environment.

COs possibly also accumulate in biota like certain CPs do, assuming similar octanol-water

partition coe�cients. However, no pure CO material is currently available to test this hypothesis.

The occurrence of COs in environmental samples has been reported [Li et al., 2018], but their

environmental risk is unknown. Thus, further work is needed here.
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6.1. Conclusions

This thesis provided a comprehensive assessment of novel and conventional methods used for

CP analysis and for their capabilities to deal with the so called CP/CO problem. It described

the analytical challenges associated with the analysis of samples which contain, both, CPs and

COs, and introduces respective problem-solving approaches. Furthermore, this thesis provided

detailed insights into the thermal transformation of chlorinated para�ns to their unsaturated

analogues, chlorinated ole�ns. Experimental fate studies of CPs are challenging due to (a)

complex CP mixtures of unknown composition which contain tens of thousands of di�erent

isomers, (b) insu�cient chromatographic separation and (c) broad and interfering clusters of

di�erent 35Cl and 37Cl isotopologues. These challenges increase in presence of CP transformation

products. The lack of suitable CP standard materials was identi�ed as a major limitation to

quantify CPs of all chain lengths and to carry out CP toxicity and transformation studies.

Capabilities of analytical methods to solve the CP/CO problem . Mass spectra of

CPs and COs of the same chain length and degree of chlorination show severe interferences.

High-resolution MS (R� 100 000) is required to solve interference problems. If mass resolution is

lower (R< 20 000), the presented pattern deconvolution method is suited to derive non-interfered

CP and CO data from soft ionization full scan mass spectra. Using a least-square approximation,

a linear combination of the theoretical isotopic clusters of CPs and COs is derived that describes

the measured interfered cluster [Schinkel et al., 2017]. Novel LC methods coupled to soft

ionization MS (e.g., APCI and ESI) were found to be the preferred tools for CP transformation

studies, because they favor adduct ion formation rather than fragmentation [Schinkel et al.,

2018b].

For conventional GC-ECNI-MS, strong in-source fragmentation of CPs to COs was revealed

[Schinkel et al., 2018b]. Hence, this method is not suited at all to analyze COs in samples or to

carry out CP transformation studies which result in the formation of COs. It was demonstrated

that mass interferences of CPs and COs can be easily overlooked when analyzing CPs in selected

ion monitoring mode. As shown herein, even though the quanti�er/quali�er ion ratio for a given

CP is within a tolerated deviation, it can be highly interfered by COs. Only full scan data

reveals severe CP/CO mass interferences. Due to the in-source formation of COs under ECNI

conditions, it is likely that CP data is biased, especially when derived with MS instruments of

insu�cient mass resolution. Depending on the mass resolution and the applied mass accuracy,

CP levels can be, both, over- or underestimated.

Thermal transformation of CPs . The presented method based on soft ionization MS

and deconvolution of CP/CO mass interfernces was successfully applied to thermally exposed
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chlorinated tridecanes. This approach allows, for the �rst time, the non-biased description of

CP transformation kinetics. This is an important data set considering the fact that CPs are

often exposed to heat during their application as plasticizers, �ame retardants and additives in

metal working �uids. The degradation kinetics were derived for di�erentC13-CP homologues at

temperatures varying from160°C to 220°C [Schinkel et al., 2018c]. In general, CP degradation

is accelerated with increased temperatures. The thermal degradation of CPs can be described

with �rst-order kinetics and it was observed that higher chlorinated CPs degrade faster than

lower chlorinated ones.

The metal working industry is an important emission source for chlorinated para�ns. Thus,

studying CP transformation during metal working processes and characterizing related CP

transformation products is of importance, too. This thesis could identify COs as CP transforma-

tion products during metal drilling, induced by the contact with freshly cut, hot metal surfaces

[Schinkel et al., 2018c].

Moreover, it was revealed that non-exposed CP material can already contain small fractions

of COs. This indicates that COs are indeed pollutants present in CP formulations that can

enter the environment, regardless of whether CPs are exposed to heat or not. Hence, despite

the challenges of the analysis of CP/CO mixtures, it is crucial to analyze the two classes of

compounds separately, for a proper risk assessment.

Improved quanti�cation of CPs . Recent advances, e.g., soft ionization techniques and

high-resolution MS, have increased the capabilities to analyze CPs of all chain length and to

conduct transformation studies. This facilitates the generation of high quality data regarding

the fate of all CPs. However, this thesis demonstrated that the quanti�cation of MCCPs and

LCCPs is currently impaired by the lack of appropriate standard materials. Complex CP

mixtures, covering a range of chain lengths and di�erent degrees of chlorination, are mainly

used for quanti�cation. In this work, it was revealed, that chain length distributions of samples

and analytical standards can di�er substantially, preventing a correct quanti�cation. Hence, a

new quanti�cation method, based on pattern deconvolution using single-chain CP mixtures was

presented [Schinkel et al., 2018a]. So far, this method is limited to SCCPs only, due to the lack

of single-chain standards for CPs of C� 14. However, it is evident, that MCCPs and LCCPs are

of increasing relevance, whose environmental levels often exceed those of SCCPs [Glüge et al.,

2018].

Standard materials for a risk assessment of CPs . Single-chain CP mixtures for all

chain lengths up toC30 and di�erent degrees of chlorination are urgently needed for deriving

reliable CP data. As shown in this thesis, materials of lower complexity are well suited to

conduct CP transformation studies. In addition, constitutionally de�ned CPs with representative
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chlorination patterns are useful to investigate the in�uence of chain length, degree of chlorination

and chlorine position on CP toxicity and transformation. An increased number of well-de�ned

analytical CP materials would certainly enhance the quality of CP data, which is needed to

assess the risk of these compounds and to support discussions about their regulation.

6.2. Outlook

This thesis could show, that COs are relevant transformation products of CPs that can enter the

environment. First studies indicated the presence of COs in the environment [Li et al., 2018], but

more data is required to assess their environmental relevance. So far, only few laboratories apply

the LC-based methods with soft ionization MS that are needed to investigate COs. However,

it is expected that in near future an increasing number of laboratories will apply LC-based

methods, because only they allow the simultaneous analysis of CPs of all chain lengths.

Thermal transformation of CPs to COs . Thermal exposure of CPs is considered as one

of the most likely transformation reactions for CPs. It was assessed in detail for chlorinated

tridecanes throughout this thesis. Future studies regarding thermal degradation, should consider

CPs of di�erent chain lengths and degrees of chlorination, and could also focus on CP isomers

with de�ned constitution. This would allow a comprehensive assessment regarding the major

properties that in�uence the thermal degradation of CPs, including the chain length, the degree

of chlorination and the chlorine position.

Other transformation pathways of CPs . Other abiotic and biotic transformation path-

ways are possible and need further investigation. Several transformation processes are of interest,

including (a) enzymatic breakdown by known bacterial dehalogenases, (b) breakdown of CPs

under aerobic or anaerobic conditions, (c) direct and indirect photolysis of CPs or (d) metabolic

transformation of CPs in higher organisms, like invertebrates, vertebrates or plants. It is of

special interest, whether COs can also form from CPs under those conditions.

Levels and fate of CPs and COs . Due to the listing of SCCPs as POPs under the

UN Stockholm Convention in 2017, a shift in production to higher molecular weight MCCPs

and LCCPs is expected. Already before, SCCPs were regulated in the EU and Switzerland.

Sediments are considered a sink for persistent organic pollutants like CPs and sediment cores

can be used to investigate their emission levels over a speci�c period of time [Bigus et al., 2014].

This can be useful to determine whether the regulation of SCCPs has an e�ect on environmental

CP levels, resulting in lowered SCCP levels but potentially higher MCCP and LCCP levels.

Sediment cores can also be used to investigate whether COs are formed by aging processes in

the sediment.
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CPs are now mainly produced and applied by the Chinese industry [Glüge et al., 2016].

Consequently, it is necessary to monitor imported consumer products whether they ful�ll the

European restrictions regarding SCCPs. Furthermore, CPs used in plastics are exposed to

heat during polymer processing. It remains to be proven whether CP containing products also

contain COs.

Environmental risks of COs . In order to further assess the environmental relevance of

COs, possible di�erences between CPs and COs, regarding (a) physicochemical properties, (b)

bioaccumulation potential and (c) toxicity, need to be studied. COs have one or more double

bonds. Hence, they are potentially more reactive than CPs. On the one hand, this could lead to

a faster degradation in the environment. On the other hand, a double bond has higher metabolic

reactivity and, thus, a higher potential to induce toxic e�ects. However, all studies in this

direction need representative standard materials for both, CPs and COs, which are currently

not available.

Analysis of mixtures of CPs and COs . If CPs and COs show similar properties, they

could be quanti�ed as a CP/CO sum using a CP standard material, disregarding the CO mass

interferences. However, this requires CPs and COs to have the same ionization e�ciency in the

MS. This information is currently not available because of the lack of suitable CO standard

material. Separate analysis of CPs and COs remains a major challenge, since most monitoring

laboratories still apply MS with mass resolution of R< 10 000, which is not suited to resolve

strong CP/CO mass interferences. Regarding the CP/CO problem, it needs to be investigated

to which extent reported CP data in the past is biased by mass interferences of COs, e.g., formed

in the ion source or present in the sample [Schinkel et al., 2018b].

Quanti�cation of CPs . This thesis showed that single-chain CP mixtures are the best

option for accurate CP quanti�cation. Still, many laboratories use complex CP mixtures for

quanti�cation, especially since there are no other options for MCCPs and LCCPs. It is important

to understand to which extent deviations between CP patterns of a sample and a standard

mixture a�ect a correct quanti�cation. Recommendations are needed, regarding a maximum

degree of deviation, to exclude an over- or underestimation of a sample's CP content.

The recommended pattern deconvolution method requires a series of calibration measurements

for each applied single-chain CP mixture [Schinkel et al., 2018a]. When only considering SCCPs,

this results in up to 20 di�erent calibration measurements. To reduce the amount of calibration

measurements, standards of di�erent chain lengths should be mixed. In general, each standard

already contains many di�erent CP homologues and thousands of isomers that elute over several

minutes from a chromatographic column, resulting in co-elution. Hence, mixing of standards

could lead to ion suppression in the MS. A comprehensive assessment concerning this issue is
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required, especially with regard to environmental samples where CPs of all chain lengths are

expected to occur as a complex mixture.

