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RESUMEN 

La incesante emisión de contaminantes supone una amenaza tanto para el medio ambiente 

como para los seres vivos. Entre estos contaminantes, los compuestos orgánicos persistentes 

halogenados y los nuevos contaminantes emergentes han despertado una gran preocupación 

debido a su toxicidad, persistencia, capacidad de bioacumulación y biomagnificación y por su 

elevada movilidad en el medio ambiente. Además, sus efectos toxicológicos se manifiestan 

incluso a niveles de trazas, siendo necesario el uso de metodologías analíticas muy sensibles 

y selectivas para afrontar su detección en muestras ambientales. En este sentido, el uso de 

fuentes de ionización a presión atmosférica (API) como la ionización química (APCI) y la 

fotoionización a presión atmosférica (APPI) para sistemas de cromatografía de líquidos       

(LC-MS) y de gases acoplados a la espectrometría de masas (GC-MS) puede ofrecer ventajas 

importantes para superar limitaciones observadas en la determinación de estos 

contaminantes. 

En esta Tesis se ha evaluado la aplicabilidad de las fuentes API, especialmente APPI, para 

desarrollar metodologías LC-API-MS y GC-API-MS que permitan monitorizar contaminantes 

halogenados en muestras medioambientales. Se han estudiado ampliamente los mecanismos 

de ionización para maximizar la eficiencia de la ionización de sustancias neutras per- y 

polifluoroalquiladas (nPFAS). Para ello se ha optimizado la composición de la fase móvil, la 

adición de sustancias o dopantes que modifican la ionización y los parámetros operacionales 

más relevantes. Estos estudios han llevado al desarrollo de métodos selectivos y sensibles 

(fg inyectados en columna) tanto de cromatografía de líquidos acoplados a la espectrometría 

de masas en tándem (LC-MS/MS) como de cromatografía de gases acoplados a la 

espectrometría de masas de alta resolución (GC-HRMS). Además, se ha establecido un 

método eficiente de extracción en fase sólida y uno rápido de microextracción en fase sólida 

para el análisis de los nPFAS en muestras de agua evitando las pérdidas por volatilización. 

También se han propuesto rutas de fragmentación para los iones generados en las fuentes 

API, utilizando la información obtenida en la fragmentación en la fuente y en los estudios de 

espectrometría de masas en tándem y de alta resolución. Estas rutas de fragmentación 

pretenden proporcionar una información muy útil para desarrollar estrategias de análisis 

dirigidas y no dirigidas que hagan posible la identificación tanto de familias conocidas como 

desconocidas de nPFAS en muestras ambientales. 

En esta Tesis se propone por primera vez el uso del novedoso sistema GC-APPI-HRMS 

(Orbitrap) para hacer frente a las limitaciones observadas en la determinación analítica de 

contaminantes clorados como el declorano plus (DP) y análogos, los naftalenos policlorados 

(PCNs), las dibenzo-ρ-dioxinas y dibenzofuranos policlorados (PCDD/Fs), los bifenilos 

policlorados similares a las dioxinas (dl-PCBs) y las parafinas cloradas de cadena corta 

(SCCPs). Se ha aprovechado la ionización suave de la fuente GC-APPI para favorecer la 

formación de iones moleculares o quasi-moleculares, así como otros iones característicos 

como el ion fenoxido, permitiendo desarrollar metodologías sensibles y selectivas. Se ha 
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estudiado en profundidad la ionización asistida por dopantes para detectar los parámetros 

críticos que permiten maximizar la eficiencia de ionización. Además, también se ha evaluado 

la estrategia de ionización anion-attachment para minimizar la fragmentación en la fuente y 

mejorar tanto la selectividad como la sensibilidad en la determinación de SCCPs. También se 

ha evaluado el uso de estrategias de separación multidimensional utilizando novedosas fases 

estacionarias y/o movilidad iónica para mejorar la separación de aquellos compuestos que 

normalmente presentan coeluciones en las separaciones monodimensionales (PCNs y 

SCCPs). Los métodos de GC-APPI-HRMS propuestos en esta Tesis han demostrado gozar 

de una gran capacidad de detección (hasta pocos fg inyectados en columna), una alta 

selectividad debido tanto a la alta resolución como a la baja fragmentación obtenida en la 

fuente GC-APPI y un buen rendimiento para determinar estos compuestos a niveles bajos de 

concentración en muestras complejas de interés ambiental. 

. 
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ABSTRACT 

The environment sustainability is being threatened by the continuous release of pollutants that 

can negatively affect not only environmental compartments but also wildlife and human beings. 

Among these pollutants, halogenated persistent organic pollutants and new emerging 

contaminants have cause great concern due to their toxicity, persistence, bioaccumulation and 

biomagnification capacity and/or their high mobility in the environment. Moreover, their 

hazardous effects are manifested even at trace levels, thus requiring very selective and 

sensitive analytical methodologies to face their detection in environmental samples. In this 

sense, atmospheric pressure ionization (API) sources such as atmospheric pressure chemical 

ionization (APCI) and atmospheric pressure photoionization (APPI) for both liquid-mass 

spectrometry (LC-MS) and gas chromatography-mass spectrometry (GC-MS) could offer great 

advantages to overcome the limitations observed in the determination of these group of 

substances.  

In the present Thesis, the feasibility of these ionization sources, especially APPI, has been 

evaluated to develop sensitive and selective LC-API-MS and GC-API-MS methodologies to 

monitor relevant halogenated contaminants in environmental samples. API sources have been 

thoroughly tested to achieve an efficient ionization of neutral per- and polyfluoroalkyl 

substances (nPFAS). The ionization behavior of these compounds was assessed through 

optimization of the mobile phase composition, the addition of additives or dopants as well as 

critical ion source working parameters. These studies have led to highly selective and sensitive 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) and gas chromatography-

high-resolution mass spectrometry (GC-HRMS) methodologies (up to fg injected on column). 

Furthermore, an efficient solid-phase extraction and a fast and in-situ preconcentration 

headspace solid-phase microextraction procedures have been developed to analyze nPFAS 

in river water samples avoiding analyte losses observed during evaporation steps. Additionally, 

the fragmentation pathways of ions generated for these compounds in API sources has been 

tentatively proposed using the combined information of in-source fragmentation, tandem mass 

spectrometry and high-resolution mass spectrometry. These fragmentation pathways aim to 

provide useful information for the development of target, suspect and non-targeted analysis 

strategies for the identification of known and new families of nPFAS in complex environmental 

samples. 

Furthermore, in this Thesis, the novel GC-APPI-HRMS (Orbitrap) system is proposed to face 

the main limitations that have been observed in the currently used analytical determinations of 

relevant chlorinated contaminants such as dechlorane plus (DP) and analogs, polychlorinated 

naphthalenes (PCNs), polychlorinated dibenzo-ρ-dioxins and dibenzofurans (PCDD/Fs), 

dioxin-like polychlorinated biphenyls (dl-PCBs), and short-chain chlorinated paraffins 

(SCCPs). The soft ionization of GC-APPI has been used to promote molecular or quasi-

molecular ions as well as characteristic cluster ions such as [M‒Cl+O]‒, allowing the 

development of sensitive and selective methods. The use of dopant vapors has been 
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thoroughly investigated to detect the critical parameters that allow maximizing the ionization 

efficiency of the analytes. Additionally, anion-attachment ionization strategies have been also 

studied to reduce the in-source fragmentation and to improve sensitivity and selectivity for 

SCCPs. Furthermore, multidimensional separation strategies (using novel stationary phases 

and/or ion mobility separation) have also been evaluated to improve the separation of those 

compounds that often coelute (PCNs or SCCPs).The GC-APPI-HRMS methods developed in 

this Thesis have shown a great detection capability (up to low fg injected on column) and a 

high selectivity due to both the exact mass measurements (Orbitrap) and the soft ionization 

provided by the GC-APPI source. Moreover, they have demonstrated a good performance to 

determine these compounds in marine sediments, fly ashes, gull eggs, or fishes among other 

complex environmental samples.  



Abbreviations and Acronyms 

vii 

ABBREVIATIONS AND ACRONYMS 

A 
ADONA 
AKMD 
AMAP 
APCI 
µAPCI 
APGC 
API 
APPI 
µAPPI 

B
BAT 
BEP 

C
cAPPI 
CCS 
CEN 
CEPA 
CI 
CID 
Cl-PFESAs 
Cl10-DP 
Cl11-DP 
CPs 
CPI 

Ammonium 4,8-dioxa-3H-perfluorononanoate 
Adjusted kendrick mass defect 
Arctic Monitoring and Assessment Programme 
Atmospheric pressure chemical ionization 
Microchip-based atmospheric pressure chemical ionization 
Atmospheric pressure gas chromatography     
Atmospheric pressure ionization 
Atmospheric pressure photoionization 
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D
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dl-PCBs Dioxin-like polychlorinated biphenyls 
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ESI Electrospray ionization 
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OBJECTIVES AND STRUCTURE 

The objective of this Thesis is to establish new analytical methodologies, mainly based on 

chromatography-atmospheric pressure ionization-mass spectrometry, for the determination of 

halogenated organic contaminants in environmental samples. These methodologies may face 

the main limitations of the current methods to improve the chromatographic separation, 

detection capability and/or selectivity in front of potential interferences. 

This main goal can be divided into the following sub-objectives that are reflected in the 

experimental work included in this Thesis: 

• Evaluation of the ionization mechanisms of several families of halogenated organic 

contaminants in atmospheric pressure ionization sources (mainly APCI and APPI) and 

identification of the most critical parameters to promote the generation of molecular or 

quasi-molecular ions. To achieve this goal, the effect of mobile phase composition (for 

LC-MS determinations) and the addition of different additives (acid and basic species, 

dopants, or other substances affecting the ionization mechanism) that can improve the 

ionization efficiency of the target compounds will be studied. Moreover, these studies 

should help to better understand the behaviour of the novel GC-APPI source. 

• Study of in-source and tandem mass spectrometry fragmentation of the compounds 

included in this Thesis to identify fragmentation pathways and common fragmentation 

patterns. This valuable information should allow to establish reliable targeted and non-

targeted strategies for the detection of halogenated organic contaminants in samples of 

environmental interest.  

• Development of LC-API-MS/MS and GC-API-HRMS methods to improve the detection 

capability and the selectivity on the determination of the halogenated organic 

contaminants. These methods may involve highly efficient chromatographic systems, 

ionization strategies that reduce in-source fragmentation and mass analyzers that 

provide highly selective structural information (tandem mass spectrometry and high-

resolution mass spectrometry). These methodologies will be combined with suitable 

sample treatment procedures and applied to the analysis of these halogenated organic 

contaminants in different environmental samples. 

• Study of the capabilities of multidimensional separation techniques using novel stationary 

phases to improve the chromatographic separation of closely eluting compounds. This 

goal will be addressed by the use of comprehensive two-dimensional gas 

chromatography and ion mobility to better separate PCNs and SCCPs congeners, 

respectively. 
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To achieve these objectives, the current Thesis has been structured into three chapters: 

• Chapter 1 includes a general introduction to the halogenated organic contaminants, 

involving both persistent organic pollutants and emerging contaminants. In this 

introduction, the families of compounds evaluated in this Thesis are presented and the 

state-of-the-art of their toxicity and legislation has been included to better understand the 

hazardous effects and restrictions of these contaminants. This chapter also includes an 

extensive review of the current analytical methodologies commonly used to determine 

these halogenated organic contaminants. These methodologies are discussed 

considering the sample treatment, chromatographic separation, mass spectrometry 

analysis (including both ionization sources and mass analyzers), and the quantification 

approaches generally applied. This revision highlights the main limitations of the current 

analytical methodologies as well as the most promising trends to improve the 

determination of these compounds in environmental samples. Finally, a section dealing 

with the last trends in the use of atmospheric pressure ionization (API) sources for both 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) and gas 

chromatography-mass spectrometry (GC-MS) has been included to highlight the great 

potential of these ionization techniques to efficiently ionize halogenated organic 

contaminants. 

• Chapter 2 is focused on the determination of fluorinated organic compounds. API sources 

are evaluated to ionize neutral per- and polyfluoroalkyl substances (nPFAS) and to 

establish their fragmentation pathways. These studies allow to identify fragmentation 

patterns and the most characteristic and abundant ions to be monitored to develop 

sensitive and selective methodologies by LC-MS/MS and gas chromatography-high-

resolution mass spectrometry (GC-HRMS) for the determination of these contaminants 

in river water samples, as well as for the establishment of identification and 

characterization strategies to help in the detection of target and related compounds in 

complex matrices. This chapter consists of 3 sections, an introduction related to the main 

properties and applications, the classification, and the analytical determination of PFAS, 

as well as the main limitations of analytical determination of neutral PFAS and their 

environmental occurrence; the experimental work and results section that includes the 

research articles focused in the development of the determination methodologies for the 

analysis of these compounds; and the discussion of the results obtained in the research 

papers, focusing in the most relevant aspects for the determination of fluorinated 

compounds using the methodologies developed. The research articles included in this 

chapter are: “Negative-ion atmospheric pressure ionisation of semi-volatile fluorinated 

compounds for ultra-high-performance liquid chromatography tandem mass 

spectrometry analysis” (Analytical and Bioanalytical Chemistry, (2018) 410: 4913-4924), 

“Gas chromatography and liquid chromatography coupled to mass spectrometry for the 

determination of fluorotelomer olefins, fluorotelomer alcohols, perfluoroalkyl 
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sulfonamides and sulfonamido-ethanols in water” (Journal of Chromatography A, (2020) 

1609: 460463), “Fragmentation studies of neutral per- and polyfluoroalkyl substances by 

atmospheric pressure ionization-multiple stage mass spectrometry” (Analytical and 

Bioanalytical Chemistry, (2019) 411: 7357-7373) and “A novel methodology for the 

determination of neutral perfluoroalkyl and polyfluoroalkyl substances in water by gas 

chromatography-atmospheric pressure photoionisation-high resolution mass 

spectrometry” (Analytica Chimica Acta, (2020) 1100: 97-106).  

• Chapter 3 is focused on the determination of several families of chlorinated organic 

contaminants using GC-HRMS with API sources. To this end, the feasibility of GC-HRMS 

mainly using atmospheric pressure photoionization, as well as the use of novel 

multidimensional separation techniques are evaluated to overcome the main limitations 

of the currently applied analytical determinations for chlorinated organic contaminants. 

This chapter includes a general introduction that highlights the main properties, 

applications, environmental occurrence, and determination issues of the chlorinated 

organic contaminants, an experimental work and results section that includes 5 research 

articles (2 of them related to the analysis of polychlorinated naphthalenes are the result 

of a research stay of 3.5 months at the Analytical Applied Chemistry group of the 

University of Duisburg-Essen) that focus in the development of GC-HRMS methods or 

multidimensional methods, and a further joint discussion of the results to extract the main 

conclusions of these publications. The experimental work and results are included in the 

following research articles: “Analysis of dechlorane plus and analogues in gull eggs by 

GC-HRMS using a novel atmospheric pressure photoionization source” (sent to 

Analytical and Bioanalytical Chemistry), “Ionic liquid stationary phase for improving 

comprehensive multidimensional gas chromatographic separation of polychlorinated 

naphthalenes” (sent to Journal of Chromatography A), “Atmospheric pressure ionization 

for gas chromatography-high resolution mass spectrometry determination of 

polychlorinated naphthalenes in marine sediments” (sent to Chemosphere), “Feasibility 

of gas chromatography-atmospheric pressure photoionization-high-resolution mass 

spectrometry for the analysis of polychlorinated dibenzo-ρ-dioxins, dibenzofurans, and 

dioxin-like polychlorinated biphenyls in environmental and feed samples (Analytical and 

Bioanalytical Chemistry, (2020), 412: 3703-3716), and “Chloride-attachment 

atmospheric pressure photoionisation for the determination of short-chain chlorinated 

paraffins by gas chromatography-high-resolution mass spectrometry” (sent to Analytica 

Chimica Acta). 

Finally, the main conclusions extracted from this Thesis are summarized in the corresponding 

section and the bibliography section includes the references considered to support the 

dissertation of the different chapters. 
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CHAPTER 1. INTRODUCTION 

Human beings have always been trying to simplify our existence to achieve the best life quality. 

Thus, there was a significant change in our lifestyle at the end of the 18th century due to the 

industrial revolution. This affected social, economic, and technological processes and 

completely transformed our reality. This transition involved moving from hand production 

methods to the use of machines, new chemical manufacturing, and iron production processes, 

as well as the increasing use of water and steam power, the development of machine tools, 

and the rise of the industrial mechanization systems. However, the industrial revolution also 

led to an unprecedented rise in the pollution levels, and, after that, this threat has exponentially 

increased, becoming a well-known worldwide concern. Pollutants have shown to produce 

harmful effects in the environment, causing irreparable damage to the earth through multiples 

compartments, such as soil, air, or water, among others. As human beings increase their 

control over nature, new needs arise in society, trying to adapt ourselves to the continuously 

changing environment. Thus, both technological development and demographic growth have 

led to the disruption of the environment. Nowadays, environmental pollution is one of the main 

problems that the world is facing, which requires taking strong actions to find sustainable 

technological and economic growth that helps to preserve the environment.  

According to the release into the environment, the most critical pollutants have been classified 

by the European Environment Agency (EEA) into the following categories: pesticides, 

halogenated organic contaminants, greenhouse gases (CH4, CO2, N2O, perfluorocarbons, 

etc.), heavy metals (Hg, As, Cd, Pb, Zn, Cr, etc.), inorganic substances (chloride, cyanide, 

bromide, fluoride, particulate matter, etc.), other gases (chlorofluorocarbons, nitrogen oxides, 

sulfur oxides, etc.) and other organic substances (polyaromatic hydrocarbons, benzene, 

toluene, xylenes, etc.). All of them have been shown to cause adverse effects on both the 

environment and human beings as they are involved in the greenhouse effect or are linked 

with several diseases. In the last century, most of the efforts of the scientific community have 

been focused on monitoring halogenated organic contaminants and pesticides (especially 

organohalogen pesticides) since they are extremely hazardous compounds even at ultra-trace 

levels. Additionally, their adverse effects frequently manifest after the exposure, being difficult 

to find a relationship between the contamination source and the disease until the 

consequences are irreparable. This Thesis is focused on the study of one of these pollutant 

groups, the halogenated organic contaminants. 

1.1. Halogenated Organic Contaminants 

Among all the halogenated organic contaminants released to the environment, persistent 

organic pollutants (POPs) have aroused great interest. These compounds have a high 

resistance to degradation, remaining intact for exceptionally long periods, and they are prone 

to be long-distance transported throughout the environment as a result of natural processes 

involving soil, water, and air. These releases into the environment over the years, mainly due 
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to anthropogenic activities, have caused that POPs are worldwide distributed, affecting both 

environmental media and living organisms through many foodstuffs and resulting in the 

exposure of many species, including humans, for periods that span generations. Moreover, 

POPs can easily incorporate to fatty tissues, where concentrations can magnify up to 70,000 

times the background levels, through a process called bioaccumulation. This bioaccumulation 

capacity increases through the food chain since mammals and humans can absorb high 

concentrations (biomagnification). Due to these processes, POPs can be found even in 

humans and animals living in remote regions that are far away from any major POP source. 

Additionally, POPs show high toxicity that can cause important diseases such as cancer, 

allergies, damages to the nervous system, reproductive disorders, disruption of the immune 

system as well as, in some cases, they are considered as endocrine disrupters [1].  

For these reasons, POPs have become a global problem and, consequently, the scientific 

community and different administrative organizations, like the United Nations, through the 

United Nations Environment Programme (UNEP), have introduced restrictive actions to 

regulate their control. In this sense, the most ambitious project has been the Stockholm 

Convention, which was adopted and ratified by over 150 countries on the 22nd of May of 2001 

and entered into force on the 17th of May of 2004. The main objective of the Stockholm 

Convention is to protect human health and the environment in front of POPs, by eliminating or 

at least reducing the emissions of these pollutants. Currently, over 30 POPs are listed by the 

Stockholm Convention, while few others are proposed for listing as potential POPs (Fig. 1.1). 

In the beginning, twelve groups of chemicals, known as the dirty dozen, were listed as POPs 

in 2001. These POPs included organochlorine pesticides, as aldrin, chlordane, dichloro-

diphenyl-trichloroethane (DDT), dieldrin, endrin, heptachlor, hexachlorobenzene (HCB), mirex 

and toxaphene, industrial chemicals, such as HCB and polychlorinated biphenyls (PCBs), and 

industrial by-products, such as the already mentioned HCB and PCBs as well as 

polychlorinated dibenzo-ρ-dioxins (PCDDs) and dibenzofurans (PCDFs). These pollutants 

were classified under different annexes, according to the decisions achieved by the 

Conference of the Parties of the Stockholm Convention about their production and use (Table 

1.1). Hence, most of the organohalogen pesticides are listed in Annex A for their elimination 

with specific exemptions for their use. In contrast, DDT was included in Annex B to the 

Stockholm Convention with restrictions on its production and/or use for disease vector control 

purposes following the recommendations and guidelines of the World Health Organization 

(WHO). Regarding industrial chemicals, such as PCBs and HCB, they were not only included 

under Annex A but also in Annex C as well as PCDD/Fs, since they are also unintentional 

industrial by-products. The Stockholm Convention also focuses its efforts on identifying, 

characterizing, quantifying, and prioritizing potential sources of releases of unintentional 

POPs. To reduce these anthropogenic releases, parties of the Stockholm Convention must 

implement best available techniques (BAT) and best environmental practices (BEP) for the 

POPs listed in Annex C. Among the BAT and BEP strategies to reduce releases of 

unintentional POPs we can find the following actions: (i) closing down ineffective obsolete 
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facilities and replacing them by cleaner technologies, (ii) modifying existing facilities to 

increase efficiency, (iii) taking measures to reduce the total amount of waste and improving 

design and management of landfills, and (iv) separating household waste and composting 

rather than back-yard burning. 

 

Fig. 1.1. Persistent organic pollutants listed or proposed to be included in the Stockholm 

Convention.  
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Fig. 1.1. (cont.)  Persistent organic pollutants listed or proposed to be included in the 

Stockholm Convention.  

The Stockholm Convention list has been increasing during the years due to the decisions 

accomplished by the Conference of the Parties of the Stockholm Convention. During the fourth 

meeting celebrated in May of 2009, new pesticides like α-hexachlorocyclohexane (α-HCH),   
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chemicals, such as hexabromobiphenyl (HBB), tetra- (Tetra-BDEs), penta- (Penta-BDEs) as 

the main components of the commercial pentabromodiphenyl ether mixture, as well as hexa- 

(Hexa-BDEs) and heptabromodiphenyl ethers (Hepta-BDEs), from the commercial 

octabromodiphenyl ether mixture, were added to Annex A for their elimination. Additionally, 

perfluorooctane sulfonic acid (PFOS) and its salts, and perfluorooctane sulfonyl fluoride 

(PFOSF), were listed in Annex B, allowing their production and use as photomasks in the 

semiconductor and liquid crystal display industries, metal plating, electric and electronic parts 

for color printers and color copy machines, chemically driven oil production and insecticides 

for control red imported fire ants and termites. As happened for PCBs, HCB, and PCDD/Fs, 

pentachlorobenzene was also added to Annex A and C for controlling their unintentional 

production. The fifth (May 2011) and sixth meetings (May 2013) of the Conference of the 
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Annex C after considering its risk profile and risk management evaluation. 
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Table 1.1. Classification of POPs included in the Stockholm Convention list. 

Annex Group of pollutants 

A (Elimination) Aldrin, chlordane, chlordecone, dicofol, dieldrin, endosulfan, 

endrin, heptachlor, hexabromobiphenyl, HBB, HBCD, HCB, 

hexachlorobutadiene, α-HCH, β-HCH, γ-HCH, mirex, 

pentachlorobenzene, pentachlorophenol, and its salts and 

esters, Tetra-BDEs, Penta-BDEs, Hexa-BDEs, Hepta-BDEs 

and Deca-BDE, PCBs, PCNs, PFOA, its salts and PFOA-

related compounds, SCCPs, and toxaphene 

B (Restriction) DDT, PFOS, its salts and PFOSF 

C (Unintentional Production) HCB, hexachlorobutadiene, pentachlorobenzene, PCBs, 

PCDD/Fs, and PCNs 

D (Under review) Dechlorane Plus, methoxychlor, PFHxD, its salts, and 

PFHxS-related compounds 

 

After that, two more meetings of the Conference of the Parties were celebrated in May 2017 

and 2019 proposing the inclusion in Annex A (elimination) of decabromodiphenyl ether (Deca-

BDE, commercial mixture, c-decaBDE), short-chain chlorinated paraffins (SCCPs), dicofol, 

perfluorooctanoic acid (PFOA), its salts and PFOA-related compounds [2]. Moreover, other 

chemicals such as Dechlorane Plus (DP) [3], methoxychlor [4], perfluorohexane sulfonic acid 

(PFHxS), its salts, and PFHxS-related compounds [5] have already been proposed as 

candidates for listing under the Stockholm Convention. 

Although the profile risks elaborated for these compounds and their inclusion in the Stockholm 

Convention list have reduced their use and production, the European Environment Agency 

has reported a continuous significant release of POPs into the environment (ca. 3800 

tonnes/year in Europe). These releases significantly vary between years and the 

environmental compartments (Fig. 1.2).  

 
Fig. 1.2. Accumulated release of POPs into the environment from 2007 to 2017. 
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Thus, the discharges to the aquatic environments correspond to 66.3% of the total POP 

release to the environment, whereas the release of these pollutants to air and soil accounts 

for 32.2% and 1.5%, respectively. Considering the main activities that contribute to the release 

of these pollutants, the production, and processing of metals, as well as waste and wastewater 

management, are the main sources of POPs emissions in Europe according to EEA (Fig. 1.3). 

Moreover, both the energy sector and the chemical industry contribute significantly to generate 

20% and 13% of these pollutants release, respectively. Other sectors, such as mineral industry 

and paper and wood production and processing show a lower contribution emitting less than 

5% of these contaminants. 

 
Fig. 1.3. Release of POPs to the environment according to the emission source. 
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listed in the Stockholm Convention which can be visualized using the GMP data warehouse 

[6]. The third GMP data collection campaign has been ongoing until the end of March 2020 

and it will provide information about POP levels and trends from ambient air, human tissues 
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(DBPs) for drinking water and swimming pools (halonitromethanes, iodo-acids, haloamides, 

halofuranones or halobenzoquinones, etc.) and halogenated flame retardants like 

tetrabromobisphenol-A (TBBPA) or halogenated organophosphates, among others [7–9]. 

Among these emerging halogenated contaminants, PFAS have focused great attention due to 

the large number of compounds documented within this group (more than 6,300 PFAS) that 

show a wide range of physicochemical properties, characteristics, and effects. Perfluoroalkyl 

carboxylic acids (PFCAs) and perfluoro-alkane sulfonic acids (PFSAs) have been the 

compounds most widely studied, paying special attention to PFOA and PFOS [9]. The levels 

of these persistent pollutants have started to decline may be partly due to their inclusion in the 

Stockholm Convention list and partly due to the shift in the production to alternative fluorinated 

compounds [10]. In this sense, increased use of neutral PFAS have been observed since they 

are generally not environmentally persistent and less toxic compounds. In contrast, they are 

quite volatile and, therefore, suitable for long-range atmospheric transport. The main families 

of neutral PFAS are summarized in Fig. 1.4. 

 
Fig. 1.4. Neutral PFAS and emerging alternatives to PFOS and PFOA.  
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Neutral PFAS have been suggested to be precursors of persistent ionic PFAS, becoming a 

global problem as they contribute to increasing the basal levels of these POPs in the 

environment. Additionally, as neutral PFAS are eventually biotransformed in the environment 

or atmospherically degraded to partly form final breakdown products like PFSAs and PFCAs, 

Jahnke et al. [11] proposed the environmental fates of PFAS as shown in Fig. 1.5.  

  

Fig. 1.5. Environmental fates of ionic PFAS from neutral PFAS [11]. (FBSAs: N-alkyl fluorobutane 

sulfonamides, FBSEs: N-alkyl fluorobutane sulfonamido-ethanols, FOSAs: N-alkyl fluorooctane sulfonamides, 

FOSEs: N-alkyl fluorooctane sulfonamido-ethanols, FTALs: fluorotelomer aldehydes, FTCAs: fluorotelomer carboxylic 

acids, FTOs: fluorotelomer olefins, FTOHs: fluorotelomer alcohols,  FTSAs: fluorotelomer sulfonic acids, FTUCAs: 

fluorotelomer unsaturated carboxylates, PFALs: perfluorinated aldehydes, PFBSA: perfluorobutane sulfonamide, 

PFCAs, perfluoroalkyl carboxylic acids, PFOSA: perfluorooctane sulfonamide, PFOSi: perfluorooctane sulfinate, 

PFSAs: perfluoro-alkane sulfonic acids). 

Other emerging PFAS have recently been identified, increasing the concern about these 

chemicals as they have been suggested as substitutes to PFOS and PFOA (Fig. 1.4). The use 

of polyfluoroalkyl ether sulfonic acids (PFESAs) has been introduced in the electroplating 

industry instead of PFOS [12], whereas polyfluoroalkyl ether carboxylic acids (PFECAs) have 

replaced PFOA in high-performance materials such as processing aids [13]. Regarding PFOS 

alternatives, chlorinated polyfluoroalkyl ether sulfonic acids (Cl-PFESAs) were firstly identified 

by Wang et al. [14] through the discovery of 6:2 Cl-PFESA, also known as F-53B, in 

wastewater. Since then, the occurrence of F-53B has not only been reported in environmental 

matrices like sewage sludge [15] but also in living organisms [16,17] and human beings 
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PFOS alternatives [20,21] in the surface treatment of metal and plastic components in the 

emulsion polymerization of fluoropolymers [22,23]. Concerning PFOA alternatives, they mainly 

include hexafluoropropylene oxide dimer acid (HFPO-DA), HFPO trimer acid (HPFO-TA), 

HFPO tetramer acid (HFPO-TeA) and ammonium 4,8-dioxa-3H-perfluorononanoate 

(ADONA). The presence of these compounds has been reported in surface waters [13] and 

plasma samples in the case of ADONA [24]. Among them, HFPO-DA has been identified in 
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surface waters [25] and its ammonium salt, commercially known as GenX, is widely used as 

an alternative to the legacy PFAS [26]. Additionally, another kind of novel fluorinated 

substitutes to PFOA are the fluorotelomer carboxylic acids (FTCAs), being 6:2 FTCA the 

chemical most widely used in China [27,28]. 

The increasing threat of halogenated organic contaminants (POPs and new emerging 

contaminants) to the environment makes necessary to go deeper into their accurate and 

sensitive analysis to monitor their distribution and fates in the environment even at low 

concentration levels. Therefore, this Thesis is mainly focused on some families of these 

pollutants that have aroused great interest in the scientific community, but also show some 

significant drawbacks in their analytical determination. The families of halogenated 

compounds studied in this Thesis are presented in Table 1.2. 

Table 1.2. Families of halogenated organic contaminants included in this Thesis 

Family of compound Subgroup 

POPs  

Chlorinated paraffins (CPs) Short-chain chlorinated paraffins (SCCPs) 
Polychlorinated biphenyls (PCBs) Dioxin-like polychlorinated biphenyls (dl-PCBs) 
Polychlorinated dibenzo-ρ-dioxins (PCDDs)  
Polychlorinated dibenzofurans (PCDFs)  
Polychlorinated naphthalenes (PCNs)  

Candidate POPs  

Dechlorane Plus (DP) and analogs  Anti-Dechlorane Plus (Anti-DP) 
 Syn-Dechlorane Plus (Syn-DP) 
 Dechlorane 602 (Dec-602) 
 Dechlorane 603 (Dec-603) 
 Dechlorane 604 (Dec-604) 
 Cl10-Dechlorinated Dechlorane Plus (Cl10-DP) 
 Cl11-Dechlorinated Dechlorane Plus (Cl11-DP) 

Emerging halogenated organic contaminants 

Neutral per- and polyfluoroalkyl substances  Fluorotelomer alcohols (FTOHs) 
(nPFAS) Fluorotelomer olefins (FTOs) 
 N-Alkyl fluorooctane sulfonamides (FOSAs) 
 N-Alkyl fluorooctane sulfonamido-ethanols (FOSEs) 
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1.1.1. Toxicology 

Due to the physicochemical characteristics and properties of these families of contaminants, 

most of them are considered POPs. These compounds often show high resistance to 

biodegradation and a high tendency to be accumulated and biomagnified through the food 

chain. Besides that, toxicologic studies reported that their presence in the living organisms is 

particularly harmful due to the high toxicity observed for some of these compounds. Among 

them, the toxicity of POPs such as 2,3,7,8-PCDD/Fs and dioxin-like PCBs is well-known, and 

it has been extensively reported [29]. In addition to these compounds, the scientific community 

has denoted as dioxin-like compounds those POPs like some PCNs that show similar 

toxicology properties and similar biochemical and toxic responses in testing animals. The 

planar structure of these POPs may help them to permeate through the cell membrane and 

achieve the cytoplasm, where they have a similar behavior than some hormones (endocrine 

disruptors). The high toxic effects are mainly due to the interaction with the aryl hydrocarbon 

receptor [30–33]. Briefly, this cytosolic protein receptor generates a complex with the dioxin-

like compound that then dimerizes and, therefore, migrates to the cell nucleus. There, it can 

be associated with a transfer ribonucleic acid, causing changes in the deoxyribonucleic acid. 

Consequently, these changes affect the production of enzymes, like cytochrome P450, that 

induce cytochrome-dependent enzymatic activities that may produce the genotoxic estradiol 

hormone, among others. Moreover, these pollutants can also modify the action of the aryl 

hydrocarbon receptor over the intracellular signal transduction and transmission, causing skin 

and liver alterations. For instance, one of the best-known skin alterations induced by dioxin-

like compounds is the dermatological response of chloracne. These alterations and the 

endocrinological effects could be related to their carcinogenic effects.  

Some of these POPs, such as 2,3,7,8- tetraclorodibenzo-p-dioxin (2,3,7,8-TCDD), 2,3,4,7,8- 

pentaclorodibenzo-p-dioxin (2,3,4,7,8-PeCDF), and dl-PCBs, have been included in the list of 

carcinogenic to humans by the International Agency of Research on Cancer (IARC) while more 

evidence is still required for other PCDD/Fs as well as PCNs. The toxicity of dioxin-like 

compounds differs between families and depends on the number of chlorine atoms. Only 17 

compounds (2,3,7,8-chloro-substituted dibenzo-p-dioxins and dibenzofurans) of the 210 

PCDD/Fs, as well as non-ortho and mono-ortho PCBs, have shown this high toxicity. The 

toxicological studies concluded that the 2,3,7,8-TCDD shows the highest toxicity among them, 

although nowadays 1,2,3,7,8-PeCDD has denoted the same toxicity. Taking into account the 

interest of the toxicity supported by each congener in environmental samples, the Ontario 

Ministry of the Environment (Canada) proposed for the first time the use of the toxic 

equivalency factor (TEF) for 2,3,7,8-PCDD/Fs in 1984 [34]. This term considers the following 

testing facts: (i) all 2,3,7,8-PCDD/Fs have the same action mechanism with the aryl 

hydrocarbon receptor, although the potential toxicity may differ between congeners, and (ii) 

the mixture of these compounds produces an additive effect on the total toxic response. 

Thereby, the toxicological potential of each congener is measured as the toxic equivalency 
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factor, which is a relative value to the most toxic 2,3,7,8-TCDD (TEF = 1). Thus, the toxic 

equivalent (TEQ) of a real sample can be determined as the sum of the concentration of each 

congener multiplied by the TEF value. 

TEQ = ∑ (TEFi · [dioxin-like compound]i) 

Table 1.3 summarizes the TEF values assigned to each dioxin-like compound over the years 

and organizations, such as international TEFs (I-TEF) established by the North Atlantic Treaty 

Organization (NATO) or the present World Health Organization TEFs (WHO-TEF), which 

already includes dioxin-like PCBs. 

Table 1.3. Toxic equivalency factors proposed by the NATO and WHO organizations. 

Group Congener I-TEF 

(1988) 

WHO-TEF 

(1998) 

WHO-TEF 

(2005) 

PCDDs 

2,3,7,8-TCDD 1 1 1 

1,2,3,7,8-PeCDD 0.5 1 1 

1,2,3,4,7,8-HxCDD 0.1 0.1 0.1 

1,2,3,6,7,8-HxCDD 0.1 0.1 0.1 

1,2,3,7,8,9-HxCDD 0.1 0.1 0.1 

1,2,3,4,6,7,8-HpCDD 0.01 0.01 0.001 

OCDD 0.001 0.0001 0.0003 

PCDFs 

2,3,7,8-TCDF 0.1 0.1 0.1 

1,2,3,7,8-PeCDF 0.05 0.05 0.03 

2,3,4,7,8-PeCDF 0.5 0.5 0.3 

1,2,3,4,7,8-HxCDF 0.1 0.1 0.1 

1,2,3,6,7,8-HxCDF 0.1 0.1 0.1 

1,2,3,7,8,9-HxCDF 0.1 0.1 0.1 

2,3,4,6,7,8-HxCDF 0.1 0.1 0.1 

1,2,3,4,6,7,8-HpCDF 0.01 0.01 0.01 

1,2,3,4,7,8,9-HpCDF 0.01 0.01 0.01 

OCDF 0.001 0.0001 0.0003 

dl-PCBs 

3,3’,4,4’-TCB (CB-77)a - 0.0001 0.0001 

3,4’,4,5-TCB (CB-81)a - 0.0001 0.0003 

2,3,3’,4,4’-PeCB (CB-105)b - 0.0001 0.00003 

2,3,4,4’,5-PeCB (CB-114)b - 0.0005 0.00003 

2,3’,4,4’,5-PeCB (CB-118)b - 0.0001 0.00003 

2’,3,4,4’,5-PeCB (CB-123)b - 0.0001 0.00003 

3,3’,4,4’,5-PeCB (CB-126)a - 0.1 0.01 

2,3,3’,4,4’,5-HxCB (CB-156)b - 0.0005 0.00003 

2,3,3’,4,4’,5’-HxCB (CB-157)b - 0.0005 0.00003 

2,3’,4,4’,5,5’-HxCB (CB-167)b - 0.00001 0.00003 

3,3’,4,4’,5,5’-HxCB (CB-169)a - 0.01 0.03 

2,3,3’,4,4’,5,5’-HpCB (CB-189)b - 0.0001 0.00003 
a Non-ortho PCB; b Mono-ortho PCB. 
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In 1988, the NATO reported the I-TEF values for PCDD/Fs based on the evaluation of the in 

vitro and in vivo toxicity data as well as the current TEF practices of several countries [35]. 

These values are still applied to determine the TEQ in emissions from landfills, waste 

incinerator plants, etc. After that, an expert committee organized by the WHO revised the           

I-TEF values using experimental data on the relative effect potencies (RPs) of PCDD/Fs and 

also dl-PCBs for mammalian, avian, and fish species [36]. In 2005, WHO-TEF values for 

humans and mammalians were re-evaluated [37] and, today, they are commonly used to 

determine the WHO-TEQ in biological and food samples, although they have also been applied 

to abiotic environmental matrices. In this last revision, Van den Berg et al. [37] indicated that 

different families of pollutants like PCNs might be considered for possible inclusion in the TEF 

scheme since they also induce dioxin-like effects. Other arguments supporting this claim are 

that several PCNs have similar aryl hydrocarbon receptor activities to PCDD/Fs but less potent 

[38–40]. Moreover, they show a chemical structural relationship to PCDD/Fs while showing 

persistence and a tendency to bioaccumulate through the food chain, fulfilling all the criteria 

for their inclusion in the TEF concept. Although some RP values have been determined for 

some PCN congeners, there are no unification criteria to establish common TEF values for 

PCNs. Recently, Suzuki et al. [41] have reported RP values for PCNs showing dioxin-like 

toxicity using the same analytical approach. Authors concluded that some PCNs, especially 

some PeCN and HxCN congeners, have an aryl hydrocarbon receptor-mediated activity 

comparable with that of PCDD/Fs. This could be the first step to include dioxin-like PCNs into 

the TEF concept. 

Another family of halogenated pollutants that has been thoroughly evaluated is the short-chain 

chlorinated paraffins (SCCPs) not only by the research community but also by different 

institutions. For instance, IARC classified them as possibly carcinogenic to humans (group 2B) 

in 1990 based on different studies reporting morphological changes in liver, kidney and thyroid 

hormone systems that were later correlated with the growth of tumors (carcinomas and 

adenomas) [42,43]. The liver damage is associated with peroxisome proliferation, while the 

thyroids effects are correlated to altered thyroid hormone status and glucoronyl transferase 

induction [44]. One of the most recent assessments of the EU concluded that the potential 

toxicological effects of SCCPs in mammals on the organs and hormonal systems reported are 

those causing hepatic enzyme induction and thyroid hyperactivity, which can cause cancer 

diseases in these organs in the long term [45]. SCCPs are also listed as endocrine disruptors 

of category 1 human health by the EU [46]. In addition to EU considerations, the National 

Toxicology Program (NTP) of the U.S. Department of Health and Human Services also 

classified in 2014 (13th report on carcinogens) SCCPs as reasonably anticipated to be human 

carcinogens [47]. 

Concerning the toxicity of neutral PFAS (FTOs, FTOHs, FOSAs, and FOSEs), the available 

data is limited. For instance, some studies conducted in rats found that 6:2 FTOH (where 6 

and 2 are the number of CF2- and CH2- units in the fluoroalkyl chain) was slightly toxic by oral 

(LD50 = 1750 mg kg-1) and dermal (LD50 > 5000 mg kg-1) exposure. However, an increment in 
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mortality was observed when administering oral doses of 125 mg kg-1 per day [48,49]. Different 

studies also denoted the proliferation of thyroid follicular cell adenomas as well as an increase 

in stillbirths and neonatal mortality in rats exposed to N-EtFOSE [50]. Although neutral PFAS 

do not show strong toxicity, their degradation to legacy PFAS like PFOS or PFOA has focused 

most of the toxicological studies [51]. For instance, PFOA is classified as possibly carcinogenic 

to humans (group 2B) by the IARC as well as carcinogenic (group 2) and affecting 

reproducibility (group 1B) by the EU Regulation No. 944/2013 [52]. Moreover, both PFOS and 

PFOA have been classified as suggestive carcinogens by the U. S. Environmental Protection 

Agency (U.S. EPA). The risk profile reported by the UNEP (Stockholm Convention) concluded 

that PFOA also produces adverse health effects such as high cholesterol levels, altered 

reproductive and developmental effects, endocrine disruption, or immunotoxicity, among 

others [53]. In the case of PFOS, it has shown toxicity towards mammals in sub-chronic 

repeated dose studies at low concentrations as well as altered reproductive effects, increasing 

the mortality of rat pups [54]. 

Regarding Dechlorane Plus (DP) and analogs, toxicological information is still quite limited and 

most of the studies are focused on the effects of the exposure to these compounds. Oxidative 

stress after exposure to DP has been reported in different organisms, such as marine bivalves 

[55], fishes [56–58], earthworms [59], birds [60] and mice [61]. For instance, studies about 

short-time exposure of zebrafish to DP suggest that this compound can induce oxidative stress 

and neurobehavioral changes that may be linked to axonal and muscular lesions [56,58]. 

Similar effects were observed for earthworm with longer time exposures [59]. According to 

available assessments, studies with mammals indicated DP is not carcinogenic, mutagenic, 

or toxic to reproduction [62,63]. However, other effects have been reported in mammals. 

Generally, oral exposure to DP isomers can lead to oxidative stress and hepatic damages as 

well as alternations on the metabolism or in the transduction signal in mice [61]. Also, DP 

isomers show to be preferentially accumulated in the liver with syn-DP as the dominating 

isomer [64]. Additionally, some indication of endocrine disruption potential of DP has also been 

observed. For instance, Kang et al. observed transcriptional responses of both thyroid and sex 

hormone-related genes in the adult zebrafish brain [57]. A relation between thyroid hormone 

and DP levels was also reported in human mother-infant pairs near an e-waste recycling area 

in China [65]. Moreover, some studies show that DP can cross the blood-brain barrier in fish 

[66] and frogs [67], and it is maternally transferred to offspring in several species such as fishes 

[66], frogs [68], birds [69], female sharks [70] an even in humans [65,71]. This DP transference 

in utero generates a risk for embryonic development and may constitute the largest source of 

flame-retardant input to offspring during the first years of life.  
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1.1.2. Legislation 

The toxicity potential of halogenated organic contaminants, as well as the physicochemical 

properties of halogenated POPs, has brought authorities to take measures to protect human 

health and the environment through international agreements leading to international and 

national regulations. The Aarhus Protocol (1998) was one of the first international agreements 

about POPs to promote the monitoring, reduction, and/or elimination of 16 selected 

substances including eleven pesticides, two industrial contaminants and three unintentional 

industrial by-products (including PCDD/Fs and PCBs) [72]. This protocol included different 

actions to eliminate any discharges, emissions, and residues of POPs, as well as measures 

to reduce the emission of unintentional by-products, suggesting for the first-time emission limit 

values (ELV) for the incineration of municipal (0.1 ng TEQ Nm-3), hazardous (0.2 ng TEQ      

Nm-3) and medical waste (0.5 ng TEQ Nm-3). Some years later, the Stockholm Convention on 

POPs adopted these measures, under the auspices of the UNEP. Building on the Aarhus 

Protocol, the Stockholm Convention raised the profile of POPs to the global level. In 2009, the 

Aarhus Protocol was amended to cover other seven new substances (PFOS, PCNs, and 

SCCPs, among them) and revised the ELVs for waste incineration. The Parties of the 

Stockholm Convention also adopted decisions to update guidance on the BAT to control 

emissions of POPs (Annex V) and turn part of them into a guidance document (Annex VII) 

[73]. Besides, Parties introduced flexibilities regarding the time frames for the application of 

the ELVs and BAT to facilitate the ratification of the Protocol by countries with economies in 

transition in Eastern Europe, Caucasus, and Central Asia. The amended annexes entered into 

force for most of the Parties in 2010, whereas the remained annexes still require ratification of 

at least two-thirds of the Parties. 

According to the considerations denoted by the Aarhus Protocol, the Stockholm Convention, 

as well as other programs all over the world, international institutions have established different 

legislations to regulate the presence of these compounds in the environment as well as in 

other relevant fields such as food and commercial products. Thus, in May of 2004, the EU 

850/2004 regulation entered into force with the main objective of establishing a common legal 

framework for both the Stockholm Convention and Aarhus Protocol [74]. The regulation 

reported the mandatory elaboration of national plans, including different actions like the 

creation of emission inventories of unintentional industrial by-products to the atmosphere, 

water, and soils. After that, this regulation has been updated to include all substances 

considered as POPs by the Stockholm Convention and exceptional uses for some of them 

(e.g., PFOS, PCBs, or SCCPs) [75]. Moreover, this regulation also established maximum 

concentration limits of POPs in generated waste residues ranging from 5 mg kg-1 for PCDD/Fs 

up to 10,000 mg kg-1 for SCCPs. Some specific directives have been reported for the 

elimination of some POPs like PCBs [76]. Additionally, all POPs have been categorized as 

substances of very high concern (DP is under evaluation) in the Registration, Evaluation, 

Authorization, and Restriction of Chemicals (REACH) regulation of the European Chemical 
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Agency (ECHA). All these actions have led to the EU Regulation 166/2006, where different 

thresholds were set for releases of pollutants such as SCCPs (1 kg year-1) to water and land, 

as well as for PCDD/Fs (0.0001 kg TEQ year-1) and PCBs (0.1 kg year-1) to air, water and land. 

In the case of those pollutants that are not individually regulated, it was also considered 

releases of halogenated pollutants to water and soil (1,000 kg year-1, expressed as Cl‒) [77]. 

The Spanish national pollutant and transfer register (E-PRTR), according to Real Decreto 

508/2007 [78], is based on this EU regulation. 

After that, different directives have been entered into force to regulate both emissions to the 

environment and quality control of the natural resources. Regarding industrial emissions, the 

Directive 2010/75/EU of the European Parliament involves all the European legislation about 

the emissions of big combustion industrial facilities [79]. This regulation force operators to 

invest the best available technologies and obey the ELVs to obtain production rights. These 

average ELVs for PCDD/Fs were fixed at 0.1 ng TEQ Nm-3 over a sampling period of 6 to 8 

hours.  

Concerning water sources, the Directive 2013/39/EU of the European Parliament on 

environmental quality standards (EQS) in the field of water policy reported annual average 

(AA) and maximum allowable concentrations (MAC) for a list of priority substances and other 

specific pollutants [80]. The values concerning the target and related compounds evaluated in 

this Thesis are summarized in Table 1.4. For instance, SCCPs and PFOS are regulated in 

inland surface waters (rivers, lakes, and related artificial or heavily modified water bodies) as 

well as in other surface waters (transitional and coastal waters, among others). Additionally, 

some of these compounds are also regulated in biota samples with very restrictive EQS values 

(expressed as µg kg-1 wet weight, ww), especially for dioxin-like compounds (including 

PCDD/Fs and dl-PCBs). These EU considerations have also been transferred to the Spanish 

national Real Decreto 817/2015 [81]. 

Table 1.4. Environmental quality standards for selected priority substances in water and biota. 

Name of 

substance 

Inland surface waters  

(µg L-1) 

Other surface waters 

(µg L-1) 

Biota  

(µg kg-1 ww) 

AA-EQS MAC-EQS AA-EQS MAC-EQS EQS 

SCCPs 0.4 0.4 1.4 1.4 - 

PFOS 6.5  10-4 1.3 · 10-4 36 7.2 9.1 

Dioxin-like 

compounds 
- - n.a.a n.a.a 0.0065b 

a Not applicable; b Sum of PCDD/Fs and dl-PCBs (µg TEQ kg-1). 

About drinking water, the Directive 98/83/EC [82] and its latest amendments, including 

Directive 2015/1787/EU [83], established the quality criteria for water intended for human 

consumption. Most of the compounds studied in this Thesis are not considered to be present 

in drinking water. Nevertheless, in the last years, the European citizens’ Right2Water initiative 
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has triggered a proposal to modernize the 20-years old directive on drinking water (98/83/EC). 

Thus, the General Secretariat of the Council published on the 24th of February of 2020 a 

proposal for a new drinking water directive [84] that update the requirements to guarantee the 

safety of drinking water. Among the compounds included in this new directive, PFAS has been 

considered for the first time, establishing maximum levels of 0.1 µg L-1 for the sum of 20 legacy 

PFAS (including PFOA and PFOS and others) and 0.5 µg L-1 for the total PFAS concentration 

(including neutral PFAS). The U.S. EPA has also considered monitoring these pollutants in 

drinking water through the third Unregulated Contaminant Monitoring Rule 3 published in 2012 

[85]. The data obtained serves as a primary source of occurrence and exposure with the intent 

of being used on the development of regulatory decisions. Meanwhile, a health advisory 

concentration level of 70 ng L-1 has already been proposed for the sum of PFOA and PFOS 

[86]. In the case of Spanish legislation, the latest update (1st of August of 2018) of Real Decreto 

140/2003 does not include any information about PFAS yet [87]. 