Due to analytical limitations in the past, data on the fate of CPs in the environment is

scarce. Current developments, including those developments presented in this work, improved

and facilitated the analysis of CPs. More and more laboratories are taking up the challenge of

analyzing CPs. Still, many issues remain that need to be addressed and improved to ensure a

correct analysis of CPs of all chain lengths. However, the author is con�dent that within the

next few years, more relevant and reliable data about the fate of CPs will be produced. This

should allow a comprehensive risk assessment of MCCPs and LCCPs, and support a potential

regulation of these pollutants of emerging environmental concern.
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Appendix A

Supporting Information - Deconvolution of Mass

Spectral Interferences of Chlorinated Para�ns and

Their Transformation Products: Chlorinated

Ole�ns

Reproduced with permission from:

Analytical Chemistry, 2017, 89(11), 5923�5931

https://doi.org/10.1021/acs.analchem.7b00331

Copyright 2017 American Chemical Society
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A.1. Target Ions

Table A.1. Chloride-adduct ions ([M + Cl] ¯ ) of pentachlorinated tridecanes (CPs) and tridecenes
(COs) used for the deconvolution procedure.

C13 H 23 Cl 5 (CPs) C13 H 21 Cl 5 (COs)
m/z abund. in % m/z abund. in %

386.9774 16.4
387.9808 2.35

388.9931 16.4 388.9745 31.64
389.9965 2.35 389.9779 4.51
390.9902 31.63 390.9717 25.48
391.9936 4.52 391.975 3.61
392.9873 25.48 392.9688 10.98
393.9906 3.62 393.9721 1.55
394.9845 10.98 394.966 2.68
395.9877 1.55 395.9692 0.37
396.9817 2.68 396.9634 0.35

Table A.2. Chloride-adduct ions ([M + Cl] ¯ ) of hexachlorinated tridecanes (CPs) and tridecenes
(COs) used for the deconvolution procedure.

C13 H 22 Cl 6 (CPs) C13 H 20 Cl 6 (COs)
m/z abund. in % m/z abund. in %

420.9385 12.43
421.9419 1.78

422.9541 12.42 422.9356 27.95
423.9575 1.78 423.9389 3.98
424.9512 27.94 424.9327 26.98
425.9546 3.99 425.936 3.83
426.9483 26.97 426.9298 14.5
427.9517 3.83 427.9331 2.05
428.9454 14.5 428.927 4.69
429.9487 2.05 429.9302 0.66
430.9426 4.69 430.9242 0.92
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Table A.3. Chloride-adduct ions ([M + Cl] ¯ ) of heptachlorinated tridecanes (CPs) and tridecenes
(COs) used for the deconvolution procedure.

C13 H 21 Cl 7 (CPs) C13 H 19 Cl 7 (COs)
m/z abund. in % m/z abund. in %

454.8995 9.42
455.9029 1.34

456.9151 9.41 456.8966 24.19
457.9186 1.35 457.9 3.44
458.9122 24.18 458.8937 27.22
459.9156 3.45 459.897 3.86
460.9093 27.21 460.8908 17.53
461.9127 3.87 461.8941 2.48
462.9064 17.52 462.8879 7.07
463.9097 2.48 463.8912 0.99
464.9036 7.07 464.8851 1.83
465.9068 0.99 465.8882 0.26
466.9007 1.83 466.8823 0.3
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A.2. Full Scan Mass Spectra of Thermally Exposed

Polychlorinated Tridecanes Over Time

Figure A.1. Measured spectra of thermally degraded polychlorinated tridecanes after 0, 2, 4, 8 and
24 h at 220°C. Abundances are related to the highest signal of the spectrum at0 h. An overall loss in
signal intensities can be observed. The displayed spectra are not IS-corrected. However, signals of the
internal standard are more or less constant among di�erent samples.
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Figure A.2. Measured spectra of thermally degraded polychlorinated tridecanes after 0, 2, 4, 8 and
24 h at 220°C. Abundances are related to the highest signal in each spectrum. A shift in abundance
to lower chlorinated homologues is observed.
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A.3. Deconvolution Results

Table A.4. Percentages of CPs (nCP) and COs (nCO) after deconvolution of the di�erent isotopic
clusters.

Exposure Cl 5-cluster Cl 6-cluster Cl 7-cluster
time in h nCO in % nCP in % nCO in % nCP in % nCO in % nCP in %

0 <1 >99 3 97 <1 >99
2 22 78 22 78 20 80
4 27 73 26 74 23 77
8 36 64 33 67 28 72
24 44 56 37 63 n.q. n.q.

n.q. � not quanti�ed

Table A.5. IS-corrected signal intensities of CPs (I CP100) and their transformation products COs
(I CO100) after deconvolution of the isotopic clusters.

Exposure Cl 5-cluster Cl 6-cluster Cl 7-cluster
time in h CO in cts CP in cts CO in cts CP in cts CO in cts CP in cts

0 n.d. 212100 18700 605100 n.d. 568400
2 43000 152400 85300 302400 45200 180900
4 44000 118800 79400 225900 30300 101400
8 31200 55500 43700 88700 11600 29800
24 19200 24400 16200 27600 n.q. n.q.

n.d. � not detected; n.q. � not quanti�ed
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Figure A.3. Deconvolution of interfering isotope patterns ([M + Cl] ¯ adduct ions) of pentachlorinated
tridecanes (C13H23Cl5, grey) and pentachlorinated tridecenes (C13H21Cl5, red), during 0, 2, 4, 8 and
24 h of thermal exposure at 220°C. Changes in measured spectra (black) over time are shown (a)
together with the deconvolved and reconstructed mass spectra (b), the CO fraction (c, red) and the
CP fraction (d, gray). Respective proportions, which increase from1 to 44 % for COs and decrease
accordingly from 99 to 56 % for CPs are indicated. In addition, RMSE is plotted vs. CO fraction (e)
to �nd minima of the respective least-RMSE function.

L. Schinkel 105



Figure A.4. Deconvolution of interfering isotope patterns ([M + Cl] ¯ adduct ions) of pentachlorinated
tridecanes (C13H21Cl7, grey) and pentachlorinated tridecenes (C13H19Cl7, red), during 0, 2, 4, 8 and
24 h of thermal exposure at 220°C. Changes in measured spectra (black) over time are shown (a)
together with the deconvolved and reconstructed mass spectra (b), the CO fraction (c, red) and the
CP fraction (d, gray). Respective proportions, which increase from1 to 28 % for COs and decrease
accordingly from 99 to 72 % for CPs are indicated. In addition, RMSE is plotted vs. CO fraction (e)
to �nd minima of the respective least-RMSE function.
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A.4. Quality of Fit

The quality of �t is represented by the coe�cient of determination R2, which is calculated using

the following equation:

R2 = 1 �
P

i (yi � f i )
2

P
i (yi � yi )

2 (A.1)

f i : measured signal intensity of a speci�c ioni

yi : modelled intensity of the ionsi in the reconstructed cluster after deconvolution

yi : mean of the modelled intensities of all ions (yi ) in the cluster.

Table A.6. Quality of �t (R 2) for the deconvolved and reconstructed clusters for interfering CPs and
COs with 5, 6 and 7 chlorines respectively.

t in h
R 2

Cl 5-cluster Cl 6-cluster Cl 7-cluster

0 1 1 1
2 1 1 1
4 1 1 1
8 0.99 1 0.99
24 0.99 1 -
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A.5. Control: Thermolysis of

1,2,5,6,9,10-Hexachlorodecanes

In order to prove with an independent method, that chlorinated alkenes indeed are thermal

transformation products of CPs, a 1,2,5,6,9,10-hexachlorodecanes mixture with de�ned con-

stitution (by Dr. Ehrenstorfer) was exposed to220°C for 0, 2 and 8 h. Using this material,

pentachlorodecanes, those CPs that would interfere with the expected transformation product,

are absent. Hence, a formation of pentachlorodecenes (COs) can be observed without mass

interferences. At0 h, the mass spectrum is dominated by the chloride-adduct cluster ([M + Cl]¯

adduct ions) of hexachlorodecane and only traces (2 %) of pentachlorodecene (COs) are present

(Figure A.5 ). Over time, the relative abundance of CPs (nCP) decreases from98 %to 61 %,

whereas the abundance of COs (nCO) increases from2 % to 39 %, for 0 h and 8 h thermal

exposure, respectively.

Figure A.5. Measured spectra of thermally degraded 1,2,5,6,9,10-hexachlorodecanes after0, 2, and
8 h at 220°C. Abundances are related to the highest signal in each spectrum. At the beginning, the
mass spectrum is dominated by the [M + Cl]̄ cluster of hexachlorodecanes (CPs). The formation of
pentachlorodecenes (COs) is observed over time, whose relative abundance (nCO) increases from2 %
to 12 % to 39 % at 0, 2, and 8 h

For hexachlorodecanes (CPs), proportions of ions within the measured clusters match the

theoretical cluster and, therefore, are not interfered (Figure A.6a ). In the non-exposed mate-

rial, the intensity of the ion cluster of pentachlorodecenes (COs) is very low, resulting in slight
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deviations from the theoretical cluster. After8 h exposure, intensity of COs is higher and the

ion cluster is identical to the theoretical one. The cluster is, therefore, not interfered, as well

(Figure A.6b ).

For t = 0 h, three independent samples were prepared and processed, to investigate statistical

deviations. The IS-corrected intensity of COs (I CO100) at 8 h accounted39 800 cts(counts) which

is four times higher than in the starting material (10 000± 3400 cts), con�rming a statistically

signi�cant formation of COs (Figure A.6b ).

Figure A.6. Theoretical and measured isotopic clusters ([M + Cl]̄ ) for (a) hexachlorodecanes (CPs)
and (b) pentachlorodecenes (COs). For CPs, the measured clusters match the theoretical one and,
therefore, are not interfered. The intensity of the CO cluster at 0 h is low, resulting in slight deviations
from the theoretical cluster. However, CO cluster after8 h exposure is identical to the theoretical one.
IS-corrected intensity of CO (I CO100) after exposure is four times higher than at start, con�rming the
transformation of hexachlorodecanes to pentachlordecenes by HCl-elimination.
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A.6. First-Order Rate Constants and Half-Lives

Table A.7. First order rate constants for thermolysis of di�erent polychlorinated tridecane homologues
determined by linear regression of ln(I t / I 0) versus time (Chapter 2 , Figure 2.5c ) and corresponding
half-lives for thermal degradation at 220°C.

Polychlorinated tridecane Rate constant k in h � 1 Half-lives t 1/2 in h

Cl5 0.16 4.3
Cl6 0.25 2.8
Cl7 0.39 1.8
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A.7. Changes in Degrees of Chlorination

Changes in degrees of chlorination over time are calculated based on the deconvolved Cl5-, Cl6-

and Cl7-clusters. Figure A.7 shows a steady shift to lower chlorinated compounds during

exposure to heat (220°C). Other homologues, such as theCl8- and Cl9-clusters also contribute

to some degree, but were not considered here, since deconvolution was not carried out for those

clusters, due to low signal intensities. As can be seen inFigure A.1 , their contributions are

expected to be small. The signal intensity of Cl7-cluster was too low at24 h, not allowing

for deconvolution of the cluster and the respective degree of chlorination was not calculated.

However, at24 h exposure, the degree of chlorination also decreased (Figure A.2 ), but could

not be calculated accurately, due to lacking information about the Cl7-cluster.

Figure A.7. Decrease of the degree of chlorination and, thus, the average number of chlorine atoms
of the studied Cl5-, Cl6- and Cl7-clusters. To calculate the overall degree of chlorination, the remaining
Cl4-, Cl8-, Cl9-clusters need to be considered, as well. Measurement at24 h was not included, because
the abundance of the Cl7-cluster was too low to deconvolve CPs and COs.

Calculating the average number of chlorine:

During the deconvolution procedure, the signal intensities of COs (I CO100) and CPs (I CP100)

are calculated which represent the combined signal intensity of all ions within a CP or CO

cluster (Table A.5 ). Signal-intensities for CPs and COs are summed up for each Cl5-, Cl6- and

Cl7-cluster, to get the sum count for each reconstructed cluster within a sample. Corresponding

proportions of the Cl5-, Cl6- and Cl7-clusters were calculated, converted into the average number

of chlorine atoms per sample and reported inFigure A.7 .
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Supporting Information - Dealing with Strong
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B.1. Experimental Details

Chemicals

A polychlorinated tridecane mixture (60 m/m%Cl, Empa) was used as test material and a

racemic� -hexabromocyclododecane mixture (racemic� -HBCD, Empa) was applied as internal

standard (IS). LC-grade dichloromethane (DCM), methanol (MeOH), toluene, acetonitrile and

water (purchased from Biosolve, Merck and Sigma-Aldrich) were used for sample preparation

and analysis. Ammonium acetate (Merck, Emsure grade) was applied as LC-MS additive.

Chemical Analysis

Four di�erent instrumental methods were used for CP/CO analysis in this study. Direct

injection into an APCI source was applied followed by either a quadrupole time-of-�ight-MS

(qTOF, R = 10 000, full width at half maximum (FWHM) at m/z 200) or an Orbitrap-MS

(R = 100 000, FWHM at m/z 200), both applied in full scan negative ion mode. Direct

injection was done using a LC-system (without separation column) with isocratic �ow condition

(methanol/dichloromethane, 90:10). The monitored ions were selected from the [M + Cl]¯

adduct cluster. Detailed APCI settings are listed inTable B.1 .

Furthermore, an ultra-performance LC (UPLC) was applied prior to an ESI source, followed

by an Orbitrap-MS (R = 140 000, FWHM at m/z 200), operated in full scan negative ion mode.

Selected ions of [M + acetate]¯ adduct clusters were monitored. ESI settings were applied

according to Cariou et al. [2016] and are listed inTable B.1 along with the applied solvent

gradient.

Additionally, a conventional GC-ECNI-MS method was applied on an Orbitrap-MS at two

di�erent resolution modes (R = 120 000and R = 15 000FWHM at m/z 200). The instrument

was applied in full scan mode and set according to Diefenbacher et al. [2015] with slight variations.

Detailed GC-MS settings are given inTable B.1 .

Data Processing

APCI-qTOF-MS data was processed using the Mass Hunter Qualitative Analysis B.07.00

software. Direct injection peaks were manually integrated and average mass spectra were

extracted. Subsequent deconvolution of MS data into CP and CO proportions is based on

linear equation systems as described elsewhere [Bogdal et al., 2015; Schinkel et al., 2017]. By

this, interfered isotopic clusters are deconvolved into a linear combination of the respective CP

and CO clusters allowing further data evaluation without interferences. APCI-Orbitrap-MS,

LC-ESI-Orbitrap-MS and GC-ECNI-Orbitrap-MS data were processed using Thermo Xcalibur

4.0.27.19 Qual Browser.

The abundance of each monitored quanti�cation ion was corrected by its abundance within
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the respective isotope cluster to give the100 %signal for each monitored CP or CO homologue.

Table B.1. Instrumental settings for the applied analytical methods.

Method Settings

(LC-)APCI- no column, eluent: MeOH/DCM (90:10); �ow rate: 0.35 mL min -1; injection
qTOF-MS volume: 5µL; gas temp.: 150°C; vaporizer temp.: 250°C; corona discharge:

= 4 kV; collision energy: 0 V

(LC-)APCI- no column, eluent: MeOH/DCM (90:10); �ow rate: 0.35 mL min -1; injection
Orbitrap-MS volume: 10µL; capillary temp.: 125 °C; spray voltage: = 5 kV; capillary

voltage: = 10 V

LC-ESI- Hypersil Gold column (100 mm � 2.1 mm, 1.9µm); eluents: 10 mM
Orbitrap-MS ammonium acetate in water (A) and in acetonitrile (B); gradient: (A/B)

50:50 for 1 min, ramped to 0:100 over 9 min, hold for 5 min and returned to
50:50, followed by equilibration; �ow rate: 0.4 mL min -1; injection volume:
5µL; capillary temp.: 300 °C, source heater temp.: 150°C; spray voltage: 2.5 kV

GC-ECNI DB-5 column (30 m � 0.25 mm, 0.25µm); carrier gas: helium; oven temp.
Orbitrap-MS program: 100°C for 1 min, ramp at 10 °C min -1 to 310°C, hold for 5 min;

CI gas/�ow: methane at 1.5 mL min -1; injector: 260°C, injection volume:
2µL (splitless); MS transfer line temp.: 280°C; source temp.: 200°C
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B.2. Homologue Patterns with Di�erent Analytical Methods

Figure B.1. Homologue distributions of the examined polychlorinated tridecane mixture (60 m/m%Cl)
derived with di�erent LC-MS methods normalized to the intensity of (a) the most abundant homologue
and (b) to the sum intensity. APCI-qTOF-MS, APCI-Orbitrap-MS and acetate-enhanced ESI-Orbitrap-
MS methods give similar homologue distributions. When monitoring proton loss ions with the ESI-
Orbitrap-MS, the distribution is shifted towards higher chlorinated CPs, resulting in an increased
calculated degree of chlorination (61.4 m/m%Cl) with an average chlorine number ofzCl = 7 :9 per
tridecane.

116 L. Schinkel



Appendix B

Figure B.2. Homologue distribution of the examined polychlorinated tridecane mixture (60 m/m%Cl)
derived with the GC-ECNI-Orbitrap-MS method normalized to the intensity of (a) the most abundant
homologue and (b) to the sum intensity. The applied instrumental settings favor ionization of higher
chlorinated CPs resulting in an increased calculated degree of chlorination of61.7 m/m%Cl with an
average chlorine number ofzCl = 8 :0 per tridecane.
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B.3. ESI-Orbitrap-MS: Acetate-Adduct Ions Versus Proton

Loss Ions

The applied ESI-MS method resulted in two major ionization processes. Either acetate-adduct

formation [M + acetate]¯ or proton loss [M � H]¯ reactions were observed. As shown inFigure

B.3 and listed in Table B.2 , acetate-adduct formation (green) is decreased with increasing

degrees of chlorination while proton loss (orange) is increased from2-44 % from penta- to

decachlorotridecanes.

Figure B.3. Relative abundances of two ionization processes observed with ESI-MS for di�erent
chlorinated tridecane homologues. Acetate-adduct formation (green) is decreased with increasing
degree of chlorination, while proton loss (orange) is increased.

Table B.2. Relative abundances of acetate-adduct and proton loss ions. Two ionization processes
were observed under the given ESI-MS conditions. Respective proportions depend on the degree of
chlorination of chlorotridecanes.

Polychlorinated Rel. proportion in %

tridecanes [M + acetate] ¯ [M � H] ¯

Cl5 98 2
Cl6 89 11
Cl7 75 25
Cl8 67 33
Cl9 64 36
Cl10 56 44
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B.4. Proportions of Chlorinated Para�ns, Ole�ns and

Diole�ns

This section lists proportions for chlorinated para�ns (CPs), chlorinated ole�ns (COs) and

chlorinated diole�ns (CdiOs) derived by four LC-MS methods. APCI-qTOF-MS and APCI-

Orbitrap-MS data are listed in Tables B.3 and B.4 , respectively. Tables B.5 and B.6 list

results for the ESI-Orbitrap-MS method derived from [M + acetate]̄ and [M � H] ¯ ions,

respectively. Table B.7 lists mean CP/CO/CdiO proportions for all methods and respective

standard deviations. Figure B.4 displays changes of CP/CO/CdiO proportions over time

for penta-, hexa-, hepta- and octachlorinated C13-homologues derived with four LC-MS methods.

Table B.3. CP/CO/CdiO proportions in exposed chlorotridecane mixture over time. Samples were
exposed for0, 1, 2, 4 and 8 h at 220°C. Proportions of penta-, hexa-, hepta- and octachlorinated
C13-homologues were derived from APCI-qTOF-MS data using subsequent mathematical deconvolution.

Rel. proportion in %

Homologue t = 0 h t = 1 h t = 2 h t = 4 h t = 8 h

Cl5 CPs 84 65 60 51 44
COs 13 6 18 21 20
CdiOs 3 28 21 28 36

Cl6 CPs 90 66 65 57 53
COs 9 23 25 29 29
CdiOs 1 11 10 14 19

Cl7 CPs 91 71 71 67 63
COs 9 25 25 26 27
CdiOs 0 4 4 7 10

Cl8 CPs 93 78 78 76 77
COs 7 19 20 18 12
CdiOs 0 2 2 5 11
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Table B.4. CP/CO/CdiO proportions in exposed chlorotridecane mixture over time. Samples were
exposed for0, 1, 2, 4 and 8 h at 220°C. Proportions of penta-, hexa-, hepta- and octachlorinated
C13-homologues were derived from APCI-Orbitrap-MS data.

Rel. proportion in %

Homologue t = 0 h t = 1 h t = 2 h t = 4 h t = 8 h

Cl5 CPs 78 53 52 40 33
COs 19 35 37 42 46
CdiOs 4 12 12 18 22

Cl6 CPs 83 61 60 54 47
COs 15 32 33 37 43
CdiOs 2 6 7 8 10

Cl7 CPs 89 71 71 68 62
COs 10 26 27 29 34
CdiOs 1 3 3 4 4

Cl8 CPs 94 82 80 77 68
COs 6 17 18 23 32
CdiOs 0 1 1 0 0

Table B.5. CP/CO/CdiO proportions in exposed chlorotridecane mixture over time. Samples were
exposed for0, 1, 2, 4 and 8 h at 220°C. Proportions of penta-, hexa-, hepta- and octachlorinated
C13-homologues were derived from ESI-Orbitrap-MS data using the acetate-adduct ion [M + acetate]¯ .