In the case of soil samples, information is lacking on the regulation of the contaminants 

evaluated in this Thesis. The Real Decreto 9/2005 (updated in November 2017) includes a list 

of pollutants and maximum reference levels, based on the use of the soils, which are required 

to protect human health [88]. For instance, reference levels for PCBs in soils have been 

established for industrial (0.8 mg kg-1 dry weight, dw), urban (0.08 mg kg-1 dw) and other soil 

uses (0.01 mg kg-1 dw), being considered a contaminated soil if the concentration found 

exceeds more than 100 times these reference levels. 

The European Food Safety Authority (EFSA) has also thoroughly studied the effect of 

halogenated organic contaminants in foodstuffs, establishing tolerable weekly intake (TWI) 

for some of these compounds. For instance, the TWI that EFSA fixed for PCDD/Fs and            

dl-PCBs was 2 pg TEQ kg-1 body weight (bw) week-1 [89]. The detection of these compounds 

in food samples has created great concern in the food field during the last decades, which 

has led to their inclusion in the EU 1881/2006 regulation (last update: 28th of November of 

2019) [90]. This regulation has set maximum concentration levels in fish and meat products 

(2.00-20 pg TEQ g-1 ww), oils and fats (1.25-6.0 pg TEQ g-1 fat), eggs and dairy products (5.0-

5.5 pg TEQ g-1 fat) as well as in baby and toddler foods (0.2 pg TEQ g-1 ww). Nowadays, 

EFSA has set working groups to determine the risk profile of different families of halogenated 

pollutants such as PFAS, SCCPs, as well as other brominated flame retardants. Regarding 

PFAS, EFSA has already established a TWI of 8 ng kg-1 bw week-1 for the total PFAS content 

(including FTOHs, FOSAs, and FOSEs) according to new data on the risk assessment to 

human health in food [91]. Concerning CPs, the EFSA Panel selected a benchmark dose 

lower bound with a 10% increased incidence (BMDL10) of 2.3 mg kg-1 bw day-1 for an 

increased incidence of nephritis in male rats due to their exposure to SCCPs, and of 36 mg 

kg-1 bw day-1 for the increased relative kidney weights in male and female rats from exposure 

to medium-chain chlorinated paraffins (MCCPs) [92]. Further interpretation of mammal and 

human risk exposure may require more data to perform a robust and thorough exposure 

assessment and risk characterization. Due to the growing importance of these halogenated 
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pollutants, the European Union Reference Laboratory (EURL) network has extended the 

scope from PCBs and PCDD/Fs to halogenated POPs (including PFAS, SCCPs, and PCNs) 

to provide reliable analytical methodologies and ensure both feed and food safety [93]. 

Finally, regulations about DP are still scarce since these compounds have recently been 

proposed as a candidate to be included on the POP list of the Stockholm Convention. For 

instance, U.S. EPA has taken some preventive actions like listed them in the Toxic Substances 

Control Act inventory and subjecting them to the Chemical Data Reporting Rule, which 

requires manufacturers and importers to report their production, import, and use volumes. 

Moreover, the Government of Canada, under the Canada Environmental Protection Act 

(CEPA), included DP in the Domestic Substances List that regulates its use in plastic materials 

and where its content cannot exceed 35% (w/w). Recently, DP has also been included in the 

List of Toxic Substances and further actions are expected after a risk evaluation [63]. 

1.2. Analytical Determination of Halogenated Organic Contaminants 

The determination of halogenated organic contaminants in environmental samples is the first 

step to monitor and know their distribution and fates in the environment. These contaminants 

are generally found at ultra-trace level concentrations, which is enough to produce harmful 

effects in both the environment and living organisms. Therefore, sensitive and selective 

methods are needed to achieve accurate and precise detection/identification and quantitation 

of these analytes in environmental matrices. In this way, thousands of publications based on 

the analytical determination of these compounds have appeared during the last decades 

proposing reliable methodologies to monitor their occurrence and ensure the quality of the 

reported results. 

This section will provide a broad overview of the main advances in the analytical 

methodologies for halogenated organic contaminants, in terms of sample treatment, 

chromatographic separation and mass spectrometry determination (Section 1.2.1) as well as 

the latest trends on the use of atmospheric pressure ionization (API) techniques for both liquid 

chromatography (LC-MS) and gas chromatography coupled to mass spectrometry (GC-MS) 

determinations (Section 1.2.2). 
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1.2.1. Trends in Analytical methodologies 

As mentioned above (Section 1.1.2), the evaluation of the risk profile of these pollutants has 

enabled many governments to legislate them setting restrictions or even banning their 

production and use. Hence, reliable information about the environmental occurrence of these 

compounds is required to help on the investigation of their distribution, environmental fates, 

spatial and temporal trends as well as potential sources of release. Moreover, these chemicals 

are hazardous even at extremely low concentration levels, so powerful analytical 

methodologies are required to ensure their reliable monitoring in the environment at very low 

concentration levels. These methodologies need to meet some requirements, such as the high 

capacity for the detection/identification of pollutants at ultra-trace levels and high selectivity to 

avoid potential interferences. Authorities, like the U.S. EPA, the European Committee for 

Standardization (CEN), or the Japanese Industrial Standards Committee (JISC), have 

proposed comprehensive analytical protocols for monitoring these compounds. However, the 

requirements to be met by the analytical protocols for the reliable determination of these 

compounds in environmental samples leads to the development of many analytical 

methodologies, which is continuously increasing. This section provides an overview of the 

most relevant advances in analytical methodologies of halogenated organic contaminants. In 

addition to the main group of compounds of interest studied in this Thesis (Table 1.2.), other 

relevant pollutants such HBCD and polybrominated diphenyl ethers (PBDEs) have also been 

included to provide a more representative overview of methodology trends for halogenated 

contaminants. Therefore, advances in sample treatment protocols, chromatographic 

separations, and mass spectrometry (MS) determinations/identifications are discussed based 

on the most relevant papers published in the last decades for these families of compounds. 

Sample treatment 

Sample treatment is a critical step in determining halogenated organic contaminants that 

involves isolation of these compounds from potential matrix interferences or structurally similar 

compounds, as well as preconcentration of extracts to allow the detection of these pollutants 

at low concentration levels in environmental samples. Generally, sample treatment procedures 

for the analysis of these substances in environmental samples are extensive, laborious, and 

they are usually subjected to strict quality control protocols. For these reasons, surrogates 

standards (internal standards and isotopically labeled compounds) are frequently added 

before the extraction for establishing the recovery rate and allowing the reliable quantification 

of the target compounds. 

Regarding the extraction, clean-up, and fractionation procedures, many protocols have been 

proposed to analyze halogenated pollutants in different environmental matrices. The most 

representative sample treatment protocols used in this field for the analysis of liquid, solid, and 

gas matrices are summarized in Fig. 1.6. Concerning liquid samples (e.g., surface water, river 

water, wastewater, etc.), liquid-liquid extraction (LLE) or solid-phase extraction (SPE) are 
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usually selected for the extraction of these compounds. Dichloromethane has often been 

proposed for the LLE of DPs, PBDEs and dioxin-like PCBs from environmental water samples 

[94,95], while methyl tert-butyl ether, hexane or ethyl acetate have also been used to extract 

FTOHs [96], PBDEs [97], and PCNs [98], respectively. Regarding SPE, Oasis HLB [99], and 

Oasis WAX [100] cartridges are often used to extract neutral PFAS that are later eluted with 

methanol. However, for the extraction of flame retardants such as HBCD and PBDEs, as well 

as other compounds with dioxin-like toxicity such as PCBs and PCNs, the use of C18 cartridges 

with hexane-based mixtures as elution solvent is generally recommended [101,102].  

 
Fig 1.6. Main sample treatments proposed for the determination of halogenated organic 

contaminants in environmental samples (1Biota samples; 2Sediment, soil, plant, and 

sludge samples). 

Recovery rates that have been reported using these procedures are higher than 70% for most 

of the compounds [94,95,98,101,103], although for most volatile compounds, such as neutral 

PFAS, these values seem to be lower. Taniyasu et al. [100] indicated that the low recoveries 

(35-55%) achieved with these compounds sometimes are associated to other factors that are 

not related to the cartridge nature, such as the adsorption of the analytes on the polypropylene 

container as well as the losses of more volatile FTOHs during the evaporation of the solvent 

extracts. In the last decade, the use of rapid, inexpensive, and solvent-free alternative 
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extraction techniques has been increased to improve recoveries and to avoid excessive 

sample manipulation. For instance, headspace solid-phase microextraction (HS-SPME) has 

been used for the analysis of neutral PFAS (FTOHs and FOSAs). Direct immersion SPME has 

also been proposed for the determination of SCCPs, PBDEs, and PCBs in water, while stir bar 

sorptive extraction (SBSE) has been used for the analysis of SCCPs [104–107]. All these 

extraction techniques allow in-situ preconcentration of analytes and avoid evaporation steps 

that could yield losses of the most volatile compounds. 

On the other hand, pressurized liquid extraction (PLE) [108–113] and Soxhlet extraction 

[94,114–116] with dichloromethane or dichloromethane/hexane mixtures as solvents are the 

most widely used methods for extracting halogenated organic contaminants from solid 

matrices. For instance, DP and their analogs have been extracted from sediments using both 

Soxhlet extraction [114] and PLE [108]. Soxhlet extraction has also been proposed for the 

extraction of PCBs, PCNs, and SCCPs from sediments [117] and PBDEs from sewage sludge 

[95], while PLE has also been proposed to extract PBDEs, HBCDs and PCDD/Fs from sewage 

sludges and sediments. In some cases, the use of adsorbents such as alumina [118] or 

mixtures of silica, alumina, and Florisil [109] allows a more selective PLE extraction, which can 

simplify further clean-up steps. Besides, other extraction techniques avoiding the use of 

specific and sophisticated instrumentation have also been successfully applied to extract these 

compounds from solid matrices. For instance, solvent extraction (SE) has been used to extract 

neutral PFAS from sediments and biota samples [119,120] and PBDEs, PCDD/Fs, and PCBs 

from fatty fish tissues [121]. Ultrasound-assisted extraction (UAE) has also been proposed to 

extract DPs, HBCDs, PBDEs, and PCBs from marine sediments [101,122]. Additionally, 

microwave-assisted extraction (MAE) has been used to extract PBDEs and PCBs from 

sediments [123], while the QuEchERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) 

technique has also been satisfactorily applied to extract HBCD from fish [124]. The analysis of 

samples with high lipid content requires the use of multilayer sorbents, generally, silica or 

acidic silica columns, to remove lipids (through hydrolysis) and hydrocarbons [112,125], as 

well as to fractionate the extracts for the isolation of the different families of contaminants. For 

instance, a multi-layer silica gel column has been used to remove hydrocarbons and to isolate 

HBCDs from related halogenated compounds when analyzing sediments [112]. Direct sample 

treatment with concentrated H2SO4 has also been considered for the same purpose in the 

determination of PBDEs, DP and analogs in biota and sludge samples [108,115,126]. For biota 

samples, gel permeation chromatography (GPC) is often recommended, as permeation gels 

such as porous styrene-divinylbenzene resin (Bio-beads S-X3) allow for more efficient removal 

of lipids through size exclusion chromatography [111,113,115,116,121,122,127]. Moreover, 

GPC could be automated, offering an important advantage for laboratory throughput. On the 

other hand, SPE adsorbents such as silica, wax, Florisil, or alumina cartridges have also been 

recommended to remove matrix components that interfere in the analysis of sediments and 

sludges [110,114,120,126]. Additionally, the presence of high sulfur content from sediments 

samples requires the use of activated copper powder, which also avoids chromatographic 
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baseline distortions [122]. The fractionation of extracts to separate different groups of 

compounds is usually followed by sample clean-up. Florisil and sometimes combined with 

acidic silica are the adsorbents most commonly used. For the fractionation, solvent mixtures 

with high hexane content are used to elute DP and analogs, HBCDs, PBDEs, and PCBs from 

these sorbents. In contrast, solvent mixtures with a higher content of dichloromethane or 

toluene are recommended to favor the elution of CPs, PCDD/Fs, and PCNs. Additionally, 

carbon cartridges are usually backflushed with toluene to isolate planar compounds (PCNs, 

PCDD/Fs, and dioxin-like PCBs) from other related non-planar contaminants (DP, ortho PCBs, 

PBDEs or CPs, among others) [69,115,117,125]. 

For the analysis of gaseous samples (e.g., air), both the gas- and the particulate-phase are 

often collected using polyurethane foams/styrene-divinylbenzene copolymer resin 

(PUF/XAD-2) and glass-fiber filters (GFF), respectively. These materials are generally 

extracted by Soxhlet or PLE and clean-up by multilayer silica [128–130]. Regarding PCNs, 

dioxin like-PCBs, and PCDD/Fs, which are often determined in fly ashes, the fractionation is 

usually carried out on multilayer silica columns followed by alumina or Florisil ones [131,132]. 

It is important to highlight that with this protocol more volatile compounds such as mono- and 

diCNs led to low recoveries due to losses during the solvent evaporation process with a 

nitrogen stream. In this sense, Li et al. have proposed to limit evaporation steps to the use of 

rotary evaporation for improving the recoveries of mono- and diCN congeners [130].  

Chromatographic Separation 

Mass spectrometry-based analytical strategies frequently require previous efficient 

chromatographic separations to simplify and ensure the correct detection and quantitation of 

analytes present in complex samples. Among the separation techniques, the most frequently 

used for the analysis of these pollutants are gas chromatography (GC) and liquid 

chromatography (LC) [133]. However, during the last decade, some authors have also 

proposed the use of packed column supercritical fluid chromatography (pSFC) for the analysis 

of PCDD/Fs, PCBs, DPs, and HBCDs [134–136]. This section reports an overview of the 

separation techniques frequently employed for the determination of halogenated organic 

contaminants in environmental samples and Table 1.5 summarizes the most relevant 

references in this field. 

Gas Chromatography 

Gas chromatography with capillary columns is the method of choice for the separation of most 

of these analytes due to their relatively high volatility properties. As most of them are non-polar 

compounds, 5% phenyl-(95% dimethylpolysiloxane) (e.g., DB-5MS, DB-5HT, etc.) is the “gold 

standard” stationary phases that generally provides good chromatographic resolution for these 

families of compounds. However, other columns have also been proposed for the 

determination of specific families of halogenated contaminants. Regarding neutral PFAS, 

poly(ethylene glycol)-based stationary phases are commonly chosen to achieve the separation 
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of semi-volatile neutral PFAS (FTOHs, PFOSA, FBSAs, FOSAs FBSEs, and FOSEs) [99,137]. 

Concerning HBCDs, 100% dimethylpolysiloxane as well as 5% phenyl-(95% 

dimethylpolysiloxane) stationary phases, are typically selected for their gas chromatography 

separation. Nevertheless, GC-based methods are generally focused on the determination of 

the total concentration of the 16 potential HBCDs (six enantiomers and diastereomeric pairs). 

This is because the GC separation of HBCD isomers is not well resolved and the 

interconversion between isomers generally occurs in the GC injector system or the ionization 

source because of the high temperatures applied [138]. Regarding the capillary column length, 

the separation of dioxin-like compounds (PCDD/Fs, dioxin like-PCBs, and PCNs) usually 

requires 60 m-capillary columns to achieve a satisfactory chromatographic separation of most 

representative isobaric compounds [130,134,139].  

In contrast, the analysis of HBCDs, PBDEs, DP and analogs, is normally performed on              

15 m-capillary columns. These short columns provide enough chromatographic resolution and 

significantly reduce analysis time [140–143]. Additionally, Stapleton et al. [144] reported that 

the use of longer columns could favor the degradation of highly brominated PBDEs                

(e.g., PBDE-209) during the GC analysis. In this sense, the 15 m-Rtx®-1614 column, which 

consists of a 5% phenyl-(95% dimethylpolysiloxane) stationary phase deactivated with an 

optimized procedure, is commonly recommended to improve the response of these thermally 

labile PBDEs [143]. Moreover, Rjabova et al. [145] also indicated some chromatographic 

improvement for Dec-604 using the same capillary column. Concerning CPs, even though the 

total separation of isobaric congener groups is not possible (more than 10,000 compounds) in 

these short capillary columns, they are employed to increase signal-to-noise (S/N) ratios and 

to reduce analysis time [146,147]. 

Helium is the most common carrier gas by far to achieve the separation of these substances 

using flow rates around 1.0 mL min−1. However, it is important to highlight that when gas 

chromatography is coupled to mass spectrometry by using API, especially atmospheric 

pressure chemical ionization (APCI), relatively high flow rates (from 1.4 up to 4 mL min-1) are 

required, probably to prevent potential post-column peak broadening in the API source. This 

effect could also be avoided by using nitrogen as a make-up gas at the ion source to improve 

the ion transmission to the mass spectrometer inlet [99,141,143,148–151]. Regarding the 

injection, split/splitless injector port in the splitless mode is generally preferred as most of the 

halogenated contaminants are found at very low levels in environmental samples. In some 

cases, extra pressure is applied during the splitless injection (pulsed splitless) to improve the 

analyte transfer to the column, especially for those compounds with high molecular weight and 

low vapor pressure like DP and analogs, HBCDs, MCCPs, and long-chain chlorinated paraffins 

(LCCPs) [140,141,146,147].  
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Programmed temperature vaporization (PTV) injection has also been performed showing 

important advantages in front of non-programmable injection modes (split and splitless). PTV 

injection avoids syringe discrimination and holding back of non-volatile compounds in the liner, 

and it allows large volume injections by removing solvent vapors before the transference of 

the analytes to the column head [142,147]. 

Comprehensive Two-dimensional Gas Chromatography 

Comprehensive two-dimensional gas chromatography (GCxGC) is the most common 

multidimensional chromatographic separation technique used for the determination of 

halogenated pollutants. This technique significantly increases the peak capacity (selectivity) 

and the sensitivity over single-dimensional GC by connecting two columns through a 

modulator, which traps the compounds eluted in the first column and then efficiently transfers 

them onto a second column with an orthogonal selectivity [133]. GCxGC allows the separation 

of compounds that are closely eluted in one-dimension GC (structurally related compounds, 

isomers, etc.) in complex matrices. Generally, the GCxGC separation of these compounds is 

based on a first column with a stationary phase of low polarity and a second shorter column 

with a more polar stationary phase. As an example, Hanari et al. [156] proposed a GCxGC 

separation for closely eluting PCNs (from tetraCNs to octaCN) based on a 14% 

cyanopropylphenyl-(86% dimethylpolysiloxane) stationary phase as the first dimension column 

with a poly(ethylene glycol)-based stationary phase as the second dimension column using a 

modulation time of 8 s. Indeed, they achieved the separation of all PCN congeners, although 

a slow-temperature program was required, leading to a total run time of 204 minutes. Other 

compounds with dioxin-like toxicity such as dioxin like-PCBs and PCDD/Fs as well as PBDEs 

present in complex samples have also been separated using GCxGC [157,158]. Besides, the 

separation of overly complex mixtures such as SCCPs and MCCPs has also been evaluated 

by GCxGC. Xia et al. [111] proposed a method for simultaneously profiling and quantify SCCPs 

and MCCPs obtaining good orthogonality on the separation and allowing the determination of 

48 CP congener groups in one injection analysis with high selectivity. This method allowed not 

only the separation of SCCPs and MCCPs but also their separation from other related 

compounds such as PCBs, PBDEs, and other organohalogen compounds, minimizing 

potential interferences. Therefore, the high separation capacity of GCxGC combined with the 

high identification capacity of high-resolution mass spectrometers provides a powerful tool for 

the characterization of complex environmental samples. It also allows the selective 

quantification of target compounds and non-targeted approaches to detect other 

contaminants, although it also involves a long analysis time and complex data treatment 

[111,157,158]. 
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Liquid Chromatography and Supercritical Fluid Chromatography 

In the last decades, liquid chromatography has increased its use for the analysis of a wider 

range of halogenated contaminants, including polar, ionic, non-volatile, and thermally labile 

compounds, which were more difficult to analyze by GC [133]. Reversed phases, mainly C18, 

are the stationary phases most widely used in the chromatographic separations of many of 

these compounds. Other columns, like the biphenyl-embedded stationary phase, have also 

been proposed to improve the separation of DP isomers since it also allows π-π and steric 

interactions in addition to hydrophobic ones. The influence of π-π interactions may allow a 

better selectivity between those species with and without π electrons, while steric interactions 

may yield shape recognition of the different chemical structures [152]. Moreover, following the 

general trends in liquid chromatography during this last decade, the use of ultra-high 

performance liquid chromatography (UHPLC) columns (sub-2 µm particle size) has also been 

generalized for the LC-MS analysis of these substances taking advantage of the improved 

chromatographic efficiency and the higher chromatographic resolution offered by these 

UHPLC columns. For instance, UHPLC separations have been widely applied for the 

determination of HBCDs. Zhao et al. proposed a UHPLC method that used a reversed-phase 

stationary phase (C18) and a ternary mobile phase (methanol/acetonitrile/water) to separate 

the HBCD diastereomers, α-HBCD, β-HBCD, and γ-HBCD, allowing their selective individual 

determination [112]. Nevertheless, new HBCD diastereomers (mainly δ-HBCD and ε-HBCD) 

have been recently detected in industrial mixtures and it has been observed that the selectivity 

of the phenyl-hexyl stationary phase combined with a ternary mobile phase is required for their 

chromatographic separation [154]. Moreover, the separation of HBCD enantiomers has also 

been achieved using a chiral permethylated cyclodextrin column [159]. For PBDEs, PCBs and 

PCNs, the LC separation is usually achieved using columns that favor hydrophobic (C18) as 

well as π-π interactions (Hypersil Green PAH) combined with binary hydro-organic mobile 

phases (methanol/water or acetonitrile/water) [94,98,118]. The separation of CPs has also 

been tested by liquid chromatography but showing a lower chromatographic resolution than 

that obtained on GC columns [155]. 

Concerning mobile phase composition, hydro-organic solvent gradients without the addition of 

acid or base species are generally employed since they allow enough retention and 

satisfactory peak shape for these non-polar compounds. An aspect to highlight is that the 

composition of the mobile phase can also affect the ionization efficiency of analytes when 

working with API sources. This fact makes necessary a careful optimization of the mobile 

phase composition to fulfill the minimum requirements in terms of sensitivity for the 

determination of these compounds. As an example, Zhou et al. achieved for all the API sources 

better responses of the DP and analogs using a methanol/water mobile phase than those 

achieved with an acetonitrile/water mixture [152]. Moreover, when neutral PFAS are 

determined simultaneously with legacy PFAS, ammonium acetate (NH4Ac) is usually added to 
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the mobile phase to ensure the retention of these polar and ionic compounds [153], although 

it also involves a loss of sensitivity for neutral PFAS, especially for FTOHs and FOSEs. 

Other separation technique like packed column supercritical fluid chromatography (pSFC), has 

also been reported with the main advantages of facilitating the simultaneous analysis of 

different families of compounds or the determination of thermally labile compounds. For 

instance, the separation of PCDD/Fs in a Torus 1-AA column (anthracene-based column) 

employing supercritical CO2 and methanol as cosolvent provided a similar elution profile than 

that achieved using a DB-5 column, although lower resolution was obtained [134]. 

Nonetheless, few co-elutions with non-2,3,7,8 substituted congeners were observed, which 

makes this technique promising for the analysis of halogenated pollutants, although further 

investigation would be required to propose pSFC as a potential alternative to GC separations. 

Mass Spectrometry 

Mass spectrometry is a powerful technique, especially when coupled with chromatography, 

allowing to overcome the lack of confirmation of classical selective detection systems 

(e.g., electron capture detector, fluorescent detection, or even electrochemical detection) for 

the determination of halogenated organic contaminants. Some of the important advantages 

offered by mass spectrometry techniques in front of classical detectors are the unequivocal 

identification/confirmation, the structural and isotope information needed for analyte 

characterization, selectivity to prevent interference problems and differentiate isobaric 

coeluting compounds as well as reduce the background noise improving sensitivity. 

Additionally, recent advances in mass spectrometry have increased the number of 

commercially available instruments that provide high sensitivity and selectivity while being 

easy to handle with reduced cost and maintenance. Thus, mass spectrometry has become a 

universal and specific technique for targeted and non-targeted analysis of these contaminants 

in environmental applications. 

Ionization Techniques 

In addition to the sample introduction, ionization is one of the first steps in the mass 

spectrometric analysis. Table 1.6 summarizes the main ionization techniques employed in the 

analysis of halogenated organic contaminants by chromatography-mass spectrometry. 

Regarding high-vacuum ionization techniques (applied in GC-MS determinations), electron 

ionization (EI) has been widely used for compounds such as PCDD/Fs, dioxin-like PCBs, and 

PCNs. These compounds generally yield the molecular ion [M]+● in EI. However, low ionization 

energies have often been used to reduce the fragmentation of PCDD/Fs and PCBs. This also 

happens for PBDEs, although highly brominated congeners still show the ion [M‒Br2]+● as the 

base peak of the mass spectrum even at low ionization energies [142,160,161]. On the other 

hand, the ionization of CPs, DPs, HBCDs, and neutral PFAS under EI conditions has shown 

a high fragmentation that hinders the detection capability and the selectivity of the method. 

This fact is especially critical for the determination of CPs, where the highly fragmented mass 
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spectra make difficult the quantitation of the congener groups (more than 10,000 compounds). 

Thus, the EI-based methods are generally focused on the determination of total CPs 

concentration. In contrast to EI, chemical ionization techniques are typically proposed to 

reduce fragmentation of these compounds improving both selectivity and sensitivity. Among 

them, few of the target compounds usually are determined using positive ion chemical 

ionization (CI)-based methods. For instance, FTOHs, FOSAs and FOSEs were ionized leading 

to the protonated molecule [M+H]+ as the base peak of the mass spectra improving both 

selectivity and sensitivity over that obtained with EI [137,162]. Regarding negative-ion 

chemical ionization (NICI), different ionization trends can be observed. CPs were primarily 

ionized generating the [M‒Cl]‒ and [M‒HCl]‒● ions that facilitate the individual quantitation of 

each congener group [163]. Despite the advantages of NICI, Zencak et al. [164] reported that 

EI combined with tandem mass spectrometry (MS/MS) was still more selective than NICI-MS 

to overcome potential interferences such as PCBs or PBDEs, which enable the use of simple 

clean-up procedures. A similar ionization pattern was observed by NICI for PCDD/Fs, PCBs, 

PCNs, and even DP and chlorinated analogs, where the molecular ion [M]‒● is typically 

monitored although losses of Cl or HCl are also observed. This kind of fragmentation may 

hinder the selectivity on the determination of these compounds in front of other structurally 

similar compounds. Additionally, low chlorinated congener groups of PCDD/Fs, dl-PCBs, and 

PCNs show a relatively low response in NICI. At the same time, significant differences in the 

intensity have also been observed for compounds from the same homologue group of 

congeners [165] that makes necessary the use of isotope dilution for avoiding quantitation 

problems. Sometimes, NICI also provides highly fragmented mass spectra. For example, 

FOSAs and FOSEs show a high fragmentation with low characteristic ions while mass spectra 

FTOHs are characterized by fragment ions originated by losses of HF units from the molecular 

ion. Therefore, NICI is usually employed for confirmation purposes in the analysis of neutral 

PFAS [137,162]. This selectivity disadvantage is also manifested for brominated organic 

contaminants. For instance, an intense but low selective [Br]‒ ion is normally selected to 

determine Dec-604 [108] and tri- to heptaBDEs whereas highly brominated PBDEs show a 

lower fragmentation being possible to select more characteristic ions at high m/z values in the 

mass spectra [126].  

Concerning API sources, the number of publications that propose these techniques for the 

ionization of halogenated pollutants has exponentially increased in the last years. These 

ionization sources are mainly used for LC-MS systems, but in this last decade, the number of 

applications using the API sources for GC-MS has greatly increased. API techniques provide 

a soft ionization promoting the formation of molecular ion or quasi-molecular ions (protonated 

or deprotonated molecule) and, therefore, reducing the in-source fragmentation. Among the 

API sources, atmospheric pressure chemical ionization (APCI) and atmospheric pressure 

photoionization (APPI) are the techniques most widely used for the determination of these 

compounds using both LC-MS and GC-MS. These sources ionize both moderate-polar and 

non-polar compounds, while electrospray (ESI) is mainly applied for the ionization of ionic, 
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polar, and less volatile halogenated compounds. Regardless of the coupling used (LC-MS, 

GC-MS, etc.), the ions observed for each family of compounds are generally similar in each 

API source. The nature of these ions will only depend on the liquid-phase (ESI) or gas-phase 

composition (APCI and APPI), leading to small variations in the mass spectra. 

Halogenated aromatic contaminants (PBDEs, PCBs, PCDD/Fs, and PCNs) have been widely 

analyzed by APCI and APPI, for LC-MS and pSFC-MS couplings, yielding the molecular ion 

[M]+● and the phenoxide ion [M‒X+O]‒ (X: Cl, Br) in positive and negative ion mode, 

respectively, regardless of the mobile phase composition in APCI or the dopant used in APPI. 

However, the gas-phase composition can have a significant effect on the ionization efficiency. 

For instance, Perazzolli et al. [166] reported the post-column addition of benzene in LC-APCI 

to dramatically increase the ionization efficiency of TCDD/Fs in positive ion mode. Besides, 

Debrauwer et al. [167] used the post-column addition of toluene as dopant in LC-APPI (positive 

ion mode) to favor the formation of the molecular ion for PBDEs. In contrast, Riddell et al. [135] 

proposed the use of fluorobenzene, instead of the more toxic toluene, to promote charge-

exchange reactions in the ionization of PCDD/Fs in pSFC-APPI positive ion mode. 

Concerning LC-APCI and LC-APPI negative ion mode, the formation of [M‒X+O]‒ ion occurs 

by the gas-phase reaction of analyte neutral molecules with superoxide ions, which are 

generated in these ionization sources even when oxygen is present at trace concentration 

levels [168]. In dopant-assisted negative APPI ionization, toluene has been often used for 

PCBs [94], PCDD/Fs [168] and PCNs [98] yielding the [M‒Cl+O]‒ ion, while for PBDEs 

[97,116] the best results have been reported using toluene and acetone, which favor the 

formation of [M‒Br+O]‒ ion for highly brominated PBDEs. In contrast, di- and triBDEs showed 

a very low response working in negative ion APPI mode [167,169]. In the case of BDE-209 the 

ion [C6Br5O]‒ was the base peak of the mass spectrum instead of the phenoxide ion observed 

for other highly brominated BDEs [116,118,170]. Furthermore, when using [M‒X+O]‒ ions as 

precursor ions in tandem mass spectrometry experiments, it yielded product ions due to losses 

of chlorine or bromine atoms, providing high selectivity for the corresponding LC-MS/MS 

methods [94,98,168]. Additionally, the product ion mass spectra of [M‒Br+O]‒ precursor ion 

also yielded a non-specific intense [Br]‒ ion as it was reported by Bacaloni et al. for BDE-153 

[97]. 

On the other hand, the atmospheric pressure ionization of non-aromatic halogenated 

contaminants has also been evaluated in negative ion mode for LC-MS determinations. 

Concerning ESI, HBCDs yielded the deprotonated molecule [112,171], while neutral PFAS 

and DP have shown a high tendency to form adduct ions. For neutral PFAS, ammonium 

acetate is employed in the mobile phase to favor the chromatographic retention of ionic PFAS. 

Under these conditions, FOSAs generated the deprotonated molecule, while FTOHs and 

FOSEs yielded [M+CH3COO]‒ adduct ions, which only led to an unselective acetate ion in the 

tandem mass spectrum [153,172]. To overcome this lack of selectivity, the ammonium acetate 

must be removed to favor the formation of the deprotonated molecule for FTOHs [96].



 

 T
ab

le
 1

.6
.  

M
as

s 
sp

ec
tr

om
et

ry
 s

ys
te

m
s 

us
ed

 fo
r 

th
e 

de
te

rm
in

at
io

n 
of

 h
al

og
en

at
ed

 o
rg

an
ic

 c
on

ta
m

in
an

ts
. 

A
n

al
yt

e 
In

le
t 

S
ys

te
m

 
Io

n
iz

at
io

n
 

T
ec

h
n

iq
u

e 
Io

n
 S

o
u

rc
e 

C
o

n
d

it
io

n
s 

P
re

cu
rs

o
r 

Io
n

 
M

as
s 

A
n

al
yz

er
 

iL
O

D
  

(p
g

 µ
L

-1
) 

R
ef

. 

C
P

s 
G

C
 

E
I 

70
 e

V
 

[C
7H

7]
+
/[C

5H
7C

l]+
●
 

Q
qQ

 
90

-2
30

 
[1

07
,1

25
,1

63
,1

64
] 

 
 

 
70

 e
V

 
[M

]+
●
 (

2 H
-d

ec
hl

or
in

at
ed

 a
na

lo
gs

) 
Q

T
O

F
 

1.
5a

 
[1

73
] 

 
 

N
IC

I 
M

et
ha

ne
/N

H
3b  

[M
−

C
l]−

/ [
M

−
H

C
l]−

●
 

Q
qQ

 
n.

r.
c  

[1
63

,1
64

] 
 

 
 

n.
r.

c  
[M

−
C

l]−
/ [

M
−

2C
l]−

●
 

Q
T

O
F

 
24

-1
70

 
[1

74
] 

 
 

 
M

et
ha

ne
b  

[M
−

C
l]−

/ [
M

−
H

C
l]−

●
 

Q
-O

rb
itr

ap
 

0.
03

-2
.0

2d  
[1

47
] 

 
 

 
M

et
ha

ne
b  

[M
−

C
l]−

 
Q

 
10

0-
70

0 
[1

25
] 

 
G

C
xG

C
 

N
IC

I 
M

et
ha

ne
b  

[M
−

C
l]−

/ [
M

−
H

C
l]−

●
 

T
O

F
 

n.
r.

c  
[1

11
] 

 
LC

 
E

S
I (

‒
) 

N
H

4C
le  

[M
+

C
l]−

 
Q

T
O

F
 

10
-2

0 
[1

55
] 

 
F

IA
f  

E
S

I (
‒

) 
C

H
2C

l 2
g  

[M
+

C
l]−

 
Q

T
O

F
 

50
-4

00
 

[1
75

] 
 

 
A

P
C

I (
‒

) 
 

C
H

2C
l 2

g  
[M

+
C

l]−
 

Q
T

O
F

 
30

-1
20

0 
0.

2-
10

0d
 

[1
76

–1
78

] 

 
 

 
C

H
B

r 3
g  

[M
+

B
r]

−
 

Q
T

O
F

 
0.

1-
16

0d
 

[1
79

] 

D
P

s 
G

C
 

E
I 

35
 e

V
 

[C
5C

l 6
]+

●
/[C

7H
2C

l 5
]+

/ [
C

5H
xC

l y]
+

●
 ♯
 

Q
qQ

 
n.

r.
c  

[1
22

] 

 
 

 
35

 e
V

 
[C

5C
l 6

]+
●
/[C

7H
2C

l 5
]+

/ [
C

5H
xC

l y]
+

●
 ♯
 

S
ec

to
rs

 
0.

00
3-

0.
06

4 
[1

40
,1

45
] 

 
 

N
IC

I 
M

et
ha

ne
b  

[M
]‒

●
/[B

r]
−
 

Q
 

0.
00

5-
0.

09
6a 

[1
08

] 
 

 
 

M
et

ha
ne

b  
[M

]‒
●
/[B

r]
−
 

Q
qQ

 
0.

01
7-

0.
07

5a 
[1

08
] 

 
 

G
C

-A
P

C
I (

+
) 

−
 

[C
7H

2C
l 5

]+
/[M

+
H

‒
C

l]+
●
 

Q
T

O
F

 
n.

r.
c  

[1
13

] 
 

LC
 

E
S

I (
‒

) 
N

H
4C

lg  
[M

+
C

l]−
 

Q
qQ

 
n.

r.
c  

[1
52

] 
 

 
A

P
C

I (
‒

) 
‒

/N
H

4C
lg  

[M
+

H
]−

/[M
−

X
+

O
]−

 ⁂
 

Q
qQ

 
n.

r.
c  

[1
52

] 

 
 

A
P

P
I (

‒
) 

A
ce

to
ne

g
 

[M
+

H
]−

/[M
−

B
r+

O
]−

/ [
M

−
xH

+
yC

l‒
zO

]−
 ⸸

 
Q

qQ
 

25
-5

0a  
[1

52
] 

H
B

C
D

s 
G

C
 

E
I 

70
 e

V
 

[M
−

B
r‒

4H
B

r]
+
 

Q
qQ

 
n.

r.
c  

[1
80

] 
 

 
G

C
-A

P
C

I (
+

) 
‒

 
[M

‒
B

r]
+
 

Q
qQ

 
0.

1 
[1

41
] 

 
LC

 
E

S
I (

‒
) 

−
 

[M
‒

H
]−

 
Q

qQ
 

0.
09

-0
.1

9 
[1

12
,1

80
,1

81
] 

 
 

 
−

 
[M

‒
H

]−
 

O
rb

itr
ap

 
0.

39
-0

.9
0a  

[1
82

] 
 

 
A

P
C

I (
‒

) 
−

 
[M

‒
H

]−
 

Q
qQ

 
0.

3-
0.

4a
 

[1
83

] 
 

 
A

P
P

I (
‒

) 
T

ol
ue

ne
 +

 1
,4

-D
B

B
g,

h  
[M

+
B

r]
‒
 

Q
qQ

 
4.

3-
23

 
[1

84
] 

 
pS

F
C

 
A

P
P

I (
‒

) 
F

lu
or

ob
en

ze
ne

g  
[M

‒
H

]−
 

Q
 

n.
r.

c  
[1

35
] 

 
‒

 
F

A
P

A
 (
‒

) 
H

el
iu

m
 

[M
‒

H
]−

 
Q

IT
 j 

10
,0

00
 

[1
85

] 
a 

pg
 in

je
ct

ed
 o

n 
co

lu
m

n;
 b  

re
ag

en
t 

ga
s;

 c  
no

t 
re

po
rt

ed
; 

d
 in

di
vi

du
al

 C
P

 h
om

ol
og

ue
s;

 e  
m

ob
ile

 p
ha

se
 c

om
po

ne
nt

; 
f  F

lo
w

 in
je

ct
io

n 
an

al
ys

is
; 

g  
po

st
-c

ol
um

n 
ad

di
tio

n;
 h  

1,
4-

di
br

om
ob

ut
an

e;
   

   
i  m

od
ifi

er
 in

 th
e 

so
ur

ce
; j 

qu
ad

ru
po

le
-io

n 
tr

ap
; ♯

 x
=

1-
2,

 y
=

4-
5;

 ⁂
 X

=
C

l, 
B

r;
 ⸸

 x
=

2-
3,

 y
=

4-
5,

 z
=

4-
5;

  ⁑
 R

=
‒

C
H

3,
 ‒

C
2H

5;
 ‡  

x=
1-

4.

Chapter 1. Introduction 

 

31 
 

 



 

 T
ab

le
 1

.6
 (

co
n

t.
).

  M
as

s 
sp

ec
tr

om
et

ry
 s

ys
te

m
s 

us
ed

 fo
r 

th
e 

de
te

rm
in

at
io

n 
of

 h
al

og
en

at
ed

 o
rg

an
ic

 c
on

ta
m

in
an

ts
. 

A
n

al
yt

e 
In

le
t 

S
ys

te
m

 
Io

n
iz

at
io

n
 

T
ec

h
n

iq
u

e 
Io

n
 S

o
u

rc
e 

C
o

n
d

it
io

n
s 

P
re

cu
rs

o
r 

Io
n

 
M

as
s 

A
n

al
yz

er
 

iL
O

D
 

(p
g

 µ
L

-1
) 

R
ef

. 

nP
F

A
S

 
G

C
 

E
I 

70
 e

V
 

[M
+

H
‒

xH
F

]+
‡ /

[N
S

O
2H

R
]+
⁑
 

Q
 

0.
2-

6 
[1

05
] 

 
 

C
I 

M
et

ha
ne

b  
[M

+
H

]+
/[M

−
F

]+
 

Q
 

0.
06

-4
 

[1
37

,1
62

] 
 

 
N

IC
I 

M
et

ha
ne

b  
[M

‒
xH

F
]−

●
‡ /

[N
S

O
2H

R
]‒
⁑
/ [

C
2H

5O
N

S
O

2R
]+

 ⁑
 

Q
 

n.
r.

c  
[1

37
,1

62
] 

 
 

G
C

-A
P

C
I (

+
) 

H
2O

i  
[M

+
H

]+
 

Q
qQ

 
0.

00
1-

0.
00

5a  
[9

9]
 

 
LC

 
E

S
I (

‒
) 

N
H

4A
ce  

[M
+

C
H

3C
O

O
]−

 
Q

qQ
 

n.
r.

c  
[1

53
] 

 
 

 
−

 
[M

‒
H

]−
 

Q
qQ

 
n.

r.
c  

[9
6]

 
 

 
A

P
P

I (
‒

) 
T

ol
ue

ne
g
 

[M
‒

H
]−

/[M
+

O
2]

−
●
 

Q
qQ

 
0.

08
-1

 
[1

19
] 

P
B

D
E

s 
G

C
 

E
I 

70
 e

V
 

[M
]+

●
 

Q
 

0.
2-

20
0a

 
[1

29
] 

 
 

 
65

 e
V

 
[M

]+
●
/ [

M
−

B
r 2

]+
●
 

Q
qQ

 
0.

04
-2

4a
 

[1
60

] 
 

 
 

45
 e

V
/-

 
[M

]+
●
/ [

M
−

B
r 2

]+
●
 

S
ec

to
rs

 
0.

01
0-

11
 

[1
27

,1
61

,1
86

] 
 

 
N

IC
I 

M
et

ha
ne

/N
H

3b  
[B

r]
−
 

Q
 

n.
r.

c  
[1

26
,1

87
] 

 
 

G
C

-A
P

C
I (

+
) 

−
 

[M
+

H
]+

/[M
]+

●
 

Q
T

O
F

 
0.

01
3-

2.
5 

[1
86

] 
 

 
 

−
 

[M
+

H
]+

/[M
]+

●
 

Q
qQ

 
0.

00
1-

0.
01

 
[1

88
] 

 
 

 
H

2O
/H

C
O

O
H

 (
1%

)i  
[M

+
H

]+
 

Q
qQ

 
0.

00
1-

0.
02

5 
[1

88
] 

 
 

G
C

-A
P

P
I (

+
) 

−
 

[M
]+

●
 

T
O

F
 

n.
r.

c  
[1

43
] 

 
LC

 
A

P
C

I (
‒

) 
−

 
[M

−
B

r+
O

]−
 

Q
qQ

 
0.

10
-0

.7
2a 

[1
18

] 
 

 
A

P
P

I (
+

) 
T

ol
ue

ne
g
 

[M
]+

●
 

Q
qQ

 
n.

r.
c  

[1
67

] 
 

 
A

P
P

I (
‒

) 
T

ol
ue

ne
/A

ce
to

ne
g
 

[M
−

B
r+

O
]−

 /[
M

−
2B

r+
O

]−
●
 

Q
qQ

 
0.

11
-6

.3
a
 

[9
7,

11
8]

 
 

 
 

T
ol

ue
ne

g
 

[M
−

B
r+

O
]−

 
Q

-O
rb

itr
ap

 
0.

2-
2.

2a
 

[1
16

] 
 

‒
 

A
P

C
I (

‒
) 

−
 

[M
−

B
r+

O
]−

 
D

T
IM

S
-Q

T
O

F
 

n.
r.

c  
[1

89
] 

 
 

A
P

P
I (

‒
) 

T
ol

ue
ne

/A
ce

to
ne

e
 

[M
−

B
r+

O
]−

 
D

T
IM

S
-Q

T
O

F
 

n.
r.

c  
[1

89
] 

P
C

D
D

/F
s 

G
C

 
E

I 
70

 e
V

 
[M

]+
●
 

Q
qQ

 
0.

07
-0

.7
5a  

[1
39

] 
 

 
 

70
 e

V
 

[M
]+

●
 

IT
 

0.
04

-0
.8

6a  
[1

21
] 

 
 

 
32

 e
V

 
[M

]+
●
 

S
ec

to
rs

 
0.

00
7-

0.
02

6a  
[1

39
] 

 
 

 
70

 e
V

 
[M

]+
●
 

O
rb

itr
ap

 
0.

00
9-

0.
04

5a  
[1

90
] 

 
 

G
C

-A
P

C
I (

+
) 

−
 

[M
]+

●
 

Q
qQ

 
0.

00
1-

0.
00

2a  
[1

48
,1

91
,1

92
] 

 
LC

 
A

P
C

I (
+

) 
B

en
ze

ne
g  

[M
]+

●
 

IT
 

n.
r.

c  
[1

66
] 

 
pS

F
C

 
A

P
P

I (
+

) 
F

lu
or

ob
en

ze
ne

g 
[M

]+
●
 

Q
qQ

 
n.

r.
c  

[1
35

] 
 

F
IA

c  
A

P
P

I (
‒

) 
T

ol
ue

ne
e
 

[M
−

C
l+

O
]−

 
Q

qQ
 

0.
17

-4
.6

1a  
[1

68
] 

a 
pg

 in
je

ct
ed

 o
n 

co
lu

m
n;

 b  
re

ag
en

t 
ga

s;
 c  

no
t 

re
po

rt
ed

; 
d

 in
di

vi
du

al
 C

P
 h

om
ol

og
ue

s;
 e  

m
ob

ile
 p

ha
se

 c
om

po
ne

nt
; 

f  F
lo

w
 in

je
ct

io
n 

an
al

ys
is

; 
g  

po
st

-c
ol

um
n 

ad
di

tio
n;

 h  
1,

4-
di

br
om

ob
ut

an
e;

   
   

i  m
od

ifi
er

 in
 th

e 
so

ur
ce

; ♯
 x

=
1-

2,
 y

=
4-

5;
 ⁂

 X
=

C
l, 

B
r;

  ⸸
 x

=
2-

3,
 y

=
4-

5,
 z

=
4-

5;
  ⁑

 R
=
‒

C
H

3,
 ‒

C
2H

5;
 ‡  

x=
1-

4.

Chapter 1. Introduction 

 

32 
 

 



 

 T
ab

le
 1

.6
 (

co
n

t.
).

  M
as

s 
sp

ec
tr

om
et

ry
 s

ys
te

m
s 

us
ed

 fo
r 

th
e 

de
te

rm
in

at
io

n 
of

 h
al

og
en

at
ed

 o
rg

an
ic

 c
on

ta
m

in
an

ts
. 

A
n

al
yt

e 
In

le
t 

S
ys

te
m

 
Io

n
iz

at
io

n
 T

ec
h

n
iq

u
e 

Io
n

 S
o

u
rc

e 
C

o
n

d
it

io
n

s 
P

re
cu

rs
o

r 
Io

n
 

M
as

s 
A

n
al

yz
er

 
iL

O
D

 (
p

g
 µ

L
-1

) 
R

ef
. 

P
C

B
s 

G
C

 
E

I 
70

 e
V

 
[M

]+
●
 

Q
qQ

 
0.

05
-0

.6
3 

[1
39

] 
 

 
 

32
 e

V
 

[M
]+

●
 

S
ec

to
rs

 
0.

00
4-

0.
00

7 
[1

39
] 

 
 

N
IC

I 
M

et
ha

ne
b  

[M
]‒

●
 

Q
 

n.
r.

c  
[1

09
] 

 
 

G
C

-A
P

C
I (

+
) 

−
 

[M
]+

●
 

Q
qQ

 
0.

00
25

 
[1

49
,1

50
,1

93
] 

 
 

 
−

 
[M

]+
●
 

Q
T

O
F

 
0.

02
-0

.5
 

[1
94

] 
 

 
G

C
-µ

A
P

C
I (

‒
) 

−
 

[M
−

C
l+

O
]−

 
IT

 
1-

10
00

 
[1

95
] 

 
 

G
C

-µ
A

P
P

I (
‒

) 
T

ol
ue

ne
i  

[M
−

C
l+

O
]−

 
IT

 
1-

20
00

 
[1

95
] 

 
LC

 
A

P
P

I (
‒

) 
T

ol
ue

ne
g
 

[M
−

C
l+

O
]−

 
Q

qQ
 

0.
29

-8
.3

a
 

[9
4]

 
 

‒
 

A
P

C
I (

‒
) 

−
 

[M
−

C
l+

O
]−

 
D

T
IM

S
-Q

T
O

F
 

n.
r.

c  
[1

89
] 

 
 

A
P

P
I (

‒
) 

T
ol

ue
ne

/A
ce

to
ne

e
 

[M
−

C
l+

O
]−

 
D

T
IM

S
-Q

T
O

F
 

n.
r.

c  
[1

89
] 

P
C

N
s 

G
C

 
E

I 
70

 e
V

 
[M

]+
●
 

S
ec

to
rs

 
0.

06
-0

.1
3a  

[1
96

] 
 

 
E

I 
70

 e
V

 
[M

]+
●
 

Q
qQ

 
n.

r.
c  

[1
30

] 
 

 
N

IC
I 

N
H

3b  
[M

]‒
●
/[M

−
H

C
l]−

●
 

Q
 

n.
r.

c  
[1

97
] 

 
G

C
xG

C
 

E
I 

70
 e

V
 

[M
]+

●
 

T
O

F
 

0.
09

-0
.0

6 
[1

58
] 

 
LC

 
A

P
P

I (
‒

) 
 

T
ol

ue
ne

g
 

[M
−

C
l+

O
]−

 
Q

qQ
 

0.
8-

16
a  

[9
8]

 
a 

pg
 in

je
ct

ed
 o

n 
co

lu
m

n;
 b  

re
ag

en
t 

ga
s;

 c  
no

t 
re

po
rt

ed
; 

d
 in

di
vi

du
al

 C
P

 h
om

ol
og

ue
s;

 e  
m

ob
ile

 p
ha

se
 c

om
po

ne
nt

; 
f  F

lo
w

 in
je

ct
io

n 
an

al
ys

is
; 

g  
po

st
-c

ol
um

n 
ad

di
tio

n;
 h  

1,
4-

di
br

om
ob

ut
an

e;
   

   
i  m

od
ifi

er
 in

 th
e 

so
ur

ce
; ♯

 x
=

1-
2,

 y
=

4-
5;

 ⁂
 X

=
C

l, 
B

r;
  ⸸

 x
=

2-
3,

 y
=

4-
5,

 z
=

4-
5;

  ⁑
 R

=
‒

C
H

3,
 ‒

C
2H

5;
 ‡  

x=
1-

4.