Rel. proportion in %

Homologue t = 0 h t = 1 h t = 2 h t = 4 h t = 8 h

Cl5 CPs 100 77 74 63 55
COs 0 20 22 30 36
CdiOs 0 3 4 7 9

Cl6 CPs 99 74 71 62 55
COs 2 23 26 33 40
CdiOs 0 3 3 5 6

Cl7 CPs 99 78 77 72 69
COs 1 20 22 26 29
CdiOs 0 2 2 2 2

Cl8 CPs 100 84 84 83 83
COs 0 15 16 17 17
CdiOs 0 1 0 0 0
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Table B.6. CP/CO/CdiO proportions in exposed chlorotridecane mixture over time. Samples were
exposed for0, 1, 2, 4 and 8 h at 220°C. Proportions of penta-, hexa-, hepta- and octachlorinated
C13-homologues were derived from ESI-Orbitrap-MS data using the proton loss ion [M � H]̄ .

Rel. proportion in %

Homologue t = 0 h t = 1 h t = 2 h t = 4 h t = 8 h

Cl5 CPs 100 61 57 36 33
COs 0 25 33 44 41
CdiOs 0 13 10 20 26

Cl6 CPs 94 57 55 46 42
COs 6 33 35 41 45
CdiOs 0 10 10 13 13

Cl7 CPs 95 65 64 62 62
COs 5 30 31 33 36
CdiOs 0 5 5 5 3

Cl8 CPs 96 76 76 78 81
COs 4 22 23 22 19
CdiOs 0 2 2 0 0

Table B.7. Mean CP/CO/CdiO proportions and standard deviations in exposed chlorotridecane
mixture over time. Samples were exposed for0, 1, 2, 4 and 8 h at 220°C. Mean proportions of penta-,
hexa-, hepta- and octachlorinated C13-homologues were derived from all LC-MS data sets.

Rel. proportion in %

Homologue t = 0 h t = 1 h t = 2 h t = 4 h t = 8 h

Cl5 CPs 90± 11 64± 10 61± 10 47± 12 41± 10
COs 8± 9 22± 12 28± 9 34± 11 36± 11
CdiOs 2 ± 2 14± 10 12± 7 18± 9 23± 11

Cl6 CPs 91± 6 64± 7 63± 7 55± 7 49± 6
COs 8± 6 28± 6 30± 5 35± 5 39± 7
CdiOs 1 ± 1 7 ± 4 7 ± 3 10± 4 12± 5

Cl7 CPs 93± 14 71± 5 71± 5 67± 4 64± 4
COs 6± 4 25± 4 26± 4 29± 3 31± 4
CdiOs 0 ± 0 3 ± 1 3 ± 1 4 ± 2 5 ± 4

Cl8 CPs 95± 3 80± 4 79± 3 78± 3 77± 7
COs 5± 3 18± 3 19± 3 20± 3 20± 9
CdiOs 0 ± 0 1 ± 1 1 ± 1 1 ± 3 3 ± 5
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Figure B.4. CP/CO/CdiO proportions in an exposed chlorotridecane mixture over time. Samples
were exposed for0, 1, 2, 4 and 8 h at 220°C. Pattern changes for (a) penta-, (b) hexa-, (c) hepta-
and (d) octachlorinated C13-homologues were determined with four LC-MS methods. Proportions of
CPs (gray) decrease over time, whereas proportions of COs (red) and CdiOs (orange) increase. The
extent of CO/CdiO formation is higher for lower chlorinated compounds possibly due to the higher
abundance of precursors, which are higher chlorinated CPs.
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B.5. Interfering Ionization Processes with APCI-MS

When applying APCI, there are two possible ionization processes, either by [M + Cl]¯ or

[M � H] ¯ . Chlorinated para�ns (CPs) ionized by proton loss have the same mass as their cor-

responding transformation products chlorinated ole�ns (COs) when ionized by chloride-adduct

formation (Figure B.5 ). However, Schinkel et al. [2017] showed that ionization by [M � H]¯ is

negligible when optimizing instrument parameters accordingly (seeChapter 2 and Appendix

A, Section A.5 ).

Figure B.5. Potential fragmentation reactions with chloride-enhanced APCI-MS. Chlorinated para�ns
(CPs) ionized by proton loss have the same mass as their corresponding transformation products, the
chlorinated ole�ns (COs), when ionized by chloride-adduct formation.
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B.6. Interfering Ionization Processes with GC-ECNI-MS

As shown by Yuan et al. [2016], GC-ECNI-MS conditions induce di�erent fragmentation reactions

for CPs. Herein, we observed two major ionization processes of CPs and COs, which resulted

in formation of [M � Cl] ¯ or [M � HCl � Cl] ¯ fragment ions. As shown inFigure B.6 ,

chlorinated para�ns (CPs) that fragment to [M � HCl � Cl] ¯ ions have the same mass as

their corresponding transformation products, the chlorinated ole�ns (COs), when ionized by

[M � Cl] ¯ . Such interferences cannot be resolved at all because the same ions are formed with

the same mass and isotope pattern. We conclude that the GC-ECNI-MS method is not suitable

to investigate COs in presence of CPs, because of the substantial in-source formation of COs by

CP fragmentation. However, if it is possible to estimate how much a speci�c CP homologue is

ionized via [M � HCl � Cl] ¯ fragments, one can possibly estimate the amount of the interfering

ions and deduce the CO amount of the sample.

Figure B.6. Fragmentation reactions with GC-ECNI-MS. Chlorinated para�ns (CPs) fragment to
[M � HCl � Cl] ¯ and [M � Cl] ¯ ions. CPs fragmented to [M � HCl � Cl] ¯ ions have the same mass
as their corresponding transformation products, the chlorinated ole�ns (COs), when fragmented to
[M � Cl] ¯ ions.

For the ESI-MS method (Figure B.3 ) it was shown that the probability of acetate-adduct

formation or proton loss ions depends on the degree of chlorination of a CP. It needs to be

investigated, whether in GC-ECNI-MS the fragmentation to [M � Cl]̄ or [M � HCl � Cl] ¯ also

depends on the degree of chlorination of a CP. This was investigated for the most abundant CP

homologues hepta-, octa-, nona- and decachlorinated tridecanes. In a �rst step, the most intense

ion of the respective [M � Cl]̄ and [M � HCl � Cl] ¯ clusters were extracted for individual

homologues as shown inFigure B.7a -h. As discussed before, [M � HCl � Cl]̄ CP ions are

potentially interfered by chlorinated ole�ns ionized via [M � Cl]¯ (seeFigure B.6 ). However,

interfering COs can partially be separated by GC from the respective CPs (Figure 3.4c ,

Chapter 3 ). Interfering COs present in the sample, elute earlier. Therefore, only late-eluting
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non-interfered regions of respective EIC-peaks are integrated as indicated in gray inFigure

B.7 .

Table B.8 lists the relative abundance of [M � Cl]̄ and [M � HCl � Cl] ¯ ions for di�erent

chlorotridecanes. It was found that84� 88 % of the fragment ions were obtained via chlorine

loss [M � Cl]¯ and only 12� 16 %were formed via HCl and Cl loss [M � HCl � Cl]¯ under the

given ECNI conditions. The proportions of [M � HCl � Cl] ¯ decreased from16.1 %, to 16.4 %,

14.5 %and 12.4 %for hepta-, octa-, nona- and decachlorotridecanes, respectively. Thus, a small

trend can be observed, indicating that lower-chlorinated tridecanes are more likely to fragment

to [M � HCl � Cl] ¯ ions. However, when looking at the EIC of the [M � HCl � Cl]̄ ions

(Figure B.7b ,d,f,h) it can be seen, that the peak shape does not �t completely with the shape

of the [M � Cl] ¯ peaks at the right side of the chromatograms (indicated with red arrows).

This especially applies to the lower-chlorinated tridecanes. It seems that other non-resolved

mass interferences occur that are currently not identi�ed. These mass interferences potentially

contribute to slightly higher relative abundances of [M � HCl � Cl]¯ fragment ions for lower

chlorinated tridecanes. Thus, the observed trend is not conclusive. Fragmentation to either

[M � HCl � Cl] ¯ or [M � Cl] ¯ ions does probably not depend much on the degree of chlorination

under the given ECNI conditions, but further investigations are required here.

Table B.8. Relative proportions of [M � Cl] ¯ and [M � HCl � Cl] ¯ fragment ions for di�erent
chlorinated tridecanes. In general,84� 88 % of the fragment ions were obtained via chlorine loss
[M � Cl] ¯ and only 12� 16 % were formed via HCl and Cl loss [M � HCl � Cl] ¯ under the given
ECNI conditions. A small trend is observed, that lower chlorinated tridecanes are more likely to be
fragmented to [M � HCl � Cl] ¯ ions. However, this trend is most likely caused by a non-identi�ed
interference that is more pronounced for lower chlorinated tridecanes (Figure B.7 ).

Rel. proportion in %

[M � Cl] ¯ [M � HCl � Cl] ¯

Cl7 83.9 16.1
Cl8 83.6 16.4
Cl9 85.5 14.5
Cl10 87.6 12.4

L. Schinkel 125



Appendix B

Figure B.7. EICs for most abundant ions of [M � Cl] ¯ and [M � HCl � Cl] ¯ clusters. At a mass
resolution of 120 000and a mass accuracy of5 ppm signal intensities for hepta- (black), octa- (green),
nona- (orange) and decachlorinated (gray) tridecanes are given. Respective [M � Cl]¯ (a,c,e,g) and
[M � HCl � Cl] ¯ ions (b,d,f,h) are distinguished. [M � HCl � Cl] ¯ ions are potentially interfered at the
early eluting part of the peak by lower chlorinated tridecenes (COs) ionized via [M � Cl]¯ formation.
Gray areas indicate potentially non-interfered parts that are used to calculate relative abundances
of [M � Cl] ¯ and [M � HCl � Cl] ¯ ions for the di�erent CP tridecanes (Table B.8 ). Compairing
peak shapes of [M � Cl]̄ and [M � HCl � Cl] ¯ signals, indicates interferences at late eluting parts of
[M � HCl � Cl] ¯ ions (red arrows). These interferences are more pronounced for lower chlorinated
compounds and have not been identi�ed so far.
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B.7. Quanti�er and Quali�er Ion Ratios with Conventional

GC-ECNI-SIM-MS

Chlorinated para�ns are usually analyzed applying GC-ECNI-MS in selected ion monitoring

(SIM) mode. With SIM, at least two ions (the quanti�er and quali�er ion) of a target compound

are monitored and their ratio is evaluated to identify the compound.Figure B.8 shows the two

extracted [M � Cl] ¯ ions of the heptachlorotridecane and their proportions in samples exposed

at 220°C for 0, 1, 2, 4 and 8 h. Data was obtained at a mass resolution of120 000and mass

accuracy of5 ppm (Figure B.8a ) and at lower resolution and mass accuracy of15 000and

50 ppm (Figure B.8b ). The extracted quanti�er ion (Quant) is m/z 388.9751(100 %) and the

corresponding quali�er ion (Qual) ism/z 390.9722(80.5 %). Respective signal intensities are

given in Tables B.10 and B.11 .