Chapter 1. Introduction 

 

33 
 

 



Chapter 1. Introduction 

34 
 

Moreover, Peng et al. [120] proposed dansyl derivatization of FTOHs to improve their 

ionization, preventing adduct formation. Regarding DP and analogs, Zhou et al. [152] reported 

that ESI only allows the ionization of Dec-603, syn- and anti-DP in the negative ion mode 

through the generation of [M+Cl]‒ ions when NH4Cl is added to the mobile phase. In contrast, 

negative ion APCI and APPI (dopant: acetone) showed similar results mainly consisting in 

displacement products ions such as [M−Br+O]− and [M−xH+yCl‒zO]− (where x=2-3, y=4-5, 

z=4-5) or association product ions [M+H]‒, although negative ion APPI provided the best 

sensitivity. The use of LC-APPI or LC-APCI in negative ion mode also improved the ionization 

efficiency of neutral PFAS and HBCDs. For instance, Chu et al. [119] reported that FTOHs 

and FOSAs led to deprotonated molecule ions under gas-phase API conditions. Besides, 

these authors indicated that when analyzing biota samples, negative ion APPI (gas-phase 

ionization) showed the additional advantage of a significantly lower matrix effect over FTOHs 

response compared to ESI (liquid-phase ionization). In the case of HBCDs, Feng et al. [183] 

indicated that APCI achieved 2-3 times higher sensitivity than ESI for the formation of the 

deprotonated molecule, thus becoming an interesting alternative to overcome potential matrix 

effect. In the last few years, the use of API sources has also been deeply evaluated to achieve 

the ionization of CPs by promoting stable adduct ions through an anion-attachment ionization 

mechanism. Thus, Bogdal et al. [176] proposed the post-column addition of dichloromethane 

to an acetonitrile mobile phase, which allowed the generation of an APCI plasma of Cl‒ ions 

to promote the formation of [M+Cl]‒ adduct ions. The chlorine-enhanced ionization conditions 

suppressed the formation of multiple fragment ions, which improved the sensitivity and the 

selectivity for the determination of CPs by negative ion APCI. However, under these ionization 

conditions, Yuan et al. [179] observed that [M+Cl]‒ ions of C10Cl5 to C10Cl8 congeners 

overlapped with [M+Cl‒HCl]‒ ions coming from the ionization of C10Cl6 to C10Cl9 congener 

groups. In contrast, the post-column addition of bromoform produced an APCI plasma of [Br]‒ 

ions that favored the formation of nearly exclusive [M+Br]‒ ions for C10Cl5 to C10Cl9 congeners 

that increased the selectivity and avoided complex data deconvolution processes. Recently, 

this anion-attachment ionization strategy is being applied in ESI. For instance, Li et al. [175] 

have evaluated the use of negative ion ESI for the analysis of CPs by using a post-column 

addition of dichloromethane to promote the formation of [M+Cl]‒ ions. Zheng et al. [155] also 

proposed the use of NH4Cl in the methanol mobile phase to form chloride adduct ions thus 

increasing 3-fold the response of [M+Cl]‒ ions compared to the use of CH2Cl2. The authors 

suggested that the concentration of Cl‒ ion would be enhanced by the decomposition of NH4Cl 

into ammonia and HCl (at 300 oC), whereas the volatilization of dichloromethane would reduce 

the presence of Cl‒ ions in the ESI source. 

The use of API techniques has significantly increased in the last decades not only for LC-MS 

determinations but also for GC-MS analysis due to the specific development of atmospheric 

pressure chemical ionization (GC-APCI) and atmospheric pressure photoionization (GC-APPI) 

sources for the GC-MS coupling [198,199]. Among them, positive ion GC-APCI have been 

extensively used owing to its great sensitivity for the determination of halogenated 
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contaminants. The use of the GC-APCI source significantly prevented the fragmentation 

observed in EI as it could be observed in Fig. 1.7 for PCB-157. PCDD/Fs as well as dl-PCBs 

show very intense molecular ion with negligible APCI in-source fragmentation, thus allowing 

the detection of the target compounds at the low fg level (ca. 2-25 fg injected on column)   

[148–150,191]. Moreover, Sales et al.[141] reported that HBCDs efficiently formed the [M‒Br]+ 

ion in GC-APCI, that allowed the selective and sensitive screening of these compounds up to 

100 fg µL‒1, while Portolés et al. [99] indicated that FTOHs, FOSEs, and FOSAs were 

efficiently ionized by yielding the protonated molecule as the base peak in GC-APCI-MS. The 

addition of an uncapped vial with water into the ion source has been proposed to promote 

proton-transfer reactions, which allowed the detection of neutral PFAS at the low fg level 

(1-5 fg injected on column). This strategy has also been evaluated to ionize PBDEs, which 

formed both the molecular ion and the protonated molecule. However, it was observed that 

the absence of water or other substances such as formic acid for preventing proton-transfer 

reactions provided the highest sensitivity for PBDEs by monitoring product ions coming from 

the [M]+• ion [188].  

Fig. 1.7. Comparison of the ionization for the 2,3,3’,4,4’,5-hexachlorobiphenyl dioxin like-PCB 

in EI (left) and APCI (right) sources [149]. 

The GC-APPI source has been commercialized in the last years and it has demonstrated a 

great potential to efficiently ionize halogenated pollutants. For instance, Di Lorenzo et al. [143] 

demonstrated that under dopant-assisted photoionization PBDEs only yielded the molecular 

ion in contrast to the ion mixture [M]+•/[M+H]+ observed in the GC-APCI source. Besides, some 

photooxidation products such as [M‒Br+O]+ or [M‒Br+O2]+ were also observed working in 

positive ion GC-APPI mode which allowed the differentiation between coeluting BDE isomers 

like BDE-49 and BDE-71. Regarding negative ion mode, Luosujärvi et al. [195] evaluated the 

ionization of PCBs using both GC-APCI and GC-APPI and observed the generation of the 

corresponding phenoxide ions as happen in LC-APCI and LC-APPI sources. 
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Mass Analyzers 

Halogenated organic contaminants have been analyzed using both low-resolution (LRMS) and 

high-resolution mass spectrometry (HRMS) (Table 1.6). Low-resolution mass analyzers, 

especially quadrupoles (Q), have been used for both GC-MS and LC-MS determinations. 

Earlier GC-MS applications were quadrupole-based using EI due to the rich information that it 

could provide and the capability for mass library searching. For instance, the analysis of neutral 

PFAS in animal plasma and tissues [200] as well as PBDEs in long-finned pilot whale [201] 

have been proposed by GC-EI-MS working in selected ion monitoring (SIM) mode. In contrast 

to ion traps (IT), where sensitive full-scan acquisition mode could be performed, quadrupole 

systems often operate in SIM mode to enhance the selectivity and sensitivity, especially for 

quantitative purposes when the analytes are present at very low concentration levels. The use 

of single quadrupoles is more limited when using soft ionization techniques (CI, NICI, and API 

sources) [99,125] because of the lower fragmentation observed in the mass spectra does not 

allow to obtain chemical structural information necessary for confirmation purposes by 

searching in the mass library. However, the lower fragmentation and the promotion of 

molecular and quasi-molecular ions provide better sensitivity than EI-SIM mode methods using 

single quadrupoles. For instance, neutral PFAS showed low fragmentation by GC-CI-MS (Q) 

with intense quasi-molecular ions. However, the few fragment ions observed had very low 

abundances thus requiring the re-analysis of positive samples by an orthogonal technique 

such as GC-NICI-MS to confirm the presence of the target compounds [137]. Besides, Iozza 

et al. [125] determined SCCPs by GC-NICI-MS (based on the monitoring of [M‒Cl]‒ ions) 

although an extensive clean-up was required to avoid interferences from other related 

halogenated compounds that can coelute with them at the same retention time. Thereby, 

tandem mass spectrometry with triple quadrupole (QqQ) instruments has been often chosen 

to improve the selectivity and detection capability of the methods, as well as to offer significant 

structural information for confirmation purposes. To overcome the lack of fragment ions in soft 

ionization sources, MS/MS is carried out to generate product ions that allow the improvement 

of selectivity, sensitivity, and characterization capabilities of the methods. For instance, 

although the analysis of PCDD/Fs and PCBs has been usually carried out by HRMS (sectors), 

new advances on fast and sensitive QqQ instruments have allowed the determination of these 

compounds by using EI and positive-ion APCI without sacrificing the selectivity required and 

avoiding some coeluting isobaric interferences such as other dioxin-like compounds 

[139,148,149,191,192]. However, García-Bermejo et al. [139] pointed out that variations in the 

measurement of the ion transition ratios (for MS/MS systems) could be higher than the ion 

ratio estimated for GC-HRMS systems (in SIM mode), which could limit method precision. 

Moreover, LC-MS and GC-MS applications using soft API sources have been performed 

exclusively in MS/MS when working with low-resolution mass spectrometers. For example, 

Sales et al. [141] proposed a GC-APCI-MS/MS method to determine HBCDs by monitoring 

product ions from the [M‒Br]+● precursor ion in multiple reaction monitoring (MRM) mode. 

Besides, Moukas et al. proposed the LC-APPI-MS/MS (QqQ) methods to determine PCBs [94] 
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and PCNs [98] by monitoring selective transitions such as [M‒Cl+O]‒ → [M‒2Cl+O]‒ and   

[M‒Cl+O]‒ → [M‒3Cl+O]‒. LC-MS/MS methods have also been proposed for other 

contaminants such as DP [152], PBDEs [118], and HBCDs [181,183]. Although MRM mode 

generally improves both selectivity and sensitivity for the analysis of these halogenated 

compounds, [Cl]‒ and [Br]‒ ions are usually selected as product ions for their monitoring. 

However, these transitions are not selective enough and can compromise the selectivity of 

these methods against other coeluting chlorinated or brominated isobaric interferences. In the 

case of the MS/MS determination of neutral PFAS, especially FTOHs and FOSEs, the product 

ions monitored in negative ion APPI [119] or positive ion GC-APCI [99] (combined losses of 

HF, fluoroalkyl chain or functional group moieties) are more selective than the non-

characteristic acetate product ion observed in negative ion ESI since only [M+CH3COO]‒ ions 

are generally formed for these families of compounds. 

Additionally, with the advances in modern triple quadrupoles, MS/MS has also been used to 

reduce background noise even for analytes showing high fragmentation. For instance, Barón 

et al. [108] observed that the QqQ instrument increased the S/N ratio of DPs compared to a 

single quadrupole system when analyzing biota samples by GC-NICI-MS(/MS). Furthermore, 

the GC-EI-MS/MS analysis of CPs, which are based on the monitoring of common fragment 

ions at low m/z values, allows that isobaric interferences could be filtered, thus increasing 

method sensitivity by acquiring data in MRM mode [125]. On the other hand, although ion-trap 

analyzers offered better sensitivity than quadrupoles working in full-scan mode, it surprises the 

reduced number of applications for the determination of these substances. This fact can be 

due to the slow scanning rate of these mass analyzers in tandem mass spectrometry in front 

of modern QqQ and quadrupole-time-of-flight (QTOF) instruments, which could hinder the 

correct monitoring of narrow chromatographic peaks. However, Smoluch et al. [185] and 

Roszko et al. [121] have proposed the used of an ion-trap mass analyzer for the screening of 

HBCDs using an ambient ionization mass spectrometry technique such as flowing atmospheric 

pressure afterglow (FAPA)-MS/MS and the determination of PCDD/Fs by GC-MS/MS, 

respectively. 

One interesting aspect of tandem mass spectrometry is the capability to study the 

fragmentation pathway of families of compounds to identify common fragmentation patterns, 

product ions, or even losses among closed related compounds. For instance, Riu et al. [169] 

tentatively proposed fragmentation pathways for PBDEs, identifying general fragmentation 

trends (losses of Br, Br2, or COBr moieties) and common product ions using LC-APPI-MS/MS 

(ion trap). The fragmentation studies may assist in the identification of new and unknown 

related compounds, as well as in the development of non-targeted strategies, such as 

fragmentation flagging approaches or mass defect plots.  

Despite the advantages of tandem mass spectrometry, the difficulties of LRMS to differentiate 

isobaric ions may hinder the quantitation of some complex mixtures. For instance, the LRMS 

analysis of CPs is mainly based on the determination of the total CP content due to the 
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limitations in separating the individual response of each CP homologue group without the 

contribution of CP groups with different chlorination degree and/or carbon chain-length or other 

halogenated contaminants like pesticides or PCBs [125]. Most of the problems and limitations 

observed in the LRMS determination of these pollutants can be overcome by using HRMS 

coupled to both GC and LC, with the additional advantage of reducing the number of false 

positives and negatives. Traditionally, the environmental occurrence of PBDEs [186] and 

compounds with dioxin-like toxicity (PCDD/Fs, dioxin like-PCBs and some PCNs) [139,196] 

has been addressed through the GC-EI-HRMS analysis with double-focusing magnetic sectors 

to overcome isobaric interferences from coeluting congeners and/or matrix components. 

Regarding DPs, EI leads to low-specific fragment ions, such as [C5Cl6]+ or [C5HCl5]+, and the 

use of HRMS affords the selective determination [145]. The use of double-focusing magnetic 

sectors mass analyzers not only could improve selectivity by removing potential interferences, 

but also could increase the sensitivity on the analysis of complex matrices by reducing the 

background noise. Nonetheless, these HRMS instruments have to work in SIM mode due to 

the low sensitivity that they show when they operate in full-scan acquisition mode. In this 

sense, the new generation of HRMS analyzers like time-of-flight (TOF) and Orbitrap offers 

important advantages, such as high scanning speed and sensitivity over traditional double-

focusing magnetic sectors mass analyzers. Thus, Hayward et al. [190] proposed a                   

GC-EI-Orbitrap method to determine PCDD/Fs in cow and human milk, since Orbitrap could 

keep a high selectivity operating at a resolution of 120,000 (FWHM, full width at half maximum, 

at m/z 200) with high sensitivity in full-scan acquisition mode. These advantages allowed 

achieving instrumental limits of detection (iLODs) comparable to those obtained using double-

focusing magnetic sectors. The easy operation of modern HRMS instruments, but keeping and 

enhancing the HRMS capabilities, have exponentially increased the number of publications 

using TOF and Orbitrap analyzers in the field of the analysis of halogenated pollutants in the 

last decades. For instance, Zacs et al. [116,182] proposed the use of highly sensitive and 

selective UHPLC-ESI-Orbitrap and UHPLC-APPI-Orbitrap methods for the determination of 

HBCDs and PBDEs, respectively. These authors highlighted that a compromise between 

selectivity and sensitivity might be considered due to the reduced scanning speed of Orbitrap 

(comparing to TOF instruments). These mass analyzers have been particularly relevant for the 

determination of CPs. Typically, GC-NICI-HRMS (TOF and Orbitrap) methods have been 

usually carried out for both the determination of the total CP content and the characterization 

of individual CP homologue groups [147,174]. For instance, the GC-NICI-Orbitrap 

determination achieved the lowest iLODs for SCCPs (0.03-2.02 pg µL-1) and MCCPs         

(0.11-0.41 pg µL-1). Moreover, working at a resolution of 60,000 FWHM authors found that 

relative deviation between the experimental and theoretical ion ratios was lower than 10% 

when the response of the homologue CP groups was lower than 1% of the total ‘hump’ area, 

demonstrating the high selectivity of the method [147]. However, a mass resolution of 94,000 

FWHM is required to solve some overlapping signals due to the high number of CP isomers. 

The rich CP isotope clusters and the multiple fragmentations of CP congeners lead to overly 

complex mass spectral data, which may result in mass interferences between and within CP 
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homologue groups [177]. In the last few years, flow injection analysis (FIA)-HRMS (TOF) 

methods have also been developed for the determination of CPs, showing important 

advantages. As mentioned above, the use of anion-attachment APCI and ESI through the 

formation of [M+Cl]‒ ions led to less complex mass spectra than those obtained by NICI [178], 

and the combination with a mathematical deconvolution approach and the TOF mass analyzer 

has made possible the selective and sensitive determination of CPs. The deconvolution 

approach allowed the identification of ion signals within a pull of overlapping masses since 

[M+Cl]‒ ions of CnClm homologue groups were not resolved from other ions, especially 

[M+Cl‒HCl]‒ ions coming from CnClm+1 homologue groups (Fig. 1.8), thus avoiding an 

overestimation on the concentration of 1.4-39% [179].  

Fig. 1.8. Bromine- and chlorine-enhanced APCI mass spectra of five CP congeners in a 

congener standard mixture (MIX-2) [179] (https://pubs.acs.org/doi/10.1021/acs.estlett.8b00216, further 

permissions related to the material excerpted should be directed to the ACS).

Meanwhile, a minimum mass resolution of 10,000 FWHM was required to overcome other 

potential interferences before the deconvolution step [177]. This procedure was even simplified 

by Yuan et al. [179] by using a bromide-attachment APCI-TOF method where the measured 

isotopic distributions of the [M+Br]‒ ions perfectly matched with the theoretical values because 

there was no fragmentation (Fig. 1.8). Thus, these results would suggest that using this 

methodology there would be no need to use the deconvolution approach, which simplifies the 

https://pubs.acs.org/doi/10.1021/acs.estlett.8b00216
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data treatment analysis and even it would open the door for the application of this methodology 

using LRMS. 

The high sensitive full-scan acquisition provided by HRMS mass analyzers like TOF or 

Orbitrap allow not only targeted analysis but also non-targeted approaches such as screening 

analysis of a large number of suspect compounds and the identification of new related 

pollutants, among others. For instance, Ieda et al. [202] proposed a workflow for targeted and 

non-targeted screening of contaminants in environmental samples based on GCxGC-EI-

HRMS (TOF) analysis. Regarding the non-targeted approach, the authors propose the use of 

specialized software (NMF with DBcreator) to achieve the deconvolution of the mixture of 

components and improve the mass spectral library searching. Mass defect plots are another 

useful tool based on full-scan HRMS data that can simplify and make faster the identification 

of halogenated pollutants in complex mixtures. In this strategy, the whole set of acquired m/z 

values are transformed into the H/Cl mass scale by multiplying each ion mass by the exchange 

factor 1.0011 (34/33.96102). A mass defect graph is then built by plotting the ion nominal mass 

in front of the H/Cl mass defect. This graph shows series of ions aligned in different classes 

(“bands”) indicating that all ions within the same series have the same repeating unit. In this 

example, hydrocarbon ions, silicon-containing ions, and halogen-containing ions were 

separated in different "bands" [203]. 

As mentioned before, the use of an API source for GC-MS has become very popular in the 

last few years and this methodology is often used in combination with HRMS. The use of      

GC-APCI-HRMS (TOF) has shown significant advantages over GC-EI-HRMS (magnetic 

sectors). For instance, Portolés et al. [204] proposed a multiclass screening of organic 

pollutants, including PBDEs, PCBs, and PCNs in water by GC-APCI-HRMS (QTOF) facilitating 

a rapid, wide-scope, more sensitive and effective screening based on molecular ion and/or 

protonated molecule searching. Additionally, the possibility of performing both full-scan and 

product ion scan in hybrid instruments such as Q-TOF or quadrupole-Orbitrap (Q-Orbitrap) 

provides useful chemical structural information to support the tentative analyte identification. 

In this way, Liu et al. [113] reported the use of a Q-TOF mass analyzer using the GC-APCI 

source in the positive ion mode and combining HRMS and MS/HRMS experiments to identify 

two novel dechlorane analogs, structurally related to Dec-603.  

GC-HRMS and LC-HRMS methods can provide accurate determinations of halogenated 

contaminants, but in some cases, the separation of isomeric compounds that have an identical 

or close elemental composition is complicated. The use of GCxGC could overcome this 

problem, but long analysis times and complex data processing may limit its use. A promising 

alternative technique is the ion mobility (IM) combined with high-resolution mass spectrometry 

because it could provide a selective and fast determination of close related halogenated 

organic contaminants by separating isobaric/isomeric compounds in very complex samples 

and improving environmental laboratory throughput. In IM separation, ions traveling through a 

drift cell filled with a buffer gas (e.g., N2) and under the influenced of a weak electric field are 
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separated according to their shape and volume (collision cross-section, CCS) in addition to 

their m/z value. Despite having an identical elemental composition, compounds with a compact 

structure (lower CCS) will travel faster through the IM cell than compounds with more extended 

shapes (higher CCS). Zheng et al. [189] evaluated the capabilities of IM-QTOF (using APCI 

and APPI) and demonstrated that both isobaric PCBs and PBDEs can be almost baseline 

separated. For instance, IM is a powerful technique to separate ortho and non-ortho PCB 

congeners (Fig. 1.9a). Non-ortho PCBs mainly exist in a planar structure leading to a larger 

size and, therefore, a higher CCS value than that observed for ortho PCBs, which are more 

likely to adapt to more compact three-dimensional structures and consequently show lower 

CCS values. The authors also reported that the CCS values measured for PCBs and hydroxyl-

PCBs (OH-PCBs) in the drift tube IM (DTIMS) are larger than those obtained for PBDEs and 

hydroxyl-PBDEs with the same m/z values (Fig. 1.9b). This fact indicates that PCBs have a 

larger structure than PBDEs, which may be explained because the electron density 

conjugation between the phenyl rings and the oxygen allows PBDEs to form a more stable 

planar structure. 

Fig. 1.9. a) IM separations of isobaric PCBs and OH-PCBs and b) CCS values versus m/z 

trend lines for polycyclic aromatic hydrocarbons (PAHs), PCBs, PBDEs and their 

metabolites (adapted from Zheng et al. [189]). 

Quantification methods 

The quantification method applied for the determination of halogenated pollutants in 

environmental samples depends on the family of compounds, the main goal of the quantitative 

method (determination of the content of total or specific congeners) and the analytical 

methodology applied, especially the separation and the ionization techniques used in GC-MS 

and LC-MS. One of the main advantages of working with mass spectrometry is the possibility 

of quantifying by using isotope-labelled compounds regardless of the mass analyzer 

employed. These isotopically labelled analogs are generally used to guarantee accurate and 

precise quantitative data since they behave similarly to native analytes during sample 

processing (surrogates), chromatographic separations (internal standards), and mass 

spectrometry analysis (internal standards and isotope dilution). Traditionally, the determination 

of 2,3,7,8-PCDD/Fs and dl-PCBs has been performed by isotope dilution, providing accurate 

a) PCBs OH-PCBs b) IMS CCS trend lines for

xenobiotics
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results despite the high cost of labelled standards for all the compounds [121,139]. Nowadays, 

isotopically labelled compounds are also commercially available for broader families of 

compounds such as DP [186], HBCDs [181], and neutral PFAS [105]. In the case of PBDEs, 

the applicability of the isotope dilution method depends on the ionization source selected. For 

instance, monitoring of non-specific [Br]‒ ions in NICI make the isotope dilution method 

unsuitable for quantitative purposes. In contrast, when ionization techniques such as EI and 

API are used, more specific ions are monitored that often keep up the 13C atoms in their 

chemical structure [118]. Regarding PCNs, there are 75 potential toxic congeners and it is 

unfeasible to have labelled compounds for all of them, therefore, the quantitation is generally 

performed by using only one 13C-labelled compound for each homologue group [196,205]. 

Although the use of isotopically labelled compounds provides significant advantages, they are 

expensive and for some compounds like SCCPs, they are not available for each specific 

congener. Consequently, other compounds with similar properties are often used as internal 

standards for quantitation purposes and/or calculate recovery rates [133]. For instance, in the 

determination of CPs, 13C-trans chlordane [111,125,164], pentachlorobenzene [107], or       

Dec-603 [163] have often been proposed as internal standards for quantification purposes to 

avoid expensive isotope-labelled CPs, while ε-hexachlorocyclohexane has been frequently 

used as recovery standard [111,125]. On the other hand, for PCNs analysis, PCBs [130,197] 

and 13C6-hexachlorobenzene [117] have been proposed injection internal standards for 

quantification purposes whereas tetrabromobenzene and PCB-209 have been applied as 

surrogates to estimate recovery rates [197]. When surrogates and/or internal standards are 

not used, which often occurs when working with API sources in LC-MS/MS determinations, 

the matrix effect takes significant relevance because it may lead to underestimated or 

overestimated results. In these cases, the matrix effect could be corrected by using a matrix-

matched calibration approach. Moreover, the use of APCI or APPI sources (gas-phase 

ionization) instead of ESI (liquid-phase ionization) could also help to overcome matrix effects 

(compared to ESI) as it was reported by Chu et al. for neutral PFAS [119]. 

Especially attention must be paid in the determination of CPs. Mixtures with different chlorine 

content and the lack of isotope-labelled compounds lead to different quantitative approaches 

according to the ionization technique used. For instance, the EI response factors of different 

SCCP mixtures are not dependent on the chlorine content, although the low selectivity only 

allows the determination of the total SCCP content [125]. In contrast, NICI responses of these 

compounds are strongly affected by their chlorination degree, which requires the use of a 

different approach like Reth’s method to overcome quantification errors [206]. A similar 

quantitative method has been carried out when using APCI-HRMS but with a previous 

deconvolution approach [178]. Nevertheless, this methodology has important advantages over 

NICI-based methods such as lower quantitation errors and the ability to detect a larger number 

of homologue groups (from Cl3 to Cl12-homologue groups) than those observed in NICI based-

methods (from Cl5 to Cl10-homologue groups), becoming a reliable alternative to reduce 

quantification errors in the analysis of SCCPs. 



Chapter 1. Introduction 

43 
 

1.2.2. Atmospheric Pressure Ionization Trends 

As it was concluded in the previous Section 1.2.1., one of the most significant trends in the 

analytical determination of halogenated contaminants is the suitable applicability of API 

techniques. These API sources are softer ionization techniques than the traditional high-

vacuum EI and chemical ionization (CI and NICI), providing low in-source fragmentation and, 

therefore, a high abundance of analyte ions. Additionally, API techniques may enable not only 

the ionization of polar compounds but also non-polar or semi-polar compounds such as most 

of the halogenated pollutants evaluated in this Thesis, highlighted in bold in Fig. 1.10. 

 
Fig. 1.10. Feasibility of atmospheric pressure ionization techniques for polar and non-polar 

compounds. 

The main characteristics of the API techniques are summarized in Table 1.7. Among the API 

sources, electrospray ionization (ESI) has been the most widely used for the LC-MS coupling. 

However, ESI allows the ionization of polar compounds in the liquid-phase mainly through the 

control of pH, thus the presence of acid or basic functional groups in the analyte structure is 
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essential. Thereby, ESI may provide an inefficient ionization for most of the analytes evaluated 

in this Thesis. Indeed, only ESI based methods for the determination of FTOHs, FOSAs, and 

FOSEs as well as few methods for SCCPs have already been reported. Additionally, ion 

suppression nor ion enhancement are usually observed using electrospray due to the 

presence of another ionizable compound, as it could be a competition during the ion 

evaporation process. These effects can lead to an artificial and irreproducible reduction or 

amplification of the analyte signal causing problems in the quantitative analysis. 

Table 1.7. Characteristics of atmospheric pressure ionization techniques. 

a Proton affinity, b Ionization energy. 

On the other hand, APCI and APPI present important advantages over ESI since they allow 

the ionization of both polar and non-polar compounds, and thus may be suitable to ionize 

halogenated organic contaminants. Besides that, they show a low ion suppression and less 

tendency to form adduct ions which lead to the establishment of methodologies less affected 

by the matrix. Nevertheless, some disadvantages must be also pointed out such as the 

possibility to produce thermal degradation due to the high temperatures applied                          

(ca. 200-500 ºC) and the acquisition of more complex mass spectra that might difficult mass 

spectral interpretation. Moreover, API sources provide less structural information than EI, 

although they often generate the molecular or quasi-molecular ion, which can be later 

fragmented by tandem mass spectrometry experiments to obtain this information. APCI and 

APPI sources have shown a great efficiency to ionize the target compounds and, 

consequently, the LC-API-MS methods based on these sources provide high sensitivity to 

detect these compounds at ultra-trace levels in environmental samples. However, the reported 

LC-MS determinations usually do not show as satisfactory chromatographic resolution as    

GC-MS (high-vacuum ionization) determinations, which still makes GC-MS the method of 

choice. 

In the last decade, the use of atmospheric pressure ionization sources for GC-MS 

determinations has exponentially increased combining the high chromatographic resolution of 

GC and the high sensitivity and selectivity of API sources (Fig. 1.11). The main advantages of 

GC-atmospheric pressure ionization are: 

 ESI APCI APPI 

Ionization Liquid-phase Gas-phase Gas-phase 

Influenced by pH PAa and IEb IEb and PAa 

Compounds Polar Polar and non-polar Polar and non-polar 

Ion suppression High Low Low 

Structural information Low Low Low 

Thermal degradation Low Medium Medium 

Adduct formation High Medium Medium 

Mass spectra complexity Low Medium High 
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• The use of API sources allows GC separation to be combined with advanced mass 

spectrometers originally developed for LC separations, 

• The molecular or quasi-molecular ion is largely preserved, 

• Due to the low in-source fragmentation, a compromise between sensitivity and 

selectivity is not necessary on the selection of precursor ions for MS/MS experiments, 

• Accurate mass measurements and elemental composition are enabled when 

coupling to HRMS, 

• Throughput improvement and reduced cost is possible as the same mass analyzer 

could alternatively be coupled to LC or GC instruments, 

• Different ionization techniques may open new fields of applications for the detection 

of organic compounds. 

 
Fig. 1.11.  Chronological distribution of the number of publications based on GC-API-MS 

methods. 

The first GC-API coupling based on atmospheric pressure chemical ionization (GC-APCI) was 

pioneered by Horning et al. in the 70s [207,208]. This setup consisted of a GC system with a 

packed column coupled to an API-MS system designed for operation in the negative ion via 

electron capture. After that, Mitchum et al. [209,210] changed Horning’s setup by coupling the 

API source to both glass capillary and fused capillary GC columns. This system was 

successfully applied during the 80s for the analysis of environmental samples to determine 

tetrachlorinated dibenzo-ρ-dioxins [209–212], 2,3,7,8-tetrachlorinated dibenzofuran [213], 

nitro-polycyclic aromatic hydrocarbons (nitro-PAHs) [214–217], and amino-PAHs [218]. In 

1998, Lee et al. [219] reported the multichannel electrospray ionization for the GC-MS coupling 

(GC-ESI) for the ionization of volatile organic compounds. The eluate of the GC column flowed 

through the center channel of the source, while the other six surrounding channels were used 

to electrospray a methanol solution containing 1% of acetic acid to allow the protonation of 

analytes by ion-molecule reactions. Thus, the authors avoided the interference from gas 
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bubbles that could occur if the eluent from the GC column is directed into the liquid in the 

electrospray needle, leading to instability of both electrospray and analytes signal. Two years 

later, Wu et al. [220] also proposed the use of secondary electrospray ionization (SESI) for 

coupling LC and GC to ion mobility-mass spectrometry (LC-IM-MS and GC-IM-MS) as a 

powerful technique to determine illicit drugs. Although these sources show a great potential to 

ionize polar compounds, they are not suitable to ionize semi-polar and non-polar compounds 

such as most of the halogenated contaminants. 

Despite the power demonstrated by the GC-API techniques for the determination of organic 

compounds, the number of publications reporting their use did not increase exponentially until 

the beginning of the 21st century (Fig. 1.11). Hence, in 2003, Revelsky et al. [198] reported the 

first study using an atmospheric pressure photoionization source for GC-MS (GC-APPI). Using 

this source, the ionization of several compounds, including alcohols, alkanes, amines, and 

esters, was achieved without in-source fragmentation. At the same time, in 2005 McEwen and 

McKay [199] introduced a new APCI interface for GC-MS and LC-MS couplings, whereas in 

2007 and 2008 Schiewek et al. [221–223] proposed an atmospheric pressure laser ionization 

source for GC-MS (GC-APLI). After that, Nørgaard et al. [224] also reported a new interface 

based on low temperature plasma for GC-MS (GC-LTP). The LTP allowed the ionization of 

low to moderate polar compounds through the formation of analyte molecular ions, protonated 

molecules, and adduct ions like [M+NO]+, achieving proper detection limits (0.5 ng injected on 

column) for volatile organic compounds. However, the GC-LTP source has not been used too 

much in the last years. Regarding GC-APCI and GC-APLI techniques, they had been 

interfaced with commercial instruments although they had never become popular until 

McEwen [199] and Schiewek [222] developed ion sources for multipurpose analysis, including 

both LC-MS and GC-MS determinations in the same instrument. Nowadays, among the almost 

200 publications describing the application of GC-API techniques, most of them (ca. 75%) are 

based on the use of the GC-APCI source, while GC-APPI and GC-APLI cover only 10% and 

9% of the publications, respectively. Among them, GC-APLI has been mainly applied to the 

determination of PAHs [225–230] while GC-APCI and GC-APPI have covered a wider range 

of applications. 

Atmospheric Pressure Chemical Ionization for GC-MS Determinations 

In 2009, Waters commercialized and launched the GC-APCI source under the nickname of 

Atmospheric Pressure Gas Chromatography (APGC) for their use with both QqQ and TOF 

mass spectrometers. Later, the GC-APCI source was also developed for their used in TOF 

mass analyzer instruments from Bruker and Agilent Technologies. Briefly, the APCI 

mechanism is initiated by a corona discharge that generates primary ions, which ionize analyte 

molecules through gas-phase ion-molecule reactions (Fig. 1.12). The corona discharge needle 

releases electrons that react with the nitrogen plasma (when N2 make-up gas used in this 

source), leading to N2
+• and N4

+•. Then, if the ionization potential of the analyte is lower than 

N2
+• or N4

+•, charge-exchange reactions may occur (Fig. 1.12a). On the other hand, when water 
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is present in the source, these nitrogen ion species can react with water leading to the 

formation of water clusters that would participate in proton-transfer reactions with analyte 

molecules (Fig. 1.12b). This proton-transfer-reaction could even be produced with water vapor 

traces presented in the ion chamber [208,231]. So, both the source and the environment must 

be under strict control to prevent ionization and corona/plasma fluctuations due to changes in 

the ionization source environmental gas composition. However, modifiers such as water or 

methanol could be used to enhance proton-transfer reactions and to promote the protonated 

molecules of analytes in GC-APCI [231].  

 
Fig. 1.12.  APCI ionization mechanisms by (a) charge-exchange or (b) proton-transfer 

reactions (where M: analyte). 

Portolés et al. [232] observed that the introduction of water vapor in the APCI source by means 

of an uncapped vial located within a designed holder decreases the fragmentation of several 

families of pesticides and made the [M+H]+ ion the base peak of their mass spectra. Moreover, 

Wachsmuth et al. [233] proposed the use of a syringe pump to increase the water vapor 

concentration in the APCI source. The continuous infusion of water provided a very sensitive 

and selective method to determine methyl chloroformate derivatives. 

The feasibility of this APCI source to ionize halogenated contaminants have been widely 

demonstrated. Highly sensitive and selective GC-APCI-MS methods have been reported for 

the determination of DP and analogs [113], PCBs [149–151,193] and PCDD/Fs [148,191–
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193,234], all of them under charge-exchange conditions to promote the molecular ion, while 

the methods reported for neutral PFAS [99] demonstrated that the ionization was significantly 

improved under proton-transfer conditions to generate the protonated molecule. Moreover, 

other related halogenated pollutants such as PBDEs [143,180,186,188] and HBCD [141] have 

also been efficiently ionized by positive ion GC-APCI through [M]+●/[M+H]+ overlapped clusters 

and [M‒Br]+ ions, respectively. 

Atmospheric Pressure Chemical Photoionization for GC-MS Determinations 

After the pioneering GC-APPI source was developed by Revelsky et al. [198] in 2003, different 

prototypes of this ion source were also developed, demonstrating the high capabilities of this 

ionization technique. The ion source setups of these prototypes mainly depended on the lamp 

position because it affects both the signal stability and the ionization efficiency. The UV lamp 

provides a selective ionization by releasing photons with an energy higher than the ionization 

potential of most analytes but lower than those of the carrier gas and the make-up gas, which 

significantly increases the sensitivity by reducing the background noise [235]. In this way, a 

krypton discharge lamp (10.0 and 10.6 eV) is commonly selected for the APPI source since it 

produces a more universal ionization than vacuum UV lamps (9.8 eV) [236]. Hence, the lamp 

in the APPI source can be positioned in 45º tangent [237] or orthogonal geometry [238]. When 

the lamp is fixed at 45º tangent ion source setup, the best signal stability was achieved when 

the eluate from the GC was directed toward the tip of the MS capillary at an angle of 45º. Later, 

Kersten et al. [239] and Kauppila et al. [238] reported a gas-tight vortex geometry for the APPI 

source. In this design, the GC-capillary outlet and the make-up gas entrance were set below 

the lamp and the ionization volume had a conical shape with the outlet to the MS located at 

the apex of the cone, which favored the main flow to generate a vortex. This vortex flow path 

allows a balance between the chromatographic efficiency and the residence time of 

compounds to achieve high ionization efficiency and prevent chromatographic band 

broadening. In contrast to the GC-APCI source, the GC-APPI ionization region is hermetically 

isolated from the surrounding environment and it allows both dopant-free and dopant-assisted 

ionization with high stability, low background noise, and low adduct ions formation [240]. This 

GC-APPI source setup idea was developed in collaboration with MasCom Technologies that, 

in 2013, launched the first commercially available GC-APPI source as an interface for Orbitrap 

mass analyzers (Fig. 1.13). 

Many gas-phase reactions could be involved during the photoionization process. Since APPI 

is coupled to GC instruments, the inert mobile phase (He) does not participate in the ionization 

mechanism. 
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Fig. 1.13.  GC-APPI source developed by MasCom Technologies based on a vortex design. 

Fig. 1.14. shows the main ionization mechanisms than can usually take place in positive ion 

mode. If the analyte has an ionization energy (IE) lower than 10.6 eV, direct photoionization 

can occur due to the direct interaction with photons emitted by the krypton discharge lamp to 

generate the [M]+• ion (Fig. 1.14a). After that, a self-protonation of the analyte by reaction with 

the analyte radical cation could be produced to form the [M+H]+ ion if the proton affinity (PA) 

of the molecule (M) is higher than PA of the [M-H]• radical [241]. The addition of a suitable 

substance (dopant, D) in relatively larger amounts than the analyte could significantly increase 

the ionization efficiency. For a substance to act as dopant, two different criteria must be 

attained: 

• The substance must be photoionizable by the krypton discharge lamp (IE < 10.6 eV), 

• The photoionizable specie may be able to interact with analyte molecules through 

proton-transfer or charge-exchange reactions, among others. 

Typically, organic solvents such as toluene, acetone, chlorobenzene, tetrahydrofuran, and 

anisole have been considered as dopants, although other compounds such as fluorobenzene 

have also been evaluated. 
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Fig. 1.14.  Positive ion APPI ionization mechanisms by (a) direct or (b) dopant-assisted 

photoionization reactions (where D: dopant and M: analyte). 

The dopant-assisted photoionization takes more relevance when direct photoionization 

processes are hindered (IE (M) > 10.6 eV) (Fig. 1.14b). However, it might be pointed out that 

the addition of dopants could also suppress the ionization of analytes with IEs above the IE of 

the dopant [238]. After the generation of the dopant radical ion during the photoionization 

process, it could directly interact with the neutral analyte molecule to promote charge-

exchange (if IE (M) < IE (D)) or proton-transfer reactions (if PA (M) > PA ([D-H]•)). Sometimes, 

a self-protonation dopant reaction can occur (if PA (D) > PA ([D-H]•)) leading to the dopant 

protonated molecule ion [D+H]+ that may later interact with the neutral molecule by proton-

transfer reactions (if PA (M) > PA (D)) [241]. 

Regarding the ionization mechanisms in negative ion APPI mode, the main gas-phase 

reactions that often take place are shown in Fig. 1.15. These gas-phase reactions must be 

necessarily mediated by a dopant agent, which releases electrons after the dopant 

photoionization process. Then, the electrons released can interact with both neutral analytes, 

if they have functional groups with enough electron affinity [242], or with the oxygen present in 
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the ion chamber to generate the superoxide ion [O2]‒● by electron capture reactions. This 

superoxide ion could also interact later by charge-exchange reactions with neutral molecules 

(Fig. 1.15a). Additionally, the formation of the deprotonated molecule may also be enabled for 

analytes with low proton affinity. Indeed, proton-transfer reactions may take place due to the 

strong gas-phase basicity (high proton affinity) of the superoxide ion that may react with 

analytes to yield the deprotonated molecules [242]. Finally, clustering reactions can also take 

place in negative ion APPI mode. Thus, the formation of phenoxide ions [M-X+O]‒ (where X: 

H, Cl or Br), that can be generated even at trace concentration of oxygen in a nitrogen 

atmosphere, have also been reported for halogenated compounds not only for the GC-APPI 

source but also for negative ion GC-APCI [195] (Fig. 1.15b). 

 

Fig. 1.15. Negative ion dopant-assisted APPI ionization mechanisms by (a) charge-exchange 

and electron capture reactions or (b) proton transfer or clustering reactions (where D: 

dopant, M: analyte and X: H, Cl or Br). 

Since the GC-APPI source has been recently commercialized, the number of applications is 

still reduced in front of the GC-APCI source, which has been launched by three different mass 

spectrometry companies. Most of the applications used home-made or prototype ionization 

sources, although they have shown a high potential for the determination of different families 

of compounds. The more relevant applications reported using the GC-APPI technique for the 

analysis of organic compounds are summarized in Table 1.8. 
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Most of the applications have been carried out in positive ion GC-APPI mode. Firstly, Revelsky 

et al. [198] evaluated the capabilities of the new ion source through the analysis of derivatized 

amino acids obtaining both the molecular ion and the protonated molecule for most of the 

compounds and achieving iLODs from 0.1 µg L-1 to 1 µg L-1 that were at least 10 times lower 

than those obtained using EI. Additionally, they also determined aromatic hydrocarbons, 

PAHs, and phthalates in crude oil obtaining the molecular ion and/or the protonated molecule 

for all the compounds [243]. The analysis of crude oil samples has also been investigated 

using the GC-APPI source. For instance, Kondyli et al. [245] proposed the complementary use 

of GC-APPI to EI in GC-MS for the characterization of the light fraction of crude oil due to the 

capability to ionize semi-polar and non-polar compounds. Lee et al. [244] reported the analysis 

of volatile compounds in perfume samples showing the improvement over the ionization 

efficiency and the reduction of oxidative ionization of analytes using dopants, while Suominen 

et al. [237] analyzed derivatized neurosteroids in urine obtaining low method limits of detection 

(mLODs) from 0.01 µg L-1 to 10 µg L-1 when using chlorobenzene as dopant. Kauppila et al. 

[238,241] helped to understand the dopant-assisted ionization mechanisms in GC-APPI using 

traditional dopant-solvents (acetone, anisole, chlorobenzene, and toluene) for aromatic 

compounds and other environmental contaminants, explaining differences in the ionization 

efficiency and the nature of the generated ions. In the case of EPA contaminants, authors 

reported that the use of dopants reduced the number of compounds ionized (e.g. 54/77 using 

toluene) but, in many cases, the response of the ionized analytes increased comparing with 

direct photoionization. In general, direct photoionization led to the generation of molecular ions 

whereas dopant-assisted photoionization also promoted charge-exchange and transfer-

reactions. The best ionization efficiency was achieved for PAHs and aromatic compounds with 

O- and N-functional groups, while aliphatic ethers and nitro-compounds showed the worst 

results. Moreover, acetone showed a different behavior than toluene, chlorobenzene, and 

anisole since it allowed the formation of the protonated molecule for many analytes [241].  

New APPI source geometries have also been developed to improve the ionization (nature and 

abundance of ions) and the transmission of ions to the inlet of the mass spectrometer, 

enhancing the sensitivity from 10 to 100-fold. Hence, capillary photoionization (CPI) [247] and 

capillary atmospheric pressure photoionization (cAPPI) [246] have emerged as alternatives to 

the GC-APPI. In both ionization sources, the photoionization process occurs in a confined 

capillary volume, although they differ from each other by the vacuum UV lamp (CPI: Kr UV 

lamp, cAPPI: DC-spark discharge VUV lamp) used and whether they use a vacuum UV glass 

window (usually MgF2 and LiF glass windows). Both ion sources were designed for their 

coupling to chromatographic systems, improving the ion transmission to the MS inlet and 

reducing unfavorable ion-molecule reactions. CPI allows the detection of both volatile and non-

volatile compounds without taking care of compound polarity since it provides additional 

sample heating [247] while cAPPI is only suitable for the analysis of volatile compounds [246]. 
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Miniaturized ion source has also been tested with a focus on generation and transmission to 

the mass spectrometer inlet of APPI ions. The interest around miniaturized systems is growing 

because it implies higher sensitivity, shorter analysis time, reduced sample and solvent 

consumption, and lower manufacturing cost. Thus, miniaturized heated nebulizers have been 

performed for microchip-based APPI (µAPPI) [252] and APCI (µAPCI) [253] for both LC-MS 

and GC-MS coupling. The analytical determination by GC-µAPPI-MS was evaluated by 

Haapala et al. [248] analyzing PAHs, amphetamines, and steroids. The authors achieved very 

high detection capability (down to 0.8 fmol for benzo[a]pyrene), good repeatability, and 

linearity. Luosujärvi et al. [249] determined derivatized selective androgen receptor achieving 

iLODs from 0.2 µg L-1 to 20 µg L-1 and thus demonstrating the high detection capability of this 

ion source. Hintikka et al. also tested the µAPPI for the detection of anabolic steroids in urine 

for anti-doping control. They indicated that the use of toluene as dopant led to the generation 

of the protonated molecule for most of the compounds (mLODs: 0.2-1 µg L-1) [250], while the 

use of chlorobenzene mainly favored the molecular ion formation (mLODs: 0.05-0.1 µg L-1) 

[251].  

The GC-APPI source has demonstrated a great potential to favor the ionization of organic 

compounds, being of great interest the evaluation of their capabilities to ionize halogenated 

contaminants. In fact, Luosujärvi et al. [195] evaluated the GC-µAPPI-MS for the determination 

of marker PCBs in soil samples whereas Di Lorenzo et al. [143] tested the GC-APPI-HRMS 

for the analysis of PBDEs in soil, sediment and dust samples. In both cases, the analysis of 

these compounds was compared with the GC-µAPCI and GC-APCI sources, respectively. 

Luosujärvi et al. [195] concluded that µAPCI was slightly more sensitive (2-3 times) while 

µAPPI was found to be a more repeatable ionization method for PCBs within a wider linear 

range than µAPCI. On the other hand, Di Lorenzo et al. [143] demonstrated that the ionization 

of PBDEs by GC-APPI only generated the molecular ion in contrast to the overlapped isotope 

clusters of [M]+• and [M+H]+ ions observed in the GC-APCI source and thus leading to higher 

iLODs. Besides, some photooxidation products were also observed in the positive ion            

GC-APPI mode, which may help with the differentiation of critical PBDE isomers. These recent 

findings highlight the important advantages that GC-APPI could have over the already reported 

methodologies for the detection and quantification of halogenated organic contaminants in 

environmental samples.
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CHAPTER 2. DETERMINATION OF FLUORINATED ORGANIC COMPOUNDS 

In this chapter, the performance of atmospheric pressure ionization sources is studied for the 

development of reliable LC-MS/MS and GC-HRMS methods to the accurate determination of 

neutral PFAS, including fluorotelomer alcohols and olefins, perfluoroalkyl sulfonamides and 

sulfonamido-ethanols, in water samples. To achieve this goal, ionization behavior of target 

compounds is thoroughly explored using API sources, such as ESI, APCI, and APPI sources 

for LC-MS/MS determinations, while the use of novel GC-APPI source is examined for           

GC-HRMS analysis opening the door to couple GC to a Quadrupole-Orbitrap mass 

spectrometer. The methodologies proposed are studied from the point of view of evaluating 

the ionization behavior of these families of compounds by selecting the most appropriate 

mobile phase composition (for LC-MS determinations) and ionization source conditions to 

achieve maximum sensitivity and selectivity in the determination of the target compounds. 

Additionally, the fragmentation pathways of ions generated for neutral PFAS in the API sources 

were also investigated to provide useful tools and rules for the identification of these analytes 

and related compounds in environmental, food, or biological samples of great interest. 

This chapter includes a brief introduction about PFAS, including their main physicochemical 

properties, their production and uses, their classification, and both the analytical determination 

issues and the environmental occurrence of those neutral PFAS included in this Thesis. 

Furthermore, this chapter also contains an experimental and results section with four research 

publications. Two of them propose methodologies based on APPI (Article I) and APCI      

(Article II) ionization for the UHPLC-MS/MS determination of PFAS in river waters. A third 

publication is devoted to the study of tandem mass spectrometry fragmentation of the ions 

generated for neutral PFAS in API sources to propose for the first time tentative fragmentation 

pathways of these compounds (Article III). Finally, the last article studies the implementation 

of a novel GC-APPI source for the development of a GC-HRMS (Quadrupole-Orbitrap) 

methodology for the determination of PFAS in water samples (Article IV). This chapter ends 

with a cross-sectional discussion of the results obtained in these research publications.
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2.1. Introduction 

As defined by Buck et al. [254], “PFASs are aliphatic substances containing one or more C 

atoms on which all the H substituents (present in the nonfluorinated analogues from which 

they are notionally derived) have been replaced by F atoms, in such a manner that they contain 

the perfluoroalkyl moiety CnF2n+1‒”. Since 1950, PFAS as well as surfactants and polymers 

made from them, have been used in many applications. PFAS have unique biological and 

physicochemical properties mainly due to the high-energy carbon-fluoride bond and the high 

electronegativity of fluorine atoms that confer strength and stability to these bonds [255]. These 

characteristics contribute to the high chemical and thermal stability of the PFAS perfluoroalkyl 

moiety that, in combination with the lipophilic and hydrophobic characteristics, make them 

suitable for a wide range of applications. Thus, PFAS have been extensively used in industrial 

and household applications, including aqueous fire-fighting foams, surfactants, lubricants, 

pesticides, water, and stein-resistance coatings (in textile products or packaging materials) as 

well as the production of fluoropolymers, among others [256]. 

Historically, two main manufacturing processes have been carried out to synthesize 

compounds containing perfluoroalkyl chains: 

• Electrochemical fluorination: this process was licensed by 3M company and it 

consists of submerging an organic raw material (e.g., octane sulfonyl fluoride) in 

anhydrous hydrogen fluoride solution and subjecting it to an electric current to favor 

the exchange of H atoms by F atoms. This is not a selective process and leads to 

isomeric and short-perfluoroalkyl chain by-products [257].  

• Telomerization: this process was firstly developed by Haszeldine in 1949 [258] and 

further adapted by DuPont company in 1969 [259]. It consists of the addition of 

tetrafluoroethylene to a perfluoroalkyl iodide (PFAI), generally perfluoroethyl iodide, 

to generate a mixture of linear perfluoroalkyl iodides and the later substitution of the 

iodide by an appropriated functional group, depending on the application. Nowadays, 

this is the process most widely used for PFAS production. 

Because of the widespread use of PFAS and their emission, a broad range of them has been 

detected in the environment, wildlife, and human beings. This global spread was firstly 

demonstrated by Giesy and Kannan in 2001 [260], which reported the occurrence of PFOS in 

wildlife. At the same time, Hansen et al. [261] discovered the presence of PFOS, PFOA and 

other PFAS in human blood, suggesting that PFAS were responsible for a significant fraction 

of the organic fluorine detected in human serum in earlier pioneering studies in humans not 

occupationally exposed to PFAS. Thus, 3M company, after negotiations with the U.S. EPA, 

announced that it would voluntarily phased-out its C8-based production at the end of 2002 

[262]. Additionally, in 2006, eight leading companies reached an agreement to submit baseline 

data on emissions from their facilities and the content of PFOA and related chemicals in their 
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products. The PFOA Stewardship Program involved ambitious goals, including a 95% 

reduction in the emissions and product content by 2010 and the removal of these chemicals 

from industrial processing by 2015 [263]. A similar agreement was also ratified in Canada 

where Environment Canada, Health Canada, and some of these companies signed in 2010 

the “Environmental Performance Agreement Respecting Perfluorocarboxylic Acids (PFCAs) 

and their Precursors in Perfluorinated Products Sold in Canada” [264]. The Organization for 

Economic Co-operation and Development (OECD) also created a global per- and 

polyfluorinated chemicals group to “consider the development, facilitation and promotion in an 

open, transparent and inclusive manner of national and international stewardship programmes 

and regulatory approaches to reduce emissions and the content of relevant perfluorinated 

chemicals of concern in product and to work toward global elimination, where appropriate and 

technically feasible” [265]. All these actions and the inclusion of the persistent PFOS and 

PFOA in the Stockholm Convention list [266,267] led to the restriction on the production of 

PFAS under regional, national or international regulatory frameworks. These global actions to 

phase-out legacy PFAS have resulted in compensatory usage of alternative fluorinated 

compounds that would be inevitably released into the environment [268]. Thus, relevant 

international scientists and regulators have been discussing future directions on the regulation 

and management of PFAS. They recommend global cooperation on more streamlined 

research, including prioritizing certain substances, adopting a group-based approach instead 

of studying individual substances, and updating regulations for highly-persistent PFAS [269]. 

As it was mentioned in the introduction of this Thesis (Section 1.1), more than 6,300 PFAS 

have been detected in the last decades, drawing great attention since they have a wide variety 

of molecular structures. Until now, both Buck et al. [254] and the OECD [270] have proposed 

classifications for PFAS and they are today among the most accepted ones. Taking into 

account the advantages of both classifications, Fig. 2.1 shows the new classification proposed 

to consider all families of compounds discovered until now. Generally, PFAS are classified into 

fluorinated polymers and non-polymer per- and polyfluoroalkyl substances. Regarding 

fluorinated polymers, they can be divided into fluoropolymers, perfluoropolyethers (PFPEs), 

and side-chain fluorinated polymers. Fluoropolymers, which are normally used as plastics, are 

only based on fluorocarbon-only polymer backbone (e.g., polytetrafluoroethylene). On the 

other hand, PFPEs are polymers in whose fluoroalkyl backbone units are separated by oxygen 

atoms and have been functionalized with a hydrophilic group. These functionalized PFPEs are 

marketed for surface protection treatments on natural stone, metal, glass, plastic, or 

paperboard treatment for food-contact applications, among others. In contrast to these 

polymers, side-chain fluorinated polymers are constituted partly by a non-fluorinated polymer 

backbone and partly by a fluoroalkyl chain. These polymers are mainly employed as 

surfactants and products for surface protection. Concerning non-polymer PFAS, they could be 

classified into perfluoroalkyl and polyfluoroalkyl substances. Among the first one, most of 

perfluoroalkyl acids (PFAAs) have been commercialized as surfactants or used as “processing 

aid” in the manufacture of fluoropolymers, especially PFCAs and PFSAs. These families of 
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compounds include known persistent PFAS such as PFOA and PFOS. Other perfluoroalkyl 

families such as perfluoroalkane sulfonyl fluorides (PASFs), perfluoroalkanoyl fluorides 

(PFAs), or perfluoroalkyl iodides (PFAIs) are the major raw material for the manufacturing of 

surfactants and products for surface protection, while perfluoroalkyl aldehydes (PFALs) are 

intermediate environmental transformation products.  

On the other hand, non-polymer polyfluoroalkyl substances mainly involve three different 

groups of PFAS: (i) perfluoroalkane sulfonamido substances (PASF-based derivatives), (ii) 

fluorotelomer-based substances (FT-based derivatives), and (iii) polyfluoroalkyl ether-based 

substances (PFPE-based derivatives). Perfluoroalkane sulfonamido substances are mainly 

manufactured from PASFs (Fig. 2.2a). Although PASFs could generate PFSAs by direct 

hydrolysis, they are mainly transformed into N-alkyl perfluoroalkane sulfonamides (FASAs) by 

reacting them with an amine compound. These FASAs are sometimes commercialized, like  

N-EtFOSA (also known as the pesticide sulfluramid), but they can also be reacted with 

ethylene carbonate to give N-alkyl perfluoroalkane sulfonamido-ethanols (FASEs) [271,272]. 

As FASEs have an alcohol group, they can be transformed in N-alkyl perfluoroalkane 

sulfonamido-ethyl acrylates (FASACs) and methacrylates (FASMACs), as well as into 

phosphates and other derived products. FASACs and FASMACs are generally used as          

co-monomers to synthesize commercially available acrylic polymers for surface protection 

applications [271]. All these PFAS are also the main building blocks of fluorochemical products 

for surface treatment and protection of paper packaging [254]. In the same way as the PASFs 

for perfluoroalkane sulfonamido substances, PFAIs and fluorotelomer iodides (FTIs) are raw 

materials to produce FT-based derivatives (Fig. 2.2. b). For instance, FTOs, which are widely 

used to manufacture PFCAs or silanes, are produced by dehydrohalogenation of FTIs, but 

they might also be generated as an impurity during the synthesis of FTOHs. Meanwhile, 

FTOHs are the major raw material in the production of fluorotelomer acrylates (FTACs) and 

methacrylates (FTMACs), that are further copolymerized to manufacture side-chain fluorinated 

polymers [255]. Fluorotelomer mono- (monoPAPs) and diphosphates (diPAPs), which can also 

be formed from FTOHs, are commercial fluorinated surfactants that are used as                

grease-proofing agents for food-contact paper. Although most of PASF- and FT-based 

derivatives have shown low toxicity, their degradation has been reported as a potential source 

of PFSA and PFCA release into the environment, respectively. The occurrence of these 

compounds in the environment, especially FASAs, FOSEs, FTOHs, FTOs, monoPAPs, and 

diPAPs, has been extensively reported in the last decades [254]. Finally, and as mentioned in 

Section 1.1, another subgroup consists of PFPE-based derivatives, such as polyfluoroalkyl 

ether carboxylic (PFECAs) and sulfonic acids (PFESAs), has been recently used for replacing 

the persistent PFOA and PFOS in the manufacture of fluoropolymers.  
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Fig. 2.2. Synthesis of a) perfluoroalkane sulfonamido substances (from PASF with 8 C atoms) and 

b) PFCAs and fluorotelomer-based substances (from PFAI with 8 C atoms). 

Regarding the toxicity of PFPE-based derivatives, it remains unclear, although it is suggested 

that some of these compounds, like F-53B (Cl-PFESA), have acute toxicity similar to PFOS 

[14], while ADONA may be less toxic than PFOA or PFOS [273–275]. Although information 

related to their toxicology, occurrence, and environmental fate is incomplete, less 

bioaccumulation may be expected for PFPE-based derivatives compared to legacy PFAS due 

to the presence of alkyl ether linkages (C-O-C) in the fluoroalkyl chain, as indicated by the 

REACH criterion for highly bioaccumulative substances [276]. However, a recent study has 

shown the high occurrence of 6:2 Cl-PFESA in human samples [19]. Thus, this compound 

could have a higher bioaccumulation potential than PFOS [277,278], becoming a new potential 

environmental threat. 

In the early stages of PFAS research, analytical methods were mainly developed for the 

analysis of legacy PFAS, including PFOS and PFOA, in various matrices such as air, water, 

solid matrices, human samples and wildlife [11]. According to the shift toward manufacturing 

alternatives, recent research has focused on the identification of new PFAS and the 

development of analytical methods that can detect, characterize, and determine these new 

chemicals [279]. However, cost-effective analytical methods that can cover a wide range of 

PFAS families have been difficult to develop [280]. In this way, establishing fragmentation 

pathways could help in the detection and characterization of new related PFAS. 

In general, the analytical determination of PFAS has been usually carried out by liquid 

chromatography coupled to mass spectrometry using electrospray ionization and operating in 

negative ion mode [11,268]. In fact, U.S. EPA reported a methodology for the determination of 

PFAS in drinking water by LC-MS/MS using the ESI source and a solid-phase extraction 

method for sample treatment [281]. This methodology is suitable for PFAS, such as legacy 

PFAS and novel alternatives (PFECAs, PFESAs, etc.) since they are ionic compounds. 

Nevertheless, as explained above (Section 1.2.1), neutral PFAS usually show ionization 

difficulties by ESI in negative ion mode, especially FTOHs and FOSEs, due to ion suppression 
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induced by buffers used in the mobile phase [8,282]. Some neutral PFAS like FTOs cannot 

even be ionized by ESI, requiring other ionization techniques to allow their detection. Thus, 

the use of gas chromatography coupled to mass spectrometry has been widely recommended 

for the determination of these families of neutral PFAS (FTOs, FTOHs, FOSAs, and FOSEs) 

[11]. Nonetheless, high-vacuum ionization techniques (EI and CI) have shown a low ionization 

efficiency, which may lead to difficulties in detecting these compounds [283]. At the same time, 

the high volatile FTOs are generally poorly retained in gas chromatography, compromising 

their determination [137,284,285]. Moreover, the joint determination of these compounds is 

challenging due to their physicochemical properties and structural differences, requiring from 

different methodologies to achieve their detection. Thus, the evaluation of other 

chromatographic and ionization techniques could provide reliable alternatives for a sensitive 

and selective determination of these compounds at those low concentration levels (pg L-1) 

frequently found in environmental samples. 

The occurrence of the neutral PFAS evaluated (FTOs, FTOHs, FOSAs, and FOSEs) depends 

on the matrices analyzed. Regarding the consumer products containing PFAS, they cover a 

wide range of goods intended for both human consumption and use, such as food contact 

materials, cleaning agents, lubricants, waxes, outdoor textiles, or carpets, among others. The 

highest concentration levels of neutral PFAS have been reported in liquid products including 

lubricants, cleaning agents, and impregnation sprays. For instance, Kotthoff et al. [286] 

determined levels of FTOHs ranging from 19 to 146.2 mg kg-1 in impregnation sprays while 

Favreau et al. [287] reported levels of FTOHs from 2 to 1,840 mg kg-1 in waterproofing and 

protector materials as well as high concentrations of FTOHs (2-180 mg kg-1), FOSAs (0.1-11.7 

mg kg-1) and FOSEs (0.2-494 mg kg-1) in aqueous film-forming foams. Gremmel et al. [172] 

also reported the presence of FTOHs and FOSEs in outdoor jackets at concentrations up to 

516 µg m-2 and 5.02 µg m-2, respectively. Neutral PFAS, especially FTOHs, have also been 

detected in non-stick cookware and microwave popcorn packaging materials as well as in 

different kinds of food contact materials. Thus, Liu et al. [288] identified FTOHs at 

concentrations up to 12.7 mg kg-1 in treated food contact paper, while Yuan et al. [289] reported 

concentrations of these compounds ranging from 0.08 to 93.50 mg kg-1 in popcorn bags. 

Despite of the high amounts of these compounds in consumer products, they are identified at 

very low concentration levels in the environment. The different families of neutral PFAS are 

widely distributed according to their physical properties (Fig. 2.3). As FTOs, FTOHs, FOSAs, 

and FOSEs are semi-volatile compounds, their presence has been widely reported in air 

samples. Thus, Xie et al. [290] determined concentration levels ranging from 2.3 to 75 pg m-3 

for FTOHs, from 1.0 to 21 pg m-3 for FOSAs, and from 0.3 to 8.6 pg m-3 for FOSEs in air 

samples from the North Sea. These concentration levels were lower than those obtained in 

Asian countries such as Japan, India, China, or Taiwan. Li et al. [285] reported similar median 

concentration levels in Asian countries for FOSEs (2.27-16.4 pg m-3) and FOSAs (0.96-7.40 

pg m-3) and higher median concentration levels for FTOHs (3.31-709 pg m-3), especially for 
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the 8:2 FTOH. Additionally, 8:2 FTO was also identified at median concentrations ranging from 

46.2 to 401 pg m-3. These concentrations exponentially increase when analyzing indoor air 

samples as it has been reported for FTOs, FTOHs, FOSAs and FOSEs (114-6,626 pg m-3) in 

Tromsø (Norway) [137], and in Singapore for FTOHs, FOSAs, and FOSEs (77-10,458 pg m-3) 

[291].  

 

Fig. 2.3. Environmental occurrence of FTOs, FTOHs, FOSAs and FOSEs.                                                                                                                                            
[99,105,295,296,120,137,285,290–294].     

Regarding soil and sediment samples, the presence of some of these families of compounds 

has also been found, especially for FTOHs and N-EtFOSA. For instance, Zhang et al. [294] 

reported the presence of 6:2 FTOH and 8:2 FTOH in biosolids-amended soils and plants   

(1.74-57.4 µg kg-1 dry weight, dw), whereas Zabaleta et al. [296] and García-Valcárcel et al. 

[293] detected N-EtFOSA in cultivated carrots (2.9 µg kg-1) and sludge amended soil              

(0.2 µg kg-1), respectively. Concentration levels of main FTOHs (4:2 FTOH, 6:2 FTOH,            

8:2 FTOH, and 10:2 FTOH) have also been reported in sediment samples from Liaodong Bay                         

(0.02-0.26 µg kg-1 dw) [120].  

Nonetheless, the lowest levels of these families of neutral PFAS are found in water samples. 

For instance, Portolés et al. [99] detected the presence of FTOHs (45-97.5 pg L-1), FOSAs 

(1.0-3.5 pg L-1) and FOSEs (1.5-20.5 pg L-1) in river water and wastewater samples from 

Barcelona (Spain) while relatively higher concentrations of 8:2 FTOH were found in surface 

water from a river located at 40 km from a fluoropolymer manufacturing plant in France        

(102-246 ng L-1) [105]. Chen et al. [295] investigated the occurrence of FTOHs in wastewater 

from China (0.15-12.4 ng L-1), being 8:2 FTOH the predominant neutral PFAS. Mahmoud          

et al. [292] also detected FTOHs in surface water (1.09-9.17 ng L-1), waste water treatment 

plant effluents (5.08-17.4 ng L-1), as well as in rainwater (0.3-3.18 ng L-1) from Japan, 

demonstrating their capability to be incorporated into water environmental compartment from 

the air.  

FTOs: 0.2-529 pg m-3

FTOHs: 1.4-10458 pg m-3

FOSAs: 5.0-6626 pg m-3

FOSEs: 0.58-6018 pg m-3
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Considering the importance of water resources for humans and wildlife, the releases of these 

compounds to the rivers, but also taking into account the difficulties and the drawbacks of the 

available analytical methodologies, the capabilities of API sources to develop selective and 

sensitive LC-MS and GC-MS methods for the determination of neutral PFAS in environmental 

water samples have been evaluated in this chapter of the Thesis. Additionally, the 

fragmentation of these classes of compounds under tandem mass spectrometry has also been 

thoroughly studied to establish the fragmentation pathways and identify common product ions 

and neutral losses to help on the identification of the increasing number of new families of 

PFAS detected in the environment.
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2.2. Experimental work and results 

This section includes four publications related to the determination of neutral PFAS. The   

Article I, entitled “Negative-ion atmospheric pressure ionisation of semi-volatile fluorinated 

compounds for ultra-high performance liquid chromatography tandem mass spectrometry 

analysis” lies on the evaluation of the ionization of neutral PFAS (FTOHs, FOSAs, and FOSEs) 

using different API techniques (ESI, APCI, and APPI) to achieve their sensitive and selective 

determination in surface river water samples. Additionally, the Article II entitled “Gas 

chromatography and liquid chromatography coupled to mass spectrometry for the 

determination of fluorotelomer olefins, fluorotelomer alcohols, perfluoroalkyl sulfonamides and 

sulfonamido-ethanols in water” comprises a comparative study of both chromatographic 

systems (GC vs. UHPLC) and ionization techniques (high-vacuum ionization techniques vs. 

API sources) for the determination of FTOs, FTOHs, FOSAs and FOSEs in river water 

samples. This was the first time that FTOs were ionized using API techniques. 

On the other hand, this section also includes the article entitled “Fragmentation studies of 

neutral per- and polyfluoroalkyl substances by atmospheric pressure ionization-multiple stage 

mass spectrometry” (Article III) that describes the fragmentation pathways of the ions 

generated by these compounds in API sources to establish fragmentation pathways and to 

identify common fragment/product ions that could help in the identification of currently known 

PFAS and new related PFAS in real samples. Finally, Article IV entitled “A novel methodology 

for the determination of neutral perfluoroalkyl and polyfluoroalkyl substances in water by gas 

chromatography-atmospheric pressure photoionization-high resolution mass spectrometry” 

reports for the first time the application of the APPI source for the GC-HRMS determination of 

neutral PFAS in water samples. This article combines the advantages of APPI over the 

ionization efficiency of neutral PFAS, the separation capacity of gas chromatography, and the 

sensitivity and selectivity of a high-resolution mass spectrometer such as Orbitrap to determine 

these compounds at ultra-trace levels. Moreover, GC-APPI-HRMS (Orbitrap) was combined 

with a powerful headspace solid-phase microextraction to ensure a selective extraction, 

avoiding evaporation steps that could cause losses of the most volatile analytes.
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Abstract
In this work, the feasibility of negative-ion atmospheric pressure chemical ionisation (APCI) and atmospheric pressure
photoionisation (APPI) for ultra-high-performance liquid chromatography tandem mass spectrometry (UHPLC-MS/MS) deter-
mination of fluorotelomer alcohols (FTOHs), fluorinated octanesulfonamides (FOSAs) and fluorinated octanesulfonamido-
ethanols (FOSEs) was evaluated. The study of the effect of mobile phase composition on the atmospheric pressure ionisation
of these compounds indicated that methanol/water mixtures provided the best responses in APCI, while acetonitrile/water with a
post-column addition of toluene as dopant was the most appropriated mixture in APPI. Under the optimal working conditions,
most of the target compounds produced the ion [M–H]− as base peak, although in-source collision-induced dissociation fragment
ions in APCI and APPI and superoxide adduct ions [M+O2]

−• in APPI were also present. These ions proved to be more useful as
precursor ions for MS/MS determination than the adduct ions generated in electrospray. Although the UHPLC-APCI-MS/MS
method allowed the determination of these semi-volatile compounds at low concentration levels, the analysis by UHPLC-APPI-
MS/MS provided the lowest limits of detection and it was applied to the analysis of water samples in combination with solid-
phase extraction. Quality parameters demonstrated the good performance of the proposed method, providing low method limits
of detection (0.3–6 ng L−1), good precision (RSD % < 5%) and an accurate quantification (relative error % < 14%). Among the
river water samples analysed by the developed method, 4:2 FTOH and N-EtFOSA were determined at 30 and 780 ng L−1,
respectively.

Keywords Fluorotelomer alcohols . Fluorinated sulfonamides . Fluorinated sulfonamido-ethanols . Atmospheric pressure
chemical ionisation . Atmospheric pressure photoionisation . Liquid chromatography tandemmass spectrometry

Introduction

Per- and polyfluorinated alkyl substances (PFASs) comprise a
large group of chemicals that have been produced for more
than 50 years. They consist on a hydrophilic group attached to
an alkyl chain of variable length where the hydrogen atoms

are either completely (perfluorinated) or partially
(polyfluorinated) replaced by fluorine atoms. Carbon-
fluorine is one of the strongest covalent bonds, providing sta-
bility to PFASs, making them resistant to biodegradation and
increasing their presence in the environment [1–3]. These
characteristics make them suitable for their use in a wide range
of industrial and commercial applications [4, 5].

Nevertheless, there is a concern regarding the potential
toxicity of some PFASs, such as perfluorooctanoic acid
(PFOA) and perfluorooctanesulfonic acid (PFOS), since they
cause estrogenic effects in living organisms. This fact and
their persistent and bioaccumulative properties [1] have led
the Stockholm Convention to include PFOS in the annex B
of the list of persistent organic pollutants, while PFOA is still
under revision [6, 7]. As a consequence, classical PFASs are
being substituted in industrial and commercial applications by
semi-volatile fluorinated compounds, such as fluorinated
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alkyl sulfonamides (FASAs), fluorinated alkyl sulfonamido-
ethanols (FASEs) and fluorotelomer alcohols (FTOHs),
among others. However, the chemical and biological degrada-
tion of these other PFASs into the persistent PFOA and PFOS
[4], in addition to their growing use and potential risk to hu-
man health, have led to an interest in their environmental
occurrence.

Gas chromatography coupled to mass spectrometry
(GC-MS) [8–10] and liquid chromatography tandem mass
spectrometry (LC-MS/MS) [11–13] are the techniques
most commonly used for the determination of these
semi-volatile PFASs. Their GC separation is usually
achieved using polar stationary phases, and electron
ionisation and chemical ionisation techniques have been
widely employed for their MS detection [14, 15].
Nevertheless, GC-MS methods provide relatively high
limits of detection due to poor ionisation efficiency
[16–18]. Thus, reversed-phase LC coupled to MS/MS is
presented as an alternative to GC-MS, being the
electrospray ionisation (ESI) technique most frequently
used for the determination of these compounds. Under
negative-ion ESI conditions, FASAs are easily ionised,
yielding abundant [M–H]− ions, while FTOHs and
FASEs only generate carboxylate adduct ions [M+
RCOO]− [12]. Unfortunately, the fragmentation by
collision-induced dissociation (CID), in the collision cell,
of these adduct ions leads to non-characteristic product
ions as [RCOO]−, which limits the confirmation capabil-
ities of ESI. The use of other atmospheric pressure
ionisation (API) sources such as atmospheric pressure
chemical ionisation (APCI) or atmospheric pressure

photoionisation (APPI) could be an excellent alternative
to overcome the limitations of the existing LC-ESI-MS/
MS methods. However, to our knowledge, there is only
one article that uses APPI for the analysis of some of
these compounds, but it is mainly focused on the reduc-
tion of matrix effect observed in ESI [17]. Therefore,
there is a need for more information on the ionisation of
FTOHs, FASAs and FASEs by APCI and APPI. Recently,
the use of GC-APCI(+)-MS/MS has also been reported
[19], showing the feasibility of APCI for the ionisation
of these compounds.

The aim of the present work was to assess the applicability
of APCI and APPI for the efficient ionisation of FTOHs, fluo-
rinated octanesulfonamides (FOSAs) and fluorinated
octanesulfonamido-ethanols (FOSEs), since some of them
show ionisation problems when using electron and chemical
ionisation and even ESI. These studies were the base for the
development of a new selective and sensitive UHPLC-MS/
MS method for the determination of the semi-volatile fluori-
nated compounds in river water samples.

Materials and methods

Reagents and standards

FTOHs, FOSAs and FOSEs have been selected as target com-
pounds for this study (Fig. 1). Fluorotelomer alcohols,
1H ,1H ,2H ,2H -per f luorohexan-1-o l (4 :2 FTOH),
1H,1H,2H,2H-perfluorooctan-1-ol (6:2 FTOH) and
1H,1H,2H,2H-perfluoro-7-trifluoromethyl-octan-1-ol (7-Me-

Fig. 1 Chemical structure of
studied semi-volatile fluorinated
compounds
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6:2 FTOH), were supplied by Fluorochem, Ltd. (Derbyshire,
UK), while 1H,1H,2H,2H-perfluorodecan-1-ol (8:2 FTOH)
and 1H,1H,2H,2H-perfluorododecan-1-ol (10:2 FTOH) were
purchased from Alfa Aesar GmbH & Co KG (Karlsruhe,
Germany) at a purity higher than 96%. Individual stock stan-
dard solutions (1000 mg L−1) of each compound were pre-
pared in acetonitrile from their respective pure standard. 2-(N-
Methylperfluoro-1-octanesulfonamido)-ethanol (N-
MeFOSE), 2-(N-ethylperfluoro-1-octanesulfonamido)-etha-
nol (N-EtFOSE) and N-methylperfluoro-1-octanesulfonamide
(N-MeFOSA) were supplied by Wellington Laboratories, Inc.
(Guelph, Ontario, Canada) as individual standard solutions
(50 mg L−1 in methanol, ≥ 98%), while N-ethylperfluoro-1-
octanesulfonamide (N-EtFOSA) (99%) was obtained fromDr.
Ehrenstorfer GmbH (Augsburg, Germany). Standard mixtures
of all compounds were obtained by dilution of the stock stan-
dard solutions in acetonitrile/water (1:1, v/v) and stored at 4 °C
until their analysis.

Acetonitrile, methanol and water (LC-MS Chromasolv®

grade) were purchased from Sigma-Aldrich (St. Louis, MO,
USA) for preparing mobile phases. Dopants such as toluene
and chlorobenzene (Chromasolv® Plus for HPLC) were ob-
tained from Sigma-Aldrich, anisole and acetone (pesticide
residue analysis grade) were supplied by Fluka® Analytical
(St. Louis, MO, USA) and tetrahydrofuran (Photrex™
Reagent) was purchased from J.T. Baker (Deventer,
Holland). All solvents were of purity higher than 99.8%.

Formic acid (≥ 98%) and acetic acid (≥ 99.7%) were pur-
chased from Sigma-Aldrich while ammonium hydroxide
(33%) was obtained from J.T. Baker. They have been used
as mobile phase additives. Moreover, ultra-pure water was
obtained from a Milli-Q system coupled to an Elix 3
(Millipore, Bedford, MA, USA).

Argon (≥ 99.999%) was supplied by Air Liquide (Madrid,
Spain) and was employed as collision gas in tandem mass
spectrometry experiments, while nitrogen (> 99.995%) was
purchased from Linde (Barcelona, Spain) and was used as
auxiliary and nebuliser gas in the API sources.

Samples

Surface water samples were collected from river sampling
sites near to industrialised and rural areas in Catalonia
(Spain). They were used to demonstrate the applicability of
the developed method for the analysis of semi-volatile fluori-
nated compounds. Two samples were sampled in the
Llobregat River (Barcelona, Spain), which runs through very
densely populated and industrialised areas, receiving large
urban and industrial wastewater discharges from more than
three million habitants. They were collected at the lower sec-
tion of the Llobregat River, before and after the industrialised
region of Sant Boi-Cornellà. Another two samples were col-
lected at the Ebro River, before and after the industrial area

near Tortosa (Tarragon, Spain). Moreover, a blank surface
water sample was also collected from the Fluvià River that
runs through rural areas. Amber glass bottles (1000 mL) were
filled with the surface water sample without leaving a head-
space and stored in the dark at 4 °C until analysis.

Sample treatment

Analytes were extracted from river water samples by solid-
phase extraction (SPE) using a Visiprep System (Supelco,
Bellefonte, PA, USA). The SPE procedure was carried out
as follows: 500 mL of surface water sample was loaded onto
an Oasis HLB® cartridge (500 mg, 6 mL) (Waters, Milford,
MA, USA) previously conditioned (20 mL of methanol and
20 mL of Milli-Q water) and dried under a gentle nitrogen
stream during 15 min. Water samples were percolated through
the SPE sorbent at a flow rate of 10 mL min−1, then the SPE
cartridge was washed with 10 mL of methanol/Milli-Q water
(5:95, v/v) and, finally, the target compounds were eluted with
4 mL of methanol. An aliquot of 1 mL of the eluent was
diluted 1:3 (v/v) with Milli-Q water, and 10 μL of the final
extract was injected into the UHPLC-MS/MS system. To op-
timise and validate the analytical method, a blank river water
sample collected from the Fluvià River spiked with target
compounds was used.

Instrumentation

The chromatographic separation of the target compounds was
carried out on an Accucore C18 column (100 × 2.1 mm,
2.6 μm superficially porous particles) (Thermo Fisher
Scientific, San Jose, CA, USA) using an Accela UHPLC sys-
tem equipped with an autosampler (Accela Open AS) and a
quaternary pump (Accela 1250 Pump) (Thermo Fisher
Scientific). The UHPLC system was coupled to a triple quad-
rupole TSQ Quantum Ultra AM mass spectrometer (Thermo
Fisher Scientific) equipped with heated-ESI, APCI and APPI
sources.

For the analysis of semi-volatile PFASs by UHPLC-APCI-
MS/MSmethod, the methanol/water gradient elution program
for a total runtime of 19 min was as follows: initial conditions,
a 50% methanol isocratic step for 3 min, from 50 to 90%
methanol in 6 min and a final isocratic step at 90% methanol
for 5 min before returning to the initial conditions (5 min of re-
equilibration time). For the UHPLC-APPI-MS/MS method,
an acetonitrile/water mobile phase was employed and the gra-
dient elution program for a total runtime of 14 min was as
follows: initial conditions, an isocratic step at 50% acetonitrile
for 1 min, from 50 to 70% acetonitrile in 1.5 min, an isocratic
step at 70% acetonitrile for 1 min, from 70 to 100% acetoni-
trile in 4.5 min and a final isocratic step at 100% acetonitrile
for 1 min before returning to the initial conditions (5 min of re-
equilibration time). In addition, toluene was post-column
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added (5%, v/v) as a dopant. The injection volume was 10 μL,
and the flow rate was 300 μL min−1 for both chromatographic
methods.

The ionisation source parameters for APCI and APPI were
as follows: vaporiser and capillary temperatures were 250 and
275 °C, respectively; nebuliser gas and auxiliary gas pressures
were 50 and 25 arbitrary units (a.u.), respectively; the dis-
charge current in APCI was held at 10 μA; and the krypton
lamp emitted photons with an energy level of 10.6 eVinAPPI.
Finally, the tube lens offset voltage was optimised for each
compound and the values ranged from − 80 to − 100 V.

For both UHPLC-MS/MSmethods (APCI and APPI), data
acquisition was performed in multiple reaction monitoring
(MRM) mode (see Electronic Supplementary Material
(ESM) Table S1) with a dwell time in the range of 50–
150 ms, depending on the compound, which was enough to
acquire at least 12 data point across each peak width. Argon
collision gas pressure was set at 1.0 bar. Quadrupoles run
always at a scan width of 0.1 m/z with a peak width of
0.7 m/z, except for 6:2 FTOH which was 0.1 m/z to avoid
interferences on its signal. Xcalibur™ v 2.1 software was used
to control the instrument setup and for the data acquisition.

Results and discussion

Atmospheric pressure ionisation behaviour of FTOHs,
FOSAs and FOSEs

Limited information on the applicability of APCI and APPI
for the ionisation of FTOHs, FOSAs and FOSEs is available.
Thus, we studied the effect of mobile phase components (sol-
vent and additives) on both the nature and the intensity of the
ions generated in the API sources. For this purpose, target
compounds were injected in both positive- and negative-ion
modes using different organic modifiers and mobile phase
additives. After the initial experiments, the positive-ion mode
was discarded since none of the compounds could be ionised
using any of the API sources tested at any working conditions.
Therefore, further studies were focused on the negative-ion
atmospheric pressure ionisation of these semi-volatile PFASs.

Electrospray

ESI was tested to be compared with APCI and APPI. The ESI
mass spectra were obtained by infusing standard solutions of
target compounds into both acetonitrile/water (80:20, v/v) and
methanol/water (80:20, v/v) mobile phases with and without
the addition of organic acids or ammonia at 0.1% (v/v). As an
example, Fig. 2 shows the ESI mass spectra of 8:2 FTOH, N-
MeFOSE and N-EtFOSA. It was observed that FOSAs
ionised via proton abstraction [M–H]−, while FTOHs and
FOSEs showed a high tendency to form adduct ions, [M+

RCOO]− (R: –H, –CH3) and [M+Cl]−, when organic acids
and/or anions as chloride are present in the LC-MS system.
Nevertheless, these adduct ions only yielded non-
characteristic product ions, such as [RCOO]− and [Cl]−, which
are not suitable for the UHPLC-MS/MS determination in
MRM mode (see ESM Fig. S1a). In order to favour the gen-
eration of deprotonated molecules and prevent the formation
of adduct ions, a labour-intense cleaning of the LC-MS system
was required. For instance, adduct ions are still observed in the
ESI mass spectrum of 10:2 FTOH after 72 h of cleaning the
UHPLC-MS system (ESM Fig. S1b). These results agreed
with those previously published [20] that also indicated the
high tendency of FTOHs to form adduct ions and the difficulty
to prevent them. Thus, ESI was discarded for the UHPLC-
MS/MS determination of these families of compounds and
other API sources were explored as alternative.

APCI and APPI

Regarding APCI and APPI, the ionisation behaviour
depended on the mobile phase composition, which was
reflected in the nature and the abundance of the ions generat-
ed. To compare both sources, mass spectra were acquired
using the mobile phase composition that produces the maxi-
mal ion response. In general, semi-volatile fluorinated com-
pounds were ionised by APCI using hydro-organic mobile
phases without additives, while for APPI, a post-column ad-
dition of a dopant was required. Regarding FOSAs and
FOSEs, the ions generated in both API sources were almost
the same, even using different mobile phase compositions.
The [M–H]− was always the base peak in the FOSA mass
spectra, although some in-source CID fragment ions were also
observed due to the loss of N(F)R and NHR (R: –CH3, –
CH2CH3), as can be seen in Fig. 2 for N-EtFOSA. However,
the [M–H]− of FOSEs was not detected in any of API sources,
which might be due to a strong in-source CID fragmentation.
In this case, the ions atm/z 494 for N-MeFOSE and atm/z 508
for N-EtFOSE were the base peaks in the APCI mass spectra
of these compounds (Fig. 2) and they were assigned to the loss
of CH2CH2OF. For the APPI source, different abundances of
the in-source CID fragment ions were observed, being [M–
CH2CH2OH–RN]

− (R: –CH3, –CH2CH3) the most intense
one. Moreover, FOSEs showed an additional abundant and
characteristic ion in APPI, which might be assigned to the
superoxide adduct ion [M+O2]

−• as it is shown in Fig. 2 for
N-MeFOSE.

Concerning FTOHs, the mobile phase composition signif-
icantly affects the nature of the ions generated in APCI. For
instance, when using a methanol/water mobile phase, the [M–
H]− was the base peak (Fig. 2, APCI mass spectrum of 8:2
FTOH), while the ionisation under an acetonitrile/water mo-
bile phase only led to the generation of in-source CID frag-
ment radical ions (see ESM Fig. S2). This could be a
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consequence of the different proton affinity behaviour of
methanol/water and acetonitrile/water clusters compared to
the organic solvent molecules alone [21]. Regarding APPI,
the mass spectra obtained using acetonitrile/water and
methanol/water mobile phases (toluene as dopant) were sim-
ilar to those obtained by APCI using methanol/water, except
for the presence of the superoxide adduct ion [M+O2]

−•, which
was only observed in the APPI mass spectrum, as can be seen
in Fig. 2 for 8:2 FTOH.

FTOHs showed strong in-source CID fragmentation in
APCI and APPI. As an example, Fig. 3a shows the APCImass
spectrum obtained for 10:2 FTOH using methanol/water.
Tandem mass spectrometry was used to characterise these
in-source CID fragment ions, and the obtained data showed
that two different ionisation-fragmentation mechanisms could
be taking place simultaneously. For instance, ions observed at
odd m/z values for 10:2 FTOH could be produced by the

losses of n HF units and CO from the [M–H]− (e.g., ions at
m/z 523 [M–H–2HF]−, m/z 503 [M–H–3HF]− and m/z 455
[M–H–4HF–CO]−) (Fig. 3b). Meanwhile, ions at even m/z
values might be originated from the in-source CID fragmen-
tation of an unstable molecular ion [M]−•. In fact, the fragmen-
tation by CID in the collision cell of the radical ion at the
highest even m/z value (m/z 524) generated the same product
ions at evenm/z values than those observed via in-source CID
fragmentation. These ions correspond to successive losses of n
HF units (m/z 504 [M–3HF]−•, m/z 484 [M–4HF]−• and m/z
464 [M–5HF]−•) and CO group (m/z 436 [M–5HF–CO]−•)
(Fig. 3c).

The effect of mobile phase composition on the APCI and
APPI ion intensity was also evaluated to achieve the best
ionisation efficiency. The intensity of the ions observed for
FOSAs and FOSEs was independent of the mobile phase
composition in both API sources, while FTOH responses were
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strongly affected. Regarding APCI, methanol/water was se-
lected as the best mobile phase since acetonitrile/water did
not allow the formation of the deprotonated molecule for
FTOHs. Additionally, when using a methanol/water mobile
phase in APCI, the signal improved by increasing the water
content above 50% (see ESM Fig. S3a).

In APPI, acetonitrile/water provided higher signal intensi-
ties than those obtained with methanol/water for all FTOHs
using the tested dopants (see ESM Fig. S4). The high capacity
of methanol to compete with FTOHs in the proton abstraction
process could lead to the suppression of the [M–H]−. In con-
trast, the absence of this competitive process using acetonitrile
(aprotic character) might favour the deprotonation of FTOHs.

Furthermore, the percentage of the organic modifier in the
mobile phase also affected the ionisation efficiency of
FTOHs and the maximum responses were observed at aceto-
nitrile content above 50% (v/v) (see ESM Fig. S3b).

Finally, several solvents (toluene, acetone, anisole, chloro-
benzene and tetrahydrofuran) were tested as dopant. The ions
generated in APPI for each fluorinated compound, regardless
of the dopant, were quite similar. Figure 4 shows the normal-
ised signal intensity achieved for the most abundant ions, [M–
H]− for FTOHs and FOSAs and [M–CH2CH2OH–RN]

− (R: –
CH3, –CH2CH3) for FOSEs, using the tested dopants. Toluene
provided the highest signal intensity for most of the analytes,
although anisole also produced satisfactory results for FOSAs

a

b c
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and N-EtFOSE. The toluene percentage added into the total
mobile phase flow rate was also optimised within the range of
1–10% (v/v), obtaining the highest responses at 5% (v/v), and
no significant improvement was achieved at higher toluene
percentages.

Among the MS operating parameters, the tube lens offset
voltage was the most critical one. It is a compound-dependent
parameter, which focuses the ion beam, controls the ion kinet-
ic energy and affects the in-source CID fragmentation. After
optimisation, the optimal working range was narrower (from
− 90 to − 110 V) for FTOHs than for FOSAs and FOSEs. For
instance, Fig. S5 (see ESM) shows the effect of the tube lens
offset voltage in the signal intensity of [M–H]− for 10:2 FTOH
compared to that observed for N-EtFOSA. Besides, the tube
lens offset voltage can change with running time as the lens
become dirty; therefore, a careful control of this parameter and
a frequent maintenance of the lens are recommended to
achieve the maximum response for FTOHs.

UHPLC-MS/MS

Those ions generated in the API sources were fragmented by
CID in the collision cell, and the two most selective and sen-
sitive product ions (quantitation and confirmation) were se-
lected for the UHPLC-MS/MS determination in MRM mode.

Table 1 shows the precursor and product ion assignment as
well as the optimal collision energies established for each
transition. The fragmentation by CID in the collision cell of
[M–H]− for FTOHs followed the same pattern, providing two
intense product ions, [M–H–4HF–CO]− and [M–H–3HF]−. In
the case of FOSAs, the fragmentation by CID in the collision
cell yielded two main common product ions produced from

the cleavage of the sulfonamide group (SO2NR, R: –CH3, –
CH2CH3) and n CF2 units to generate the ions at m/z 169 (5
CF2 units, quantitation) and m/z 219 (4 CF2 units, confirma-
tion). Concerning FOSEs, the precursor ions selected in both
API sources were different. For APPI, the fragmentation of the
most abundant ion, [M–CH2CH2OH–RN]

− (R: –CH3, –
CH2CH3), resulted in a high background noise, which in-
creased limits of detection. On that way, the less abundant
[M+O2]

−• (65% relative abundance) was selected since it
yielded two intense product ions with less background noise.
These two product ions were generated by the loss of ethanol
(–CH2CH2OH) and the alkyl chains (–CH3 or –CH2CH3) in
the sulfonamido-ethanol group. On the other hand, the most
intense in-source CID fragment ion [M–CH2CH2OF]

− was
selected as precursor ion in APCI, which yielded product ions
originated by losses of nHF units (n = 3, 4, 6) and SO2, except
for N-EtFOSE that only lost 1 HF unit.

Regarding the UHPLC method and taking into account the
ionisation behaviour of these compounds in APCI and APPI,
two chromatographic separations were optimised depending
on the best mobile phase composition needed to maximise the
responses. In APCI, although the best ionisation efficiency
was achieved at methanol percentage lower than 50% (v/v),
a higher methanol content was required to elute all the
analytes from the reversed-phase column. As a compromise,
it was proposed as a 50% methanol isocratic step of 3 min in
order to elute the analytes within the lowest methanol content.
On that way, it was possible to achieve a chromatographic
separation in less than 12 min. Concerning the APPI source,
the high eluotropic strength of acetonitrile and the wide ace-
tonitrile percentage range (50–100%, v/v) in which the analyte
signals were higher, allow to achieve the chromatographic
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separation in less than 8 min (Fig. 5). Despite all the com-
pounds were not separated at baseline, the selected MRM
transitions were selective enough and neither ion suppression
nor ion enhancement was observed for any of the partially
coeluting compounds. Instrumental limits of detection
(ILODs) were established for both UHPLC-API-MS/MS sys-
tems (Table 2) using the optimal conditions (section
BInstrumentation^). ILODs were determined as three times
the signal-to-noise ratio (S/N) on the selected quantification
product ion. As it can be observed, ILODs using APPI were
8–150 times lower than those obtained by APCI. Therefore,
the UHPLC-APPI-MS/MS method was selected for the deter-
mination of polyfluoroalkyl substances at very low concentra-
tion levels in water samples. Moreover, instrumental run-to-
run precision was estimated at low (2–30μg L−1) and medium
(20–300 μg L−1) concentration levels, obtaining relative stan-
dard deviation values (RSD, %) lower than 5% (n = 3).

Analysis of river water samples
by UHPLC-APPI-MS/MS

Semi-volatile fluorinated compounds are currently detect-
ed at low concentration levels in river water, making

necessary a preconcentration step to determine them. In
this work, a solid-phase extraction method, previously re-
ported for the GC-MS analysis of these compounds [19],
was modified to be compatible with the UHPLC-APPI-
MS/MS method. For the analysis of river water samples,
methanol and acetonitrile were tested to elute the analytes
from Oasis HLB® cartridges. The best results were
achieved with methanol (4 mL) because it provided cleaner
extracts than those obtained with acetonitrile. The SPE
extraction efficiency (EE, %) was evaluated using a blank
river water (Fluvià River) spiked with target compounds at
two concentration levels (50 and 400 ng L−1). The EE (%)
values achieved for all the compounds ranged from 96 to
102%, with RSD (%) lower than 5%. Matrix effect (ME,
%) for each compound was estimated as the relative differ-
ence between the peak area of a spiked extract of a blank
river water and that obtained from standard mixtures at the
same concentration level. The ME (%) values ranged from
15 to 60%, which indicate an important matrix effect. To
minimise this effect, an aliquot of 1 mL of the extract was
diluted 1:3 (v/v) with Milli-Q water and the ME (%) de-
creased down to 20% improving the S/N ratio four to five
times. Under these conditions, the total recovery, including

Table 1 MRM transitions, normalised collision energies (NCEs) and ion assignments used in APCI and APPI

Analyte API source Precursor ion MRM transition

Quantification product ion Confirmation product ion

m/z Assignment m/z Assignment NCE
(V)

m/z Assignment NCE
(V)

4:2 FTOH 263 [M–H]− 203 [M–H–3HF]− 10 155 [M–H–4HF–CO]− 24

6:2 FTOH 363 [M–H]− 255 [M–H–4HF–CO]− 22 303 [M–H–3HF]− 10

7-Me-6:2
FTOH

413 [M–H]− 305 [M–H–4HF–CO]− 24 353 [M–H–3HF]− 10

8:2 FTOH 463 [M–H]− 355 [M–H–4HF–CO]− 30 403 [M–H–3HF]− 8

10:2 FTOH 563 [M–H]− 503 [M–H–3HF]− 12 455 [M–H–4HF–CO]− 26

N-MeFOSA 512 [M–H]− 169 [M–H–CH3NSO2–C5F10]
− 30 219 [M–H–CH3NSO2–C4F8]

− 25

N-EtFOSA APCI/APPI 526 [M–H]− 169 [M–H–C2H5NSO2–C5F10]
− 32 219 [M–H–CH3NSO2–C4F8]

− 28

N-MeFOSE APCI 494 [M–CH2CH2OF]
− 370 [M–CH2CH2OF–3HF–SO2]

− 20 350 [M–CH2CH2OF–4HF–SO2]
− 20

APPI 589 [M+O2]
−• 512 [M+O2–CH2CH2OH]

− 15 542 [M+O2–CH3]
− 15

N-EtFOSE APCI 508 [M–CH2CH2OF]
− 488 [M–CH2CH2OF–HF]

− 24 324 [M–CH2CH2OF–6HF–SO2]
− 22

APPI 603 [M+O2]
−• 526 [M+O2–CH2CH2OH]

− 15 542 [M+O2–CH2CH3]
− 15
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extraction efficiency and matrix effect, ranged from 78 to
100% for all the compounds (Table 3).

Quality parameters of the developed SPE UHPLC-APPI-
MS/MS method were estimated using a spiked blank river
water (Table 3). Method limits of detection (MLODs) based
on the S/N ratio of 3 ranged from 0.3 to 6 ng L−1, while
method limits of quantification (MLOQs), defined as a S/N
ratio of 10, were comprised between 1 and 20 ng L−1. To our
knowledge, there are no data published on LC-MS/MS using
APCI or APPI to determine these semi-volatile fluorinated
compounds in water samples. For this reason, the results ob-
tained were compared with those previously determined by
GC-MS and LC-ESI-MS/MS in water samples. The MLODs
obtained in the present work were ten times lower than those

previously reported for FTOHs using LC-ESI-MS/MS (60–
90 ng L−1) [16], while for FOSAs and FOSEs, the MLODs
were quite similar (FOSAs, 0.29 to 0.62 ng L−1; FOSEs,
2.2 ng L−1) [22–24]. Regarding GC-MS, theMLOQs reported
refer only to some of the FTOHs and FOSAs included in the
present work and they are 5–20 times higher (20 to
100 ng L−1) using headspace solid-phase microextraction for
the water analysis [25].

In order to correct the slight matrix effect observed, a
matrix-matched calibration was performed for quantitative
analysis, providing a good linearity in the working range
(R2 > 0.994) (see ESM Table S2). Moreover, the precision of
the method was also determined, using a blank river water
sample spiked at two concentration levels (low, 5–

6 7 8 9 10 11 12

1

2
3

4

5

6

8 7

9

0
0

10

20

30

40

50

60

70

80

90

100
R

el
at

iv
e

A
bu

nd
an

ce
(%

)

Time (min)

1
2 3

4

6

2 3 4 5 6 7 80
0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e
A

bu
nd

an
ce

(%
)

5

7
8

9

Time (min)

a b

Fig. 5 UHPLC-MS/MS chromatograms (conditions in the BMaterials
and Methods^ section) of a standard mixture of target compounds at a
concentration of 500 μg L−1 using (a) negative-ion APCI and (b)

negative-ion APPI sources. Compounds are as follows: (1) 4:2 FTOH,
(2) 6:2 FTOH, (3) 7-Me-6:2 FTOH, (4) 8:2 FTOH, (5) N-MeFOSE, (6)
N-MeFOSA, (7) N-EtFOSE, (8) N-EtFOSA and (9) 10:2 FTOH

Table 2 Instrumental limits of
detection in APCI and APPI and
run-to-run precision in APPI

Analyte APCI APPI APPI

ILOD (μg L−1)a ILOD (μg L−1)a Run-to-run precision (RSD, %)

Low levelb Medium levelc

4:2 FTOH 50 1 5 3
6:2 FTOH 15 0.4 2 3
7-Me-6:2 FTOH 14 0.3 5 4
8:2 FTOH 50 0.5 4 4
10:2 FTOH 75 0.5 5 3
N-MeFOSA 0.7 0.08 4 5
N-EtFOSA 0.8 0.1 4 5
N-MeFOSE 12 0.1 2 1
N-EtFOSE 0.9 0.09 2 4

a Injection volume of 10 μL
b Low level of 2–30 μg L−1 (depending on the compound)
cMedium level of 20–300 μg L−1 (depending on the compound)
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100 ng L−1, and medium, 200–1000 ng L−1). The RSD (%)
values based on the concentration were lower than 5% (n = 3),
while the trueness (the same spiked levels) was lower than
14% (relative error, n = 3). These results indicate the good
performance of the SPE UHPLC-APPI-MS/MS method
developed.

The method was applied to the determination of FTOHs,
FOSAs and FOSEs in water samples collected from river ba-
sins (two samples from the Llobregat River, two from the
Ebro River and one from the Fluvià River) located on the
north-east area of Spain (Catalonia). The samples were
analysed by triplicate, and procedural blanks were also
analysed to ensure the absence of possible carryover between
samples, assessing the quality of the results. Among the river
waters analysed, the presence of 4:2 FTOH (30 ± 1 ng L−1)
was detected in a sample from the Llobregat River collected
upstream of a wastewater treatment plant located in the met-
ropolitan area of Barcelona. Meanwhile, in a sample from the
Ebro River collected downstream of an industrial area near
Tortosa (Tarragona, Spain), N-EtFOSA was detected (780 ±
12 ng L−1).