When applying su�cient mass resolution and mass accuracy (R� 120 000, 5 ppm) CPs and

COs can be resolved and determined CP ion ratios show almost no deviation from the theo-

retical ratio (< 4 %). When applying lower resolution and mass accuracy (R� 15 000, 50 ppm),

deviations increase from10 %at t = 0 h to 21 %at t = 8 h. It has been shown with independent

LC-MS methods (Table B.7 ) that exposed samples contain6 ± 4 % up to 31 ± 4 % COs and0

to 5 ± 4 % CdiOs. However, despite these severe interferences, the observed e�ects on quanti�er

and quali�er ion ratios are still low and within a common tolerance level of15-20 %. Thus, CPs

are possibly quanti�ed even though they are interfered with COs and CdiOs. This clearly shows

the limitations of the GC-ECNI-SIM-MS method, which cannot distinguish CPs and COs if

mass resolution is insu�cient.
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Figure B.8. Proportions of quanti�er and quali�er ions of heptachlorotridecanes in samples exposed at
220°C for 0, 1, 2, 4 and 8 h. Most intense [M � Cl] ¯ ions with m/z 388.8751(100 %) andm/z 390.9722
(80.5 %) were extracted at mass resolutions and mass accuracies of (a) R� 120 000and 5 ppm and (b)
R� 15 000and 50 ppm. Green bars indicate the theoretical quanti�er and quali�er ion proportions.
Quanti�er/quali�er ion ratios and their deviation to the theoretical value are given in red. When
applying su�cient mass resolution and mass accuracy (a), deviations are always below4 %. When
applying lower resolution and accuracy (b), deviations increase from10 % at t = 0 h up to 21 % at
t = 8 h. When accepting deviations of15 %, CPs are quanti�ed even though they are heavily interfered
by COs (Table B.9 ).

Table B.9. Proportions of CPs and interfering COs as derived by GC-ECNI-MS. COs can either
be present in samples or formed by in-source fragmentation of CPs. A mass resolution of R� 120 000
and a mass accuracy of5 ppm were applied. Proportions of potentially interfering COs increase with
exposure time at 220°C.

Time CPs COs
in h in % in %

0 73 27
1 69 31
2 66 34
4 62 38
8 58 42
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Table B.10. Abundances of quanti�er and quali�er ions of thermally exposed heptachlorotridecanes.
[M � Cl] ¯ ions of m/z 388.8751(Quant.) and m/z 390.9722(Qual.) were obtained at a mass resolution
of R� 120 000and extracted with mass accuracy of5 ppm. Respective proportions, calculated ion ratios
and their deviations from the theoretical ratio are also given.

Time Quant. ion Qual. ion Quant. Ion Qual. ion Quant./Qual. Deviation
in h in cts in cts in % in % ratio in %

(theoretical) 100 80.54 0.81 0
0 2'232'000 1'802'000 100 80.72 0.81 0
1 786'000 637'000 100 81.09 0.81 1
2 2'846'000 2'309'000 100 81.12 0.81 1
4 1'629'000 1'324'000 100 81.3 0.81 1
8 179'000 140'000 100 78.18 0.78 3

Table B.11. Abundances of quanti�er and quali�er ions of thermally exposed heptachlorotridecanes.
[M � Cl] ¯ ions of m/z 388.8751(Quant.) and m/z 390.9722(Qual.) were obtained at a mass resolution
of R� 15 000and extracted with mass accuracy of50 ppm. Respective proportions, calculated ion ratios
and their deviations from the theoretical ratio are also given.

Time Quant. ion Qual. ion Quant. ion Qual. ion Qual/Quant Deviation
in h in cts in cts in % in % ratio in %

(theoretical) 100 80.54 0.81 0
0 2'894'000 2'089'000 100 72.17 0.72 10
1 1'071'000 756'000 100 70.55 0.71 12
2 4'004'000 2'804'000 100 70.02 0.7 13
4 2'431'000 1'662'000 100 68.34 0.68 15
8 280'000 179'000 100 63.77 0.64 21
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C.1. List of Commercially Available CP Materials

(September 2018)

Table C.1. Suppliers of analytical CP materials. To the best of our knowledge, there are currently
four suppliers.

Supplier In manuscript Location

Dr. Ehrenstorfer GmbH Dr. Ehrenstorfer Augsburg, Germany

AccuStandard AccuStandard New Haven, CT (USA)

Chiron AS Chiron Trondheim, Norway

Cambridge Isotope
Laboratories Inc.

Cambridge Isotope
Laboratories or CIL

Tewksbury, MA (USA)

Table C.2. List of available analytical CP mixtures of various carbon chain lengths. Complex CP
mixtures by Dr. Ehrenstorfer are produced by non-speci�c chlorination of n-alkanes feedstocks of
several chain lengths. This is how complex CP mixtures are de�ned in this review.

Type Speci�cation Carbon# Chlorination Supplier Concentration

CP mixture SCCP mixture C 10 �C 13 51.5 m/m%Cl,
55.5 m/m%Cl,
63.0 m/m%Cl

Dr. Ehrenstorfer 100 ng µL � 1

CP mixture MCCP mixture C 14 �C 17 42.0 m/m%Cl,
52.0 m/m%Cl,
57.0 m/m%Cl

Dr. Ehrenstorfer 100 ng µL � 1

CP mixture LCCP mixture C 18 �C 20 36.0 m/m%Cl,
49.0 m/m%Cl

Dr. Ehrenstorfer 100 ng µL � 1

CP mixture Chloropara�nC22 n/a 72.1 m/m%Cl Dr. Ehrenstorfer 100 ng µL � 1

n/a � not available

Table C.3. List of technical formulations that are commercially available for analytical purposes.

Type Name Carbon# Chlorination Supplier Concentration

Technical mixture Chlorinated para�ns
(Cl:70%) technical
mix

n/a 70 m/m%Cl Chiron 1000 ng µL � 1

Technical mixture Chlora�n — 40 n/a n/a AccuStandard Neat or 100 ng µL � 1

Technical mixture Chlorowax TM 500C n/a n/a AccuStandard Neat or 100 ng µL � 1

Technical mixture Diablo 700X n/a 70 m/m%Cl AccuStandard Neat or 100 ng µL � 1

Technical mixture Paroil — 179-HV n/a n/a AccuStandard Neat or 100 ng µL � 1

Technical mixture Paroil — 170-8 n/a n/a AccuStandard Neat or 100 ng µL � 1

Technical mixture Unichlor — 40-90 n/a 38.5 m/m%Cl AccuStandard Neat or 100 ng µL � 1

Technical mixture Unichlor — 502-50 n/a 52.0 m/m%Cl AccuStandard Neat or 100 ng µL � 1

Technical mixture Unichlor — 70AX n/a 70.0 m/m%Cl AccuStandard Neat or 100 ng µL � 1

Technical mixture CPW-100 n/a n/a AccuStandard Neat

n/a � not available
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Table C.4. List of available single-chain CP mixtures. Single-chain mixtures byDr. Ehrenstorfer are
produced by non-speci�c chlorination of speci�c n-alkanes. This is how single-chain CP mixtures are
de�ned in this review. Besides that, Chiron provides arti�cial mixtures of constitutionally de�ned CPs
of the same carbon chain length. Such CPs with de�ned constitution are mentioned inTable C.6
and, thus, are not listed in this table. Please refer to their respective product catalogue.

Type Speci�cation Carbon# Chlorination Supplier Concentration

Single-chain mixture C 10 -CP mixture C 10 44.82 m/m%Cl,
50.18 m/m%Cl,
55.00 m/m%Cl,
60.09 m/m%Cl,
65.02 m/m%Cl

Dr. Ehrenstorfer 10 ng µL � 1

Single-chain mixture C 11 -CP mixture C 11 45.50 m/m%Cl,
50.21 m/m%Cl,
55.20 m/m%Cl,
60.53 m/m%Cl,
65.25 m/m%Cl

Dr. Ehrenstorfer 10 ng µL � 1

Single-chain mixture C 12 -CP mixture C 12 45.32 m/m%Cl,
50.18 m/m%Cl,
55.00 m/m%Cl,
65.08 m/m%Cl,
69.98 m/m%Cl

Dr. Ehrenstorfer 10 ng µL � 1

Single-chain mixture C 13 -CP mixture C 13 44.90 m/m%Cl,
50.23 m/m%Cl,
55.03 m/m%Cl,
59.98 m/m%Cl,
65.18 m/m%Cl

Dr. Ehrenstorfer 10 ng µL � 1

Table C.5. List of available CPs with de�ned constitution. 13C-labeled compounds are highlighted in
red. Arti�cial CP mixtures of constitutionally de�ned CPs are also available by Chiron. Please refer to
their respective product catalogue.

Type Compound Carbon# Chlorination Supplier Concentration

Single compound 2,5,6,9-

Tetrachlorodecane

C10 Cl4 Dr. Ehrenstorfer 10 ng µL � 1

Single compound 1,2,9,10-

Tetrachlorodecane

C10 Cl4 Dr. Ehrenstorfer 10 ng µL � 1

Single compound 1,2,5,6,9-

Pentachlorodecane

C10 Cl5 Dr. Ehrenstorfer 10 ng µL � 1

Single compound 1,2,5,6,9,10-

Hexachlorodecane

C10 Cl6 Dr. Ehrenstorfer 10 ng µL � 1

Single compound 1,2,4,5,9,10-

Hexachlorodecane

C10 Cl6 Dr. Ehrenstorfer 10 ng mL � 1

Single compound 1,2,4,5,6,9,10-

Heptachlorodecane

C10 Cl7 Dr. Ehrenstorfer 10 ng mL � 1

Single compound 1,2,5,5,6,9,10-

Heptachlorodecane

C10 Cl7 Dr. Ehrenstorfer 10 ng mL � 1

Single compound 2,3,4,5,6,7,8,9-

Octachlorodecane

C10 Cl8 Dr. Ehrenstorfer 1 ng mL � 1

Single compound 1,2,3,4,5,6,7,8,9-

Nonachlorodecane

C10 Cl9 Dr. Ehrenstorfer 1 ng mL � 1

Single compound 2,3,4,5-

Tetrahlorohexane

C6 Cl4 Chiron 100 ng µL � 1
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Type Compound Carbon# Chlorination Supplier Concentration

Single compound 1,2-Dichlorooctane C 8 Cl2 Chiron 1000 ng µL � 1

Single compound 1,2,4,5-

Tetrachlorooctane

C8 Cl4 Chiron 100 ng µL � 1

Single compound 1,2,7,8-

Tetrachlorooctane

C8 Cl4 Chiron 1000 ng µL � 1

Single compound 1,1,1,3-

Tetrachlorooctane

C8 Cl4 Chiron 1000 ng µL � 1

Single compound 1,1,1,3,7,8-

Hexachlorooctane

C8 Cl6 Chiron neat

Single compound 1,1,1,3,6,8,8,8-

Octachlorooctane

C8 Cl8 Chiron 10 000 ng µL � 1

Single compound 1,2-Dichlorononane C 9 Cl2 Chiron 1000 ng µL � 1

Single compound 1,2,4,5-

Tetrachlorononane

C9 Cl4 Chiron 100 ng µL � 1

Single compound 1,2,8,9-

Tetrachlorononane

C9 Cl4 Chiron 10 000 ng µL � 1

Single compound 1,1,1,3-

Tetrachlorononane

C9 Cl4 Chiron 1000 ng µL � 1

Single compound 1,1,1,3,8,9-

Hexachlorononane

C9 Cl6 Chiron 1000 ng µL � 1

Single compound 1,1,1,3,7,9,9,9-

Octachlorononane

C9 Cl8 Chiron Neat or 100 ng µL � 1

Single compound 1-Chlorooctadecane C 10 Cl1 Chiron 10 000 ng µL � 1

Single compound 1,2-Dichlorodecane C 10 Cl2 Chiron 100 ng µL � 1

Single compound 1,2,4,5-

Tetrachlorodecane

C10 Cl4 Chiron 100 ng µL � 1

Single compound 1,2,9,10-

Tetrachlorodecane

C10 Cl4 Chiron 100 ng µL � 1

Single compound 2,3,4,5-

Tetrachlorodecane,

isomer-mixture

C10 Cl4 Chiron 100 ng µL � 1

Single compound 1,1,1,3-

Tetrachlorodecane

C10 Cl4 Chiron 100 ng µL � 1

Single compound 1,2,5,6,9,10-

Hexachlorodecane

C10 Cl6 Chiron 100 ng µL � 1

Single compound 1,1,1,3,9,10-

Hexachlorodecane

C10 Cl6 Chiron 100 ng µL � 1

Single compound 1,1,1,3,8,10,10,10-

Octachlorodecane

C10 Cl8 Chiron 100 ng µL � 1

Single compound 1,2-

Dichloroundecane

C11 Cl2 Chiron 100 ng µL � 1

Single compound 4,5,7,8-

Tetrachloroundecane

C11 Cl4 Chiron 100 ng µL � 1

Single compound 1,2,4,5-

Tetrachloroundecane

C11 Cl4 Chiron Not available

Single compound 1,2,10,11-

Tetrachloroundecane

C11 Cl4 Chiron 100 ng µL � 1

Single compound 1,1,1,3-

Tetrachloroundecane

C11 Cl4 Chiron 100 ng µL � 1

Single compound 1,2,3,4,5,6-

Hexachloroundecane,

isomer-mixture

C11 Cl6 Chiron 100 ng µL � 1

Single compound 1,1,1,3,10,11-

Hexachloroundecane

C11 Cl6 Chiron 100 ng µL � 1
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Type Compound Carbon# Chlorination Supplier Concentration

Single compound 1,1,1,3,9,11,11,11-

Octachloroundecane

C11 Cl8 Chiron 100 ng µL � 1

Single compound 1,12-

Dichlorododecane

C12 Cl2 Chiron 100 ng µL � 1

Single compound 1,2-

Dichlorododecane

C12 Cl2 Chiron 100 ng µL � 1

Single compound 1,2,4,5-

Tetrachlorododecane

C12 Cl4 Chiron 100 ng µL � 1

Single compound 2,3,4,5-

Tetrachlorododecane

C12 Cl4 Chiron 100 ng µL � 1

Single compound 1,2,11,12-

Tetrachlorododecane

C12 Cl4 Chiron 100 ng µL � 1

Single compound 1,1,1,3-

Tetrachlorododecane

C12 Cl4 Chiron 100 ng µL � 1

Single compound 1,1,1,3,11,12-

Hexachlorododecane

C12 Cl6 Chiron 100 ng µL � 1

Single compound 1,1,1,3,10,12,12,12-

Octachlorododecane

C12 Cl8 Chiron 100 ng µL � 1

Single compound 1,2-

Dichlorotridecane

C13 Cl2 Chiron 100 ng µL � 1

Single compound 1,2,4,5-

Tetrachlorotridecane

C13 Cl4 Chiron 100 ng µL � 1

Single compound 1,1,1,3-

Tetrachlorotridecane

C13 Cl4 Chiron 100 ng µL � 1

Single compound 2,3,4,5,6,7-

Hexachlorotridecane

C13 Cl6 Chiron 100 ng µL � 1

Single compound 1,1,1,3,12,13-

Hexachlorotridecane

C13 Cl6 Chiron 100 ng µL � 1

Single compound 1,1,1,3,11,13,13,13-

Octachlorotridecane

C13 Cl8 Chiron 100 ng µL � 1

Single compound 1,2,13,14-

Tetrachlorotetradecane

C14 Cl4 Chiron 1000 ng µL � 1

Single compound 1,2-

Dichlorotetradecane

C14 Cl2 Chiron 1000 ng µL � 1

Single compound 1,2,4,5-

Tetrachlorotetradecane

C14 Cl4 Chiron 100 ng µL � 1

Single compound 1,1,1,3-

Tetrachlorotetradecane

C14 Cl4 Chiron 1000 ng µL � 1

Single compound 1,1,1,3,12,14,14,14-

Octachlorotetradecane

C14 Cl8 Chiron 1000 ng µL � 1

Single compound 1,1,1,3,14,15-

Hexachloropentadecane

C15 Cl6 Chiron 1000 ng µL � 1

Single compound 1,1,1,3,14,16,16,16-

Octachlorohexadecane

C16 Cl8 Chiron 1000 ng µL � 1

Single compound 1,1,1,3,15,17,17,17-

Octachloroheptadecane

C17 Cl8 Chiron 1000 ng µL � 1

Single compound 1-

Octachlorooctadecane

C18 Cl1 Chiron 10 000 ng µL � 1

Single compound 1,1,1,3,16,18,18,18-

Octachlorooctadecane

C18 Cl8 Chiron 1000 ng µL � 1

Single compound 1,1,1,3,17,19,19,19-

Octachlorononadecane

C19 Cl8 Chiron 1000 ng µL � 1

Single compound 1,1,1,3,18,20,20,20-

Octachloroeicosane

C20 Cl8 Chiron 1000 ng µL � 1
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Type Compound Carbon# Chlorination Supplier Concentration

Single compound 1,5,5,6,6,10-

Hexachlorodecane

13C10 Cl6 CIL 100 ng µL � 1

Single compound 1,5,5,6,6,10-

Hexachlorodecane

C10 Cl6 CIL 100 ng µL � 1

Single compound 1,1,1,3,10,12,12,12-

Octachlorododecane

13C12 Cl8 CIL 100 ng µL � 1

Single compound 1,1,1,3,10,12,12,12-

Octachlorododecane

C12 Cl8 CIL 100 ng µL � 1
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C.2. Instrumental Settings

Instrumental settings (Table C.6 ) were adopted from Diefenbacher et al. [2015] and Cariou

et al. [2016] for GC-ECNI-Orbitrap-MS and LC-ESI-Orbitrap-MS, respectively.

Table C.6. Instrumental settings for the applied analytical methods.

GC-ECNI- DB-5 column (30 m � 0.25 mm, 0.25µm); carrier gas: helium; oven temp.
Orbitrap-MS program: 100°C for 1 min, ramp at 10 °C min � 1 to 310°C, hold for 5 min;

CI gas/�ow: methane at 1.5 mL min � 1 ; injector: 260°C, injection volume:
2µL (splitless); MS transfer line temp.: 280°C; source temp.: 200°C;
monitored ions: [M � Cl] ¯

LC-ESI- Hypersil Gold column (100 mm � 2.1 mm, 1.9µm); eluents: 10 mM
Orbitrap-MS ammonium acetate in water (A) and in acetonitrile (B); gradient: (A/B)

50:50 for 1 min, ramped to 0:100 over 9 min, hold for 5 min and returned to
50:50, followed by equilibration; �ow rate: 0.4 mL min � 1 ; injection volume:
5µL; capillary temp.: 300 °C, source heater temp.: 150°C; spray voltage:
2.5 kV; monitored ions: [M + acetate]¯
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C.3. SCCP Pattern Deconvolution of Polymer Extracts

Polymer extracts of two consumer goods have been analyzed with GC-ECNI-MS to compare

homologue pattern deconvolution with complex CP mixtures and single-chain CP mixtures.

Polymer extract 1 and 2 refer to extracts of a space hopper toy and a yoga mat, respectively.

Table C.7 shows the deconvolution results when using complex SCCP mixtures of varying

degrees of chlorination.Table C.8 shows the deconvolution results when using respective single-

chain CP mixtures of varying degrees of chlorination.Figure C.1 visualizes the di�erences

between the measured and reconstructed patterns. It shows that deviations are smaller when

deconvolving with single-chain CP mixtures compared to deconvolution with SCCP mixtures.

Figure C.1. Visualized di�erences between measured and reconstructed patterns for polymer extract
1 (top row) and 2 (bottom row). Polymer extract 1 and 2 refer to extracts of a space hopper toy and a
yoga mat, respectively. Deviations are smaller when deconvolving with single-chain CP mixtures (right
column), compared to deconvolution with SCCP mixtures (left column). Deviations between measured
and reconstructed patterns refer toFigures 4.2 and 4.3 in Chapter 4 , that are given in normalized
abundances (in%). Therefore, deviations herein are given in absolute numbers, but using the unit%.
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Table C.7. Results of the SCCP pattern deconvolution with three complex CP mixtures for two
polymer extracts (referring to Figures 4.2b and 4.2c in Chapter 4 ). Polymer extract 1 and 2 refer
to extracts of a space hopper toy and a yoga mat, respectively. The quality of the deconvolution is
described by the coe�cient of determination R2 between the measured and the reconstructed pattern.

Standard's share of the measured SCCP sum intensity in %

Standard Polymer extract 1 Polymer extract 2

SCCPs, 51.5 m/m%Cl 0 26.2
SCCPs, 55.5 m/m%Cl 52.1 36.1
SCCPs, 63 m/m%Cl 47.9 37.8

R2 0.91 0.28

Table C.8. Results of the SCCP pattern deconvolution with 20 single-chain CP mixtures for two
polymer extracts (referring to Figures 4.3a and 4.3b in Chapter 4 ). Polymer extract 1 and 2 refer
to extracts of a space hopper toy and a yoga mat, respectively. The quality of the deconvolution is
described by the coe�cient of determination R2 between the measured and the reconstructed pattern.