Conclusions

The study of the atmospheric pressure ionisation of FTOHs,
FOSAs and FOSEs highlighted the differences on the nature
and the abundance of the generated ions in the API sources
tested. The ionisation was only possible in negative-ion mode,
and the use of APCI and APPI sources provided advantages
over ESI since they prevented the formation of adduct ions
and yielded characteristic product ions for the UHPLC-MS/
MS determination in MRM mode. To maximise APCI re-
sponses, a methanol/water (methanol below 50%, v/v) mobile
phase is recommended, while acetonitrile/water (acetonitrile
above 50%, v/v) and a post-column addition of toluene (5%, v/
v) are suggested in APPI. Under these conditions, FTOHs and
FOSAs were mainly ionised via proton abstraction, although
FTOHs also showed the formation of abundant radical ions. In
contrast, the high in-source CID fragmentation observed for
FOSEs led to the selection of [M–CH2CH2OF]

− in APCI and
[M+O2]

−• in APPI as precursor ions.
Taking into account these results, a chromatographic sepa-

ration for each API source was proposed. Although both
methods allowed the determination of the target compounds
at low concentration levels, UHPLC-APPI-MS/MS provided
lower ILODs (8 and 150 times) than those achieved by
UHPLC-APCI-MS/MS and it was proposed as a good alter-
native to GC-MS and LC-ESI-MS/MS for the determination
of semi-volatile PFASs in water samples.
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Table S2 SPE UHPLC-APPI-MS/MS matrix matched calibration data

Analyte Calibration Range (ng L 1) Slope ± tn-2·SDa R2

4:2 FTOH 20 2000 90 ± 11 0.995

6:2 FTOH 7 700 151 ± 16 0.997

7-Me-6:2 FTOH 6 600 140 ± 13 0.995

8:2 FTOH 8 800 112 ± 15 0.994

10:2 FTOH 8 800 73 ± 8 0.994

N-MeFOSA 1 1,000 5,910 ± 762 0.996

N-EtFOSA 1 1,000 5,346 ± 303 0.998

N-MeFOSE 1 1,000 9,320 ± 105 0.996

N-EtFOSE 1 1,000 9,228 ± 427 0.999

a tn-2 for 5 degrees of freedom and  =0.05. 
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Supporting Figures 

Fig. S1 a) Negative-ion ESI mass spectrum of 10:2 FTOH using a 
methanol/water (80:20 v/v) as mobile phase and tandem mass 
spectrum of [CH3COO]  adduct ion. b) Negative-ion ESI mass 
spectrum of 10:2 FTOH using a methanol/water (80:20 v/v) as mobile 
phase after 72 h cleaning the LC-MS system 
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Fig. S2 Negative-ion APCI mass spectrum of 8:2 FTOH using an acetonitrile/water 
(1:1 v/v) mobile phase 
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Fig. S3 Effect of water content on the ionization efficiency of 10:2 FTOH in 
a) APCI and b) APPI. (MeOH: methanol; ACN: acetonitrile)
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Fig. S4 Effect of mobile phase composition on negative-ion APPI signal intensity of 
10:2 FTOH using methanol/water (80:20, v/v) and acetonitrile/water 
(80:20, v/v) as mobile phase (dopant post-column addition, 5%, v/v). 

Fig. S5  Effect of tube lens offset voltage on the intensity of [M H]  ion for 
10:2 FTOH and N-EtFOSA 
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a b s t r a c t 

In this work, the suitability of gas chromatography-mass spectrometry (GC–MS) and liquid

chromatography-tandem mass spectrometry (LC–MS/MS) for the multi-class determination of different

families of neutral per- and polyfluoroalkyl substances (PFASs), such as fluorotelomer olefins (FTOs), alco- 

hols (FTOHs) and fluorooctanesulfonamides (FOSAs) and sulfonamido-ethanols (FOSEs), was investigated

and compared. Regarding GC–MS, the use of a semi-polar GC column (DB-624, 6%-cyanopropilphenyl

94%-dimethyl polysiloxane) allowed the adequate separation of all the compounds while chemical ionisa- 

tion (CI) of positive ions as ionisation technique provided the best responses. Concerning UHPLC–MS/MS,

atmospheric pressure chemical ionisation (APCI) and photoionisation (APPI) sources allowed the ionisa- 

tion of all studied neutral PFASs, including FTOs for the first time. High vaporizer temperatures (450 °C) 
and acetonitrile/water mobile phase mixtures were required to favour the ionisation of FTOs, with ad- 

equate ionisation for FTOHs, FOSAs and FOSEs. The chromatographic separation, performed on a totally

porous column (Luna C18), allowed the successful separation of the four families of neutral PFASs. After

comparing the performance of the studied methods, the highest detectability was achieved using UHPLC–

APCI–MS/MS and it was chosen in combination with a solid-phase extraction (SPE) procedure for the

analysis of neutral PFASs in water samples. The whole method provided low limits of detection (0.003–

6 μg L –1 ), good precision (RSD < 9%) and trueness (relative error < 10%). The methodology was applied 

to the analysis of river water samples and the presence of some neutral PFASs were detected (8:2 FTO)

and quantified (4:2 FTOH and N -EtFOSA) at low concentration levels (ng L –1 ). 

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Per- and polyfluoalkyl substances (PFASs) are widely used in 

industrial and consumer products as surfactants in coating and 

firefighting foams and in polymer applications, such as textile, soil 

repellents, food-contact paper, on account of their water and stain- 

resistant properties [1–4] . The concern about PFASs, especially for 

ionic compounds (e.g., perfluoroalkylsulfonates and perdluoroalkyl- 

carboxylates), has increased in recent years because they are po- 

tentially toxic, persistent, ubiquitous in the environment, and can 

be transported long-distances in the atmosphere [5–7] . In addi- 

tion, the ability of PFASs to bioaccumulate through the food chain 

∗ Corresponding author at: Department of Chemical Engineering and Analytical

Chemistry, University of Barcelona, Av. Diagonal 645, E–08028, Barcelona, Spain.

E-mail address: javier.santos@ub.edu (F.J. Santos).

[8–10] makes them frequently detected at significant concentration 

levels in humans and wildlife [11,12] . These properties have led 

to include some ionic PFASs, such as perfluorooctanesulfonic acid 

(PFOS) and its related compounds, in the list of Stockholm Conven- 

tion as persistent organic pollutants [13] . In addition, the European 

Union have regulated their use and production due to their poten- 

tialharmful effects on the human health [14] . Consequently, several 

families of neutral PFASs, such as fluorotelomer alcohols (FTOHs), 

fluorotelomer olefins (FTOs) as well as N -alkylated fluorooctane- 

sulfonamides (FOSAs) and sulfonamido-ethanols (FOSEs)have been 

used for replacing the toxic PFASs. Nevertheless, they are easily de- 

graded in the environment and/or are metabolised in living organ- 

isms, leading to the formation of more toxic compounds, such as 

PFOS and other derivatives [2,15] . Therefore, the accurate monitor- 

ing of neutral PFASs in the environment is of great interest to as- 

sess the real exposure of humans and wildlife. 

https://doi.org/10.1016/j.chroma.2019.460463

0021-9673/© 2019 Elsevier B.V. All rights reserved.
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Gas chromatography (GC) and liquid chromatography (LC) cou- 

pled to mass spectrometry (MS) are the methods of choice for 

the determination of neutral PFASs. The current GC–MS meth- 

ods involve the use of electron ionisation (EI) [16–18] and chemi- 

cal ionisation [19–21] for quantitative purposes, and negative ion 

chemical ionisation (NICI) for confirmation of target compounds 

[16,17,21] . In addition, GC columns with stationary phases of differ- 

ent polarity have been used depending on the families of neutral 

PFASs. For instance, Piekarz et al. [20] proposed the use of a polar 

column, poly(ethylene glycol)-based stationary phase, for the sepa- 

ration of FTOHs, FOSAs and FOSEs, while a non-polar column (DB- 

5ms, 5%-diphenyl 95%-dimethyl polysiloxane) was used for achiev- 

ing an adequate retention of FTOs. Li et al. [22] were able to deter- 

mine 8:2 FTO – where 8 and 2 are the number of fluorinated and 

non-fluorinated carbons, respectively– and also FTOHs, FOSAs and 

FOSEs using a polar GC column, poly(ethylene glycol)-based sta- 

tionary phase, but the most volatile FTOs could not be analysed be- 

cause they showed a poor retention. To solve this problem Barber 

et al. [23] investigated the coupling of two GC columns of different 

polarity, a semi-polar poly(trifluoropropyldimethylsiloxane)–based 

column with a polar poly(ethylene glycol) column, to the analysis 

of FTOs, FTOHs, FOSAs and FOSEs. Nevertheless, peak tailing and 

a poor peak shape were observed under these conditions. Besides, 

some problems regarding the ionisation efficiency have also been 

observed for the GC–MS determination of these compounds [24] . 

Thus, further investigation is required in order to propose a reli- 

able GC–MS multi-class method for the determination of neutral 

PFASs. 

Liquid chromatography (LC) coupled to tandem mass spectrom- 

etry (MS/MS) has also been applied for the determination of dif- 

ferent class of neutral PFASs, mainly using electrospray (ESI) as 

ionisation source [25–27] . However, FTOHs and FOSEs generate 

non-characteristic adduct ions with some mobile phase compo- 

nents, such as acetate, formate or chloride, making difficult their 

identification and confirmation [27,28] . To overcome this problem, 

Berger et al. [29] demonstrated that removal of ammonium ac- 

etate from the LC–MS system allows the formation of deprotonated 

molecules of FTOHs in negative-ion ESI, but this methodology was 

only addressed to the analysis of this family of PFASs. Atmospheric 

pressure chemical ionization (APCI) [30] and atmospheric pressure 

photoionisation (APPI) [28,31] have also been proposed as alterna- 

tive ionization techniques to ESI for the analysis of FTOHs, FOSAs 

and FOSEs. Nevertheless, to the best of our knowledge, there is no 

information regarding the ionisation of FTOs using these sources or 

even their chromatographic separation by LC. Consequently, devel- 

oping a multi-class methods capable of analyzing these families of 

PFASs remains a challenge. 

In this work, the performance of GC–MS and LC–MS/MS for the 

simultaneous determination of FTOs, FTOHs, FOSAs and FOSEs were 

evaluated to propose a sensitive and selective multi-class method 

for the analysis of river water. Thus, classical ionisation techniques 

(EI, CI and NICI) in GC–MS and atmospheric pressure ionisation 

sources (ESI, APCI and APPI) in LC–MS as well as their chromato- 

graphic separation were investigated and compared. 

2. Materials and methods

2.1. Reagents and standards 

The neutral PFASs studied in this work are sum- 

marised in Table S1. Individual pure standards of fluo- 

rotelomer alcohols, 3,3,4,4,5,5,6,6,6-nonafluoro-1-hexanol 

(4:2 FTOH), 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanol 

(6:2 FTOH), and 3,3,4,4,5,5,6,6,7,8,8,8-dodecafluoro-7- 

(trifluoromethyl)-1-octanol (7-Me-6:2 FTOH), were pur- 

chased from Fluorochem Ltd. (Derbyshire, UK), while 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-decanol 

(8:2 FTOH) and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10, 10,11,11,12,12,12- 

henicosafluoro-1-dodecanol (10:2 FTOH) were supplied by Alfa 

Aesar GmbH & Co KG (Karlsruhe, Germany) at a purity higher 

than 96%. The fluorotelomer olefins, 3,3,4,4,5,5,6,6,6-nonafluoro- 

1-hexene (4:2 FTO), 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octene

(6:2 FTO) and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-

1-decene (8:2 FTO) were also obtained from Fluorochem Ltd.

Individual stock standard solutions at 10 0 0 mg L –1 were pre- 

pared in methanol and acetonitrile from their respective 

pure standards. Individual standard solutions at 50 mg L –1 

in methanol of perfluoroalkyl sulfonamides and sulfonamido- 

ethanols, 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro- N - 

(2-hydroxy ethyl)- N -methyl-1-octanesulfonamide ( N - 

MeFOSE), 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro- N - 

(2-hydroxyethyl)- N -ethyl-1-octanesulfonamide ( N -EtFOSE) 

and N -methyl-1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro-1- 

octanesulfonamide ( N -MeFOSA), were supplied by Wellington 

Laboratories Inc. (Guelph, Ontario, Canada), while N -ethyl- 

1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro-1-octanesulfonamide 

( N -EtFOSA) was purchased from Dr. Ehrenstorfer GmbH (Ausburg, 

Germany). Standard mixtures of all compounds at 1 mg L –1 were 

obtained by appropriate dilution of the stock standard solutions in 

methanol, for GC–MS experiments, and acetonitrile/water (1:1 v/v), 

for LC–MS analysis. A set of six calibration solutions containing 

FTOHs, FOSAs and FOSEs at concentrations ranging from 10 to 

800 ng L –1 and FTOs at concentrations from 0.25 to 200 μg L –1 

were prepared by dilution of the corresponding standard mixtures. 

All these solutions were stored at 4 °C until analysis. 
Water and acetonitrile (LC–MS Chromasolv TM , purity ≥ 99%), 

tert-butyl methyl ether (Chromasolv TM , purity ≥ 99.8%), ethyl ac- 

etate (Chromasolv TM ), and dichloromethane for pesticide resid- 

ual analysis, were purchased from Sigma-Aldrich (St Louis, MO, 

USA), while methanol (LiChrosolv TM , purity ≥ 99.9%) was supplied 

by Merck (Darmstadt, Germany). Furthermore, acetone for pesti- 

cide residue analysis, anisole (anhydrous, purity at 99.7%), toluene 

and chlorobenzene (Chromasolv TM Plus for HPLC analysis, pu- 

rity ≥ 99.8%) from Sigma-Aldrich, and tetrahydrofuran (Photrex TM 

reagent, purity at 99%) from J. T. Baker (Deventer, Holland), were 

used as APPI dopants. Besides, ultra-pure water was obtained from 

a Milli-Q system coupled to an Elix 3 (Millipore, Bedfore, MA, USA). 

All glassware was treated with chromosulphuric acid and rinsed 

consecutively with Milli-Q water and acetone before use. 

Helium (purity ≥ 99.9993%), employed as GC carrier gas, and 

nitrogen as auxiliary and nebulizer gas for ESI, APCI and APPI 

sources, were supplied by Linde (Barcelona, Spain), while methane 

(purity ≥ 99.95%), used as chemical ionization reagent gas in GC–

MS analysis, and argon (purity ≥ 99.999%), employed as colli- 

sion gas in MS/MS experiments, were purchased from Air Liquide 

(Madrid, Spain). 

2.2. Sampling and sample treatment 

Five river water samples were collected from areas highly influ- 

enced by human and industrial activities to assess the applicability 

of the proposed methodology and to know the real occurrence of 

the target compounds in surface waters. From the five surface wa- 

ters, two samples were collected in the last part of the Llobregat 

River (Barcelona, Spain), which runs through very densely popu- 

lated and industrialised areas, receiving extensive urban and indus- 

trial wastewater discharges from more than 3 million inhabitants. 

Another two samples were taken from the Ebro River (Tarragona, 

Spain) before and after the industrial region of Tortosa. Finally, 

one water sample was collected from Fluvià River, which crosses 

towns and industrialised areas with a low-medium contamination 

impact. Glass bottles (10 0 0 mL) fitted with black Viton septa were 
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filled with water without headspace and stored in the dark at 4 °C 
before being analysed. Field blanks consisting of 10 0 0 mL of natu- 

ral mineral water were prepared at the same sampling points and 

they were analysed along with the water samples. 

The target compounds were extracted from the river water 

samples employing a solid-phase extraction (SPE) method previ- 

ously described elsewhere [28] . Briefly, a volume of 500 mL of wa- 

ter sample was loaded into an Oasis HLB® cartridge (500 mg, 6 mL) 

(Waters, Milford, MA, USA) at a flow rate of 10 mL min –1 using a 

Visiprep System (Supelco, Bellefonte, PA, USA). Before use, SPE car- 

tridge was conditioned with 20 mL of methanol and 20 mL of Milli- 

Q water, and then it was dried under a nitrogen stream during 

15 min. Once the sample was extracted, the cartridge was washed 

with 10 mL of methanol/Milli-Q water mixture (5:95, v/v), dried 

with a gentle nitrogen current during 30 min and analytes were 

then eluted with 4 mL of methanol. For LC–MS analysis, an aliquot 

of 1 mL of the extract was diluted 1:3 (v/v) with Milli-Q water and 

then 10 μL of the final extract were injected. 

2.3. GC–MS analysis 

The GC–MS determination of neutral PFASs was carried out on 

a Trace GC 20 0 0 Series coupled to a DSQ II mass spectrometer 

equipped with an AS 20 0 0 autosampler (Thermo Fisher Scientific, 

San Jose, CA, USA). The chromatographic separation of target com- 

pounds was performed on a DB-624 (6%-cyanopropylphenyl 94%- 

dimethyl polysiloxane) fused-silica capillary column (Agilent Tech- 

nologies, Santa Clara, CA, USA) of 60 m of length, 0.25 mm I.D., and 

1.40 μm film thickness, using helium as carrier gas at constant flow 

rate of 1.0 mL min –1 . The injector was operated at 250 °C in split 
mode (split ratio: 1:15), injecting a volume of 1 μL for standards 

and sample extracts. The oven temperature was programmed from 

50 °C (held for 2 min) to 120 °C at 10 °C min –1 , and then to 250 °C 
(held for 6 min) at 25 °C min –1 . The MS was operated in electron 

ionisation (EI), chemical ionisation (CI) and negative ion chemical 

ionization (NICI) modes using an ion source temperature of 200 °C, 
180 °C and 180 °C, respectively. In addition, electron energy was 
set to 70 eV for EI and NICI, and 120 eV for CI, while the emission 

current was fixed to 50 μA for EI and CI, and 100 μA for NICI, us- 

ing in all cases a transfer line temperature of 250 °C. Methane was 

used as reagent gas at an optimum flow rate of 1.5 mL min –1 for 

CI and 2.0 mL min –1 for NICI. The optimisation of the MS operat- 

ing parameters was carried out in full-scan mode over 40–650 m/z 

range using a scan time of 0.50 s. After MS optimisation, acquisi- 

tion was performed in selected ion monitoring (SIM) mode using 

a dwell time of 100 ms and a delay time of 20 ms. Table 1 shows 

the ions selected for the identification and confirmation of the tar- 

get compounds. Xcalibur TM υ 1.4 software was used to control the 

instrument setup, data acquisition and processing. 

2.4. LC–MS analysis 

The analyses were performed on an UHPLC system equipped 

with an autosampler (Accela Open AS) and a quaternary pump (Ac- 

cela 1250 Pump) (Thermo Fisher Scientific). The chromatographic 

separation of target compounds was investigated using two fused- 

core columns: Accucore C18 (100 × 2.1 mm I.D., 2.6 μm) and Ac- 

cucore PFP (pentafluorophenyl bonded phase, 150 ×2.1 mm I.D., 

2.6 μm) (Thermo Fisher Scientific), and two totally porous parti- 

cle columns: Luna C18 (100 ×2.1 mm I.D., 1.6 μm) and Luna Polar 

C18 (100 ×2.1 mm I.D., 1.6 μm) (Phenomenex, Torrance, CA, USA). 

After optimisation of the separation, Luna C18 column was cho- 

sen for the determination of the target compounds. The UHPLC 

system was coupled to a triple quadrupole TSQ Quantum Ultra 

AM mass spectrometer (Thermo Fisher Scientific) equipped with 

heated-electrospray (H-ESI), atmospheric pressure chemical ion- 

isation (APCI) and atmospheric pressure photoionisation (APPI) 

sources, operating in both ion modes (positive and negative). For 

the separation of target compounds, the acetonitrile/water gradi- 

ent elution program was as follows: from 55% to 75% acetonitrile 

(ACN) in 3 min; from 75% to 100% ACN in 7 min followed by an 

isocratic step at 100% ACN for 1 min before returning to the ini- 

tial conditions. For APPI conditions, toluene was used as dopant 

(5%, v/v). All LC–MS analyses were performed by injecting 10 μL 

of sample extracts and standards. The vaporizer and the capillary 

temperatures were fixed at 450 °C and 275 °C, respectively. More- 

over, the nebuliser and auxiliar gas pressure were set at 50 and 25 

arbitrary units (a.u.). The current discharge was fixed at 12 μA for 

Table 1

Ions selected for GC–MS determination of the target compounds using EI, CI and NICI techniques.

Compound EI CI NICI

m/z Assignation m/z Assignation m/z Assignation

4:2 FTO 77 [C 3 H 3 F 2 ] 
+ 227 [M −F] + 226 [M −HF] –•

227 [M −F] + 228 [M 13 −F] + 186 [M −2HF −F 2 ] –•

6:2 FTO 77 [C 3 H 3 F 2 ] 
+ 327 [M −F] + 286 [M −3HF] –•

327 [M −F] + 328 [M 13 −F] + 306 [M −2HF] –•

8:2 FTO 77 [C 3 H 3 F 2 ] 
+ 427 [M −F] + 386 [M −3HF] –•

427 [M −F] + 428 [M 13 −F] + 406 [M −2HF] –•

4:2 FTOH 95 [C 3 H 2 F 3 ] 
+ 265 [M + H] + 222 [M −H 4 F 2 ] –•

244 [M −HF] + • 227 [M −H 2 O −F] + 184 [M −4HF] –•

6:2 FTOH 95 [C 3 H 2 F 3 ] 
+ 365 [M + H] + 304 [M −3HF] –•

344 [M −HF] + • 327 [M −H 2 O −F] + 284 [M −4HF] –•

7-Me-6:2 FTOH 95 [C 3 H 2 F 3 ] 
+ 415 [M + H] + 306 [M −CF 2 −HF −F 2 ] –•

394 [M −HF] + • 377 [M −H 2 O −F] + 316 [M −3HF −F 2 ] –•

8:2 FTOH 95 [C 3 H 2 F 3 ] 
+ 465 [M + H] + 386 [M −3HF −H 2 O] –•

444 [M −HF] + • 427 [M −H 2 O −F] + 384 [M −4HF] –•

10:2 FTOH 95 [C 3 H 2 F 3 ] 
+ 565 [M + H] + 484 [M −4HF] –•

505 [M −H 2 F 3 ] + 527 [M −H 2 O −F] + 486 [M −3HF −H 2 O] –•
N -MeFOSA 94 [CH 3 NSO 2 H] 

+ 528 [M + H] + 94 [CH 3 NSO 2 H] 
–

448 [M −SO 2 H] + 529 [M 13 + H] + 493 [M −HF] –•

N -EtFOSA 108 [C 2 H 5 NSO 2 H] 
+ 514 [M + H] + 108 [C 2 H 5 NSO 2 H] 

–

448 [M −CH 3 SO 2 H] + 515 [M 13 + H] + 483 [M −C 2 H 5 NH] –
N -MeFOSE 526 [M −CH 2 OH] + 558 [M + H] + 138 [C 3 H 8 NSO 3 ] 

–

462 [C 10 H 5 NF 17 ] 
+ 540 [M + H −H 2 O] + 512 [M −C 2 H 4 OH] –

N -EtFOSE 540 [M −CH 2 OH] + 572 [M + H] + 152 [C 4 H 10 NSO 3 ] 
–

448 [C 9 H 3 NF 17 ] 
+ 554 [M + H −H 2 O] + 526 [M −C 2 H 4 OH] –
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Table 2

Multiple reaction monitoring (MRM) transitions selected for UHPLC–API–MS/MS determination of

FTOs, FTOHs, FOSAs and FOSEs.

Compound Precursor ion Product ion NCE (%) a

m/z Assignment m/z Assignment

4:2 FTO 186 [M–3HF] –
•

117 [M–3HF–CF 3 ] 
– 20

136 [M–3HF–CF 2 ] 
– 20

6:2 FTO 286 [M–3HF] –
•

167 [M–3HF–C 2 F 5 ] 
– 16

217 [M–3HF–CF 3 ] 
– 22

8:2 FTO 386 [M–3HF] –
•

267 [M–3HF–C 2 F 5 ] 
– 24

317 [M–3HF–CF 3 ] 
– 22

4:2 FTOH 184 [M–4HF] –
•

136 [M–4HF–CHOF] –
•

16

164 [M–4HF–HF] –
•

12

6:2 FTOH 284 [M–4HF] –
•

236 [M–4HF–CHOF] –
•

18

264 [M–4HF–HF] –
•

14

7-Me-6:2 FTOH 306 [M–CHF 5 ] 
–•

236 [M–CHF 5 –CHF 3 ]
–•

28

286 [M–CHF 5 –HF] 
–•

20

8:2 FTOH 384 [M–4HF] –
•

295 [M–4HF–CHF 4 ] 
– 25

298 [M–4HF–CHOF 3 ] 
– 22

10:2 FTOH 484 [M–4HF] –
•

295 [M–4HF–C 3 HF 8 ] 
– 26

464 [M–4HF–HF] –
•

14

N –MeFOSA 512 [M–H] – 169 [M–H–CH 3 NSO 2 –C 5 F 10 ] 
– 30

219 [M–H–CH 3 NSO 2 –C 4 F 8 ] 
– 25

N –EtFOSA 526 [M–H] – 169 [M–H–CH 2 CH 3 NSO 2 –C 5 F 10 ] 
– 32

219 [M–H–CH 2 CH 3 NSO 2 –C 4 F 8 ] 
– 28

N –MeFOSE 494 [M–CH 2 CH 2 OF] 
– 350 [M–CH 2 CH 2 OF–4HF–SO 2 ] 

– 20

370 [M–CH 2 CH 2 OF–3HF–SO 2 ] 
– 20

N –EtFOSE 508 [M–CH 2 CH 2 OF] 
– 488 [M–CH 2 CH 2 OF–HF] 

– 24

324 [M–CH 2 CH 2 OF–6HF–SO 2 ] 
– 22

a NCE: normalised collision energy.

APCI, while in APPI the krypton lamp emitted photons with an en- 

ergy of 10.6 eV. The tube lens potential values were optimised for 

each compound ranging from –70 to –100 V. 

For UHPLC–APCI–MS/MS and UHPLC–APPI–MS/MS methods, 

data acquisition was performed in negative-ion mode using mul- 

tiple reaction monitoring (MRM), dwell times ranging from 50 to 

150 ms and argon as collision gas at a pressure of 1.0 bar. The scan 

width and the peak width were set at 0.3 m/z and 0.7 m/z , respec- 

tively . Table 2 shows the MRM transitions selected for the deter- 

mination of the target compounds. Xcalibur TM v 2.1 software was 

used to control the instrument setup and data acquisition. 

2.5. Quality control 

Criteria for ensuring the quality of the data included specific 

tests for checking the chromatographic separation, the sensitiv- 

ity of the GC–MS and UHPLC–MS systems using standards and 

quality control water samples, the validity of the calibration, and 

the possible carryover between samples. Procedural blanks cov- 

ering both the instrumental and the sample treatment procedure 

were routinely analysed to evaluate the contribution of potential 

interfering compounds on the neutral PFAS responses. In addition, 

each water sample was accompanied by a field blank to ensure 

the accurate tracing of any contamination. Quality parameters of 

the method, such as limits of detection (LODs) and quantification 

(LOQs), and precision were routinely checked to ensure the quality 

of the results. In addition, recoveries of the analytes were periodi- 

cally tested by analysing a blank river water spiked at low concen- 

tration levels. 

3. Results and discussion

3.1. Gas chromatography-mass spectrometry determination 

As first step, the chromatographic retention and separation 

of these compounds, especially short alkyl chain FTOs, was 

evaluated testing three different capillary columns. The non- 

polar poly(diphenyldimethyl siloxane) containing 5% diphenylsilox- 

ane monomer (DB-5MS, 30 m ×0.25 mm I.D; 0.25 μm) and the 

polar poly(ethylene glycol)-based (TG-WAX, 30 m ×0.25 mm I.D; 

0.25 μm) columns did not allow a correct retention and separa- 

tion of the target compounds. In light of these results, a semi-polar 

poly(cyanopropylphenyldimethyl siloxane)-based column (DB-624, 

60 m ×0.25 mm I.D., 1.4 μm film thickness) was evaluated and it 

provided the best chromatographic separation for all the com- 

pounds. Considering the low retention times observed for FTOs, 

different solvents such as methanol, acetonitrile, methyl tert-butyl 

ether, dichloromethane, acetone and ethyl acetate were tested in 

order to elute the most volatile FTOs far enough from the sol- 

vent peak tailing. Since methanol showed the lowest retention on 

GC column, it was selected as solvent for GC–MS determination. 

Fig. 1 shows the chromatographic separation of the target com- 

pounds obtained under optimal conditions. As can be seen, all the 

neutral PFASs can be analysed in a single run, although the most 

volatile olefin (4:2 FTO) slightly overlapped with the tail of the sol- 

vent peak. 

The ionisation efficiency of EI, CI and NICI techniques were 

tested to select the best conditions for the sensitive determina- 

tion. Concerning EI, a high fragmentation was observed for FTOs, 

FTOHs and FOSAs, generating abundant ions at low m/z values, 

while FOSEs yielded less fragmentation. For instance, Fig. 2 shows 

the EI mass spectra obtained for 8:2 FTO and N- EtFOSE, where 

[C 3 H 3 F 2 ] 
+ ( m/z 77) and [M–CH 2 OH] 

+ ( m/z 540) were the base 

peaks, respectively. As expected, CI provided less fragmentation 

than EI ( Fig. 2 and Fig. S1), being the protonated molecule the base 

peak of the mass spectra for most of the analytes (Fig. S1), while 

FTOs led to [M–F] + ions ( Fig. 2 ). In the case of NICI, all the com- 
pounds showed a high fragmentation and their mass spectra in- 

cluded radical ions originated from successive losses of HF units 

(20 Da) from the molecular ion for FTOs and FTOHs, and fragment 

ions at low m/z values for FOSAs and FOSEs. This can be observed 

in Fig. 2 for 8:2 FTO and N -EtFOSE and in Fig. S1 for N -EtFOSA. 

Comparing the capabilities and performances of the three MS ion- 

isation techniques for detecting all target compounds in a single 

run, CI seems to be the most adequate ionisation technique since 

it provides less fragmented mass spectra and, therefore, a more se- 

lective determination for most of the compounds. 
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Fig. 1. GC–MS SIM chromatogram of a standard mixture of the target compounds

at a concentration of 100 μg L –1 using a DB-624 column (60 m length, 0.25 mm I.D.,

1.4 μm film thickness). Peaks: (1) 4:2 FTOH, (2) 6:2 FTO, (3) 8:2 FTO, (4) 4:2 FTOH,

(5) 6:2 FTOH, (6) 7-Me-6:2 FTOH, (7) 8:2 FTOH, (8) 10:2 FTOH, (9) N- MeFOSA, (10)

N- EtFOSA, (11) N- MeFOSE, (12) N -EtFOSE.

3.2. Ultra-high performance liquid chromatography-tandem mass 

spectrometry determination 

In a previous work, we examined the applicability of sev- 

eral atmospheric pressure ionisation (API) sources for the sensi- 

tive determination of FTOHs, FOSAs and FOSEs by LC–MS/MS [28] , 

demonstrating the efficient ionisation of these families of com- 

pounds by negative-ion APCI and APPI. To develop a multi-class 

method for neutral PFASs, including FTOs, a thorough optimisation 

of the chromatographic separation and mass spectrometry deter- 

mination was required. Since there is no information about the 

behaviour of the FTOs using API sources, preliminary experiments 

were conducted to investigate their ionization efficiency by APCI 

and APPI techniques. For this purpose, both positive and negative- 

ion modes were tested using water/organic solvent (acetonitrile 

and methanol) mobile phase mixtures (1:1, v/v) and only the 

negative-ion mode allowed the ionisation of FTOs using APCI. In 

addition, the use of a dopant (toluene, acetone or anisole, among 

others) was required to allow their ionisation by negative-ion APPI. 

To achieve the highest responses for FTOs, a vaporizer temperature 

of 450 °C was required, although it also caused in-source fragmen- 
tation by collision-induced dissociation (CID) for the other families 

of neutral PFASs. Under these conditions, mass spectra were quite 

similar using both APCI and APPI ionisation techniques for all the 

compounds. Thus, FTOs showed [M −3HF] –• as the base peak of the 

mass spectra due to the losses of three HF units from the molec- 

ular ion, as it can be seen in Fig. 3 a for 8:2 FTO. In addition, it 

could be observed some fragment ions corresponding to the loss 

of HF units and fluorine atoms or CF 2 units. Regarding FTOHs, two 

different ionisation mechanisms via radical and deprotonation can 

take place simultaneously [28] . However, the high vaporizer tem- 

perature required to maximise FTOs ionisation led to the forma- 

tion of radical ions for FTOHs, since the proton transfer mecha- 

nism was not favoured in APPI and even hindered in APCI. For in- 

stance, Fig. 3 b shows the negative-ion APPI mass spectrum of 10:2 

FTOH, where the presence of abundant odd-electron ions was ob- 

served. In the case of FOSAs, the deprotonated molecule was the 

base peak of the mass spectra ( Fig. 3 c for N- MeFOSA), while for 

FOSEs the main ions observed were in-source CID fragments cor- 

responding to [M–C 2 H 5 ORN] 
– (R: –CH 3 , ––CH 2 CH 3 ) ions ( Fig. 3 d). 

Therefore, 450 °C was chosen as optimal vaporizer temperature for 
the multi-class LC–MS determination, although at this temperature 

the ionisation efficiency of FTOHs, FOSAs and FOSEs was slightly 

reduced. 

Considering that the mobile phase composition significantly af- 

fects the ionisation efficiency of these compounds [28] , several 

mixtures of methanol/water and acetonitrile/water were tested as 

mobile phases. The best performance in terms of ionization ef- 

ficiency for both APCI and APPI were observed using acetoni- 

trile/water mixtures with an acetonitrile content higher than 50% 

(v/v). As an example, Fig. S2 shows the effect of the mobile phase 

composition on the 8:2 FTO response using methanol and acetoni- 

trile as organic modifier. Concerning APPI, different dopants were 

evaluated and toluene provided the highest responses for FTOs 

(Fig. S3a), as well as for FTOHs, FOSAs and FOSEs, working at a 

flow rate of 15 μL min –1 , which corresponded to a 5% (v/v) of the 

total flow rate (Fig. S3b). The most abundant ions generated by 

APCI and APPI were selected as precursor ions for tandem mass 

spectrometry experiments. However, the selected precursor ions 

for FOSEs ([M–C 2 H 5 ORN] 
–, with R: –CH 3 , –CH 2 CH 3 ) yielded prod- 

uct ions with low signal-to-noise ratios. To improve the detectabil- 

ity of these compounds by MS/MS, the [M–C 2 H 4 OF] 
– in-source CID 

fragment ions were selected as precursor ions since they yielded 

more intense product ions. Table 2 summarises the two most in- 

tense MRM transitions chosen for the UHPLC–MS/MS determina- 

tion of neutral PFASs. 

Once established the API conditions, several UHPLC columns, 

fused-core and totally porous particle technology (see Section 2.4 ), 

were tested to achieve the retention and separation of the ana- 

lytes. The four UHPLC columns are packed with particles of differ- 

ent sizes (2.6 and 1.6 μm) and technologies (fused-core and totally 

porous), but also different bonded stationary phases (C18 and PFP), 

which are adequate for the simultaneous retention of semi-polar 

(FTOHs, FOSAs and FOSEs) and non-polar PFASs (FTOs). Fused-core 

columns such as Accucore C18 and Accucore PFP provided poor- 

est resolution, column efficiency, peak asymmetry and run-to-run 

precision than those obtained using the totally porous columns 

( Table 3 ). Considering Luna C18 column was able to resolve the 

Table 3

Comparison of UHPLC columns for the separation of the target compounds.

Column Number of peaks resolved H (μm) a A s 
b Peak area precision (RSD, %) c

R s < 1 1 < R s < 1.5 R s > 1.5

Accucore C18 5 3 4 3–54 1.0–1.5 0.7–8.9

Accucore PFP 8 1 3 15–77 0.9–2.7 3.8–37.2

Luna C18 2 2 8 1–15 0.8–1.2 1.8–5.0

Luna Polar C18 2 6 4 1–12 0.8–1.2 2.5–4.7

a H: Height equivalent to a theoretical plate (HETP).
b A s : Peak asymmetry. 
c n = 3. 
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Fig. 2. Mass spectra of 8:2 FTO and N -EtFOSE under EI, CI and NICI ionisation conditions.

separation of a greater number all compounds in less than 9 min 

( R s > 1.5) that with the Luna Polar C18 column, it was selected for 

the chromatographic separation of neutral PFASs by LC–MS ( Fig. 4 ). 

Besides, ion suppression and ion enhancement were considered 

negligible for partially co-eluting compounds ( R s < 1.5) because 

the differences observed between responses obtained for the com- 

pound analysed individually and in a mixture were lower than 7%. 

3.3. Comparison of GC–MS and UHPLC–MS/MS methods 

Once established the UHPLC–MS/MS and GC–MS methods, qual- 

ity parameters, such as instrumental limit of detection (ILOD), de- 

fined as three times the signal-to-noise ratio, and run-to-run pre- 

cision, were compared to select the most appropriated method for 

the determination of the target compounds. As it can be observed 

in Table 4 , negative-ion APPI provided the highest ILODs with val- 

ues for FTOHs and FTOs ranging from 0.9 to 40 0 0 μg L −1 . This 
could be attributed to the lower ionization efficiency of these com- 

pounds at the established APPI conditions. In contrast, negative-ion 

APCI provided better detectability of target compounds, achieving 

ILODs from 0.2 to 1 μg L −1 except for 6:2 FTOH and 4:2 FTO, which 

were 23 and 100 μg L −1 , respectively. For the classical GC–MS ion- 

isation techniques, NICI was discarded because it provided a poor 

run-to-run precision (RSD 10–55%), while EI and CI provided ILODs 

between 0.06 and 6 μg L −1 , except for 4:2 FTO which were 17 

and 429 μg L −1 , respectively. Comparing CI and negative-ion APCI, 
ILODs were very similar, although 4:2 FTO was slightly suppressed 

by the solvent peak in GC–MS. Taking into account that negative- 

ion APCI provided better intra-day precision (RSD 1.2–5.0%, n = 3) 

than those obtained with CI, and the good retention of FTOs ob- 

served in the UHPLC column, the UHPLC–APCI–MS/MS method is 

proposed for the analysis of the target compounds. 
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Fig. 3. Mass spectra of (a) 8:2 FTO and (c) N -MeFOSA, obtained under negative-ion APCI conditions, and (b) 10:2 FTOH and (d) N -EtFOSE obtained under negative-ion APPI

conditions.

Fig. 4. UHPLC–APCI–MS/MS chromatogram of a standard mixture of target com- 

pounds obtained using a Luna C18 column (100 ×2.1 mm I.D., 1.6 μm). 

Table 4

Instrumental limits of detection for both GC–MS and

UHPLC–MS/MS methods.

Compound Instrumental LOD (μg L –1 )

GC–MS a UHPLC–MS/MS b

EI CI APCI (–) APPI (–)

4:2 FTO 17 429 100 4000

6:2 FTO 2 0.3 23 1800

8:2 FTO 1 0.2 0.9 500

4:2 FTOH 2 0.2 0.8 225

6:2 FTOH 2 0.2 0.2 7

7-Me-6:2 FTOH 0.2 0.06 0.1 0.9

8:2 FTOH 5 0.5 0.9 23

10:2 FTOH 6 1 0.3 2

N -MeFOSA 1 4 0.7 0.08

N -EtFOSA 2 1 1 0.1

N -MeFOSE 1 4 0.3 0.2

N -EtFOSE 1 1 0.3 0.3

a Injection volume: 1 μL.
b Injection volume: 10 μL.
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Table 5

Quality parameters of the SPE UHPLC–APCI–MS/MS method.

Compound

MLOD

(ng L −1 ) 
MLOQ

(ng L −1 ) 
Matrix effect ( ± SD) 

(%) a Recovery ( ± SD) (%) a 
Intra-day precision

(RSD, %) a
Inter-day precision

(RSD, %) a
Trueness

(RE, %) a

Low 

b Medium 

c Low 

b Medium 

c Low 

b Medium 

c Low 

b Medium 

c Low 

b Medium 

c

4:2 FTO 6000 13000 5 ± 3 1 ± 2 94 ± 1 100 ± 3 3 3 3 3 −6 7

6:2 FTO 2000 7000 7 ± 6 2 ± 1 96 ± 9 98 ± 1 7 2 7 2 −7 −3
8:2 FTO 70 200 8 ± 3 8 ± 6 95 ± 4 93 ± 6 7 6 9 7 −10 −3
4:2 FTOH 12 40 5 ± 5 2 ± 2 95 ± 3 98 ± 2 4 3 5 3 −3 −5
6:2 FTOH 6 13 7 ± 9 2 ± 1 95 ± 4 97 ± 2 5 4 7 3 1 −7
7-Me-6:2 FTOH 3 10 4 ± 7 2 ± 3 95 ± 9 99 ± 1 6 2 7 2 2 −7
8:2 FTOH 19 77 4 ± 5 4 ± 4 97 ± 4 100 ± 3 6 2 6 2 −9 −6
10:2 FTOH 7 23 2 ± 5 4 ± 3 100 ± 6 98 ± 3 2 3 4 3 7 −8
N -MeFOSA 11 37 1 ± 5 3 ± 4 94 ± 4 97 ± 1 3 2 4 2 −1 −8
N -EtFOSA 17 56 10 ± 3 2 ± 3 95 ± 4 96 ± 2 3 1 4 3 3 −1
N -MeFOSE 8 26 15 ± 4 7 ± 2 90 ± 3 96 ± 1 6 2 6 3 −9 −2
N -EtFOSE 7 23 8 ± 8 1 ± 1 94 ± 9 98 ± 1 1 1 5 2 −1 −4
a n = 5. 
b Low level: 50–150 ng L –1 for FTOHs, FOSAs and FOSEs, and 50 0–20,0 0 0 ng L –1 for FTOs.
c Medium level: 20 0–60 0 ng L –1 for FTOHs, FOSAs and FOSEs, and 20 0 0–80,0 0 0 ng L –1 for FTOs.

3.4. Analysis of water samples 

The developed UHPLC–APCI–MS/MS method combined with a 

SPE procedure previously developed [28] was applied to the analy- 

sis of river water samples. To examine the validity of the whole 

method, quality parameters were investigated. Method limits of 

detection (MLOD) and quantification (MLOQ), defined as the con- 

centration that produces respectively a signal-to-noise ratio of 

three and ten, were determined using a blank river water spiked 

with target compounds at very low concentration levels. MLODs 

and MLOQs for FTOHs, FOSAs and FOSEs ranged from 3 to 19 ng L –1 

and between 10 and 77 ng L –1 , while for FTOs the values were be- 

tween 70 and 60 0 0 ng L –1 , and from 20 0 to 130 0 0 ng L –1 , respec- 

tively ( Table 5 ). These results confirm the good detectability of the 

SPE UHPLC–APCI–MS/MS method. 

Other quality parameters, such as matrix effect, recovery, pre- 

cision and trueness, were estimated ( n = 5) at low (50–150 ng L –1 

for FTOHs, FOSAs and FOSEs, and 50 0–20,0 0 0 ng L –1 for FTOs) and 

medium concentration levels (20 0–60 0 ng L –1 for FTOHs, FOSAs 

and FOSEs, and 20 0 0–80,0 0 0 ng L –1 for FTOs). Matrix effect (ME, 

%) was calculated as the relative difference on the peak area be- 

tween spiked blank extract and standard solution at the same con- 

centration level. The ME (%) values were lower than 15% for all 

the compounds ( Table 5 ). Therefore, a matrix-matched calibration 

was carried out to correct this slight deviation. Moreover, recov- 

eries of the target compounds, involving matrix effect and ex- 

traction efficiency, ranged from 90 to 100% ( Table 5 ). The intra- 

day and inter-day precision were studied by analysing spiked wa- 

ter samples on one day and two non-consecutive days, respec- 

tively. Relative standard deviations (RSD %) for the intra-day and 

inter-day precision were respectively lower than 7% and 9%. Fi- 

nally, the trueness was also determined achieving relative errors 

up to 10% for all the compounds. These results showed the good 

performance of the developed method and it was then applied 

to the simultaneous determination of FTOs, FTOHs, FOSAs and 

FOSEs in river water samples. The presence of 4:2 FTOH and N - 

EtFOSA were detected at 45 ± 1 ng L –1 in the Llobregat River 

and 690 ± 20 ng L –1 in the Ebro River, respectively. These val- 

ues were in agreement with those previously reported [28] , con- 

firming that the concentrations of these compounds remain al- 

most constant over time (more than one year). Besides, 8:2 FTO 

could be also detected at concentration lower than the limit of 

quantification ( < 200 ng L –1 ) in the Ebro River water. The pres- 

ence of the other compounds was not detected in any of the anal- 

ysed samples. These findings suggest a constant release of 4:2 

FTOH and N -EtFOSA to the Llobregat and Ebro River basin and fur- 

ther studies should be done to identify potential source of this 

pollution. 

4. Conclusions

This work demonstrates, for the first time, the good efficiency 

of the atmospheric pressure ionisation sources (APCI and APPI) 

for the simultaneous determination of FTOs with other families of 

neutral PFASs (FTOHs, FOSAs and FOSEs) using a UHPLC–MS/MS 

method. Although gas chromatography-mass spectrometry meth- 

ods offer good performance for the analysis of these compounds, 

the UHPLC–MS/MS provided interesting advantages over them, 

such as adequate retention of FTOs, high efficiency on the ioni- 

sation of the studied neutral PFASs and low detection limits for 

a suitable analysis of water samples. The required high vapor- 

izer temperature necessary to maximise the ionisation of FTOs 

by negative-ion APCI and APPI also allowed an acceptable re- 

sponse for the rest of compounds. Moreover, the use of a to- 

tally porous (1.6 μm) Luna C18 UHPLC column combined with an 

acetonitrile/water mobile phase provided the best performance 

for both the chromatographic separation and the ionisation of 

neutral PFASs. The combination of a SPE Oasis HLB® sample treat- 

ment with the UHPLC–APCI-MS/MS method provided low limits 

of detection, good precision and trueness. Therefore, this method 

was proposed for the simultaneous determination of FTOs, FTOHs, 

FOSAs and FOSEs in river water samples. The concentration levels 

found in the river water samples suggested a constant release of 

some neutral PFASs, might be coming from industrial activities. 
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Table S1. Chemical structures of the target compounds.

Family of Compounds Structure Substituent

Fluorotelomer Olefins 
(FTOs)

R: –C4F9

–C6F13

–C8F17

4:2 FTO 
6:2 FTO
8:2 FTO

Fluorotelomer Alcohols 
(FTOHs)

R: –C4F9

–C6F13

–C4F8(CF3)CF3

–C8F17

–C10F21

4:2 FTOH 
6:2 FTOH
7-Me-6:2 FTOH
8:2 FTOH
10:2 FTOH

Fluororooctane
Sulfonamides
(FOSAs)
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Supporting Figures 

Figure S1. EI, CI and NICI mass spectra of 8:2 FTOH and N-EtFOSA. 
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Figure S2. Effect of the organic modifier on the m/z 386 signal intensity of 8:2 FTO 
using negative-ion APCI.
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Figure S3. Effect of the (a) dopant and (b) dopant percentage on the peak areas of FTOs 
and 8:2 FTO using negative-ion APPI.

0

1000000

2000000

3000000

4000000

5000000

6000000

8:2 FTO 6:2 FTO 4:2 FTO

A
re

a
(a

u
) Toluene

Acetone

Chlorobenzene

Anisole

THF

8:2 FTO
(m/z 386)

a)

b)

0

1000000

2000000

3000000

4000000

5000000

6000000

0 1 2 3 4 5 6 7 8 9 10

A
re

a
 (

a
u

)

Dopant Percentage (%, v/v)

Chapter 2. Determination of Fluorinated Organic Compounds 

106



Chapter 2. Determination of Fluorinated Organic Compounds 

 

107 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.3. Article III 
 

Fragmentation studies of neutral per- and polyfluoroalkyl substances by 

atmospheric pressure ionization-multiple stage mass spectrometry  

Juan F. Ayala-Cabrera, F. Javier Santos, Encarnación Moyano 

Analytical and Bioanalytical Chemistry, (2019) 411: 7357-7373



 

 



PAPER IN FOREFRONT

Fragmentation studies of neutral per- and polyfluoroalkyl substances
by atmospheric pressure ionization-multiple-stage mass
spectrometry

Juan F. Ayala-Cabrera1 & F. Javier Santos1,2 & Encarnación Moyano1,2

Received: 12 August 2019 /Revised: 6 September 2019 /Accepted: 11 September 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
The establishment of fragmentation pathways has a great interest in the identification of new or unknown related
compounds present in complex samples. On that way, tentative fragmentation pathways for the ions generated by
atmospheric pressure ionization of neutral per- and polyfluorinated alkyl substances (PFASs) have been proposed in
this work. Electrospray (ESI), atmospheric pressure chemical ionization (APCI) and photoionization (APPI) were eval-
uated using mobile phases and source conditions that enhance the ionization efficiency of ions generated. A hybrid mass
spectrometer consisting of a linear ion trap and an Orbitrap was used to combine the information of both multiple-stage
mass spectrometry (MSn) and mass accuracy measurements to characterize and establish the genealogical relationship
between the product ions observed. The ionization mechanisms to generate ions such as [M–H]−, [M]−•, and [M+O2]

−• or
the in-source collision-induced dissociation (CID) fragment ions in each API source are discussed in this study. In
general, fluorotelomer olefins (FTOs) ionized in negative-ion APCI and APPI generated the molecular ion, while
fluorotelomer alcohols (FTOHs) also provided the deprotonated molecule. Besides, fluorooctane sulfonamides
(FOSAs) and sulfonamido-ethanols (FOSEs) led to the deprotonated molecule and in-source CID fragment ions, respec-
tively. The fragmentation pathways from these precursor ions mainly involved initial α,β-eliminations of HF units and
successive losses of CF2 units coming from the perfluorinated alkyl chain. Moreover, FTOHs and FOSEs showed a high
tendency to generate adduct ions under negative-ion ESI and APPI conditions. The fragmentation study of these adduct
ions has demonstrated a strong interaction with the attached moiety.

Keywords Fluorotelomer olefins . Fluorotelomer alcohols . Fluorooctane sulfonamides and sulfonamido-ethanols . Atmospheric
pressure ionization .Multiple-stage mass spectrometry . Fragmentation pathway

Introduction

Mass spectrometry is an important tool for structural elucida-
tion but also for the selective and sensitive detection of
analytes in complex samples of multitude application fields.

Thus, the establishment of fragmentation pathways is of great
relevance. Besides the characterization of target compounds,
the fragmentation studies also allow the identification of char-
acteristic product ions and common fragmentation patterns,
which could be useful for the identification of new and un-
known related compounds. Generally, triple–quadrupole in-
struments and ion trap instruments have been traditionally
used to get structural information via tandem mass spectrom-
etry experiments, mainly for the identification of the ions used
for quantitative and confirmatory purposes [1–4].
Nevertheless, these analyzers operate at low resolution and
the correct assignment of some product ions might be com-
promised. Hybrid high-resolution instruments help to solve
this problem [5, 6], since they generally isolate precursor ions
at low resolution, but the acquisition of product ions is per-
formed at high resolution after their fragmentation via
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collision-induced dissociation (CID) in a collision cell [7–11].
Particularly, the hybridization of a linear ion trap with an
Orbitrap mass analyzer (LIT-Orbitrap) has provided a power-
ful tool for the study of fragmentation pathways since this
instrument allows the accurate molecular formula assignment
of both precursor and product ions (mass accuracy lower than
5 ppm) and the establishment of the genealogical relationship
of ions generated via multiple-stage mass spectrometry
[12–15].