Standard's share of the measured SCCP sum intensity in %

Standard Polymer extract 1 Polymer extract 2

C10-CPs, 45 m/m%Cl 0 0
C10-CPs, 50 m/m%Cl 0 0
C10-CPs, 55 m/m%Cl 2.5 0
C10-CPs, 60 m/m%Cl 1.3 0
C10-CPs, 65 m/m%Cl 0 0

C11-CPs, 45 m/m%Cl 0 0
C11-CPs, 50 m/m%Cl 14.4 0
C11-CPs, 55 m/m%Cl 0 0
C11-CPs, 60 m/m%Cl 10.8 0
C11-CPs, 65 m/m%Cl 0 0

C12-CPs, 45 m/m%Cl 0 1.2
C12-CPs, 50 m/m%Cl 0 9.8
C12-CPs, 55 m/m%Cl 32.4 1.3
C12-CPs, 65 m/m%Cl 4.5 0
C12-CPs, 70 m/m%Cl 0 0

C13-CPs, 45 m/m%Cl 0 8.6
C13-CPs, 40 m/m%Cl 5.6 79.1
C13-CPs, 55 m/m%Cl 0 0
C13-CPs, 60 m/m%Cl 28.5 0
C13-CPs, 65 m/m%Cl 0 0

R2 0.98 0.99
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C.4. Measurement of Single-Chain CP Mixtures

(GC-ECNI-MS)

Figure C.2. Observed homologue patterns of all commercially available single-chain CP mixtures
(measured with GC-ECNI-Orbitrap-MS, monitoring [M � Cl] ¯ ions). These mixtures are available
for carbon chain lengthsC10 (purple), C11 (green), C12 (red) and C13 (blue) at di�erent degrees of
chlorination (top to bottom: 45, 50, 55, 60, 65 and 70 m/m%Cl). Cl5� Cl14-Homologues are displayed.
Observed degrees of chlorination are indicated (m(Cl)cal). For low chlorinated CP mixtures, observed
degrees of chlorination deviate a lot from the manufacturer's speci�cation.
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Appendix D

Supporting Information - Transformation of

Chlorinated Para�ns to Ole�ns During Metal

Work and Thermal Exposure: Deconvolution of

Mass Spectra and Kinetics

Reproduced with permission from:

Chemosphere, 2018, 194, 803�811

https://doi.org/10.1016/j.chemosphere.2017.11.168

Copyright 2017 Elsevier B.V.
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D.1. Isotope Distributions

Table D.1. Theoretical masses of isotope clusters of penta- to decachlorinated tridecanes (CPs) when
monitoring chloride-adducts [M + Cl] ¯ .

C 13 H 23 Cl 5 C 13 H 22 Cl 6 C 13 H 21 Cl 7

m/z Abund. Abund. m/z Abund. Abund. m/z Abund. Abund.
in % in %sum in % in %sum in % in %sum

388.994 51.834 16.397 422.955 44.46 12.424 456.916 34.594 9.413
389.997 7.425 2.349 423.958 6.364 1.778 457.919 4.948 1.346
390.991 100 31.633 424.952 100 27.943 458.913 88.876 24.184
391.994 14.274 4.515 425.955 14.27 3.988 459.916 12.677 3.45
392.988 80.541 25.478 426.949 96.527 26.973 460.910 100 27.21
393.991 11.441 3.619 427.952 13.72 3.834 461.913 14.216 3.868
394.985 34.714 10.981 428.946 51.878 14.496 462.907 64.395 17.522
395.988 4.895 1.548 429.949 7.333 2.049 463.910 9.113 2.48
396.982 8.472 2.68 430.943 16.793 4.692 464.904 25.98 7.069
397.985 1.18 0.373 431.946 2.354 0.658 465.907 3.654 0.994
398.980 1.121 0.354 432.940 3.286 0.918 466.901 6.737 1.833
399.983 0.153 0.048 433.944 0.454 0.127 467.905 0.939 0.255
400.977 0.066 0.021 434.938 0.364 0.102 468.899 1.101 0.3
401.980 0.008 0.003 435.941 0.049 0.014 469.902 0.151 0.041
402.983 0.001 0 436.936 0.018 0.005 470.896 0.105 0.029

437.938 0.002 0.001 471.899 0.014 0.004
438.941 0 0 472.894 0.005 0.001

473.896 0.001 0

C 13 H 20 Cl 8 C 13 H 19 Cl 9 C 13 H 18 Cl 10

m/z Abund. Abund. m/z Abund. Abund. m/z Abund. Abund.
in % in %sum in % in %sum in % in %sum

490.877 26.935 7.132 524.838 21.566 5.404 558.799 17.656 4.095
491.880 3.849 1.019 525.841 3.079 0.772 559.802 2.519 0.584
492.874 77.817 20.606 526.835 69.205 17.341 560.796 62.309 14.449
493.877 11.094 2.938 527.838 9.861 2.471 561.799 8.873 2.058
494.871 100 26.479 528.832 100 25.058 562.793 100 23.19
495.874 14.215 3.764 529.835 14.212 3.561 563.796 14.208 3.295
496.868 75.048 19.872 530.829 85.704 21.476 564.790 96.362 22.347
497.871 10.629 2.814 531.832 12.142 3.043 565.793 13.653 3.166
498.865 36.269 9.604 532.826 48.264 12.094 566.787 61.964 14.37
499.868 5.111 1.353 533.829 6.81 1.706 567.790 8.749 2.029
500.862 11.717 3.103 534.823 18.672 4.679 568.784 27.929 6.477
501.866 1.64 0.434 535.827 2.62 0.657 569.788 3.926 0.91
502.859 2.535 0.671 536.820 5.031 1.261 570.781 9.01 2.089
503.863 0.351 0.093 537.824 0.701 0.176 571.785 1.259 0.292
504.857 0.356 0.094 538.818 0.934 0.234 572.779 2.083 0.483
505.860 0.049 0.013 539.821 0.129 0.032 573.782 0.289 0.067
506.854 0.03 0.008 540.815 0.115 0.029 574.776 0.339 0.079
507.857 0.004 0.001 541.818 0.016 0.004 575.779 0.046 0.011
508.852 0.001 0 542.812 0.009 0.002 576.773 0.037 0.009

543.815 0.001 0 577.776 0.005 0.001
578.771 0.003 0.001
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Figure D.1. Theoretical isotope clusters of of penta- to decachlorinated tridecanes (CPs) when
monitoring chloride-adducts [M + Cl] ¯ .
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Table D.2. Theoretical masses of isotope clusters of penta- to decachlorinated tridecenes (COs) when
monitoring chloride-adducts [M + Cl].

C 13 H 21 Cl 5 C 13 H 20 Cl 6 C 13 H 19 Cl 7

m/z Abund. Abund. m/z Abund. Abund. m/z Abund. Abund.
in % in %sum in % in %sum in % in %sum

386.978 51.835 16.4 420.939 44.461 12.426 454.900 34.595 9.415
387.981 7.413 2.346 421.942 6.354 1.776 455.903 4.94 1.344
388.975 100 31.64 422.936 100 27.949 456.897 88.878 24.189
389.979 14.252 4.509 423.940 14.247 3.982 457.901 12.657 3.445
390.972 80.54 25.483 424.933 96.526 26.978 458.894 100 27.216
391.976 11.422 3.614 425.937 13.698 3.828 459.898 14.193 3.863
392.969 34.711 10.983 426.930 51.876 14.499 460.891 64.393 17.525
393.973 4.887 1.546 427.934 7.321 2.046 461.895 9.099 2.476
394.967 8.471 2.68 428.928 16.791 4.693 462.889 25.979 7.07
395.970 1.178 0.373 429.931 2.35 0.657 463.892 3.648 0.993
396.964 1.12 0.354 430.925 3.286 0.918 464.886 6.736 1.833
397.967 0.152 0.048 431.928 0.454 0.127 465.889 0.937 0.255
398.962 0.066 0.021 432.922 0.364 0.102 466.883 1.101 0.3
399.964 0.008 0.003 433.925 0.049 0.014 467.886 0.151 0.041
400.967 0.001 0 434.920 0.018 0.005 468.880 0.105 0.029

435.922 0.002 0.001 469.883 0.014 0.004
436.925 0 0 470.878 0.005 0.001

471.881 0.001 0

C 13 H 18 Cl 8 C 13 H 17 Cl 9 C 13 H 16 Cl 10

m/z Abund. Abund. m/z Abund. Abund. m/z Abund. Abund.
in % in %sum in % in %sum in % in %sum

488.861 26.936 7.134 522.822 21.566 5.405 556.783 17.657 4.095
489.865 3.843 1.018 523.826 3.074 0.771 557.787 2.515 0.583
490.858 77.818 20.61 524.819 69.206 17.345 558.780 62.309 14.453
491.862 11.077 2.934 525.823 9.845 2.468 559.784 8.859 2.055
492.855 100 26.485 526.816 100 25.063 560.777 100 23.195
493.859 14.193 3.759 527.820 14.19 3.556 561.781 14.185 3.29
494.852 75.047 19.876 528.813 85.703 21.48 562.774 96.361 22.351
495.856 10.612 2.81 529.817 12.122 3.038 563.778 13.631 3.162
496.850 36.268 9.605 530.811 48.262 12.096 564.772 61.962 14.372
497.853 5.103 1.352 531.814 6.799 1.704 565.775 8.735 2.026
498.847 11.716 3.103 532.808 18.671 4.68 566.769 27.928 6.478
499.850 1.637 0.434 533.811 2.616 0.656 567.772 3.92 0.909
500.844 2.535 0.671 534.805 5.031 1.261 568.766 9.009 2.09
501.847 0.351 0.093 535.808 0.7 0.175 569.769 1.257 0.292
502.841 0.356 0.094 536.802 0.934 0.234 570.763 2.083 0.483
503.844 0.048 0.013 537.805 0.128 0.032 571.766 0.288 0.067
504.839 0.03 0.008 538.799 0.115 0.029 572.760 0.339 0.079
505.841 0.004 0.001 539.802 0.016 0.004 573.763 0.046 0.011
506.837 0.001 0 540.797 0.009 0.002 574.757 0.037 0.009

541.799 0.001 0 575.760 0.005 0.001
576.755 0.003 0.001
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Figure D.2. Theoretical isotope clusters of penta- to decachlorinated tridecenes (COs) when monitor-
ing chloride-adducts [M + Cl] ¯ .

L. Schinkel 145



Appendix D

D.2. Data: Metal Drilling

Figure D.3. Deconvolution of mass spectra of penta-, hexa-, hepta-, octa- and nonachlorinated
tridecanes/tridecenes as found in non-exposed samples. (a) Measured (black) and (b) reconstructed
isotope clusters are given. Deconvolved isotope clusters of chloroole�ns (c, red) and chloropara�ns
(d, gray) are distinguished. Resulting CO and CP proportions are indicated. Root mean square
error (RMSE) trends are also given as inserts (1 % resolution). Deconvolved mass spectra of a sample
exposed to metal drilling are given inFigure 5.2 (Chapter 5 ), mean and individual CO proportions
of all samples are listed inTable D.3 . Dashed green lines indicate characteristic isotope ratios of (a)
interfered and (d) non-interfered CPs.
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Table D.3. Chloroole�n proportions (%) of homologues in interfered mass spectra of non-exposed
material (at start) and samples exposed to metal drilling.

Homologues

Sample C13 Cl5 C13 Cl6 C13 Cl7 C13 Cl8 C13 Cl9

Non-exposed
Material at start (MS1) a 31 20 13 8 7
Material at start (MS2) a 36 22 14 9 8
Material at start M0 (0 mm) b 18 13 9 9 7
MS (mean ± std. n=3) 28 ± 8 18 ± 4 12 ± 2 9 ± 1 7 ± 1

Exposed to metal drilling (drilling depth in mm)
M1 (5 mm) c 54 43 26 14 18
M2 (10 mm) c 57 34 21 14 12
M3 (15 mm) c 46 30 19 11 10
M4 (20 mm) c 59 44 26 15 10
M5 (25 mm) c 60 42 26 14 12
M (mean ± std. n=5) 55 ± 5 39 ± 6 24 ± 3 14 ± 1 12 ± 3

a Material at start, chlorotridecane mixture.
b Material loaded on the metal stick, after cleanup.
c Exposed during metal drilling. Metal chips were extracted together with stick and driller.

Table D.4. Relative chloropara�n homologue distributions of non-exposed material and samples
exposed to metal drilling, normalized to the overall response of all homologues (Cl5�Cl 9).

Homologues

Sample C13 Cl5 C13 Cl6 C13 Cl7 C13 Cl8 C13 Cl9

Non-exposed
Material at start (MS1) a 0.019 0.155 0.361 0.338 0.127
Material at start (MS2) a 0.014 0.173 0.379 0.316 0.118
Material at start M0 (0 mm) b 0.031 0.188 0.349 0.285 0.148
MS (mean ± std. n=3) 0.021 ± 0.007 0.172 ± 0.013 0.363 ± 0.013 0.313 ± 0.022 0.131 ± 0.013

Exposed to metal drilling (drilling depth in mm)
M1 (5 mm) c 0.015 0.134 0.355 0.353 0.144
M2 (10 mm) c 0.013 0.13 0.352 0.338 0.167
M3 (15 mm) c 0.018 0.143 0.334 0.344 0.161
M4 (20 mm) c 0.011 0.114 0.316 0.353 0.206
M5 (25 mm) c 0.01 0.11 0.311 0.38 0.189
M (mean ± std. n=5) 0.013 ± 0.003 0.126 ± 0.012 0.334 ± 0.018 0.354 ± 0.014 0.173 ± 0.022

a Material at start, chlorotridecane mixture.
b Material loaded on the metal stick, after cleanup.
c Exposed during metal drilling. Metal chips were extracted together with stick and driller.
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Table D.5. Relative chloroole�n homologue distributions of non-exposed material and samples exposed
to metal drilling, normalized to the overall response of all homologues (Cl5�Cl 9).

Homologues

Sample C13 Cl5 C13 Cl6 C13 Cl7 C13 Cl8 C13 Cl9

Non-exposed
Material at start (MS1) a 0.06 0.277 0.385 0.21 0.068
Material at start (MS2) a 0.139 0.274 0.346 0.175 0.065
Material at start M0 (0 mm) b 0.06 0.249 0.343 0.249 0.099
MS (mean ± std. n=3) 0.087 ± 0.037 0.267 ± 0.013 0.358 ± 0.019 0.212 ± 0.030 0.077 ± 0.015

Exposed to metal drilling (drilling depth in mm)
M1 (5 mm) c 0.051 0.304 0.376 0.173 0.095
M2 (10 mm) c 0.066 0.27 0.363 0.213 0.088
M3 (15 mm) c 0.071 0.285 0.364 0.197 0.083
M4 (20 mm) c 0.052 0.297 0.368 0.207 0.076
M5 (25 mm) c 0.053 0.268 0.386 0.207 0.087
M (mean ± std. n=5) 0.059 ± 0.008 0.285 ± 0.015 0.371 ± 0.009 0.2 ± 0.014 0.086 ± 0.006

a Material at start, chlorotridecane mixture.
b Material loaded on the metal stick, after cleanup.
c Exposed during metal drilling. Metal chips were extracted together with stick and driller.

Table D.6. Average chlorine number (zCl) and degree of chlorination(mCl ) of non-exposed material
and samples exposed to metal drilling.

Average chlorine number Degree of chlorination in m/m%Cl

Sample zCl sum zCl CO z Cl CP m Cl sum mCl CO m Cl CP

Non-exposed
Material at start (MS1) a 7.36 6.95 7.4 59.6 58.4 59.7
Material at start (MS2) a 7.3 6.9 7.33 59.4 58.2 59.5
Material at start M0 (0 mm) b 7.37 7.08 7.33 59.6 58.9 59.5
MS (mean ± std. n=3) 7.34 ± 0.03 6.98 ± 0.08 7.44 ± 0.03 59.5 ± 0.1 58.5 ± 0.3 59.9 ± 0.1

Exposed to metal drilling (drilling depth in mm)
M1 (5 mm) c 7.37 6.96 7.7 59.6 58.4 60.7
M2 (10 mm) c 7.44 6.99 7.52 59.8 58.6 60.1
M3 (15 mm) c 7.42 6.94 7.49 59.8 58.4 60
M4 (20 mm) c 7.49 6.96 7.63 60 58.4 60.5
M5 (25 mm) c 7.5 7.01 7.63 60.1 58.6 60.5
M (mean ± std. n=5) 7.44 ± 0.05 6.97 ± 0.02 7.59 ± 0.08 59.9 ± 0.2 58.5 ± 0.1 60.4 ± 0.3

a Material at start, chlorotridecane mixture.
b Material loaded on the metal stick, after cleanup.
c Exposed during metal drilling. Metal chips were extracted together with stick and driller.

148 L. Schinkel



Appendix D

D.3. Data: Thermal Exposure

Table D.7. Chloroole�n proportions (%) of homologues in interfered mass spectra of non-exposed
material (at start) and thermally exposed samples.

Homologues

Sample C13 Cl5 C13 Cl6 C13 Cl7

Non-exposed
Material at start (MS1) a 6.4 3.5 2.6
Material at start (MS2) a 6.3 3.7 3
Material at start (MS3) a n.d. 3 n.d.

Material at start (MS4) a n.d. n.d. n.d.
MS (mean ± stand. dev., n=4) 6.3 ± 0.1 3.4 ± 0.3 2.8 ± 0.2

Exposed at 160 °C
T2 (2 h) b 10 5 n.d.
T4 (4 h) b 12 6.9 5
T8 (8 h) b 14 9.2 7.5
T24 (24 h) b 16 12 11

Exposed at 180 °C
T2 (2 h) b 11 8 6.3
T4 (4 h) b 13 11 10
T8 (8 h) b 18 17 15
T24 (24 h) b 23 21 16

Exposed at 200 °C
T2 (2 h) b 19 18 18
T4 (4 h) b 19 18 16
T8 (8 h) b 28 26 22
T24 (24 h) b 38 31 n.d.

Exposed at 220 °C
T2 (2 h) b 22 22 20
T4 (4 h) b 27 26 23
T8 (8 h) b 34 33 28
T24 (24 h) b 44 37 n.d.

a Material at start, loaded in sealed glass capillary but not exposed.
b Material exposed in sealed glass capillary for the given time and temperature.
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Table D.8. IS-corrected signal intensities (cts) of deconvolved isotope clusters (100 %) of penta-, hexa-
and heptachlorotridecanes after exposure at 160, 180, 200 and 220°C.

Signal intensity in cts a Temperature

(Proportion) b 160°C 180 °C 200 °C 220 °C

Pentachlorotridecanes
0 h (mean, n=4) 207'500 ± 30'700
0 h 178'000 (1.00) 257'400 (1.00) 187'200 (1.00) 207'400 (1.00)
2 h 156'500 (0.88) 167'500 (0.65) 42'600 (0.23)* 152'400 (0.73)
4 h 145'800 (0.82) 143'700 (0.56) 125'800 (0.67) 118'800 (0.57)
8 h 164'200 (0.92) 82'400 (0.32) 74'700 (0.40) 606'00 (0.29)
24 h 128'000 (0.72) 76'500 (0.30) 25'300 (0.14) 244'00 (0.12)*

Hexachlorotridecanes
0 h (mean, n=4) 613'300 ± 97'200
0 h 528'600 (1.00) 774'200 (1.00) 545'300 (1.00) 605'100 (1.00)
2 h 476'300 (0.90) 494'100 (0.64) 111'700 (0.20)* 302'400 (0.50)
4 h 439'800 (0.83) 403'200 (0.52) 325'600 (0.60) 225'900 (0.37)
8 h 472'600 (0.89) 189'400 (0.24) 144'700 (0.27) 88'700 (0.15)
24 h 372'500 (0.70) 154'200 (0.20) 26'400 (0.05) 27'600 (0.05)*

Heptachlorotridecanes
0 h (mean, n=4) 567'650 ± 82'000
0 h 501'100 (1.00) 705'200 (1.00) 509'300 (1.00) 555'000 (1.00)
2 h 445'600 (0.89) 457'300 (0.65) 78'500 (0.15)* 183'300 (0.33)
4 h 422'200 (0.84) 347'000 (0.49) 209'300 (0.41) 102'700 (0.19)
8 h 444'400 (0.89) 136'100 (0.19) 57'300 (0.11) 30'200 (0.05)
24 h 315'500 (0.63) 84'000 (0.12) 5'200 (0.01) 7'200 (0.01)*

a Deconvolved and internal standard corrected CP isotope cluster (100 %)
b Proportion in relation to the respective signal at start.
* Outlier, not considered for modeling of �rst-order kinetics.

Table D.9. Apparent and modeled �rst-order rate constants (h � 1 ) and half-life times (h) of thermally
induced transformations of penta-, hexa- and heptachlorotridecanes.

Temperature

Kinetic parameter 160 °C 180 °C 200 °C 220 °C

Pentachlorotridecanes
kapp (measured, h � 1 ) a 0.015 0.063 0.087 0.151
kmod (kinetic model, h � 1 ) b 0.019 0.042 0.088 0.173
t1=2 (kinetic model, h) 37 17 7.9 4

Hexachlorotridecanes
kapp (measured, h � 1 ) a 0.016 0.081 0.13 0.246
kmod (kinetic model, h � 1 ) b 0.02 0.053 0.129 0.289
t1=2 (kinetic model, h) 34 13 5.4 2.4

Heptachlorotridecanes
kapp (measured, h � 1 ) a 0.02 0.103 0.2 0.384
kmod (kinetic model, h � 1 ) b 0.025 0.072 0.188 0.456
t1=2 (kinetic model, h) 26 9 3.7 1.5

a corresponds to the slope of the respective regression line of plots of ln
�

I CP 100 ;t =I CP 100 ;0

�
versus time.

b deduced from Arrhenius plot regression lines (ln (k) versus 1/T).
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