In the present study, the fragmentation behavior of four
different families of neutral per- and polyfluoroalkyl sub-
stances (PFASs), consisting on fluorotelomer olefins
(FTOs), fluorotelomer alcohols (FTOHs), fluorooctane
sulfonamides (FOSAs), and sulfonamido-ethanols
(FOSEs), has been studied. These compounds are widely
used in commercial products, such as packaging materials
or fire foams fighters, as a consequence of their water-
and stain-resistant properties [16, 17], although their deg-
radation leads to persistent PFASs, which have been reg-
ulated due to their toxicity effects over the environment
and living organisms [17–20]. Gas chromatography-mass
s p e c t r om e t r y ( GC -MS ) [ 2 1 – 2 3 ] a n d l i q u i d
chromatography-tandem mass spectrometry (LC-MS/MS)
[24–26] are the techniques normally employed for the
determination of these neutral PFASs. However, in the
development of GC-MS methods, only some studies pay
attention to discuss the fragmentation observed, as report-
ed for FOSAs under electron ionization conditions [27,
28]. On the other hand, it has been reported that, under
atmospheric pressure ionization (API) conditions, these
compounds generate ions that are highly fragmented
through CID, thus providing complex tandem mass spec-
tra [26, 29], especially in both atmospheric pressure
chemical ionization (APCI) and photoionization (APPI)
sources [30, 31]. However, most of the published studies
just focused on the assignment of those product ions se-
lected for quantitative analysis and confirmatory pur-
poses. To our knowledge, there are no previous publica-
tions where the CID fragmentation of the ions generated
under API conditions of neutral PFASs have been thor-
oughly studied.

The aim of this work was to study the ions generated for
neutral PFASs under atmospheric pressure using electrospray
(ESI), atmospheric pressure chemical ionization (APCI) and
photoionization (APPI) sources and the complex tandemmass
spectral data that frequently are obtained from them using
multiple-stage mass spectrometry (MSn) and high-resolution
mass spectrometry (HRMS). These studies have also searched
for the establishment of fragmentation pathways for these
families of compounds since they may be also of interest to
develop mass spectrometry strategies for the screening of
similar/related fluorinated compounds in environmental, food,
and consumer product analyses.

Material and methods

Reagents and standards

Neutral per- and polyfluoroalkyl substances included in this
work are summarized in Table 1. FTOHs—1H,1H,2H,2H-
perf luorohexan-1-ol (4:2 FTOH), 1H,1H,2H,2H-
perfluorooctan-1-ol (6:2 FTOH), and 1H,1H,2H,2H-
perfluoro-7-trifluoromethyl-octan-1-ol (7-Me-6:2 FTOH)—
were obtained from Fluorochem Ltd. (Derbyshire, UK), while
1H,1H,2H,2H-perfluorodecan-1-ol (8:2 FTOH) and
1H,1H,2H,2H-perfluorododecan-1-ol (10:2 FTOH) were pur-
chased from Alfa Aesar GmbH & Co KG (Karlsruhe,
Germany), all of them at a purity higher than 96%. The
FTOs—1H,1H,2H-perfluoro-1-hexane (4:2 FTO),
1H,1H,2H-perfluoro-1-octane (6:2 FTO), and 1H,1H,2H-
perfluoro-1-decene (8:2 FTO)—were also supplied by
Fluorochem Ltd. Moreover, N -e thylperf luoro-1-
octanesulfonamide (N-EtFOSA) was obtained from Dr.
Ehrenstorfer GmbH (Ausburg, Germany), all of them at a
purity higher than 99%. Individual stock standard solutions
(1000 mg L−1) of each compound were prepared in acetoni-
trile from their respective pure standards. Besides, individual
standard solutions (50 mg L−1 in methanol) of 2-(N-
methylperfluoro-1-octanesulfonamido)-ethanol (N-
MeFOSE), 2-(N-ethylperfluoro-1-octanesulfonamido)-etha-
n o l (N - E t FOSE ) , a n d N -m e t h y l p e r f l u o r o - 1 -
octanesulfonamide (N-MeFOSA) were purchased from
Wellington Laboratories Inc. (Guelph, Ontario, Canada).
Working solutions were obtained by dilution of stock standard
solutions prepared in acetonitrile/water (1:1, v/v) or methanol/
water (1:1, v/v) and stored at 4 °C.

Acetonitrile, methanol, and water LC-MS Chromasolv®,
used asmobile phase solvents, and toluene Chromasolv® Plus
for HPLC, used as dopant solvent in the APPI source, were
purchased from Sigma-Aldrich (St Louis, MO, USA). Acetic
acid (≥ 99.7%) was also supplied by Sigma-Aldrich, while
ammonium hydroxide (33%) was obtained from J. T. Baker
(Deventer, Holland). Both of them have been used as additives
in mobile phases.

Nitrogen (> 99.995%) was purchased from Linde
(Barcelona, Spain) and it was used as auxiliary and nebulizer
gas in the atmospheric pressure ionization sources, while
helium (99.999%), obtained from Air Liquide (Madrid,
Spain), was employed as buffer gas in the linear ion trap (LIT).

Instrumentation and MS conditions

A hybrid mass spectrometer (linear ion trap-Orbitrap), LTQ
Orbitrap Velos (Thermo Fisher Scientific, San Jose, CA,
USA), was used for the fragmentation studies of neutral per-
and polyfluoroalkyl substances. Three atmospheric pressure
ionization sources (ESI, APCI, and APPI) could be swapped
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in the LTQ-Orbitrap instrument and coupled to an UHPLC
pump system (Accela, Thermo Fisher Scientific). The ioniza-
tion source working conditions and the mobile phase compo-
sition depended on the API source used. Thus, individual
standard solutions, prepared in the most adequate solvent mix-
ture, were infused at 15 μL min−1 using a syringe pump. The

standard solution was infused and introduced in the stream of
the mobile phase (200 μL min−1) by means of a Valco zero
dead volume T-piece to deliver a final concentration of
5 mg L−1 into the ionization source. Regarding ESI, both
acidic (0.1% acetic acid) and basic (0.1% ammonia)
acetonitrile/water (1:1, v/v) mobile phases were evaluated.

Table 1 Selected neutral per- and polyfluoroalkyl substances

Analyte Abbreviation Chemical Structure

1H,1H,2H–Perfluoro–1–hexane 4:2 FTO

1H,1H,2H–Perfluoro–1–octane 6:2 FTO

1H,1H,2H–Perfluoro–1–decene 8:2 FTO

1H,1H,2H,2H–Perfluorohexan–1–ol 4:2 FTOH

1H,1H,2H,2H–Perfluorooctan–1–ol 6:2 FTOH

1H,1H,2H,2H–Perfluoro–7–
trifluoromethyl–octan–1–ol

7-Me-6:2
FTOH

1H,1H,2H,2H–Perfluorodecan–1–ol 8:2 FTOH

1H,1H,2H,2H–Perfluorododecan–1–ol 10:2 FTOH

N–methylperfluoro–1–octane
sulfonamide

N-MeFOSA

N–ethylperfluoro–1–octane
sulfonamide

N-EtFOSA

2–(N–methylperfluoro–1–octane 
sulfonamido)–ethanol

N-MeFOSE

2–(N–ethylperfluoro–1–octane 
sulfonamido)–ethanol

N-EtFOSE
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The ESI optimal working conditions were as follows: spray
voltage, 2.5–3.0 kV; sheath gas pressure, 50 a.u. (arbitrary
units); auxiliary gas pressure, 15 a.u.; and vaporizer and cap-
illary temperatures, 40 and 275 °C, respectively. Concerning
APCI and APPI, the mobile phase composition was selected
considering those hydro-organic mixtures that achieved the
best ionization efficiency of analytes [26, 29]. In APCI,
water/methanol (1:1, v/v) mobile phase was the best option
for FTOHs, FOSAs, and FOSEs, while water/acetonitrile
(1:1, v/v) was the most appropriated for FTOs’ ionization.
Regarding APPI, the optimal mobile phase was water/
acetonitrile (1:1, v/v), and the dopant used for all the com-
pounds was toluene, which was introduced into the mobile
phase stream by post-column addition at 15 μL min−1 using
a T-piece (Valco). A discharge current of 10 μA was set in
APCI and the krypton lamp, used in APPI, emitted photons of
10.6 eV. Sheath and auxiliary gas pressures and the capillary
temperature were fixed as in ESI experiments, while the va-
porizer temperature was set at 250 °C for FTOHs, FOSAs, and
FOSEs and at 450 °C for FTOs in both APCI and APPI
sources, respectively. Regarding the ion trap parameters, the
isolation width was 1.0 m/z, while the activation time and
activation Q were fixed at 30 ms and 0.25, respectively.
Multiple-stage mass spectrometry (MSn) data was acquired
in full scan negative-ion mode (50–650 m/z) at a resolution
of 30,000 full width at half maximum (FWHM). The S-lens
RF was fixed at 50%, while the maximum injection time and
the AGC target were adjusted at 200 ms and 106, respectively.
Xcalibur™ v. 2.2 software was used for instrument control,
MSn data acquisition, and data processing.

Results and discussion

In the present work, ions generated by atmospheric pressure
ionization (ESI, APCI, and APPI) were fragmented by
collision-induced dissociation (CID) in a linear ion trap-
Orbitrap (LIT-Orbitrap) mass spectrometer. Multiple-stage
mass spectrometry (MSn) was used to establish the genealog-
ical relationships of product ions, and accurate mass measure-
ments on the Orbitrap allowed the correct assignment of ele-
mental compositions of ions.

The full scan mass spectra of target compounds were ob-
tained under working conditions that maximized the forma-
tion of molecular ions or deprotonated molecule ions and
minimized the in-source CID fragmentation. The nth genera-
tion ions were obtained by MSn experiments and the product
ions generated in each step were immediately stabilized after
their formation, which generally reduced subsequent fragmen-
tations by multiple collisions. Nevertheless, in some cases,
fast kinetics dissociation processes could also yield product
ions via multiple collisions hindering the interpretation of the
genealogical relationships of ions observed. Therefore,

exhaustive mass spectra analysis has been performed to estab-
lish the fragmentation pathways of neutral PFASs.

Fluorotelomer olefins

The absence of neither acidic hydrogen nor basic func-
tional group did not allow the ionization of FTOs by
ESI. Otherwise, the ionization of these compounds was
possible in negative-ion mode APCI and APPI via
electron-capture or ion-molecule reactions (charge ex-
change) in the gas phase. The use of high vaporizer tem-
peratures (450 °C) and acetonitrile/water mobile phases
improved the ionization efficiency of these analytes [26].
Figure 1 shows the MSn spectra of the most characteristic
ions obtained by negative-ion APCI for 8:2 FTO as model
compound. As it can be observed in the MS spectrum, the
[M]−• (m/z 445.9962, − 1.5 ppm) is present at very low
relative abundance (< 5%), and two groups of in-source
CID fragment ions (odd- and even-electron ion series)
dominate the mass spectrum (relative abundances >
40%). These ion series could come from the in-source
CID fragmentation of less stable molecular ion.
Moreover, ions within these series shifted 20.0062 Da
(mass error 0.01 mDa), which may indicate the loss of
HF units. These ions were further fragmented up to MS3

to establish the genealogical relationship among the
fragment/product ions observed. Figure 2 shows the ten-
tative fragmentation pathway proposed for the molecular
ion of 8:2 FTO, which also serves as a general fragmen-
tation pathway for this family of compounds. The frag-
mentation of the radical molecular ion starts by losing
several HF units, which might occur consecutively by
α ,β-elimination between adjacent carbons on the
fluoroalkyl chain, yielding product ions with a higher
number of double bonds. Conjugation would favor the
subsequent losses of HF units until exhausting the hydro-
gen atoms, as can be seen in the MSn of the consecutive
ions (Fig. 1). For instance, the MS2 spectrum of [M–
2HF]−• (m/z 405.9836, − 2.0 ppm) shows as base peak
the ion at m/z 385.9772 assigned to [M–3HF]−• (−
2.6 ppm), while the MS2 from [M–HF2]

− and the MS3

from [M–HF2–HF]
− show the ions obtained by these con-

secutive losses of HF units, although some of them could
have occurred via hydrogen rearrangement. After
exhausting all hydrogens, two types of fragmentation al-
ternated: the elimination of F atoms and the loss of CF2,
which may be produced through the cleavage of a termi-
nal C–C bond and the subsequent reattachment of one F
atom, thus losing the last –CF2 moiety (49.9968 Da). For
instance, the MS2 spectrum corresponding to the in-source
CID fragment ion [M–3HF]−• showed a product ion at m/z
366.9782, which could be assigned to [M–3HF–F]− (−
4.3 ppm) in agreement with the fragmentation pathway
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suggested. Additionally, the other even-electron ions pres-
ent in this MS2 mass spectrum, which shifted 49.9966 Da,
could be explained through the fragmentation of the
perfluoroalkyl chain by successive losses of CF2 units
(− 0.2 mDa). Thus, ions at m/z 316.9816 (− 4.3 ppm)
and m/z 266.9851 (− 4.0 ppm) were assigned to [M–
3HF–F–CF2]

− and [M–3HF–F–2CF2]
−, respectively. The

genealogical relationship between these ions was con-
firmed by their MS3 spectra, where only the ions at m/z
266.9851 [M–3HF–F–2CF2]

− and m/z 216.9885 [M–
3HF–F–3CF2]

− were respectively observed. On the other
hand, the loss of one F atom from [M–3HF–F]− (m/z
347.9803, − 3.1 ppm) yielded an odd-electron product
ion series which could be also explained by consecutive
losses of CF2 units. The genealogical relationship of the
different odd-electron ions can also be followed through
the MS3 spectrum of [M–3HF–2F]−• (m/z 347.9803),
which only yielded the formation of one ion at m/z
297.9832, that may correspond to [M–3HF–2F–CF2]

−•

(− 1.4 ppm).
This tentative fragmentation pathway has also been ob-

served for the different FTOs included in this study, so it could

be proposed as a general fragmentation pathway for the whole
FTO family.

Fluorotelomer alcohols

FTOHs were ionized by negative-ion APCI or APPI (toluene)
using hydro-organic mobile phases (methanol or acetonitrile/
water mixtures, respectively) to improve their ionization effi-
ciency [26, 29, 32]. Under these conditions, two main ioniza-
tion mechanisms could explain the ions observed in the full
scan mass spectra of FTOHs: (i) proton abstraction via ion-
molecule reactions in the gas phase to produce the
deprotonated molecule [M–H]− and (ii) electron capture/
charge exchange via the interaction with gas phase ionic spe-
cies to form the molecular ion [M]−• [29]. Further, these ions
also fragmented via in-source CID, even under optimal con-
ditions. As an example, Table 2 summarizes the main product
ions observed in MSn (n = 1–3) for 8:2 FTOH using negative-
ion APCI and APPI. The MS2 and MS3 spectra were charac-
terized by an important number of product ions that may have
been originated by multiple collisions, probably due to fast
kinetic fragmentations. In fact, changes on the activation time

Fig. 1 Full scan mass spectra of 8:2 FTO and MSn spectra of the most important product ions under negative-ion APCI conditions

Fragmentation studies of neutral per- and polyfluoroalkyl substances by atmospheric pressure... 7361

Chapter 2. Determination of Fluorinated Organic Compounds 

113



and activation Q did not produce any improvement on the
stabilization of the corresponding precursor ions in the linear
ion trap. These data were studied in order to propose fragmen-
tation pathways for both the deprotonated molecule ion and
the molecular ion. Figure 3 shows the tentative fragmentation
pathways proposed for 8:2 FTOH, as model compound for the
FTOH family. As it has been observed for FTOs
(“Fluorotelomer olefins” section), FTOHs also showed suc-
cessive losses of HF units via α,β-elimination with charge
retention, generating conjugated double bonds (RDB equiva-
lent was increasing in each HF loss) until exhausting the hy-
drogens in the molecule. After that, the fragmentation of the
resulting product ions continued through the loss of CO or
CF2O within the even-electron ion series (Fig. 3a), or the loss
of CO in the case of the odd-electron ion series (Fig. 3b).
These mechanisms are still challenging but they should in-
volve the rearrangement of a fluorine atom. After that, the
fragmentation for the even-electron ion series ended with the
cleavage of CF2 units, as it happened for FTOs. However, the
fragmentation of the molecular radical ion also included steps
where a F atom was lost followed by possible losses of CO,

CF2, or CF2O. For instance, it could be observed in Table 2
that the fragmentation of [M–5HF–F]− (m/z 344.9766, −
3.8 ppm) led to [M–5HF–F–CO]− (m/z 316.9819, −
3.4 ppm), [M–5HF–F–CF2O]

− (m/z 278.9850, − 4.2 ppm),
and [M–5HF–F–CF2]

− (m/z 294.9799, − 4.0 ppm). After this
step, the new product ion could be further fragmented either
by losing CF2 and CO units or by losing a CF2O moiety.

On the other hand, FTOHs also show a high tendency to
generate adduct ions. Table 3 shows the fragmentation of the
adduct ions frequently generated in API sources. When using
mobile phases with acetic acid/sodium acetate buffers [24,
25], FTOHs generated the acetate adduct ion [M+
CH3COO]

−, which directly fragmented into the acetate ion
in the MS/MS experiments, thus preventing the generation
of analyte-specific product ions. When ammonia (0.1%, v/v)
was added to the mobile phase, FTOHs formed the ion [M–
H+CO2]

− as the base peak of the mass spectra. These adduct
ions were relatively stable and they were only fragmented
using normalized collision energies (NCE) above 30%, which
indicates the intense strength of the interaction between the
alcohol moiety and the CO2. These results are in agreement
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with Zhou et al., which reported the formation of CO2 adduct
ions with monohydric alcohols in negative-ion ESI [33]. For
short-fluoroalkyl chain FTOHs such as 4:2 FTOH and 6:2
FTOH, theMS/MS fragmentation of the adduct ion led to both
the loss of the CO2, which yields the deprotonated molecule
[M–H]−, and the simultaneous loss of the CO2 and CH3OF to
form the ion [M+CO2–CO2CH3OF]

−. The fragmentation
mechanism is still unclear, although it may include the elim-
ination of a fluorine atom and the α,β-cleavage to form a
double bond (RDB equivalent, 1.5). After that, the fragmen-
tation follows the main fragmentation pathways previously
described. Concerning long-fluoroalkyl chain FTOHs such
as 7-Me-6:2 FTOH, 8:2 FTOH, and 10:2 FTOH, the fragmen-
tation of CO2 adduct ions also occurred by the loss of the CO2,
yielding the deprotonated molecule, but also the combined
loss of CO and CH2O due to the α,β-cleavage. Then, the
fragmentation continued as explained above for short-
fluoroalkyl chain FTOHs.

Finally, the formation of characteristic superoxide adduct
ions was also observed for all FTOHs in negative-ion APPI
[29, 32]. As what happened with the CO2 adduct ions, the
fragmentation of these superoxide adduct ions required high
NCE (25 to 40%), which indicates their high stability.
Moreover, the MS2 spectra of [M+O2]

−● shows successive
losses of HF units with oxygen atoms remaining in the new
product ions and, therefore, showing the strong interaction
between the FTOH molecule and the superoxide ion.

Perfluorooctane sulfonamido-ethanols

The mass spectrometry studies of FOSEs were per-
formed in negative-ion APCI and APPI using hydro-
organic mobile phases, methanol/water and acetonitrile/
water, respectively, and toluene as dopant in APPI.
Under these conditions, neither the molecular ion
[M]−● nor the deprotonated molecule [M–H]− were ob-
served, because of the intense in-source CID fragmenta-
tion of these ions, which led to the ion [M–C2H4OF]

−

through the loss of the alcohol alkyl chain [29]. Table 4
shows the precursor ions observed for N-EtFOSE, as an
example for this family of compounds, using the differ-
ent API sources. As it can be observed, FOSEs also
showed a high tendency to form adduct ions under
ESI conditions, promoting the formation of the ions
[M+CH3COO]

− and [M–H+CO2]
− under acidic and ba-

sic conditions, respectively. Nevertheless, the low stabil-
ity of some of these adduct ions led to their fragmenta-
tion when isolating them in the linear ion trap or to the
formation of the carboxylate as the only product ion in
MS/MS. Concerning APCI and APPI, the ion [M–
C2H4OF]

− was the base peak for both N-MeFOSE (see
Electronic supplementary material, ESM Table S1) and
N-EtFOSE, m/z 493.9700 (− 2.6 ppm) and m/z 507.9860T
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(− 1.8 ppm), among the in-source CID fragment ions
observed. Figure 4 shows the fragmentation pathways
proposed for this family of compounds from the ion
[M–C2H4OF]

−. This ion might be generated by the loss
of the alcohol alkyl chain, which would involve the
rearrangement of a hydrogen atom to favor the cleavage
of a fluorine atom. The MSn fragmentation of this ion
could begin with the formation of a cyclic structure to
yield the ion [M–C2H4OF–HF]

−. This hypothesis is in
agreement with previous studies that indicate the possi-
bility of fluorooctane sulfonamides to from cyclic struc-
ture ions [27, 28]. Additionally, this tentative ion as-
signment allows the justification of following fragmen-
tations due to consecutive losses of HF units, as can be
seen in the corresponding MS2 and MS3 spectra of [M–
C2H4OF]

−. These HF losses occurred until two hydro-
gen atoms remained in the product ion [M–C2H4OF–
2HF]− (m/z 453.9588, − 3.7 ppm) for N-MeFOSE and
[M–C2H4OF–4HF]

− (m/z 427.9620, − 2.8 ppm) for N-
EtFOSE. After that, the cleavage of the sulfone group

occurred to yield [M–C2H4OF–2HF–SO2]
− (m /z

389.9953, − 4.1 ppm) for N-MeFOSE and [M–
C2H4OF–4HF–SO2]

− (m/z 363.9986, − 4.3 ppm) for N-
EtFOSE. Later, the fragmentation followed through two
additional consecutive losses of HF until exhaust of the
hydrogen atoms and the fragmentation of the fluoroalkyl
chain by the loss of n CF2 units. Regarding N-
MeFOSE, an additional product ion was observed from
the fragmentation of the ion [M–C2H4OF–2HF]

−, which
was tentatively assigned to [M–C2H4OF–2HF–NCH]

−

(m/z 426.9464, − 3.6 ppm), although this fragmentation
mechanism is still unclear.

Other fragmentation pathways have been also proposed for
less intense precursor ions observed by APCI and APPI (see
ESM, Fig. S1a and S1b), which mainly involved losses of the
functional group and simultaneous α,β-cleavages in the
fluoroalkylchain. Finally, it is also interesting to highlight that
the adduct ion [M+O2]

−• was observed working in negative-
ion APPI conditions. The MS2 spectrum of this ion led to two
main product ions as a result of the cleavage of the O2 moiety,
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as well as the alkyl chain and the ethanol group, [M+O2–
C2H4OH–O2]

− and [M+O2–R–O2]
− (R: –CH3, –C2H5) (see

ESM, Fig. S2).

Perfluorooctane sulfonamides

Regarding FOSAs, the acidity of sulfonamide group may
favor their ionization via proton abstraction, leading to the
formation of the deprotonated molecule [M–H]− as base
peak under API conditions (Table 4). As an example, the
MSn (n = 1–3) data obtained for N-EtFOSA from the frag-
mentation of the main precursor ions, including the
deprotonated molecule, are summarized in Table 5.
Considering all these information, Fig. 5 shows the frag-
mentation pathway proposed for N-EtFOSA as an exam-
ple for this family of compounds. The ion [M–H]− for
both FOSAs mainly generated the product ion at m/z
418.9734, [M–H–SO2NR]

− (R: –CH3, –C2H5), as a result
of the cleavage of the sulfonamide group, being the most
favored fragmentation mechanism. Later, the MS3 of this
product ion yielded three product ions, m/z 268.9830, m/z
218.9862, and m/z 168.9894, because of the fragmenta-
tion of the perfluoalkyl chain by losing n CF2 units.
Besides, the ion [M–H]− also fragmented to led to the
product ion at m/z 477.9400, which can be assigned to
[M–H–RF]− (R: –CH3, –C2H5) due to the combined loss
of the alkyl chain and a fluorine atom.

Concerning N-EtFOSA, the deprotonated molecule [M–
H]− fragmentation also yielded the product ion [M–H–3HF–
SO2]

− (m/z 401.9957, − 3.0 ppm), which may involve inter-
mediate steps through low-stable ions, as shown in Fig. 5
(dash square). As commented above for FOSEs, we hypothe-
size that these intermediate steps might also involve cyclic
species to rationalize the formation of the ion [M–H–3HF–
SO2]

−. The fragmentation of this product ion would continue
through the loss of successive HF units until exhausting the
hydrogens in the molecule. After that, the perfluoroalkyl chain
would be fragmented through the elimination of nCF2 units. It
must be mentioned that the ions corresponding to this addi-
tional fragmentation pathway were not observed for N-
MeFOSA, may be due to the lower stability of the four-
member ring ion.

The fragmentation of other less intense ions observed
in the API sources has also been studied and the MSn

spectral data are detailed in Table 5. Tentative fragmen-
tation pathways for these precursor ions are summarized
in Fig. S1 (ESM). Regarding ESI, N-EtFOSA full scan
mass spectrum presented an additional low intense ion
at m/z 498.9290 (see ESM, Fig. S1c), which might be
assigned to [M+O–NHC2H5]

− (− 2.4 ppm), probably due
to an oxidation process in the ESI source. This ion
coincides with the deprotonated molecule of the
perfluorooctane sulfonate (PFOS), which could produceT
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false positives in the analysis of samples. In relation to
APCI and APPI, two common in-source CID fragment
ions (m/z 464.9447 and m/z 482.9353) were observed,
which can be explained because of the nitrogen α-
cleavage to yield the ions [M–NFR]− and [M–NHR]−

(R: –CH3, –C2H5), respectively. The proposed fragmen-
tation pathway of the ion [M–NFR]− (ESM, Fig. S1d)
may start with consecutive losses of HF and SO2 to
yield the perfluoroalkyl ion [C8F15]

−, which was further
fragmented by losing the characteristic n CF2 units.
Concerning the ion [M–NHR]−, it may be generated
by the cleavage of the N–S bond. The MS2 spectra of
t h e s e i on s showed th e gene r a t i on o f s t a b l e
perfluoroalkyl chain ions [C8F17]

− (m/z 418.9722, −
3.0 ppm) and [C8F15]

− (m/z 380.9747, − 4.2 ppm), re-
spectively, because of the loss of the sulfonamide group
(ESM, Fig. S1a). Additionally, in APPI, the N-MeFOSA
also generated the ion [M–NHCH3SO]

− (m/z 434.9680,
− 0.7 ppm) (see ESM, Table S1) that fragmented follow-
ing the same fragmentation pathway than the ion [M–
N(C2H5O)RSO]

− (R: –CH3, –C2H5) observed for FOSEs
(ESM, Fig. S1b). This ion could be formed due to the
attachment of oxygen to the perfluoroalkyl chain moie-
ty, probably due to the presence of oxygen in the ion

trap because of the dissociation of the superoxide ion.
After that, different C–C bond cleavages could take
place, leading to product ions at m/z 218.9854 and m/z
168.9886, which have been assigned to [C4F9]

− (−
3.8 ppm) and [C3F7]

− (− 4.6 ppm), respectively.

Conclusions

In this work, tentative fragmentation pathways have been
established for ions observed for neutral PFASs using API
sources. The ions generated have been assigned and the genea-
logical relationships between them have been established
through the combined used of multiple-stage mass spectrometry
and high-resolution mass spectrometry. Fragmentation pathways
proposed for precursor ions of FTOs (molecular ion) and FTOHs
(molecular ion and deprotonated molecule) included initial α,β-
eliminations of HF units through the formation of conjugated
double bonds, until exhausting hydrogens in the ions generated.
Afterwards, these compounds mainly fragmented by losing F
atoms and CO (in the case of FTOHs), but also CF2 units, which
came from the perfluoroalkyl chain. Additionally, it has been
shown the tendency of FTOHs to form adduct ions such as
[M–H+CO2]

− (under negative-ion ESI) and [M+O2]
−• (under

Fig. 5 Main fragmentation pathway of N-EtFOSA from the deprotonated molecule using negative-ion API sources
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negative-ion APPI) and the required high NCE (%) has sug-
gested the strength of the adduct moiety interaction.
Concerning FOSAs and FOSEs, common fragmentation path-
ways were proposed. FOSAs showed the deprotonated molecule
as the base peak ion in all the API mass spectra, and its fragmen-
tation patternmainly led to the loss of the sulfonamide group and,
after that, to the loss of nCF2 units from the perfluoroalkyl chain.
Moreover, under ESI conditions, an oxidation reaction generated
the ion [M+O–NHC2H5]

− for N-EtFOSA, which has the same
exact mass than the persistent PFOS ion, being susceptible of
causing identification errors. In the case of FOSEs, the tentative
fragmentation pathway for themain ion [M–C2H4OF]

− observed
under negative-ionAPCI andAPPI proposes the initial formation
of a four- (for N-MeFOSE) or five-membered ring (for N-
EtFOSE) intermediate, which would favor the elimination of
HF units until two hydrogen atoms remain in the cyclic structure.
After that, the loss of the SO2 moiety would also be favored and
the rings opened to further fragment through the loss of HF units
and successive losses of CF2 moieties.

The fragmentation patterns proposed in this work for the
different neutral PFAs show general fragmentation trends and
common product ions, which could be really useful for the
identification and characterization of new and unknown neu-
tral PFASs in real samples as well as on the differentiation of
potential isobaric neutral PFASs.
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Supporting Figures 
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Figure S1 Secondary fragmentation pathways of FOSA and FOSEs: a) [M–NHR] –
(analogue to [M–C2H5O–NR]– being R: –CH3, –C2H5) fragmentation
pathway under negative-ion APCI and APPI conditions; b) [M–NHRSO]–
fragmentation pathway under negative-ion APPI conditions (for N-MeFOSA
and also for FOSEs); c) [M+O–NHC2H5]– fragmentation pathway for N-
EtFOSA under negative-ion ESI conditions and d) [M–NFR]– fragmentation
pathway for FOSAs under negative-ion APCI and APPI conditions

Figure S2 Secondary FOSEs fragmentation pathway of [M+O2] –• under negative-ion
APPI conditions
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–•
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A novel methodology for the determination of neutral perfluoroalkyl
and polyfluoroalkyl substances in water by gas chromatography-
atmospheric pressure photoionisation-high resolution mass
spectrometry

J.F. Ayala-Cabrera a, A. Contreras-Llin a, E. Moyano a, b, F.J. Santos a, b, *

a Department of Chemical Engineering and Analytical Chemistry, University of Barcelona, Av. Diagonal 645, E‒08028, Barcelona, Spain
b Water Research Institute (IdRA), University of Barcelona, Montalegre 6, E‒08001, Barcelona, Spain

h i g h l i g h t s g r a p h i c a l a b s t r a c t

� GC-APPI-HRMS was applied for the
first time to determine neutral PFASs
in water.

� GC-APPI(�) with acetone as dopant
allowed an efficient ionisation of
neutral PFASs.

� GC-APPI-HRMS method significantly
improved in the detectability of the
analytes.

� HS-SPME allowed a fast and effective
extraction of neutral PFASs from
water.

� The new method allowed a sensitive
determination of neutral PFASs in
river water.

a r t i c l e i n f o
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a b s t r a c t

Here, we developed and validated a new gas chromatography-atmospheric pressure photoionisation-
high-resolution mass spectrometry (GC�APPI�HRMS) method combined with headspace solid-phase
microextraction (HS�SPME) for the determination of neutral perfluoroalkyl and polyfluoroalkyl sub-
stances (PFASs) in water samples. The method includes fluorotelomer olefins (FTOs), fluorotelomer al-
cohols (FTOHs), fluoroctanesulfonamides (FOSAs) and sulfonamido-ethanols (FOSEs). The feasibility of
the GC-APPI interface for the ionisation of the target compounds was evaluated, achieving the best re-
sults using negative-ion dopant-assisted ionisation with acetone and a source and capillary temperatures
of 225 �C and 175 �C, respectively. Under optimal conditions, FTOs and FTOHs mass spectra showed
intense in-source CID fragment ions from the fluoroalkyl chain but also the superoxide [MþO2]

e� adduct
ion. For FOSAs, [M�H]e was the main ion generated, while FOSEs mass spectra showed fragment ions
corresponding to the different cleavages of the functional group. The high ionisation efficiency achieved
with the GC-APPI interface provided limits of the detection lower than those obtained using traditional
GC-MS ionisation techniques, with a high sensitivity, selectivity and precision. For water analysis, a fast
and simple HS-SPME procedure was developed, avoiding evaporation steps, which could lead to the loss
of the most volatile compounds. The developed HS-SPME GC-APPI-HRMS method showed a good
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analytical performance for the analysis of river water samples, providing very low limits of detection
(0.02e15 ng L�1), good repeatability (RSD < 11%) and trueness (relative error < 12%).

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) consist on
a functional group attached to a fully or partially fluorinated alkyl
chain. Since 1950, PFASs have been produced in high volumes due
to their high chemical and thermal stability, their ability to repel
both water and oil, and their stain resistance. These unique prop-
erties have made them useful in numerous industrial and domestic
applications, including polymer manufacture, food-contact paper
coatings, fire-fighting foams, textile, and carpet and leather treat-
ments [1e5]. Among them, fluorotelomer olefins (FTOs), fluo-
rotelomer alcohols (FTOHs), fluorooctane sulfonamides (FOSAs),
and sulfonamido-ethanols (FOSEs), have been used as precursors
and/or intermediates in the telomerisation process to manufacture
other PFASs and fluorotelomer-based polymers [2]. However, these
neutral PFASs are easily biodegraded and/or oxidised in the envi-
ronment leading to persistent and more toxic PFASs, such as per-
fluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA),
that can be easily bioaccumulated and biomagnified by living or-
ganisms [5e7] and are subjected to international regulations (i.e.,
PFOS) or under evaluation process (i.e., PFOA) [8,9]. Until now, most
of the targeted and non-targeted strategies have been focused on
the analysis of other ionic and non-ionic precursors and toxics
PFASs [10e12]. However, the determination of FTOs, FTOHs, FOSAs
and FOSEs has still a long way to go to facilitate accurate mea-
surements of their environmental levels and estimate their real
relevance in the environment. In fact, there are still a limited
number of studies conducted to determine the presence of these
compounds in environmental samples, especially in water, and
therefore, there is a great need for reliable data about their occur-
rence and distribution in the aquatic media.

Neutral PFASs have been currently determined by gas chroma-
tography coupled to mass spectrometry (GC-MS) using electron
ionisation (EI) and chemical ionisation (CI) of positive ions [13e18],
while negative ion chemical ionisation (NICI) has been applied for
confirmation purposes [14,18]. Although these ionisation tech-
niques have proven useful in detecting neutral PFASs, relatively
high instrumental limits of detection are usually achieved, ranging
from 0.06 to 429 mg L�1 [19,20]. In the last years, GC-MS applica-
tions are moving from conventional ionisation techniques (e.g., EI
and CI) to the atmospheric pressure chemical ionisation (APCI) and
photoionisation (APPI) technologies [21,22]. Thus, the GC-APCI and
GC-APPI interfaces are being introduced progressively in the
analytical laboratories, opening new fields of applications due to
their capabilities to ionise a great range of compounds. In addition,
these sources are soft ionisation techniques that decrease the
fragmentation of the molecular ion and improve the sensitivity of
the instrumental methods [23]. GC-APCI has been the most used
interface because it was firstly commercialised, but methods based
on GC-APPI have also been developed, although to a lesser extent.
Thus, GC-APPI interface has been applied to the analysis of steroids
[24], polycyclic aromatic hydrocarbons (PAHs) [24,25], poly-
chlorinated biphenyls (PCBs) [26], polibrominated diphenyls ethers
(PBDEs)[27], some environmental priority pollutants [28], and light
crude oil fraction [29], among others. However, the GC-APPI
interface has not yet been evaluated for the determination of the
neutral PFASs, although the effectiveness of the APPI source has

been demonstrated in the analysis of these compounds by liquid
chromatography-tandem mass spectrometry (LC‒MS/MS) [20].
Recently, an efficient GC-APPI interface based on a vortex design for
GC-Orbitrap mass analyser has been commercialised [30], and it
could be an excellent alternative to traditional GC-MS ionisation
methods for the analysis of neutral PFASs.

Currently, the extraction methods most commonly used for the
determination of neutral PFASs in water samples are based on
liquid-liquid extraction or solid-phase extraction [31e33]. These
extraction techniques require the use of large sample volumes and
several preconcentration steps to achieve limits of detection low
enough for water analysis. Nevertheless, the use of these methods
resulted in losses of the analytes during the evaporation step,
especially for FTOs (from 75 to 85%) and FTOHs (from 23 to 72%),
and a significant matrix effect (15e60%) that caused an important
decrease in the LC-MS/MS responses [34]. In this way, headspace
solid-phase microextraction (HS-SPME) could be an excellent
alternative for the determination of neutral PFASs. SPME is a rapid,
inexpensive and solvent-free extraction technique that allows an
in-situ preconcentration of the analytes. This technique offers a
reliable and easy method for the determination of volatile organic
compounds [35e37], avoiding the evaporation steps currently
required in solid-phase extraction, which could cause losses of
volatile analytes.

The aim of the present work is to evaluate the potential of the
atmospheric pressure photoionisation source in GC-HRMS using an
Orbitrap mass analyser for a selective and sensitive determination
of neutral PFASs in water samples. For this purpose, several pa-
rameters that affect the ionisation behaviour of the target com-
pounds, such as source and capillary temperatures, and the use of
dopants, were optimised. In addition, the feasibility of headspace
solid-phase microextraction (HS-SPME) for a rapid and reliable
extraction of the target compounds from water samples was also
examined. The developed HS-SPME GC-APPI-HRMS method was
validated and its applicability to the analysis of river water samples
was investigated to propose a new analytical method for the ac-
curate determination of neutral PFAS at low concentration levels.

2. Materials and methods

2.1. Reagents and standards

Twelve neutral semi-volatile PFASs were selected from the
families of FTOs, FTOHs, FOSAs and FOSEs as target compounds
(Table 1). Individual standards of FTOs (4:2 FTO, 6:2 FTO and 8:2
FTO) and FTOHs (4:2 FTOH, 6:2 FTOH, 7-Me-6:2 FTOH) were ob-
tained from Fluorochem Ltd. (Derbyshire, UK), while 8:2 FTOH and
10:2 FTOH were supplied by Alfa Aesar GmbH & Co KG (Karlsruhe,
Germany) at a purity higher than 96%. Individual stock standard
solutions of FTOs and FTOHs (1000 mg mL�1) were prepared in
methanol (LiChrosolv® grade, Merck, Darmstadt, Germany) from
the respective pure standards. Standard solutions (50 mg mL�1) of
N-MeFOSA, N-MeFOSE and N-EtFOSE in methanol were purchased
fromWellington Laboratories Inc. (Guelph, Ontario, Canada), while
a stock standard solution (1000 mgmL�1) ofN-EtFOSAwas prepared
in methanol from a solid standard (purity > 99%) supplied by Dr.
Ehrenstorfer GmbH (Ausburg, Germany). Individual standards of
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1H, 1H-pentadecafluoro-1-octanol (7:1 FA), 1H, 1H-perfluoro-1-
nonanol (8:1 FA), 1H, 1H-perfluoro-1-decanol (9:1 FA) and 1H,
1H-perfluoro-1-dodecanol (11:1 FA), supplied by Fluorochem Ltd.,
were used as internal standards for FTOs and FTOHs, while N-
ethyl-2H5-perfluoro-1-octanesulfonamide (d5-N-EtFOSA) and 2-
(N-Ethyl-2H5-perfluoro-1-octane-sulfonamido)-ethan-2H4-ol) (d9-
N-EtFOSE) from Wellington Laboratories Inc. were employed for
FOSAs and FOSEs, respectively. All the internal standards were at a
purity higher than 95%. For optimising the GC-APPI-HRMSmethod,
a standard mixture of all the target compounds were prepared in
methanol at 1 mg mL�1. For validation purposes, a set of seven
calibration solutions ranging from 0.1 ng mL�1 to 100 ng mL�1

(FTOs between 1 ng mL�1 and 500 ng mL�1) were prepared by
successive dilution of stock standard solutions. All these standard
solutions contained appropriate amounts of the internal standards
to give concentrations of 10 ng mL�1 for 7:1 FA and d5-N-EtFOSA,
5 ng mL�1 for 8:1 FA and 9:1 FA, and 2 ng mL�1 for 11:1 FA and d5-
N-EtFOSE. All these solutions were stored at 4 �C until their analysis
(1 mL) by GC-APCI-HRMS.

Anisole anhydrous (purity 99.7%), toluene and chlorobenzene
for HPLC (Chromasolv™ Plus, purity � 99%) were supplied by
Sigma-Aldrich (Merck, Darmstadt, Germany). Tetrahydrofuran
(Photrex™ reagent, purity of 99%) was purchased from J. T. Baker
(Deventer, The Netherland) and acetone (LiChrosolv®,
purity � 99.8%) was obtained from Merck. Vapours of all these
solvents were used as dopants for the optimisation of APPI source
conditions. Moreover, a Milli-Q system coupled to an Elix 3 (Milli-
pore, Bedfore, MA, USA) was used to obtain ultra-pure water. All
glassware was cleaned with chromo-sulphuric acid and rinsed with
Milli-Q water and acetone before use. Helium Alphagaz™ 1
(purity � 99.9993%), supplied by Air Liquide (Madrid, Spain), was
employed as GC carrier gas while nitrogen (purity > 99.9995%),
purchased from Linde (Barcelona, Spain), was used as make-up gas
for the GC-APPI interface.

2.2. Water samples

River water samples were collected from the lower section of
Llobregat River (Barcelona, Spain). This river runs through a densely
populated and industrialised area before flowing into the Medi-
terranean Sea, receiving extensive urban and industrial wastewater
discharges coming from different factories and populations
inhabiting its surroundings. The water samples were taken up-
stream and downstream of an industrial area located at the towns
of Sant Boi de Llobregat and Cornell�a, dedicated to textile, clothing
and footwear manufacturing. In addition, tap water samples were
also taken from the supply of the city of Barcelona to assess the
possible contribution of the pipeline network. All these samples

were collected using 1000 mL glass bottles filled without leaving
headspace, to prevent possible losses, and stored in the refrigerator
at 4 �C before being analysed. Field blanks consisting of 100 ml of
natural mineral water (Font Vella, San Hilari Sacalm, Spain) were
prepared at the same sampling points and analysed along with the
river and tap water samples.

2.3. Sample treatment

Target compounds were extracted from water samples by
headspace solid-phase microextraction (HS-SPME) using a manual
fibre holder supplied by Supelco (Bellefonte, PA, USA). Five SPME
fibres, purchased from Supelco, were tested: 100-mm poly-
dimethylsiloxane (PDMS), 85-mm polydimethylsiloxane/carboxen
(PDMS/CAR), 65-mm polydimethylsiloxane/divinylbenzene (PDMS/
DVB), 85-mm polyacrylate (PA) and 50/30-mm divinylbenzene/car-
boxen/polydimethylsiloxane (DVB/CAR/PDMS). These fibres cover
different polarities, which could interact with different parts of the
molecules, to improve the extraction of the different families of
compounds from non-polar FTOs to relatively polar FOSAs. Before
use, each fibre was conditioned in the GC injection port under
helium flow according to the manufacturer’s recommendation.
After conditioning, fibre blanks were periodically analysed to
ensure there were no contaminants or carryover present.

After optimisation, the HS-SPME procedure was carried out as
follows: 10 mL of water were placed in a 20 mL screw-cap glass vial
fitted with rubber septa containing a 10mm� 5mm stir bar and an
appropriate amount of the internal standards was added through
the sample vial septum. The internal standard concentrations in the
final vial were 20 ng L�1 for 7:1 FA, 10 ng L�1 for 8:1 FA and 9:1 FA,
30 ng L�1 for d5-N-EtFOSA, and 4 ng L�1 for 11:1 FA and d9-N-
EtFOSE. Polytetrafluoroethylene (PTFE) coating of stir bar was
removed before use. Before HS-SPME analysis, the sample vial was
conditioned for 15 min in a thermostatic water bath at the
extraction temperature. Then, water samples and calibration so-
lutions were extracted from the headspace with a DVB/CAR/PDMS
fibre at 60 �C for 30 min using a constant agitation rate of 750 rpm.
Finally, thermal desorption of the target compounds was carried
out by exposing the fibre into a GC injection port at 250 �C for 3min
in splitless injection mode. After desorption, the fibre was kept in
the GC injector for an additional time of 20min in split mode (purge
on) for cleaning the fibre and preventing possible carryover be-
tween samples. For quantification of neutral PFASs, seven calibra-
tion water standard solutions were prepared by adding adequate
amounts of standard mixtures into a 20 mL screw-cap glass vial
containing 10 ml of Milli-Q water to give concentrations ranging
from 0.2 to 2000 ng L�1. In addition, appropriate amounts of in-
ternal standard were added to each calibration solution to obtain

Table 1
Chemical names, acronyms, linear structures and molecular formula of the target compounds.

Compound Acronym Linear structure Molecular Formula Vapour Pressurea (mm Hg, 25 �C)

1H, 1H, 2H-perfluoro-1-hexene 4:2 FTO CF3(CF2)3CH]CH2 C6H3F9 332
1H, 1H, 2H-perfluoro-1-octene 6:2 FTO CF3(CF2)5CH]CH2 C8H3F13 43.9
1H, 1H, 2H-perfluoro-1-decene 8:2 FTO CF3(CF2)7CH]CH2 C10H3F17 6.36
1H, 1H, 2H, 2Heperfluorohexane1eol 4:2 FTOH CF3(CF2)3CH2CH2OH C6H5F9O 12.9
1H, 1H, 2H, 2Heperfluorooctane1eol 6:2 FTOH CF3(CF2)5CH2CH2OH C8H5F13O 0.382
1H, 1H, 2H, 2Heperfluoroe7emethyloctane1eol 7eMee6:2 FTOH (CF3)2CF(CF2)4CH2CH2OH C9H5F15O 0.807
1H, 1H, 2H, 2Heperfluoroe1edecanol 8:2 FTOH CF3(CF2)7CH2CH2OH C10H5F17O 0.17
1H, 1H, 2H, 2Heperfluoroe1edodecanol 10:2 FTOH CF3(CF2)9CH2CH2OH C12H5F21O 0.0208
2e(Nemethylperfluoroe1eoctanesulfonamido)eethanol NeMeFOSE CF3(CF2)7SO2N(CH3) (CH2CH2OH) C11H8F17NO3S 0.000116
2e(Neethylperfluoroe1eoctanesulfonamido)eethanol NeEtFOSE CF3(CF2)7SO2N(CH2CH3) (CH2CH2OH) C12H10F17NO3S 0.0000339
Nemethylperfluoroe1eoctanesulfonamide NeMeFOSA CF3(CF2)7SO2NH(CH3) C9H4F17NO2S 0.078
Neethylperfluoroe1eoctanesulfonamide NeEtFOSA CF3(CF2)7SO2NH(CH2CH3) C10H6F17NO2S 0.0269

a Predicted values by the ACD/Labs Percepta Platform.
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similar concentrations than those used for water samples. Further
details about the optimisation of the HS-SPME procedure are given
in section 3.3.

2.4. Instrumentation

Neutral PFASs were determined on a Trace 1300 gas chro-
matograph coupled to a Q-Exactive Orbitrap mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA), using an atmospheric
pressure photoionisation source for GC-MS analysis (GC-APPI)
(MasCom Technologies GmbH, Bremen, Germany). For the chro-
matographic separation, a DB-624 (6% cyanopropylphenyl 94%
dimethyl polysiloxane) GC fused-capillary column of 60 m of
length, 0.25 mm I.D. and 1.40 mm of film thickness (Agilent Tech-
nologies, Santa Clara, CA, USA) was employed. The injector was
operated at 250 �C in the splitless injection mode (3 min) using a
glass inlet liner (I.D., 0.75 mm, Agilent Technologies) for the HS-
SPME experiments. Helium was used as carrier gas at a constant
flow rate of 1.3 mL min�1 held by electronic flow control. The oven
temperature programwas as follow: from 50 �C (held for 3 min) to
120 �C at 10 �C min�1 and then to 250 �C at 25 �C min�1 (held for
10 min). The transfer line, source and capillary temperatures were
set at 250 �C, 225 �C and 175 �C, respectively. The GC-APPI source
was equipped with a 10.6 eV krypton lamp (Syagen, Santa Ana, CA,
USA) and it worked in the negative-ion mode using nitrogen as
make-up gas (gas pressure of 5 a.u.) and acetone vapours
(70 mL min�1) as dopant. Data acquisition was performed in full-
scan mode from m/z 100 to m/z 800 at a resolution of 35,000
(FWHM, at 200m/z), using a maximum injection time of 200 ms for
good peak reconstruction with at least 12 data points per peak and
an automatic gain control (AGC) of 3$106 to achieve the highest
sensitivity. With identification and quantification purposes,
extracted ion chromatograms (EICs) were obtained using ±5 ppm
precision extraction windows. Xcalibur y 3.1 software was used to
control the instrument setup and process the data acquisition. ACD/
Labs Percepta software (Advanced Chemistry Development Inc.,
Toronto, Canada) was used to estimate the vapour pressure values
of the target compounds.

2.5. Quality control and method validation

Quality control standard solutions and procedural blanks were
introduced among the analysis of standards and samples for
ensuring the quality of the results and for checking the GC sepa-
ration, the sensitivity of the GC-APPI-HRMS system and the validity
of the calibration. The accurate mass calibration in the Orbitrap was
performed every 72 h using an electrospray source with a calibra-
tion solution containing caffeine, MRFA peptide, Ultramark 1621
and butylamine in acetonitrile/methanol/water (2:1:1, v/v) with 1%
(v/v) formic acid. Procedural blanks covering both the instrumental
and HS-SPME procedure were periodically analysed to evaluate the
potential contribution of interfering compounds on the neutral
PFASs measurements and the possible carryover between samples.
Instrumental (ILODs) andmethod limits of detection (MLODs) were
estimated as the smallest analyte concentration that provides a
well-defined chromatographic peak with a good peak shape and a
mass error on the HRMS mass spectrum lower than 5 ppm for the
characteristic ions. These criteria were used because almost no
baseline noise was recorded in the extracted ion chromatograms
due to the narrow mass error threshold (<5 ppm) and the high
resolution used (FWHM 35,000 at m/z 200) on the Orbitrap mass
analyser. Instrumental (ILOQs) and method limits of quantification
(MLOQs) were experimentally established by analysing standards
and spiked blank water samples at low concentration levels ac-
cording with the respective limits of detection and linearity. Intra-

day precision (n ¼ 3) was routinely tested by analysing blank river
water samples spiked with the target compounds at low ng L�1

levels.

3. Results and discussion

3.1. Determination of neutral PFASs by GC-APPI-HRMS

Since FTOHs, FTOs, FOSAs and FOSEs cannot be directly photo-
ionised using APPI, the ionisation was assisted by a dopant which
was introduced into the source as a gas-phase. In addition, positive-
ion APPI mode did not allow the ionisation of the target com-
pounds, may be due to their high electronegativity. Therefore, the
ionisation behaviour of these compounds in negative-ion mode
was investigated using different solvents, such as toluene, acetone,
chlorobenzene, tetrahydrofuran and anisole, as potential APPI
dopants. All these experiments were carried out using a source and
capillary temperatures of 250 �C and 200 �C, respectively. Gener-
ally, the mass spectra obtained using these solvents showed ions
that did not depend of the dopant used, although differences in
their ion intensities were observed (see Table S1). As an example,
Fig. 1 shows the GC-APPI-HRMS mass spectra obtained for 8:2
FTOH, 8:2 FTO, N-MeFOSA and N-EtFOSE using acetone as dopant.
The mass spectra for most of FTOHs using acetone as dopant
showed the presence of the superoxide [MþO2]e� ion as base peak
and some in-source CID fragments corresponding to different
cleavages of the fluorinated alkyl chain (Fig. 1a). For FTOs, mass
spectra were characterised by the odd-electron fragment ions
generated from the unstable [MþO2]e� adduct (i.e.,
[MþO2eHF2O]e, [MþO2eHF2]e or [C9OF15]e) and some ions com-
ing from the fragmentation of the fluorinated alkyl chain, being the
[MeCH3F2]e the base peak in all the spectra (i.e., [C9F15]e for 8:2
FTO, Fig. 1b). The presence in the mass spectra of superoxide-
related fragment ions could be attributed to the entry of dopant
mixed with air into the APPI source, which promoted the formation
of a non-stable superoxide adduct ion that yielded characteristic
fragment ions. These superoxide adduct-related ions are not
observed in LC-APPI-MS [29,32] because the dopant is introduced
in the APPI source in liquid-phase. Concerning FOSEs, they were
ionised by the formation of a superoxide adduct ion but also
generating fragment ions corresponding to the loss of the ethanol
chain [MeC2H4OH]e (base peak of the spectra) or even the func-
tional group [MeNRC2H4OH]e (R: CH3, C2H5) (Fig. 1c for N-EtFOSE).
Otherwise, FOSAs showed the deprotonated molecule as the base
peak of the mass spectrum, although some low abundant in-source
CID fragment ions generated by the loss of the sulfonamide group
from the deprotonated molecule were also observed (Fig. 1d). The
presence of these characteristic fragment ions in the mass spectra
provided valuable structural information for confirming the iden-
tification of the analytes and detecting related unknown com-
pounds. To select the most suitable dopant for the efficient
ionisation of the target compounds the responses of the most
abundant ions were compared. Among the dopants studied,
acetone provided the best result for most of the compounds,
especially for FTOHs (Fig. 2). This fact could be relatedwith the high
vapour pressure of acetone that may allow a higher generation of
O2
�� in the gas-phase and, consequently, a more efficient ionisation

of superoxide adduct ions. In the case of 4:2 FTO, tetrahydrofuran
showed the highest response, although acetone also provided an
adequate ionisation efficiency (Fig. 2). Therefore, acetone was
selected as APPI dopant for the subsequent experiments. To maxi-
mise the response of the target compounds, the acetone vapours
flow-rate was then optimised from 30 to 70 mL min�1, obtaining the
best results at 70 mL min�1 (Fig. S1), which is close to the recom-
mended maximum value for avoiding turbulent flow. Moreover,
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APPI source (from 200 �C to 250 �C) and capillary temperatures
(from 175 �C to 225 �C) were also evaluated to maximise the ion-
isation efficiency by reducing the in-source CID fragmentation.
Since no significant differences in the response were observed at
the temperatures tested, a source temperature of 225 �C and a
capillary temperature of 175 �C were chosen. Table 2 summarises

the two most intense ions selected from each high-resolution full-
scan mass spectrum for the GC-APPI-HRMS determination of
neutral PFASs. Concerning N-EtFOSA, the [MeNFC2H5]e fragment
ion (m/z 464.9447) was chosen as qualifier ion because the second
most intense ion, [MeNHC2H5]e (m/z 482.9353, [C8F17O2S] e), was
interfered by the same fragment ion from d5-N-EtFOSA internal

Fig. 1. Negative-ion APPI mass spectra of (a) 8:2 FTOH, (b) 8:2 FTO, (c) N-EtFOSE and (d) N-MeFOSA using acetone as APPI-dopant.
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standard.
The performance of the developed GC-APPI-HRMS method was

evaluated by determining the linearity, instrumental limits of
detection and quantification, sensitivity, precision and trueness
(Table S2). Linearity was tested by injecting seven calibration so-
lutions at concentrations ranging from 0.1 ng mL�1 to 100 ng mL�1

(FTOs in the range 1e500 ng mL�1). Internal standard calibration
curves were established by least-squares regression analysis
obtaining correlation coefficients (r) for all the compounds higher
than 0.999. The sensitivity of instrumental methodwas determined
from the slope of the calibration curves and were from 10 to 500
times higher than those obtained in a previous work with LC-APCI-
MS/MS [34], demonstrating the good performance of the method.
Instrumental limits of detection (ILODs) ranged from 0.03 to
0.3 ngmL�1 for most of the target compounds, although for 4:2 FTO
and 6:2 FTO the ILOD values were 1 and 8 ng mL�1, respectively
(Table S2). To improve the ILODs of FTOs an increase of the source
temperature is required, since the ionisation efficiency of these

compounds in APCI and APPI sources is favoured at high temper-
atures (around 400 �C) [20], but the GC-APPI source does not allow
to operate at temperatures higher than 250 �C. In general, GC-APPI-
HRMS provided ILODs lower than those obtained with both LC-
APCI-MS/MS and GC-MS using chemical ionisation (CI) [34,38,39].
In addition, the ILOD values were around 50 times better than those
obtained with LC-APPI-MS/MS [34], with an important improve-
ment for FTOs of about three to four order of magnitude. The intra-
day precision on the determination of the target compounds was
examined by analysing in triplicate two standard solutions at
concentrations very close (low level) and around ten times higher
(medium level) than the limits of quantification (Table S2),
achieving relative standard deviations (RSD %) lower than 10%.
Moreover, the trueness in the determination of the target com-
pounds showed relative errors lower than 10%. These results
demonstrated the performance and validity of the developed GC-
APPI-HRMS for the determination of the neutral PFASs.

3.2. Optimisation of HS-SPME procedure

The feasibility of headspace solid-phase microextraction to the
determination of neutral PFASs in water samples at low concen-
tration levels (ng L�1) was investigated. The first step in the opti-
misation of the SPME procedure was the selection of the
appropriate fibre. To obtain the best sensitivity and selectivity, the
following five SPME fibres were tested: DVB/CAR/PDMS, PDMS/
CAR, PDMS/DVB, PDMS and PA (section 2.3.). For this purpose, the
fibres were evaluated using 10 mL of water samples spiked at
500 ng L�1 and the analytes were extracted from the headspace by
exposing the fibre during 15 min at 60 �C using constant stirring
(750 rpm). The desorption temperature was 250 �C for all fibres,
which is within the recommended operating temperature range.
Among the studied fibres, the PDMS and PA showed the worst re-
sults with a very low extraction efficiency of FOSAs, FOSEs and
FTOs. Fig. 3 shows the extraction efficiency of the DVB/CAR/PDMS,
PDMS/CAR and PDMS/DVB fibres for the determination of all the
compounds. As can be seen in Fig. 3a, FTOHs showed a similar
behaviour on the three fibres, while FOSAs and FOSEs achieved the
best extraction yields with the DVB/CAR/PDMS fibre. In contrast, for
FTOs the highest responses were achieved using the PDMS/CAR
fibre, although the DVB/CAR/PDMS fibre also provided a high

Fig. 2. Effect of APPI-dopants on the response of neutral PFASs using negative-ion GC-APPI-HRMS. (THF: tetrahydrofuran).

Table 2
Selected ions from GC-APPI-HRMS high-resolution full-scan for the quantification of
target compounds.

Compound Quantification Ion Confirmation Ion

m/z Assignation m/z Assignation

4:2 FTO 192.9894 [C5F7]e 208.9843 [C5OF7]e

6:2 FTO 292.9830 [C7F11]e 308.9779 [C7OF11]e

8:2 FTO 392.9766 [C9F15]e 408.9715 [C9OF15]e

4:2 FTOH 192.9894 [C5F7]e 296.0101 [MþO2]e�

6:2 FTOH 396.0037 [MþO2]e� 292.9830 [C7F11]e

7-Me-6:2 FTOH 305.9908 [C8HF11]e� 446.0005 [MþO2]e�

8:2 FTOH 495.9973 [MþO2]e� 392.9766 [C9F15]e

10:2 FTOH 595.9909 [MþO2]e� 492.9702 [C11F19]e

N-MeFOSA 511.9612 [M�H]e 482.9353 [MeNHCH3]e

N-EtFOSA 525.9775 [M�H]e 464.9447 [MeNFC2H5]e

N-MeFOSE 511.9619 [MeC2H5O]e 588.9857 [MþO2]e�

N-EtFOSE 525.9775 [MeC2H5O]e 603.0014 [MþO2]e�

Internal Standards
7:1 FA 398.9872 [M�H]e 431.9848 [MþO2]e�

8:1 FA 448.9840 [M�H]e 481.9817 [MþO2]e�

9:1 FA 498.9808 [M�H]e 531.9784 [MþO2]e�

11:1 FA 598.9748 [M�H]e 631.9720 [MþO2]e�

d5-N-EtFOSA 531.0089 [M�H]e 465.9510 [MeNFC2H2H4]e

d9-N-EtFOSE 531.0089 [MeC2H2H4O]e 612.0579 [MþO2]e�

J.F. Ayala-Cabrera et al. / Analytica Chimica Acta 1100 (2020) 97e106102

Chapter 2. Determination of Fluorinated Organic Compounds 

138



extraction efficiency. As a compromise, the DVB/CAR/PDMS was
selected for all subsequent experiments.

Extraction temperaturewas then evaluated (from 30 �C to 70 �C)
to improve the extraction of the analytes. As can be seen in Fig. 3b,
the responses of FOSAs and FOSEs increased with the temperature,
while a high extraction efficiency for FTOs and FTOHs was observed
at temperatures ranging between 30 and 50 �C (Fig. 3b). This may
be due to a decrease in the distribution constants between the
headspace and the fibre coating of the FTOs and FTOHs when the
temperature increases, since they have a higher vapour pressure
than FOSAs and FOSEs (Table 1). Therefore, an extraction temper-
ature of 60 �C was selected as optimum value for the extraction of
all the compounds. In addition, the extraction time was evaluated
from 1 to 40 min. As shown in Fig. 3c, an extraction time of 30 min
was enough to reach the equilibrium and it was chosen as the
optimal value for subsequent experiments. Finally, the effect of salt
addition (0e30% NaCl) and pH adjustment (2e10) on extraction
yield were investigated and, as expected, no significant differences
in response were observed for any of the compounds.

3.3. Performance of the HS-SPME GC-APPI-HRMS method for river
water analysis

In order to study the applicability of the proposed HS-SPME GC-
APPI-HRMS method for the determination of neutral PFASs at low
concentration levels, several river water samples were analysed in
triplicate. As none of the analysed samples showed detectable
concentrations of the target compounds for quantification, they
were considered suitable for determining the figures of merit of the
developed method and demonstrate its feasibility for achieving an
accurate determination. For this purpose, quality parameters of the
HS-SPME GC-APPI-HRMS method were established and the results
are summarised in Table 3. Linearity was estimated by analysing
seven calibration water solutions using HS-SPME over the range of
0.2e2000 ng L�1 and high correlation coefficients were obtained
(r > 0.998) for all the compounds. Method limits of detection
(MLODs) were stablished and ranged from 0.02 to 0.24 ng L�1 for
most of the analytes, except for 4:2 FTO which was 15 ng L�1, while
method limits of quantification (MLOQs) were comprised between
0.08 and 50 ng L�1. These values were about 40e200 times lower
than those previously reported for some FTOHs and FOSAs
(20e100 ng L�1) using HS-SPME GC-MS with electron ionisation
[40]. For LC-MS/MS with electrospray ionisation, the proposed
method also provided lower MLOQs values of at least 500 times for
FTOHs (60e90 ng L�1) [41], 2e4 times for FOSAs (0.29e0.62 ng L�1)
[32,42] and around 30 times for FOSEs (2.2 ng L�1) [43]. In addition,
the reported MLOQs for the analysis of the target compounds using
LC-MS/MS methods with APPI or APCI sources were 2e100 times
higher for FTOHs, FOSAs and FOSEs (0.3e6 ng L�1) [34] and at least
400 times higher for FTOs (0.07e6 mg L�1) [20]. These results
confirm the good detectability of the HS-SPME GC-APPI-HRMS
method. The repeatability (intra-day precision) of the developed
method was determined using a blank river water sample spiked at
two concentration levels (low: 0.4e200 ng L�1; medium:
5e2500 ng L�1). Good repeatability was achieved with a relative
standard deviation (RSD, %) values ranged from 2 to 11% (n ¼ 3).
Moreover, trueness, expressed as the relative error (RE, %), was also
examined at the two same concentration levels, and the results
were always lower than 12% (n ¼ 3) (Table 3). Fig. 4 shows as an
example of the GC-APPI-HRMS extracted high resolution full-scan
chromatograms obtained by spiking 10 mL of a blank river water
sample (from 0.4 ng L�1 to 4 ng L�1, except for 4:2 FTO which was
200 ng L�1). Under these conditions, it was possible to separate all
the analytes in less than 22 min with a good sensitivity and
selectivity. On base of these finding, the validity of the HS-SPME
GC-APPI-HRMS method has been demonstrated and can be pro-
pose for the reliable determination of FTOs, FTOHs, FOSAs and
FOSEs in water samples at low concentration levels.

4. Conclusions

The feasibility of a new analytical method based on HS-SPME
combined with GC-APPI-HRMS for the determination of neutral
PFASs in water samples has been demonstrated. The use of dopant-
assisted APPI in the negative-ion mode with vapours of acetone as
dopant allowed a high ionisation efficiency for all the compounds,
providing characteristic in-source CID fragment ions to ensure the
proper quantification and confirmation of the target compounds. In
addition, the information provided by the high resolution mass
spectra makes it possible to ensure unequivocal identification of
the analytes and detect possible related compounds. The HS-SPME
using a DVB/CAR/PDMS fibre has proven to be a fast and effective
technique for the extraction of the target compounds from water
samples, simplifying the sample treatment and avoiding possible
losses of the analytes. The developed HS-SPME GC-APPI-HRMS

Fig. 3. (a) Extraction efficiency of the SPME fibres on the response of neutral PFASs. (b)
Effect of extraction temperature and (c) extraction time on the absorption of 8:2 FTO,
10:2 FTOH, N-MeFOSA, and N-EtFOSE, using a DVB/CAR/PDMS fibre.
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method provided low limits of detection (0.02e15 ng L�1) a good
repeatability (RSD% < 11) and trueness (RE% < 12), demonstrating
the good performance of the method for the analysis river water at
low concentration levels (ng L�1). As far as we know, this article
reports for the first time the excellent performance of the GC-APPI
interface coupled to HRMS (Q-Orbitrap) for the analysis of neutral
PFAS, providing significant advantages over existing methods in
terms of sensitivity and selectivity.
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Table 3
Quality parameters of the developed HS-SPME GC-APPI-HRMS method.

Parameter 4:2 FTO 6:2 FTO 8:2 FTO 4:2 FTOH 6:2 FTOH 7-Me-6:2 FTOH

MLOD (ng L�1) 15 0.24 0.09 0.12 0.06 0.06
MLOQ (ng L�1) 50 0.80 0.30 0.40 0.20 0.20
Spiked conc. (ng L�1) Low level 200 4.0 1.6 2.0 1.0 1.0

Medium level 2500 50 20 25 12.5 12.5
Found conc. ± SDa (ng L�1) Low level 210 ± 14 3.5 ± 0.4 1.5 ± 0.1 2.1 ± 0.1 0.99 ± 0.09 1.02 ± 0.06

Medium level 2342 ± 167 52 ± 4 19 ± 2 24 ± 1 12.1 ± 0.9 12 ± 1
Repeatability (RSD, %)a Low level 6 11 9 6 9 11

Medium level 7 8 9 3 8 6
Trueness (Rel. Error, %)a Low level 5 �12 �3 5 �1 2

Medium level �3 4 �3 5 �3 �8

Parameter 8:2 FTOH 10:2 FTOH N-MeFOSA N-EtFOSA N-MeFOSE N-EtFOSE

MLOD (ng L�1) 0.06 0.02 0.15 0.15 0.02 0.02
MLOQ (ng L�1) 0.20 0.08 0.50 0.50 0.08 0.08
Spiked conc. (ng L�1) Low level 1.0 0.4 3.0 3.0 0.4 0.4

Medium level 12.5 5.0 37.5 37.5 5.0 5.0
Found conc. ± SDa (ng L�1) Low level 0.9 ± 0.1 0.39 ± 0.01 3.3 ± 0.2 3.2 ± 0.2 0.44 ± 0.03 0.39 ± 0.04

Medium level 11.6 ± 0.8 5.0 ± 0.6 40.6 ± 0.4 39.5 ± 0.5 4.7 ± 0.1 4.9 ± 0.4
Repeatability (RSD, %)a Low level 11 11 6 6 8 11

Medium level 7 6 2 2 2 8
Trueness (Rel. Error, %)a Low level �5 �3 12 7 10 �3

Medium level �7 1 8 5 7 �2

a n ¼ 3.

Fig. 4. GC-APPI-HRMS extracted ion chromatograms of a blank river water sample spiked at concentrations ranging from 0.4 ng L�1 to 4 ng L�1 for all the compounds, except for 4:2
FTO which was 200 ng L�1.
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Supporting Figures 

Figure S1. Effect of acetone flow rate on the response of the target compounds using the 
dopant-assisted GC-APPI interface.
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2.3. Discussion of the results 

This section is devoted to the discussion of the results corresponding to the experimental work 

(Articles I, II, III, and IV) included in Section 2.4. The discussion is focused on two main topics: 

(i) new analytical methodologies for the determination of neutral PFAS, and (ii) novel              

API-based strategies for the non-targeted screening analysis of neutral PFAS. 

2.3.1. New analytical methodologies for the determination of neutral PFAS 

As mentioned before, the determination of neutral PFAS (FTOs, FTOHs, FOSAs, and FOSEs) 

requires selective and sensitive methods for their detection in environmental samples, where 

they are found at very low concentration levels. In this Thesis, different strategies based on 

liquid chromatography and gas chromatography coupled to mass spectrometry (LC-MS,      

GC-MS) methods have been proposed to overcome the problems observed in existing 

methods for their analysis in water samples.  

The determination of neutral PFAS by gas chromatography coupled to mass spectrometry was 

evaluated in Article II. Regarding the chromatographic separation, the differences in the 

chemical structure of the neutral PFAS complicate both chromatographic separation and 

simultaneous determination. Moreover, short fluoroalkyl chain FTOs usually show low 

retention in both polar and non-polar stationary phases because of the high volatility of these 

compounds [137,284,285]. In this work, three different capillary columns (polar, non-polar, and 

semi-polar stationary phases) were tested (Article II, Section 3.1), achieving the best results 

using a poly(cyanopropylphenyldimethyl siloxane)-based column (DB-624) with a 60 m length. 

This semi-polar stationary phase not only allowed the separation of all neutral PFAS families 

but also produced enough retention of FTOs due to the high film thickness (1.4 µm). To avoid 

the chromatographic coelution of the most volatile fluorotelomer olefin (4:2 FTO) with the 

solvent peak, methanol was selected because it provided a narrow peak far enough to the 

FTOs. Nonetheless, even under these conditions, 4:2 FTO slightly overlapped with the tail of 

the methanol peak. Concerning the chromatographic separation of PFAS by ultra-high-

performance liquid chromatography, in Article II (Section 3.2) four UHPLC columns packed 

with totally porous (Luna C18 and Luna Polar C18) and superficially porous particles (Accucore 

C18 and Accucore PFP) were compared. The columns with totally porous particles provided 

better column efficiency, resolution, and peak symmetry, as well as good run-to-run precision 

in retention times than columns based on superficially porous particles. Among the columns 

with totally porous particles, Luna C18 column was able to completely separate almost all peaks 

(8 out of 12 peaks) and those analytes that partially coeluted did not show any ion suppression 

nor ion enhancement. Thus, the C18 stationary phase allowed enough retention for all the 

families of compounds, including FTOs, which is one of the main advantages over GC-MS 

methods. 
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The ionization of neutral PFAS using high-vacuum ionization techniques, such as EI, CI, and 

NICI, was also evaluated (Article II, Section 3.1). Regarding EI, most of the neutral PFAS 

showed highly fragmented mass spectra, especially FTOs, FTOHs, and FOSAs. Although EI 

is considered as an universal technique, it may lead to selectivity problems since the most 

abundant ions showed low m/z values (e.g. [C3H3F2]+ at m/z 77 for FTOs and [C3H2F3]+ at m/z 

95 for FTOHs). In contrast, CI mass spectra only showed the protonated molecule for FTOHs, 

FOSAs, and FOSEs whereas the [M‒F]+ ion was the base peak of the mass spectra of FTOs. 

In the case of NICI, FTOs and FTOHs generated radical fragment ions due to losses of HF 

units (20 Da) from the molecular ion. For FOSAs and FOSEs, the base peak of the mass 

spectra corresponded to the N-alkyl sulfonamide [NSO2R]‒ (R:-CH3, -C2H5) and N-alkyl 

sulfonamido-ethanol [NSO2RC2H5O]‒ (R:-CH3, -C2H5) functional groups. Among these         

high-vacuum ionization techniques, NICI was discarded due to the low precision observed 

(RSD%, 10-55%, n=3), while CI generally provided lower iLODs than those obtained by EI. 

Besides, 4:2 FTO showed a high iLOD since it is the most volatile compound and its signal 

was slightly suppressed by the tail of the solvent peak. 

Considering the difficulties that high-vacuum ionization techniques showed for the 

determination of neutral PFAS, API techniques were explored in this Thesis to evaluate their 

applicability for developing reliable UHPLC-MS/MS and GC-HRMS methods as alternatives to 

those previously reported in the literature. In this sense, the Articles I and II are devoted to the 

study of the ionization behavior of FTOs, FTOHs, FOSAs, and FOSEs using ESI, APCI, and 

APPI to develop new methods for their determination by UHPLC-MS/MS. Regarding ESI, the 

absence of polar functional groups on the structure of FTOs limited its application for the 

determination of these compounds. In contrast, FOSAs were easily ionized by ESI leading to 

deprotonated molecules (Article I, Fig. 2). On the other hand, FTOHs and FOSEs showed a 

high tendency to form adduct ions with mobile phase additives (e.g. [M+HCOO]‒ and 

[M+CH3COO]‒) as well as with the anions like chloride, always present in the LC-MS system. 

However, these adduct ions showed the disadvantage of only generating the respective      

non-characteristic conjugate base ions (e.g., Cl‒, HCOO‒ or CH3COO‒) in the tandem mass 

spectrometry, which was not suitable for their selective detection. The formation of these 

adduct ions can be prevented by labor-intense and time-consuming cleaning periods of the 

LC-MS system and, therefore, limiting the throughput of the laboratories. Unlike ESI source, 

negative ion APCI and APPI showed a better performance for the determination of neutral 

PFAS by UHPLC-MS/MS.  

The mobile phase composition significantly affected the ionization efficiency of neutral PFAS. 

As an example, Fig. 2.4 shows the ionization mechanism of FTOHs using APCI in negative 

ion mode. When methanol/water mixtures were used as mobile phase, FTOHs were ionized 

by means of two series of ions: (i) even-electron ions coming from an abundant deprotonated 

molecule and (ii) odd-electron ions coming from an unstable molecular ion. In contrast, 

acetonitrile/water mixtures only favored the generation of odd-electron ions may be due to 
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some self-protonation processes in the acetonitrile/water cluster that hinders the deprotonation 

of FTOHs. This effect was not observed when working in negative ion APPI, where all the 

hydro-organic mobile phase mixtures tested allowed the formation of both series of ions. It 

must be pointed out that negative ion APPI is initiated by the photoionization of a dopant 

(toluene) that can trigger other reaction mechanisms (see Chapter 1, Fig 1.15) that finally led 

to the ionization of analytes by the generation of both the deprotonated molecule and             

odd-electron fragment ions. Regarding FOSAs, the deprotonated molecule was the only ion 

formed under all the conditions and sources tested, while FOSEs mainly formed the                

[M‒CH2CH2OF]‒ ion and the [M+O2]‒● ion in APCI and APPI, respectively. When FTOHs, 

FOSAs, and FOSEs were simultaneously determined using APCI, a methanol/water mixture 

was selected as mobile phase since it allowed the formation of an abundant [M‒H]‒ ion for 

FTOHs. In contrast, an acetonitrile/water mixture was chosen when the APPI source was used 

since it permits not only a faster chromatographic separation but also the highest response of 

the analytes, especially for FTOHs. This fact may be attributed to the high capacity of methanol 

to compete with FTOHs in the proton abstraction mechanism, whereas the lack of acidic 

hydrogen might limit this competition when using acetonitrile as organic modifier. Among both 

systems, the UHPLC-APPI-MS/MS method provided the best performance leading to iLODs 

from 8 to 150 times lower than those achieved by UHPLC-APCI-MS/MS. 

 

Fig. 2.4. Ionization mechanism of FTOHs in negative ion APCI using methanol/water (left) and 

acetonitrile/water (right) mixtures as mobile phase. 

On the other hand, the development of a multi-class method to determine neutral PFAS, 

including FTOs, FTOHs, FOSAs, and FOSEs, by UHPLC-MS/MS required a re-optimization 

of the ion source conditions. Article II (Section 3.2) describes, for the first time, the ionization 

of FTOs using APCI and APPI. FTOs were ionized in both negative ion APCI and APPI through 

an unstable molecular ion that yielded odd-electron in-source collision-induced dissociation 

(CID) fragment ions. Among them, the ion [M‒3HF]‒● was the main peak of the mass spectra. 

To improve the ionization of FTOs, high ion source temperatures (450 ºC) were required. 
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However, these conditions also increased the in-source CID fragmentation of the rest of the 

neutral PFAS. For instance, this increment on the ion source temperature almost hindered the 

formation of the deprotonated molecule for FTOHs while promoting the series of odd-electron 

fragment ions coming from the unstable molecular ion (Fig. 2.4). This effect was observed in 

both APCI and APPI ion source regardless of the mobile phase composition. Under these 

conditions, the UHPLC-APCI-MS/MS method provided the lowest iLODs (0.1-100 µg L-1), 

especially for FTOs, which were 40 to 550 times lower than those obtained by                     

UHPLC-APPI-MS/MS.  

Table 2.1 summarizes the main chromatographic and mass spectrometric characteristics of 

the two UHPLC-MS/MS methods and the novel GC-APPI-HRMS method, as well as the 

sample treatment used in each of them for the determination of neutral PFAS in river water 

samples. This table allows an easy comparison of these developed methods. The ionization 

of target compounds using the GC-APPI source in negative ion mode slightly differed from the 

results obtained by negative ion APPI for LC-MS, especially for FTOs and FTOHs, which 

showed more significant differences. For instance, Fig. 2.5 shows the mass spectra of             

8:2 FTOH using the conventional LC-APPI and the novel GC-APPI source.  

Regarding FTOHs, the conventional LC-APPI promoted both the formation of the deprotonated 

molecule in addition to odd-electron ions coming from an unstable molecular ion, while the 

GC-APPI source mainly favored the generation of the superoxide ion, although some in-source 

CID fragment ions coming from the deprotonated molecule were also observed. Additionally, 

the presence of intense fluoroalkyl chain-related fragment ions (e.g. [C9F15]‒) was identified. 

These fluoroalkyl chain fragment ions were also observed for FTOs, being the base peak of 

the mass spectra, as well as some in-source CID fragment ion that incorporated the superoxide 

moiety. Thereby, it can be suggested this perfluoroalkyl chain ions may come from the 

fragmentation of the [M+O2]‒● ion for both FTOHs and FTOs. The ionization of FOSAs did not 

show significant differences, while fragment ions generated by the loss of the ethanolic chain 

became the base peak of the mass spectra for FOSEs (Article IV, Section 3.1).  

The nature of the optimal dopant to assist the APPI ionization was also different in both           

LC-MS/MS and GC-HRMS systems. While toluene was selected as the most suitable dopant 

in the LC-APPI-MS/MS method, acetone provided the best results using GC-APPI-HRMS. It 

must be pointed out that the absence of an active mobile phase (e.g., water, acetonitrile, 

methanol, etc.) in the GC-APPI source simplifies the ionization process since it may be just 

affected by the ionization energy of both analyte and dopant as well as other properties of the 

dopant such as vapor pressure or proton affinity. Therefore, we proposed the use of acetone 

as dopant since it provided the highest ionization efficiency, probably due to its higher vapor 

pressure. This may lead to a higher amount of dopant molecules in the gas-phase and, 

consequently, a high release of electrons after dopant photoionization that might enhance the 

ionization efficiency of the analytes. 
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Table 2.1. Main characteristics of the developed methods for the determination of neutral 

PFAS in water. 

Parameter UHPLC-APPI-MS/MS UHPLC-APCI-MS/MS GC-APPI-HRMS 

Analytes FTOHs, FOSAs and 

FOSEs 

FTOs, FTOHs, FOSAs 

and FOSEs 

FTOs, FTOHs, FOSAs 

and FOSEs 

Sample treatment 

Extraction technique SPE SPE HS-SPME 

Extraction phase HLB® (500 mg, 6 mL) HLB® (500 mg, 6 mL) 50/30 µm-DVB/CAR/PDMS 

Sample volume 500 mL 500 mL 10 mL 

Clean-up Yes Yes No 

Elution Methanol (4 mL) Methanol (4 mL) Thermal desorption (250 ºC) 

Evaporation  No No No 

Dilution Yes Yes No 

Internal Standard No No Yes 

Chromatography 

Injection mode Full loop (10µL) Full loop (10µL) Splitless (3 min) 

Column Accucore C18 

(100 x 2.1 mm; 2.6 µm) 

Luna C18 

(100 x 2.1 mm; 1.6 µm) 

DB-624 

(60 m x 0.25 mm; 1.4 µm) 

Mobile phase CH3CN/H2O (0.3 mL min-1) CH3CN/H2O (0.3 mL min-1) He (1.3 mL min-1) 

Mass spectrometry 

Ionization source 

API technique APPI APCI APPI 

Polarity Negative Negative Negative 

Energy Kr lamp (10.6 eV) Corona current (12 µA) Kr lamp (10.6 eV) 

Dopant Toluene (15 µL min-1) - Acetone (70 µL min-1) 

Make-up gas N2 N2 N2 

Source temperature 250 ºC 450 ºC 225 ºC 

Capillary temperature 275 ºC 275 ºC 175 ºC 

Mass Analyzer 

Mass analyzer Triple quadrupole Triple quadrupole Orbitrap (Q-Exactive) 

Resolution 0.1-0.7 m/z (peak width) 0.7 m/z (peak width) 35,000 (FWHM, at 200 m/z) 

Acquisition MRM (2 transitions/comp.) MRM (2 transitions/comp.) Full scan (100-800 m/z) 

Precursor ion / Monitored ion 

FTOs - [M‒3HF]‒● [M‒CH3F2]‒ 

FTOHs [M‒H]‒ [M‒4HF]‒● [M+O2]‒●/ [M‒CH5F2O]‒ 

FOSAs [M‒H]‒ [M‒H]‒ [M‒H]‒ 

FOSEs [M+O2]‒● [M‒CH2CH2OF]‒ [M‒CH2CH2O]‒ 



Chapter 2. Determination of Fluorinated Organic Compounds 

 

154 
 

 

Fig. 2.5. Mass spectra of 8:2 FTOH in negative ion LC-APPI-MS using toluene as dopant (left) 

and GC-APPI-HRMS using acetone as dopant (right). 

In contrast, the mobile phase in LC-MS could introduce more variables that may affect the 

APPI mechanisms, making toluene more suitable for the ionization of neutral PFAS. The 

ionization techniques were compared based on their detection capability. Fig. 2.6 shows the 

instrumental limits of detection determined for the different families of neutral PFAS using the 

different ionization techniques. 

As it is pointed out in Article IV (Section 3.1), GC-APPI-HRMS provided the lowest iLODs, 

especially for FTOHs and FTOs, which were at least 30-fold and 4-fold lower than those 

obtained by the most sensitive UHPLC-MS/MS method, respectively. In contrast, FOSAs and 

FOSEs show a similar detection capability by negative ion APPI in both UHPLC-MS/MS and 

GC-HRMS systems. This may be due to the low volatility of these compounds in front of FTOs 

and FTOHs that might result in a less effective ionization at the GC-APPI source.  

The sample treatment to extract neutral PFAS from river water samples have usually been 

performed by SPE. SPE constitutes an efficient extraction technique that offers a high             

pre-concentration capacity suitable for the analysis of water samples, where these analytes 

have been detected at ultra-trace concentration levels. Besides the enrichment capacity, SPE 

also works as a clean-up step, diminishing the number of interferences and, thereby, lowering 

the matrix effect in the instrumental analysis. For instance, Chen et al. [295] reported a SPE 

procedure using WAX cartridges as sorbent and acetonitrile for eluting FTOHs, achieving 

recoveries ranging from 93 to 96%. R. Ma and K. Shih [297] proposed the use of Oasis HLB® 

cartridge to extract FOSAs (81-85%) using methanol as elution solvent.  
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Fig. 2.6. iLODs determined for a) FTOHs, b) FTOs, and c) FOSAs and FOSEs using LC-APCI 

and LC-APPI in a triple quadrupole (MS/MS) and GC-APPI in an Orbitrap (HRMS) 

mass analyzer. 

Nonetheless, the SPE extract often requires an evaporation step to concentrate the analytes 

at a concentration level high enough to be detected by the LC-MS or GC-MS systems. This 

evaporation process can result in important losses of the most volatile neutral PFAS, 

compromising their determination. As mentioned in the introduction (Section 1.2.1, Sample 

Treatment), Taniyasu et al. [100] reported a SPE method using Oasis WAX cartridges for the 

extraction of FTOHs and N-EtFOSA obtaining recoveries ranging from 35 to 55%. These low 

recoveries have been attributed to both the adsorption of target compounds on the 

polypropylene containers and the losses during the evaporation to concentrate the extracts 

under a nitrogen stream. In this thesis, all these problems were evaluated during the 

optimization of the sample treatment procedure, which is described in Article I and Article II. 

For this purpose, the different steps of the sample treatment were individually evaluated to 

maximize the extraction of analytes, to clean-up the extracts, and to concentrate the final 

extracts to the appropriate volume (Fig. 2.7). SPE procedure including both the extraction in 
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the Oasis HLB® cartridge and the clean-up (10 mL of methanol/water 5:95, v/v) yielded 

recoveries higher than 93% by eluting the analytes with 4 mL of methanol. Nevertheless, when 

the extracts were concentrated under a nitrogen stream, low recoveries were obtained, 

especially for FTOs (15-25%) and almost all the FTOHs (25-42%). 

 

Fig. 2.7. Recoveries of the SPE and the evaporation steps for the analysis of neutral PFAS in 

water samples. 

Thereby, considering the high preconcentration factor (from 500 mL of sample to 4 mL of 

extract), further evaporation steps of the SPE extract were avoided. Once the SPE method 

was established, a significant matrix effect was observed and ranged from 15 to 60%. Thus, 

an aliquot of the extract (1 mL) was diluted with Milli-Q water (3 mL), minimizing the matrix 

effect down to 20% and improving 4 to 5-fold the signal-to-noise ratio (Article I, Section analysis 

of river water samples by UHPLC-APPI-MS/MS). This strategy allowed us to propose very 

sensitive methodologies for the analysis of these compounds in water sample achieving 

mLODs ranging from 0.3 to 6 ng L-1 for the SPE UHPLC-APPI-MS/MS method and from              

3 ng L-1 to 6 µg L-1 for the SPE UHPLC-APCI-MS/MS methodology. 

Although SPE is an exhaustive extraction technique that involves both preconcentration and 

clean-up in one step, it also exhibits some disadvantages such as high solvent consumption, 

long analysis time (ca. 2h for 500 mL of water) as well as high sample volumes to achieve the 

optimal preconcentration. Thereby, Article IV proposes the use of HS-SPME in combination 

with a novel GC-APPI-HRMS (Orbitrap) methodology. The HS-SPME presents significant 

advantages in front of SPE: (i) rapid, inexpensive and solvent-free technique, (ii) low sample 

volume (10-15 mL), (iii) direct pre-concentration of the analytes in the exposed fiber coating, 

and (iv) highly selectivity of fibers towards the target compounds. Additionally, the absence of 

filament in the GC-APPI ion source and the low contribution to the background noise of the 

solvent (in this case methanol) make unnecessary to fix a delay time for the solvent elution. 

This avoids the suppression of the most volatile 4:2 FTO when eluted within the tail of the 
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solvent peak, which is an important advantage of the GC-APPI over the high-vacuum 

ionization techniques (EI, CI, and NICI) for the GC-HRMS determination of neutral PFAS. 

Although the UHPLC separations are faster (less than 10 min) than GC separation (ca. 20 

min), the combination of GC-APPI-HRMS with HS-SPME allows the analysis of a sample in 

65 min while the SPE UHPLC-MS/MS procedures require at least 2h. Moreover,                         

GC separation fully resolved all the chromatographic peaks avoiding any possible ion 

suppression effect within coeluting peaks. The extraction procedure by HS-SPME using a 

DVB/CAR/PDMS fiber combined with the high potential of the GC-APPI-HRMS method 

provided a sensitive and selective method for detecting neutral PFAS in river water samples 

at very low concentration levels (mLODs: 20 pg L-1 – 240 pg L-1, except for 4:2 FTO, which 

was 15 ng L-1). Regarding detection capability of the whole method, mLODs were 2 to 100 

times lower than those obtained using the UHPLC-APPI-MS/MS method (Article I, Table 3) 

and 50 to 400 times lower than those achieved by UHPLC-APCI-MS/MS (Article II, Table 5) 

for FTOHs, FOSAs, and FOSEs. It must be highlighted the significant decrease in the mLODs 

of FTOs, which were 400 to 8,500 times lower than those obtained using the UHPLC-APCI-

MS/MS method. Bach et al. [105] reported a HS-SPME GC-EI-MS methodology to determine 

neutral PFAS in river water, achieving method limits of quantitation (mLOQs) 40 to 200 times 

higher than those obtained by HS-SPME GC-APPI-HRMS method developed in this Thesis. 

Furthermore, this method also improves the detection capability of the developed LC-MS/MS 

methods using the ESI source, as described in Article IV (Section 3.2). These results 

demonstrate the significant advantages that APCI and APPI techniques provide for the 

UHPLC-MS/MS and GC-HRMS determination of neutral PFAS in water samples. 

It is also well-known that API sources may be subjected to matrix effect as well as ion 

suppression and/or ion enhancement. Since APCI and APPI mechanisms take place in the 

gas-phase, they generally show a lower matrix effect in LC-MS comparing to electrospray 

(Article I, Section Analysis of river water samples by UHPLC-MS/MS, and Article II, Table 5). 

This effect has also been evaluated for the GC-APPI-HRMS method (Fig. 2.8). To achieve this 

goal, the SPE procedure proposed in Article I and Article II, avoiding the last dilution step, was 

applied to the GC-APPI-HRMS system. This matrix effect corresponds to the whole GC-APPI-

HRMS system since it might affect both GC injection by discriminating between compounds 

and APPI ionization. Thus, the matrix effect was tested by analyzing different types of water 

samples (Milli Q-water, tap water, and river water from two areas with different levels of 

exposure to wastewater discharges). Briefly, 500 mL of a water sample was loaded onto an 

Oasis HLB® cartridge (500 mg, 6 mL) and, after washing the SPE cartridges with 10 mL of a 

Milli-Q water/methanol (95:5, v/v) mixture, analytes were eluted using 4 mL of methanol. The 

blank extract was then spiked at a concentration range from 2.5 to 65 pg µL–1 and the obtained 

results were compared with a standard solution at the same concentration level.  



Chapter 2. Determination of Fluorinated Organic Compounds 

 

158 
 

 

Fig. 2.8. Matrix effect on the GC-APPI-HRMS determination of neutral PFAS in water samples. 

As can be observed in Fig. 2.8, the matrix effect was lower than 10% for all the target 

compounds in the analyzed water samples. When this approach was applied to the developed 

SPE UHPLC-APPI-MS/MS method in Article I the matrix effect ranged from 15 to 60%. Thus, 

the GC-APPI-HRMS method shows a significant decrease of the matrix effect in front of 

UHPLC-MS/MS methods. In fact, these results can even be associated to the instrumental 

variation of the GC-APPI-HRMS method (Article IV, see supplementary information Table S2). 

Thereby, it can be concluded that the matrix effect could be considered negligible in the         

GC-APPI-HRMS determination of neutral PFAS in water samples. 

2.3.2. Novel API-based strategies for the non-targeted screening analysis of 

neutral PFAS 

As mentioned in Chapter 1 (Introduction, Section 1.1), more than 6,300 PFAS have been 

reported during the last decades showing very different chemical structures and properties. 

This large number of substances is continuously increasing due to the widespread use of these 

compounds in industrial processes. Although targeted strategies such as those previously 

reported (Section 2.3.2) are very useful to monitor and quantify the levels of specific 

compounds in the environment, non-targeted strategies are required to simplify the 

unequivocal identification of new PFAS. In this sense, the establishment of fragmentation 

pathways for each family of compounds could help on the development of mass spectrometry 

strategies for the screening of neutral PFAS in real samples as well as for the identification 

and characterization of new and unknown related neutral PFAS and the differentiation of 

potential isobaric compounds. 

The fragmentation pathways of neutral PFAS (FTOs, FTOHs, FOSAs, and FOSEs) using API 

techniques (ESI, APCI, and APPI) were tentatively proposed in Article III. To achieve this goal, 
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a linear ion trap-Orbitrap (LTQ-Orbitrap) mass analyzer was used since it allows multiple-stage 

mass spectrometry (MSn) experiments by isolating precursor and products ions at                    

low-resolution MS (ion-trap instruments) and the acquisition of both full-scan and product ion 

scan mass spectra at high-resolution MS (Orbitrap). Although in Article III is thoroughly 

detailed the fragmentation pathways proposed for PFAS in this Thesis, a summary of the most 

relevant trends in the fragmentation pathways of these compounds is included below.  

Regarding FTOs, the odd-electron fragment ions observed in negative ion APCI and APPI 

were suggested to come from an unstable molecular ion. The main fragmentation pathway 

(Article III, Fig. 2) for FTOs initiates by consecutive losses of HF units via α,β-eliminations with 

charge retention between adjacent carbons from the fluoroalkyl chain. These losses can be 

identified in the mass spectra by the presence of ions shifting 20.0062 Da and their 

genealogical relationship can be confirmed by the one-unit increment of the ring double bond 

(RDB) equivalent due to the formation of a double bond on each HF elimination. This 

fragmentation pattern was also observed for the fragmentation of the deprotonated molecule 

of FTOHs as well as for the low-stable molecular ion under negative ion APCI and APPI  

(Article III, Fig. 3). These α,β-eliminations normally occur until exhausting all the hydrogens in 

the molecule. After that, losses of F atoms and CF2 units (49.9668 Da) usually alternate. The 

loss of CF2 units may involve the cleavage of the terminal C-C bond of the fluoroalkyl chain 

followed by the reattachment of one F atom to the fragmented molecule. In the case of FTOHs, 

initial losses of HF were followed by the fragmentation of the formed product ions through the 

loss of CO (27.9949 Da) or CF2O (65.9917 Da) within the even-electron ion series (coming 

from the [M‒H]‒ ion) or the loss of CO for the odd-electron ion series (coming from the 

molecular ion).  

Concerning FOSEs, intense in-source CID fragment ions, dominated by the [M‒C2H4OF]‒ ion, 

were observed when using both APCI and APPI techniques. This ion might be generated 

through the loss of the ethanolic chain where a hydrogen atom from the functional group and 

a fluorine atom from the fluoroalkyl chain may have suffered a rearrangement. The tentative 

fragmentation pathway (Article III, Fig. 4) initially involves the generation of a cyclic structure 

to yield the loss of one HF unit and further successive losses of HF units by α,β-eliminations 

until just two hydrogen atoms remain in the chemical structure. As happen with FTOs and 

FTOHs, this process involves a one-unit increment of the RDB equivalent and the formation 

of conjugated multiple bonds. In this stage, the loss of the SO2 moiety (63.9619 Da) is 

promoted, opening the cycle structure although the RDB equivalent remains constant due to 

the formation of a double bond. After that, consecutive HF units are again lost by                       

α,β-eliminations followed by losses of CF2 units from the fluoroalkyl chain. In contrast, the 

acidity of the sulfonamide group strongly favored the formation of the [M‒H]‒ ion for FOSAs 

using anyone of the API sources. The main fragmentation pathway of this ion (Article III,         

Fig. 5) yielded to an initial loss of the N-alkyl sulfonamide group (-NRSO2, R: -CH3, -C2H5) to 

obtain the [C8F17]‒ (m/z 418.9734) followed by different fragmentations of the fluoroalkyl chain 
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to form three intense shorter fluoroalkyl chain product ions: [C3F7]‒ (m/z 168.9894), [C4F9]‒ 

(m/z 218.9862), and [C5F11]‒ (m/z 268.9830). Other fragmentation pathways were observed 

for the deprotonated molecule.  

As mentioned before, this information could be used to develop non-targeted strategies for the 

screening of PFAS in complex matrices. For instance, the product ions [C2F5]‒ (m/z 118.9926), 

[C3F7]‒ (m/z 168.9894), and [C4F9]‒ (m/z 218.9862) as well as the ion corresponding to the 

whole fluoroalkyl chain [CnF2n+1]‒ were identified in many of the new N-alkyl fluoroalkyl 

sulfonamides (FASAs) derivatives reported by Barzen-Hanson et al. [298] and Xiao et al. [299]. 

Thus, a fragmentation flagging approach with these common ions could be used to identify 

new unknown related PFAS as proposed by Liu et al. [300]. Although legacy PFAS such as 

PFCAs and PFSAs could also show these product ions, FASAs can be still differentiated from 

these compounds taking into account other common losses. For instance, PFSAs show    

[SO3]‒● (m/z 79.9574) and [FSO3]‒ (m/z 98.9558) as the main product ions, while PFCAs have 

an initial neutral loss of the functional group (-CO2, 43.9898 Da) [301,302]. These 

fragmentation steps are not observed for FASAs for which the initial loss corresponded to the 

functional group (-NRSO2, R: -CH3, -C2H5) and, therefore, the presence or absence of these 

ions might also be used to differentiate within these families of PFAS. Moreover, Newton et al. 

[303] reported the loss of SO2 (63.9619 Da) for perfluorobutane sulfonamido substances, 

which was also observed in Article III for structurally similar FOSAs and FOSEs. 

Regarding FTOHs, Trier et al. [304] observed abundant in-source CID fragment ions 

corresponding to [M‒H‒3HF]‒, as well as another ion due to the loss of 108 Da from the 

deprotonated molecule. This last ion could be assigned to [M‒H‒4HF‒CO]‒ according to the 

fragmentation pathway proposed in Article III, Fig. 3a. Successive losses of HF units were also 

reported by Martin et al. [305] and Fasano et al. [306] for different FTOH metabolites in rat 

hepatocytes as well as in rat urine, feces, bile, and plasma. These HF losses not only allowed 

the identification of FTOH related compounds but also new families of PFAS. Thus, Baygi et 

al. [307] discovered mono- (CnFH2nCO2
‒) and trifluoroalkyl carboxylic acids (CnF3H2n-2CO2

‒) 

that showed successive HF losses until exhausting all the fluorine atoms in the molecule. 

Newton et al. [303] also observed that the difference of 20.0062 Da and 40.0124 Da indicates 

that some related PFAS compound alternates CH2 and CF2 units in the fluoroalkyl chain. These 

results demonstrate the usefulness of fragmentation pathways for the discovery of new 

families of PFAS. 

It must be pointed out that both FTOHs and FOSEs have a high tendency to form adduct ions. 

For instance, they led to the generation of the [M‒H+CO2]‒ and the [M+CH3COO]‒ adduct ions 

when operating in negative ion ESI under basic and acidic conditions, respectively. The 

acetate adduct ion has been widely reported when FTOHs and FOSEs were simultaneously 

determined with legacy PFAS such as PFCAs and PFSAs due to the addition of ammonium 

acetate to the mobile phase to improve the retention of these ionic PFAS. However, because 

these adduct ions only form the acetate as product ion, the selectivity of the LC-MS/MS 
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methods for determining FTOHs and FOSEs could be compromised. In contrast, the ionization 

of these compounds by negative ion APPI generates characteristic superoxide adduct ions. 

Contrarily to ESI adduct ions, the fragmentation of these [M+O2]‒● ions required of high 

collision energies (25 to 40% in the case of FTOHs), which indicates a strong interaction with 

the molecule. In fact, for FOSEs, the fragmentation pathway of these ions yielded the cleavage 

of the O2 moiety combined with the alkyl or the ethanolic chain, respectively (Article III, 

supporting material Fig. S2). In the case of FTOHs, the low intensity of these ions difficulted 

their isolation and, therefore, hindered the proposal of a reliable fragmentation pathway. 

Regardless of the low response of superoxide adduct ions in the traditional APPI source for 

LC-MS, the novel GC-APPI technique strongly promotes their formation as it was mentioned 

above (Section 2.3.1, Fig. 2.5). However, the narrow chromatographic peaks obtained in      

GC-APPI-HRMS (ca. 6 seconds) and the delay necessary to switch from full-scan to tandem 

mass spectrometry scan modes in the Q-Exactive Orbitrap did not allow a good quality of 

tandem mass spectra (few scans) which made difficult further interpretations.  

During this Thesis, a collaborative research work, based on a paper spray-atmospheric 

pressure photoionization (PS-APPI)-HRMS methodology for the direct analysis of some of 

these families of neutral PFAS (FTOHs, FOSAs, and FOSEs) in waterproof impregnation 

sprays, was also performed [308]. Using the PS-APPI home-made device given in Fig. 2.9, 

few microliters of sample were deposit onto a triangle chromatographic paper and, after letting 

it dry, a fixed volume of a solvent containing a dopant was added at the same time a potential 

ranging from 0.5 to1.5 kV was also applied. Under these conditions, analytes were evaporated 

from the paper surface through field-assisted evaporation and ionized in the gas-phase by 

dopant-assisted photoionization.  

Under the optimal conditions, FTOHs and FOSEs only led to the formation of a very intense 

superoxide ion that probably was due to the high percentage of oxygen in this ambient 

ionization source in front of traditional APPI and the novel GC-APPI sources. In contrast to 

GC-APPI, in the PS-APPI the signal was continuous and consisted of a broadband. This       

PS-APPI approach combined with the Q-Orbitrap system allowed the reliable acquisition of 

tandem mass spectra and, considering the same mass analyzer (Q-Exactive Orbitrap) was 

used with both GC-APPI and PS-APPI sources, it may help to the correct establishment of the 

fragmentation pathway for the superoxide adduct ions. Regarding FOSEs, the GC-APPI-

HRMS mass spectra of N-MeFOSE (Fig. 2.10a) was mainly characterized by two series of 

ions coming from both the [M‒C2H4OF]‒ ion (green color) and the superoxide adduct ion    

(blue color). This fact was assessed by MS/HRMS experiments using the PS-APPI source and 

observing that the superoxide adduct ion mainly yielded the loss of the fluoroalkyl or the 

ethanolic chain (Fig. 2.10b), which was in agreement with the fragmentation pathway proposed 

in Article III (electronic material, Fig. S2) (Fig. 2.10c). 
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Fig. 2.9. Scheme of the PS-APPI ionization process adapted from R. Seró [308] (Figure is not 

drawn to scale). 

Moreover, the in-source CID fragmentation occurred in the GC-APPI source also provided the 

[C8F17]‒ ion, which was confirmed to come from the [M+O2‒C2H5O3]‒ (analog to the 

deprotonated molecule for FOSAs) through the cleavage of the C-S bond and the stabilization 

of the charge on the fluoroalkyl chain. Additionally, a less intense product ion corresponding 

to the N-alkyl sulfonamido-ethanol functional group was also present in both mass spectra 

suggesting that it may be generated from the superoxide adduct ion by cleavage of the C-S 

bond with charge retention on the S atom. In contrast to FOSEs, the fragmentation of the 

adduct superoxide ion for FTOHs presented a higher complexity. Fig. 2.11a shows the          

GC-APPI-HRMS mass spectra of 10:2 FTOH were at least, two ion series could be initially 

identified coming from the deprotonated molecule (green) and the molecular ion (red). The 

other ions (dark and light blue) were suggested to come from the superoxide adduct ion based 

on the tandem mass spectrometry experiments carried out by PS-APPI (Fig. 2.11b). The 

fragmentation pathway of this ion was tentatively proposed (Fig. 2.11c) considering the product 

ions observed by PS-APPI-MS/HRMS, the in-source CID fragmentation achieved by              

GC-APPI-HRMS and the common losses reported for FTOHs (Article III, fluorotelomer 

alcohols). First, the addition of the superoxide moiety to the molecule might take place through 

the formation of a hydrogen bonding with one of the acidic hydrogens close to the fluoroalkyl 

chain. As reported in Article III, this may be a strong interaction as the ion can initially loss a 

HF unit through an α,β-elimination leading to a low abundant ion at m/z 575.9845. After that, 

the near position of the superoxide moiety to the hydrogen atom of the hydroxyl group may 
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induce the attack leading to the cleavage of the C-C bond that generates the ion at                    

m/z 512.9758, which was assigned to [C11HF20]‒ (-1.2 ppm). Then, the ion at m/z 492.9699, 

corresponding to [C11F19]‒ (-0.6 ppm) could be formed due to the elimination of HF by means 

of the generation of a multiple bond. After that, the fragmentation pathway may follow through 

alternating losses of F atoms or CF2 units as it was generally reported for neutral PFAS       

(dark blue). It must be pointed out that the tandem mass spectrum obtained by PS-APPI-

MS/HRMS also showed a series of ions (light blue) with remaining O atoms in their chemical 

structures. Within this series of ions, m/z 540.9719 and m/z 536.9605 were assigned as the 

ion [C12HOF20]‒ (1.1 ppm) and [C12O2F19]‒ (0.8 ppm), respectively. Both ions could come from 

the loss of a O atom or a HF unit from the ion [C12HO2F20]‒ (m/z 556.9658, -0.8 ppm) also 

observed in the GC-APPI-HRMS spectrum (Fig. 2.11a). After that, different losses of HF units 

or F and O atoms may occur leading to an intense ion at m/z 501.9672 that was identified as 

[C12OF18]‒● (0.8 ppm). This fragmentation pathway is still challenging since it initially involves 

the loss of H4FO moiety. In this case, MSn experiments would be strongly needed to clarify the 

formation of this series of ions and to propose the fragmentation pathway. Nevertheless, it 

seems to be less favored under the optimal conditions used in the GC-APPI-HRMS method. 

Additionally, other series of ions (green) could also be identified in the tandem mass spectrum 

of 10:2 FTOH by PS-APPI-MS/HRMS. These ions are characteristic of the in-source CID 

fragmentation of the deprotonated molecule. In fact, the MS/HRMS profile of these ions 

strongly matched to that observed for the MS/MS fragmentation of the deprotonated molecule 

(Article I, Fig.3b). Taking into account these considerations and the formation of the [M‒H]‒ 

ion (m/z 562.9936, 0.6 ppm) in the GC-APPI-HRMS, it could be suggested the formation of 

the deprotonated molecule from the [M+O2]‒● ion probably due to the abstraction of a hydrogen 

atom by the superoxide moiety. 

The Kendrick mass defect (KMD) plotting is also a useful tool that could provide additional 

information in the non-targeted screening of PFAS. These plots can easily identify homologous 

series of a family of compounds structurally related such as neutral PFAS. Most of these 

families of compounds (FTOs and FTOHs) differ on CF2 units (49.9968 Da) and, therefore, the 

use of the CF2 scale (monoisotopic mass x 50/49.99681) may achieve the same mass defect 

for homologous series shifting 50 Da. Perfluorinated compounds such as PFCAs and PFSAs 

usually have a negative mass defect because the F atom has a monoisotopic mass       

(18.9984 Da) lower than the nominal mass (19 Da). Meanwhile, polyfluorinated compounds 

such as neutral PFAS containing F and H atoms (1.0078 Da) may have positive and negative 

mass defects close to cero. When the KMD is based on the CF2 scale, the general mass 

defects for known PFAS (ca. -0.1-0.15) [309] fall within two separate KMD ranges: -0.1-0 and 

0-0.15, which required to focus on two separated regions of the KMD plot. For this reason, Liu 

et al. [300] proposed a transformation of the raw data that implies the addition of 1.0 to those 

KMD values below 0.1. This transformation allows to focus all the ions in only one region of 

the plot, and it has been extensively used for the non-targeted analysis of PFAS.
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Thus, Fig. 2.12a and Fig. 2.12b show the adjusted Kendrick mass defect (AKMD, CF2 scale) 

obtained by analyzing neutral PFAS standards using negative ion ESI and GC-APPI, 

respectively. As can be observed, ions from the same family of compounds with a different 

number of CF2 units in the fluoroalkyl chain are distributed as horizontal lines in the AKMD 

plot. As the plot has been scaled using the CF2 scale, compounds from the same family as   

N-MeFOSA and N-EtFOSA or N-MeFOSE and N-EtFOSE are not horizontally aligned since 

they differ on a CH2 unit. The AKMD values varied using the different ionization techniques 

since analytes showed different precursor ions. Despite of that, these AKMD values are 

characteristic for each family of PFAS with each ionization technique allowing to distinguish 

not only between the targeted neutral PFAS but also within other families of PFAS such as 

legacy PFCAs and PFSAs (Fig. 2.12a). This provides additional identification criteria to the 

information provided using tandem mass spectrometry experiments to achieve the correct 

identification or discovery of new families of PFAS. In fact, both tandem mass spectrometry 

and mass defect information could be combined to identify some families of compounds.       

Fig. 2.12c shows the proposed HF-scaled KMD plot for the identification of neutral           

telomer-based PFAS using negative ion APPI. As mentioned above, these compounds show 

a characteristic in-source CID fragmentation leading to series of ions that shift 20.0062 Da  

(HF unit). Using this HF scale, ions with the same KMD value could be assigned to a molecular 

structure even if the molecular or deprotonated molecule is not observed in the mass 

spectrum. Moreover, series of ions that shift 0.019 in the KMD plot will correspond to 

compounds from the same family of telomer-based PFAS, just differing in one CF2 unit of the 

fluoroalkyl chain. These types of plots that combined both mass defect and in-source CID 

fragment ions or even product ions (from tandem mass spectrometry experiments) can be very 

useful for the identification of families of compounds that present a repetitive neutral loss 

among the series of fragment ions observed in the mass spectra.
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CHAPTER 3. DETERMINATION OF CHLORINATED ORGANIC COMPOUNDS 

In this chapter, the performance of atmospheric pressure ionization sources is studied for the 

development of GC-HRMS methods to determine different families of chlorinated organic 

contaminants, including DP and analogs, PCNs, PCDD/Fs, dl-PCBs and SCCPs, in 

environmental samples. The proposed methodologies pursue the enhancement of the 

ionization efficiency by selecting the most appropriate gas-phase additives (dopants and 

modifier agents) as well as the optimal ionization source conditions. The feasibility of the 

developed methods is evaluated by applying them to the analysis of samples of environmental 

interest, such as gull eggs, marine sediments, fly ashes, or sludge, among others. Additionally, 

to achieve the separation of some of these complex families of compounds, novel 

multidimensional strategies are evaluated, such as comprehensive two-dimensional gas 

chromatography-mass spectrometry (GCxGC-MS) with ionic liquids as stationary phases and 

GCxGC combined with ion mobility-HRMS for improving separation capacity. 

This chapter includes a brief introduction about these families of chlorinated contaminants, 

including their main applications, the relationship between their physicochemical properties 

and their occurrence in environmental compartments as well as the main features of the 

analytical methodologies currently used for their determination This introductory section is 

followed by the experimental and results section which includes five research publications. 

Four of these publications are focused in the development of new analytical methodologies 

using the novel GC-APPI source to determine DP and analogs (Article V), PCNs (Article VII), 

PCDD/Fs and dl-PCBs (Article VIII), and SCCPs (Article IX) by GC-HRMS (Orbitrap) in 

samples with environmental interest. The fifth research publication evaluates an ionic liquid 

stationary phase as a second dimension column to achieve the separation of all PCN 

congeners by GCxGC-MS (Article VI). Finally, all the results of these experimental works are 

discussed together focusing on two main topics: the new analytical methodologies to 

determine the chlorinated organic contaminants and the effect of dopants on the ionization of 

these compounds by GC-APPI..
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3.1. Introduction 

As mentioned in Chapter 1 (Section 1.1), SCCPs, PCNs, PCBs, and PCDD/Fs have been 

listed as POPs by the Stockholm Convention, while DP has been recently proposed as a 

candidate to be included in the POPs list after evaluating its the risk profile and occurrence in 

the environment. Some of them, like PCBs, PCNs, SCCPs, and DP, have been widely used 

during the last century in a vast number of applications due to their physicochemical properties. 

Concerning chlorinated paraffins, they are currently produced in many countries, being China 

the largest volume producer around the world. The major historical use of SCCPs is related to 

metalworking applications such as extreme-pressure additives in cutting fluids and lubricants. 

Moreover, they have also been used as flame retardants, in paints, adhesives and sealants, 

leather fat liquors, and as plasticizers in polymeric materials, especially polyvinyl chloride 

[310]. Since they were introduced in 1932, their production has grown to exceed 1 million 

ton/year in 2012 [311]. Right now, their use is mainly banned with specific exemptions such 

as additives in the production of transmission belts, lubricant additives, or plasticizers, among 

others [312]. With regards to Dechlorane Plus, it has been used as flame retardant since the 

1960s. While it ranks among the high production volume chemical in the USA, it is considered 

a low production volume chemical in the EU. DP was firstly manufactured by OxyChem 

(Niagara Falls, USA) and it is currently marketed as a possible replacement for the banned 

decabromodiphenyl ether and Mirex [313]. Among its uses, DP is typically added in electrical 

wire and cable coatings, plastic roofing materials, automobiles, computer monitors, and 

connectors in TV as well as in non-plasticizing flame retardants in polymeric systems [314].  

Regarding PCNs, their production started in the first decade of the 20th century for industrial 

applications as a wood preservative, additive to paints and engine oils, for cable insulation and 

in capacitors. They were also extensively used in paper inlays for gas masks in World War I 

[315]. After World War II, their production declined, and they were gradually substituted by 

plastics (for insulation cables) and PCBs in capacitors, although they remained as high volume 

chemicals until the 1970s [316]. While PCN applications have been ceased, they are still 

present in PCB formulations. They are also unintentionally produced by leaching from landfills 

or by thermal formation during waste incineration [317]. Concerning PCBs, they are used as 

heat exchange fluids in electric transformers and capacitors as well as additives in paint, 

carbonless copy paper, and plastics. The feasibility of PCBs for industrial applications relays 

on their chemical inertness, thermal stability, non-flammability, low vapor pressure, and high 

dielectric constant [318]. Nowadays, the Parties of the Stockholm Convention can no longer 

produce them, thus they have stopped the use of these chemicals and moved towards the 

elimination of PCBs. This process involves avoiding the use of PCBs in equipment by 2025 

and achieving environmentally sound management as waste of liquids containing PCBs and 

instruments contaminated with them (content above 0.005% w/w) by 2028 [319]. PCBs can 

also be unintentionally produced due to inappropriate operation of the incinerator and the 
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combustion of waste at inadequate temperatures [320]. Additionally, they have also recently 

been identified as undesirable contaminants in dye pigments [321]. 

On the other hand, PCDDs and PCDFs are not used in any application. However, as also 

happen for PCBs and PCNs, they are unintentional byproducts generated during incomplete 

combustion in the presence of chlorine, as well as the manufacturing of pesticides and other 

chlorinated substances. PCDDs are emitted mostly from the burning of hospital waste, 

municipal waste, hazardous waste, and also from automobile emissions, peat, coal, and wood. 

On the other hand, PCDFs are mainly emitted from waste incinerators and automobiles. During 

recent history, different remarkable pollution episodes have been closely related to PCDD/Fs. 

The first effect related to these pollutants dates back to 1949 in a chemical facility from Virginia 

(USA) that mainly synthesized 2,4,5-trichlorphenol. Workers began to show skin alterations, 

tiredness, irritability, and nervousness. Eight years later, these symptoms were related to the 

exposure of the works to PCDD/Fs. However, the best-known event related to PCDD/Fs took 

place during the Vietnam War due to the indiscriminate use of the “Agent Orange,” an herbicide 

and defoliant chemical that contained traces of 2,3,7,8-tetrachlorinated dibenzo-ρ-dioxin 

(TCDD). The use of this chemical produced the contamination of the population from that area, 

as well as the American soldiers who developed several symptoms and pathologies such as 

spontaneous abortion, fetal malformations, intoxications, chloracne, etc. [322,323]. 

Contamination episodes due to PCDD/Fs exposure have also taken place in Europe. For 

instance, in the summer of 1976, the explosion of a reactor in a 2,4,5-trichlorophenol factory 

in Seveso (Italy) caused the widespread dispersion of large amounts of TCDD. The accident 

supposed 73,000 deaths of domestic animals, vegetation destruction, as well as a vast number 

of symptoms on the local population [324,325]. Besides that, one of the latest episodes of 

PCDD/Fs contamination has occurred in Spain. In February 2020, the Zaldibar landfill (Basque 

Country) collapsed, releasing methane gas and causing the fire that produced low 

concentrations of PCDD/Fs. Although the effects of the event are still under evaluation, some 

official statements point to the lack of the implementation of the BAT and the BEP 

recommended by the Stockholm Convention in the landfill. 

As a result of the extended use of PCNs, PCBs, SCCPs, and DP in many industrial applications 

as well as the unintentionally production of PCDD/Fs, PCNs and PCBs, these pollutants have 

been frequently detected in different environmental compartments. Table 3.1 summarizes the 

concentration levels of these pollutants determined in environmental samples. The 

environmental distribution of these contaminants is closely related to their physical properties. 

Regarding air samples, the low vapor pressure (VP) and high octanol-air partition coefficient 

(KOA) of PCDD/Fs (VP: 6.61·10-8 to 1.15·10-5 Pa, log KOA: 10.0-13.0) and DP (VP: 8.47·10-8 to 

1.59·10-7 Pa, log KOA: 12.2) make them prone to be associated with particles. For instance, 

Trinh et al. [326] reported that the gas/particle distribution of PCDD/Fs determined in different 

locations of East Asia clearly showed the predominance of these compounds in the particle 

phase (higher than 60%).
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Zhang et al. [327] and Salamova et al. [328] also indicated that the highest concentration of 

DP was found in the airborne particle-phase when analyzing air samples from areas near to 

the DP manufacturing plants in East China and areas close to the Great Lakes. The distribution 

levels reported in air-particles for dl-PCBs [329] was wider because of their higher vapor 

pressures (4.77·10-5-0.002 Pa) and lower log KOA (9.62-11.3). In the case of PCNs, although 

they could also be found in airborne matter (log KOA: 6.55-11.64), their high vapor pressures 

(1.5·10-6-0.352 Pa) make them more suitable to be transported by volatilization [317]. For 

example, Zhu et al. [330] reported that PCN concentrations determined in airborne matter 

contributed 11% (0.17-2.78 pg m-3) to the total concentration of this family of pollutants in air 

samples from Beijing, China. These levels were even lower than those reported by Bidleman 

et al. [331] in the gas-phase of air samples from sub-arctic remote regions (0.46-4.9 pg m-3). 

Concerning SCCPs, their relatively high vapor pressures (2.8·10-7-0.028 Pa) lead to higher 

proportions in the gas-phase. Nonetheless, this gas-/particle-phase partitioning depends on 

the group of SCCP congeners due to their high variation in the log KOA values (4.07 to 12.55) 

[310]. For instance, Zhu et al. [332] reported the predominant presence of SCCPs with shorter 

carbon chains and lower chlorine content in the gas-phase from the urban air of Dalian (China), 

while long carbon chains and highly chlorinated SCCPs were more abundant in the particle-

phase. Significant concentrations of SCCPs have been reported not only in urban air but also 

in air samples from remote areas. For instance, Ma et al. [333] found concentration levels 

ranging from 9.6 to 20.8 pg m-3 in the air samples from the Fildes Peninsula of Antarctica. 

Additionally, Henry’s law constants ranged from 0.7-18 Pa·m3 mol-1, suggesting that SCCPs 

can move from water to air, contributing to the high concentrations observed in this 

environmental compartment [334].  

Regarding the environmental partitioning of chlorinated pollutants between water and 

sediments, the behavior was quite similar to that observed in air samples. The high                      

n-octanol/water partition coefficient (as log KOW) of PCDD/Fs (6.13-8.48), dl-PCBs (6.47-7.15), 

PCNs (4.2-8.5), and DP (9.3) make these compounds more suitable to be adsorbed onto the 

sediments, especially for highly chlorinated congeners [326]. For instance, higher 

concentration levels of DP, PCDD/Fs, and dl-PCBs have been reported in sediment samples 

[108,335–337] compared to the very low concentration levels reported in water samples 

[95,335,336,338–340] as can be observed in Table 3.1. With regards to PCNs, they have been 

widely determined in sediments from both urban and remote regions finding concentration 

levels ranging from 0.03-5.1 ng g-1 dw and 0.23-1.9 ng g-1 dw, respectively [331,341]. Although 

PCN levels in water are not typically reported, Mahmood et al. [342] found unexpected high 

concentrations of them (178-489 ng L-1) in the River Chenab (Pakistan), which may suggest 

local acute contamination. In contrast to DP, PCDD/Fs, dl-PCBs, and PCNs, the log KOW 

values of SCCPs with chlorine content ranging from 49-71% variates from 4.39 to 5.37. This 

fact causes a higher distribution of this family of pollutants, finding significantly relevant 

concentrations in both water [343–345] and sediment samples [343,346] from urban and 

remote areas. 
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The occurrence of these pollutants has also been reported in soil samples. Zhao et al. [347] 

found SCCP concentrations of 50-266 ng g-1 dry weight (dw) in China while Li et al. [348] 

reported concentrations ranging from 6.4 to 7.8 ng g-1 dw in the Arctic. Significant levels of 

PCDD/Fs, dl-PCBs, and PCNs have also been detected in soil samples. For instance, 

PCDD/Fs concentrations of 0.04-0.2 ng TEQ g-1 dw and PCN levels ranging from 1-190            

ng g-1 dw have been described in different countries from Europe and Asia [349,350], while 

lower concentration levels have been reported for dioxin-like PCBs in Vietnam e-waste 

processing sites [351]. These chlorinated aromatic compounds (PCDD/Fs, dl-PCBs, and 

PCNs) have also been detected in soils from remote areas (Arctic, Antarctic, Qinghai-Tibet 

Plateau, etc.) at lower concentrations, which may be the result of their air transportation 

[340,352,353]. Regarding DP, levels reported by Na et al. in soil from the Arctic Circle      

(0.109-1,139 ng g-1 dw) [336] were fairly similar to those found near to an e-waste recycling 

area in China (0.17-1,990 ng g-1 dw) [354]. These results differed from the other environmental 

compartments, where lower DP concentrations were found in remote areas. In the case of 

analogs and degradation products of DP, the concentration levels found in different 

environmental matrices were rather lower than those reported for DP stereoisomers    

[336,355–358]. 

Additionally, the occurrence of all these pollutants has also been reported in biota samples. 

Thus, Barón et al. [359] indicated the bioaccumulation of DP and analogs (Dec-602, Dec-603, 

and Dec-604) in bird eggs of 14 different species from a Natural Park of southwestern Spain. 

The authors highlighted the importance to monitor DP-related compounds since Dec-602 and 

Dec-603 were the predominant dechloranes. Moreover, these two analogs showed correlation 

evidence of biomagnification capacity, becoming a threat to human health. SCCPs were also 

detected in different marine and terrestrial animals (e.g., herring, sea eagle eggs, seal, moose, 

owl, wolf, lynx, etc.) from Scandinavia. Yuan et al. [360] reported concentration levels ranging 

from 26 to 1,500 ng g-1 lipidic weight (lw) depending on the animal. In general, fishes showed 

the lowest SCCP concentrations (34-97 ng g-1 lw) while higher levels were observed in 

seabirds and marine mammals (26-330 ng g-1 lw). These values were even higher for terrestrial 

mammal and birds (85-1,500 ng g-1 lw), suggesting the biomagnification of these pollutants 

through the intake of other smaller animals. These biomagnification processes could finally 

affect human health through the intake of food meat from this animal origin. In fact, food is 

considered the main source of exposure for humans to PCDD/Fs and dioxin-like compounds. 

For instance, great concentration levels of PCDD/Fs (1·10-6-0.087 ng TEQ g-1 ww) and, 

especially, dioxin-like PCBs (1·10-6-0.94 ng TEQ g-1 ww) have been reported in fish species 

from Africa, Europe and Asia [361]. Besides, the Arctic Monitoring and Assessment 

Programme (AMAP) has even reported significant levels of PCNs (0.22-48.5 ng g-1 lw) in seals, 

whales, and polar bears [362].  

The worldwide occurrence of these pollutants demonstrated that they are prone to long-range 

transport, even to remote areas, and their bioaccumulation and biomagnification capacity 
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affect both humans and wildlife even at trace concentration levels. For these reasons, powerful 

analytical methodologies are needed to provide accurate and precise determination of these 

halogenated organic contaminants in environmental samples. Nonetheless, it is necessary to 

improve current analytical methodologies to overcome some of their drawbacks. Table 3.2. 

summarizes the main limitations of the methodologies typically used in the determination of 

these pollutants. 

Table 3.2. Main limitations on the determination methods of chlorinated organic contaminants. 

Family Determination Main Characteristics Limitations 

PCDD/Fs GC-EI-HRMS 

(sectors) 

Moderate fragmentation EI with low energies (<70 eV) 

dl-PCBs SIM acquisition Loss of mass spectral information 

PCNs 

GC-EI-HRMS 

(sectors) 

Coeluting of some PCNs No baseline separation1 

SIM acquisition Loss of mass spectral information 

GCxGC-EI-MS Baseline separation Extended analysis time (>2.5h) 

DP 

GC-EI-MS High fragmentation Low selectivity 

GC-NICI-MS 
Cl-losses fragmentation High number of interferences 

Low ion source temperature Frequent cleaning of the source 

SCCPs 

GC-NICI-MS 

Coelution of SCCPs No separation 

HCl/Cl-losses fragmentation High number of interferences 

Chlorine content dependency Tedious quantification approaches 

GC-NICI-HRMS 

Coelution of SCCPs No separation 

HCl/Cl-losses fragmentation Possible internal interferences a 

Chlorine content dependency Tedious quantification approaches 
a Limitation for congener/homologue group-specific determination. 

In the analysis of PCDD/Fs, there is a European normative (Norma UNE-EN 1948) that force 

to a minimum resolution of 10,000 FWHM as a quality control criterion to overcome 

interferences hindering the identification of PCDD/Fs congeners [363]. Thus, PCDD/Fs have 

been traditionally determined by GC-HRMS using a double-focusing magnetic sector mass 

analyzer and an EI source. This methodology fulfills all selectivity, specificity, and sensitivity 

criteria to ensure the correct quantification of these analytes at ultra-trace levels [364]. 

Additionally, it is generally applied to the determination of dl-PCBs and PCNs due to their 

structurally and physicochemical similarities. However, although this methodology has been 

accepted as the reference confirmatory method, some limitations can be pointed out. As 

mentioned in Section 1.2.1, the use of typical ionization energy of 70 eV produces a moderate 

fragmentation of PCDD/Fs, worsening the detection capability of these methods [148]. Thus, 

energies of ca. 35 eV are generally recommended to overcome these difficulties. Additionally, 

the double-focusing magnetic sector mass analyzers need to operate in SIM acquisition mode 

to achieve the required sensitivity for the detection of the analytes and, therefore, the mass 

spectral information is limited. In the case of PCNs, the use of GC-EI-HRMS system also 

hinders congener-specific determination because a single GC column cannot afford the 

separation of some of the most toxic PCN congeners [196]. In this sense, GCxGC achieves 
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the separation of all the most toxic congeners, although it requires long time analysis          

(more than 3h) [156]. 

Regarding DP and analogs, the determination is usually achieved by GC-MS using EI or NICI 

techniques. When GC-EI-MS is used, the [C5Cl6]+ ion coming from the retro Diels-Alder 

fragmentation [M]+● ion is usually monitored. This ion is also observed in the mass spectra of 

many organohalogen compounds, which reduces the selectivity when operating with             

low-resolution mass analyzers [313]. On the other hand, GC-NICI-MS methods showed a 

series of fragment ions corresponding to successive losses of 34 Da arising from the chlorine 

exchange by hydrogen atoms [365]. This fragmentation is generally reduced by applying low 

ion source temperatures (ca. 150-170 ºC), which increases both the selectivity and sensitivity 

of the method, although it requires more frequent cleaning, thus reducing laboratory 

throughput. 

In the case of SCCPs, their analytical determination is one of the most challenging in the 

environmental field. From a chromatographic point of view, the use of one-dimension GC is 

not enough to achieve the full separation. GCxGC significantly improves the chromatographic 

separation of congener groups, although coelution still occurs due to the large number of 

compounds (more than 10,000) present in these complex mixtures [366]. Concerning the 

ionization, NICI is extensively used providing similar fragmentation patterns than those 

observed for DP through successive losses of Cl and HCl. As mentioned before                

(Section 1.2.1), the two most abundant peaks of the [M‒Cl]‒ ions are usually monitored. 

However, considering the vast number of SCCPs and the strong coelution observed in         

one-dimensional GC, GC-MS methods can be strongly affected by interferences coming from 

other halogenated compounds or other CP congeners including medium- and long-chain CPs 

[367]. Moreover, the large number of ions monitored may require several injections as a 

compromise between detection capacity and sensitivity to determine all the congener groups 

[206]. Some of these difficulties have been recently solved using novel HRMS systems such 

as Orbitrap that allows to overcome internal interferences and the analysis in a single run due 

to the high-speed of its full-scan acquisition mode [147]. Nevertheless, the NICI ionization of 

SCCPs is strongly affected by the chlorine content, being necessary to use a SCCP standard 

mixture with similar congener composition than that observed in the sample to avoid significant 

quantification errors [146,368]. This relationship between the response and the chlorine 

content requires the application of several quantification approaches to achieve a reliable 

quantification of SCCPs in the samples. One of the most accepted approaches is the Reth’s 

method [206], which takes advantage of the linear relation between response factors and 

chlorine content to achieve the quantification of SCCPs regardless of the chlorine content. 

Although this method reduces potential quantification errors, both analysis and data 

processing are time-consuming.  

Although current methodologies provide good enough results for the analysis of these 

contaminants, new analytical trends could overcome most of the difficulties observed on their 
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determination, improving chromatographic resolution, selectivity, sensitivity, as well as the 

throughput of the environmental laboratories. This chapter deals with the feasibility of the     

GC-HRMS (Orbitrap) interfaced with novel API sources, especially GC-APPI, to improve the 

determination of DP and analogs, PCNs, PCDD/Fs, dl-PCBs, and SCCPs in samples of 

environmental interest. Additionally, the use of multidimensional separations has also been 

tested to improve the separation of those compounds coeluting in one-dimensional                   

GC separations during the analysis of highly complex mixtures of pollutants frequently studied 

in environmental applications. 
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3.2. Experimental work and results 

This section includes five research publications related to the determination of the different 

families of chlorinated organic contaminants already mentioned in Section 3.1 in samples of 

environmental interest. To achieve this goal, the capabilities of the novel GC-APPI source was 

assessed for a selective and sensitive determination of target compounds. Thus, the Article V 

entitled “Analysis of Dechlorane Plus and Analogues in Gull Eggs by GC-HRMS using a Novel 

Atmospheric Pressure Photoionization Source” focuses on the study of the ionization of DP 

and analogs by GC-APPI and the feasibility of this method for the determination of these 

compounds in gull egg samples. On the other hand, Articles VI and VII are related to the 

determination of PCNs, which include the experimental work and the results achieved during 

the international stay (3.5 months) carried out in 2018 in the Applied Analytical Chemistry 

group (Universität Duisburg-Essen, Germany), headed by Prof. Oliver J. Schmitz. Article VI 

entitled “Ionic Liquid Stationary Phase for Improving Comprehensive Multidimensional Gas 

Chromatographic Separation of Polychlorinated Naphthalenes” reports the evaluation of an 

ionic liquid stationary phase as second dimension column to achieve the separation of closely 

coeluting PCN congeners while Article VII entitled “Atmospheric Pressure Ionization for Gas 

Chromatography-High Resolution Mass Spectrometry Determination of Polychlorinated 

Naphthalenes in Marine Sediments” compares the applicability of both atmospheric pressure 

ionization sources (GC-APCI and GC-APPI) to achieve a sensitive and selective determination 

of the content of PCNs in complex environmental samples such as marine sediments. 

The GC-APPI ionization technique has also been evaluated to determine other families of 

POPs. Article VIII entitled “Feasibility of gas chromatography-atmospheric pressure 

photoionization-high resolution mass spectrometry for the analysis of polychlorinated   

dibenzo-p-dioxins, dibenzofurans and dioxin-like polychlorinated biphenyls in environmental 

and feed samples” reports the study of the ionization of PCDD/Fs and dl-PCBs using a          

GC-APPI source installed in a Q-Orbitrap mass spectrometer and the development of GC-

APPI-HRMS methods for the accurate determination of these compounds in samples of 

environmental and feed interest. In this work, the atmospheric pressure ionization of the 

analytes allowed us to propose sensitive and selective methods that have been evaluated 

according to the current normative and that can be a good alternative to the traditional 

confirmatory GC-EI-HRMS (magnetic sectors) method. Finally, Article IX entitled         

“Chloride-Enhanced Atmospheric Pressure Photoionisation as a Novel Determination of  

Short-Chain Chlorinated Paraffins in Environmental Samples” focuses on the development of 

an alternative method to overcome the difficulties currently observed in the determination of 

SCCPs. In this sense, different ionization strategies, using the novel GC-APPI source, were 

evaluated to reduce the number of potential interferences over the response of these analytes. 

The chloride-attachment APPI ionization simplified the mass spectra and allowed the use of a 

quantification approach that reduced both analysis time and data treatment. This methodology 

is finally tested for the quantification of SCCPs in fish samples. 
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Abstract 

Here, a new gas chromatography-atmospheric pressure photoionization-high resolution mass 
spectrometry (GC-APPI-HRMS) method combined with selective pressurized liquid extraction 
(sPLE) has been developed and applied for the determination of Dechlorane Plus (DP) and 
analogues (Dechlorane 602, Dechlorane 603, and Dechlorane 604) in gull eggs from protected 
bird areas. The feasibility of the atmospheric pressure photoionization (GC-APPI) has been 
demonstrated for the first time to achieve selective and sensitive ionization of DP and 
analogues. The best results have been achieved using negative ion dopant-assisted (diethyl 
ether) ionization and a source temperature of 250 ºC. Under these conditions, mass spectra 
of the target compounds have shown intense in-source fragment ions as well as molecular 
ions and characteristic cluster ions containing oxygen atoms. The sPLE GC-APPI-HRMS 
method provided high recoveries (>91%) and low method limits of detection (0.05-2 pg g-1 wet 
weight). The developed methodology has been applied to the analysis of gull eggs                       
(L. michahellis and L. audouinii) as bioindicators of environmental contamination from several 
Spanish natural and national parks, including the National Park of Atlantic Islands of Galicia, 
the Medes Islands, and the Ebro Delta Natural Park. The results obtained showed significant 
differences in the DP concentration profiles between the gull eggs from Atlantic and Medes 
islands and the Ebro Delta. Moreover, different concentration DP levels were obtained for each 
gull species within the same location. These results demonstrated the good performance of 
the GC-APPI-HRMS system to achieve a selective and sensitive determination of DP and 
analogues in complex biota samples.
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1. Introduction 

Over the last decades, the number of chemicals used as flame retardants (FRs) has grown 

very fast due to the needs to prevent ignition and combustion of flammable materials. Although 

flame retardants can protect from fires, environmental concerns have arisen for some of them, 

such as the polybrominated diphenyl ethers (PBDEs) or mirex, because of their widespread 

detection in the environment, bioaccumulation capacity in biota, high toxicity, and persistence. 

Consequently, strict regulations and banning have been addressed to reduce hazardous 

effects that they induce in human beings and wildlife [1] and alternative FRs has been 

proposed to replace them. Among the FRs, Dechlorane Plus (DP) is a highly chlorinated 

substance frequently used in wire coatings, furniture, and electrical plastic connectors in 

television and computer monitors. The technical DP mixture consists of two stereoisomers, 

syn-DP and anti-DP, in a ratio of about 1:3 [2]. Although DP was introduced in the market in 

the 1960s, it was first identified in the environment in 2006 when Hoh et al. [3] reported its 

presence in air and sediment samples from the Great Lakes. After that, a growing number of 

scientific studies has been published reporting the presence of DP in different environmental 

and biological matrices, such as house dust [4], gull eggs [5], human milk, maternal blood, 

placenta, and cord blood [6, 7], an even it has been detected in remote areas [8]. Additionally, 

the occurrence of DP-related analogues such Dechlorane-602 (Dec-602), Dechlorane-603 

(Dec-603), Dechlorane-604 (Dec-604) as well as dechlorination products of DP isomers, such 

as mono- (Cl11-DP) and didechlorinated DP (Cl10-DP), has also been reported in air, sediments 

and wildlife [9–12]. The global distribution of DP and analogues and their bioaccumulation 

potential has recently led to propose DP as a candidate to be included in the persistent organic 

pollutant list of the Stockholm Convention [13]. 

The determination of DP and analogues is typically performed by gas chromatography coupled 

to mass spectrometry (GC-MS) using electron capture negative ionization (ECNI) [3, 14, 15]. 

Under ECNI conditions, low ion source temperatures (ca. 150 ºC) are needed to avoid high 

fragmentation of the molecular ion [2, 3]. Although this strategy provides a more selective and 

sensitive method, it may also result in the need for more frequent cleaning of the ion source, 

thus reducing laboratory throughput. GC-MS determination of DP using electron ionization (EI) 

has also been proposed [9, 16] although the high fragmentation observed results in the 

monitoring of low characteristic ions. In the last years, atmospheric pressure ionization (API) 

sources have been proposed as ionization techniques in GC-MS [17, 18], since they provide 

a soft ionization that reduces in-source fragmentation, leading to very selective and sensitive 

methodologies [19]. For instance, halogenated organic contaminants such as polychlorinated 

dibenzo-ρ-dioxins and dibenzofurans (PCDD/Fs) [20–22], polybrominated diethyl ethers 

(PBDEs) [23] or neutral per- and polyfluoroalkyl substances (nPFAS) [24, 25] have shown high 

ionization efficiency under atmospheric pressure chemical ionization (APCI) and atmospheric 

pressure photoionization (APPI). These API sources can be combined with high-resolution 

mass analysers, such as Orbitrap or time-of-flight (TOF), which can operate in a sensitive     
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full-scan acquisition mode allowing both targeted and non-targeted approaches. Moreover, 

they could also be coupled to both liquid and gas chromatography system, reducing costs and 

improving the throughput of environmental analysis laboratories. Regarding DP, Liu et al. [26] 

proposed the use of GC-APCI-HRMS (QTOF) for identifying two novel dechlorane analogues, 

structurally related with Dec-603, in peregrine falcon eggs and shark livers. Moreover, Megson 

et al. [27] determined the capability of the GC-APCI to ionize DP stereoisomers. However, to 

the best of our knowledge, the APPI source has never been used for the GC-MS determination 

of DP and analogues. 

In the present work, we have investigated the ionization of DP and analogues using a             

GC-APPI source under different ion source conditions and dopants to develop a sensitive and 

sensitive GC-APPI-HRMS (Orbitrap) method for the analysis of these compounds. To evaluate 

the feasibility of the developed method, it has been applied for the determination of the target 

compounds in gull egg samples from natural protected areas of Spain. 

2. Materials and Methods 

2.1. Reagents and standards 

The target compounds evaluated in this work are summarized in Fig. 1. Individual standard 

solutions of syn-DP, anti-DP, didechlorinated DP (Cl10-DP) and monodechlorinated DP      

(Cl11-DP) in toluene at 50 ng µL-1 were obtained from Wellington Laboratories Inc. (Guelph, 

ON, Canada), while individual standards (solids) of Dec-602, Dec-603 and Dec-604 at a purity 

higher than 99% were purchased from Toronto Research Chemicals Inc. (North York, ON, 

Canada). Individual stock solutions at 500 ng µL-1 of DP analogues (Dec-602, Dec-603 and 

Dec-604) were prepared in isooctane EMSURE® for analysis (≥ 99.5%), supplied by Merck 

KGaA (Darmstadt, Germany). Working standard solutions were prepared by mixture and 

dilution of all analytes at a concentration of 500 pg µL-1. A standard mixture solution        

(MXFR-PBDE) at 2 ng µL-1, containing 13C12-BDE-77 and 13C12-BDE-138 in nonane 

(Wellington Laboratories Inc.) was used as surrogate standards to determine recovery rates, 

while a standard solution of CB-209 (5 µg mL-1) in isooctane (Dr Ehrenstorfer GmbH, Ausburg, 

Germany) was used as injection internal standard. All the solutions were stored at 4 ºC before 

use. 

Diethyl ether (EMSURE®, ≥ 99.7%) and acetone (LiChrosolv®, ≥ 99.8%), obtained from Merck 

KGaA, toluene and chlorobenzene (ChromasolvTM Plus, for HPLC analysis, purity ≥ 99%), 

supplied by Sigma-Aldrich (St Louis, MO, USA), and tetrahydrofuran (PhotrexTM reagent, 

99%), purchased from J. T. Baker (Deventer, Holland), were used as APPI dopant solvents. 

n-Hexane Unisolv® for organic trace analysis (99%, Merck) and dichloromethane for pesticide 

residue analysis (99%, Sigma-Aldrich) were used for extraction and clean-up procedures. 

Sulphuric acid (95-97%), anhydrous sodium sulphate (purity > 99%) of residue analysis grade, 

Florisil (0.15-0.25 mm) of residue analysis grade and silica gel (Gel 60) of chromatographic 

analysis quality were obtained from Merck. Before use, the Florisil and silica gel were baked  
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Fig. 1. Chemical structure of syn- and anti-DP, dechlorinated DPs (Cl10-DP and Cl11-DP), and 

analogues (Dec-602, Dec-603, and Dec-604). 

overnight at 550 ºC and kept in an oven at 180 ºC. Silica gel modified with sulphuric acid   

(44%, w/w) was prepared by slowly adding an appropriate amount of sulphuric acid to the 

activated silica at room temperature. Helium AlphagazTM 1 (≥ 99.999%), used as the carrier 

gas, was purchased from Air Liquide (Madrid, Spain) whereas nitrogen (≥ 99.995%), employed 

as make-up gas in the GC-APPI interface, was obtained from Linde (Barcelona, Spain). 

2.2. Samples 

Egg samples of yellow-legged gull (Larus michahellis) were collected in three protected areas 

from Spain: the National Park of Atlantic Islands of Galicia (thereafter Atlantic Islands) situated 

in the northwest coast of the Iberian Peninsula, the Medes Islands (thereafter Medes), which 

are a part of the Montgrí, les Illes Medes and the Baix Ter Natural Park, and the Ebro Delta 

Natural Park (thereafter Ebro Delta), both areas located in the north-eastern coast of Spain. 

Adouin’s gull (Larus audouinii) eggs were sampled from the Ebro Delta Natural Park. The 

yellow-legged gull is one of the most common species in the Iberian Peninsula as well as a 

prevalent specie in Europe, the Middle East, and North Africa, and is an opportunistic species 

with an omnivorous diet that often scavenges on refuse tips. In contrast, Adouin’s gull is a 

piscivorous species, considered a specialist in the capture of cuneiforms (pelagic fishes), but 

it can also feed on fishery discards and terrestrial preys. Adouin’s gull is an endemic and 

protected species of the Mediterranean area and was classified globally as threatened species 

in 1988. However, due to an increasing number of breeding pairs (mainly in the Ebro Delta), it 

Syn-DP Anti-DP

Cl10-DP Cl11-DP

Dec-602 Dec-603 Dec-604
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is classified as least concern. A total of 36 samples were collected from each colony during 

the beginning of the breeding season of 2014 by specialized staff at three sub-colonies located 

within each park (12 egg per bird settlement). For comparing the results between colonies, 

only the first laid egg of each nest was collected since it contains the maximum contaminant 

burden transferred from the female gull at the egg-laying time. The eggs were transported to 

the laboratory in a cool box and the eggs of each sub-colony were then pooled, lyophilized 

and stored at -20ºC before analysis. To reproduce the sample matrix effect, chicken eggs with 

non-detectable amounts of the target compounds were obtained from a local supermarket in 

Barcelona. After pooling and lyophilizing the chicken eggs, the sample was used as blank for 

the optimization of the sample treatment and validation studies.  

2.3. Sample treatment 

DP and analogues were extracted from gull egg samples by selective pressurized liquid 

extraction (sPLE) using an ASE 100 Accelerated Solvent Extractor System (Dionex, 

Sunnyvale, CA, USA). Briefly, 1 g of the freeze-dried egg sample was spiked with adequate 

amounts of 13C12-BDE-77 and 13C12-BDE-138 surrogates standards and then kept overnight at 

room temperature to equilibrate. The sample mixed with anhydrous sodium sulphate at an 

egg/Na2SO4 ratio of 1:2 (w/w) was loaded on the extraction cells (34 mL) on the top of 20 g of 

silica modified with sulfuric acid (44% w/w), used as a fat retainer. The sample was extracted 

using a solvent mixture of n-hexane/dichloromethane (1:1 v/v) at 100 ºC for three static 

extraction cycles of 5 min working at a constant pressure of 1,500 psi, a flush volume of 60%, 

and a purge time of 90 s. After extraction, the extract was rotary evaporated up to 1 mL, after 

adding two times 3 mL of n-hexane for the complete removal of dichloromethane, it was then 

fractionated on 15 g of activated Florisil. Analytes were eluted from Florisil column using           

30 mL of n-hexane followed by 80 mL of n-hexane/dichloromethane (95:5, v/v) to elute DP and 

analogues and others pollutants, such as PBDEs and polychlorinated biphenyls (PCBs). The 

extract was then rotary evaporated, and the final volume was adjusted to 50 µL using a gentle 

stream of nitrogen after adding an appropriate amount of CB-209 as injection internal standard. 

The lipid content was gravimetrically determined on separate samples by evaporation of the 

extract obtained from the sPLE extraction process using a solvent mixture of                                   

n-hexane:dichloromethane (1:1, v/v). The percentage of lipids on wet weight basis for the 

samples were of 8.2 ± 0.9% for L. michahellis and 7 ± 1% for L. audouinii. The water content 

was analysed as the difference between the fresh weight and the freeze-dried weight, and the 

average water content for both species was 74 ± 1% for L. michahellis and 77 ± 1% for               

L. audouinii. 

2.4. Instrumentation 

Determination of DP and analogues was conducted on a Trace 1300 gas chromatograph, 

equipped with an AI-1310 autosampler, coupled to a Q-Exactive Orbitrap mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA, USA). The GC-HRMS was interfaced with the        
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GC-APPI source (MasCom Technologies GmbH, Bremen, Germany) that disposes of a       

10.6 eV krypton lamp (Syagen, Santa Ana, CA, USA). The injection of samples and standards 

(1 µL) was carried out in splitless mode (1 min) at a temperature of 280 ºC. The 

chromatographic separation of the target compounds was carried out into a TG-5ms          

fused-silica capillary column (15 m x 0.25 mm I.D.; 0.25 µm of film thickness), purchased from 

Thermo Fisher Scientific, using helium as carrier gas at a constant flow rate of 1.2 mL min-1. 

The oven temperature program was set as follows: 90 ºC (held for 2 min) to 300 ºC (held for  

9 min) at 15 ºC min-1. Transfer line temperature was fixed at 280 ºC while the source and 

capillary temperature were set at 250 ºC and 180 ºC, respectively. Nitrogen was used as  

make-up gas in the GC-APPI ion source at a constant pressure of 5 a.u. (arbitrary units), 

whereas the S-lens radiofrequency was set at 50%. After optimization, the ionization of DP 

and analogues was achieved by dopant-assisted APPI using diethyl ether vapours as dopant 

at an optimum flow rate of 70 µL min-1 (see supplementary electronic material, Fig. S1). 

Orbitrap was operated in negative ion mode and data were acquired in full-scan acquisition 

mode (70-700 m/z) at a resolution of 35,000 full window at half maximum (FWHM, at m/z 200). 

Moreover, automatic gain control (AGC) target and the maximum injection time were fixed at 

3·106 and 50 ms, respectively. The quantitation of the analytes was attained employing the 

internal calibration method and the extracted ion chromatograms (XICs) were filtered using a 

tolerance of 5 ppm in the mass extraction windows. The instrument control, data acquisition 

and processing were performed using the Xcalibur ν 3.1 software. 

2.5. Quality control 

Quality control was performed through the analysis of procedural blanks and replicate analysis 

of egg samples. Procedural blanks covering instrumental and sample treatment procedures, 

as well as quality control standard solutions, were routinely analysed to guarantee the quality 

of the results and to check the chromatographic separation, the sensitivity of the ion source 

and the correct mass calibration. In addition, a quality control egg sample (a chicken egg 

samples with non-detectable amount of DP and analogues spiked at 2 ng g-1 wet weight) was 

analysed to ensure that the whole method was maintained under control and to rule out any 

possible carryover between samples. Recovery rates of the labelled 13C12-BDE-77 and       

13C12-BDE-138 used as surrogate standards were higher than 90% and precisions of the whole 

method lower than 15% were established as acceptance criteria. Accurate mass calibration 

was carried out every 72h with a calibration solution consisting of caffeine, Ultramark 1621, 

butylamine and MRFA peptide in acetonitrile/methanol/water (2:1:1, v/v/v) using the 

electrospray source. To confirm the identification of the target compounds, the following 

restrictive criteria were applied: (a) the ion abundance ratios between the selected ions 

monitored should be within ±10 % of the theoretical value, and (b) the retention times should 

be within ±2 s of those observed for the standards. 
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3. Results and Discussion 

3.1. Ionization of DP and analogues by atmospheric pressure photoionization  

The ionization of DP and analogues was assessed using a standard mixture solution 

containing all the target compounds at 500 pg µL-1. Experiments were carried out in negative 

ion GC-APPI mode since analytes were not ionized when operating in positive ion mode. To 

improve the ionization efficiency on the GC-APPI source different solvent vapours 

(chlorobenzene, toluene, acetone, tetrahydrofuran, and diethyl ether) were evaluated as 

potential dopants. In general, the ions observed in the mass spectra were not affected by the 

nature of the solvent used as dopant. As an example of the ionization observed, Fig. 2 shows 

the mass spectra obtained for syn-DP, Dec-602, Dec-603, Dec-604, and the dechlorinated-

DPs, Cl10-DP and Cl11-DP, using diethyl ether as dopant (source temperature: 250 ºC).  

  
Fig. 2. GC-APPI-HRMS mass spectra of a) syn-DP, b) Cl10-DP, c) Cl11-DP, d) Dec-602,              

e) Dec-603, and f) Dec-604 in negative ion mode using diethyl ether as dopant (250 ºC 

source temperature and 180 ºC capillary temperature).  

Both DP stereoisomers led to the formation of the [M‒2HCl‒Cl+O2]‒ ion as the base peak of 

the mass spectra, as it could be observed for syn-DP in Fig. 2a. Ions including the attachment 

of a superoxide moiety have been previously reported for other halogenated compounds when 

operating in negative ion GC-APPI mode [22, 25]. These ions may be formed by clustering 

reactions in the gas-phase with the superoxide ion generated through the electrons released 

after dopant photoionization process [28]. DP also showed the formation of the molecular ion 

although at low relative intensity. In contrast, high abundant [M]‒● ions were achieved for 
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dechlorinated-DPs being the base peak for Cl11-DP and one of the most abundant ions for 

Cl10-DP (Fig. 2b-c). Furthermore, a characteristic [C5Cl5]‒ ion, coming from a retro Diels-Alder 

fragmentation of DP molecular structure [3], was also observed in the Cl11-DP and Cl10-DP 

mass spectra and it could be used for their identification. This fragment ion was the base peak 

of the Dec-602 mass spectra (Fig. 2d), while Dec-603 mainly led to the formation of                  

[M‒HCl‒3Cl+O2]‒ cluster ion as the base peak of the mass spectra (Fig. 2e). In the case of 

Dec-604, the non-specific bromide ion was the base peak of the mass spectra (Fig. 2f), as it 

has also been reported in ECNI, which could be strongly interfered by other coeluting 

brominated compounds (e.g., PBDEs). Additionally, an intense [M‒HCl‒Br]‒ ion was formed, 

which may improve the selectivity of the method. To reduce in-source fragmentation, the effect 

of the ion source temperature (from 180 ºC to 250 ºC) over the ionization of DP and analogues 

was assessed. As it can be observed in Fig. 3, the in-source fragmentation of anti-DP 

decreased when the ion source temperature diminishes.  

 
Fig. 3. Effect of the ion source temperature over the chromatographic separation and the mass 

spectra of syn-DP and anti-DP. 

At a temperature of 180 ºC, the phenoxide ion became the base peak of the mass spectrum. 

Similar behaviour was observed for dechlorinated-DPs and analogues (Fig. S2). For instance, 
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the abundance of the molecular ion increased for both Dec-604 and Dec-602, being the base 

peak of the mass spectrum for the Dec-602 analogue. Moreover, Dec-603 showed an intense 

[M‒Cl+O]‒ ion, whereas dechlorinated-DPs mainly formed the [M+O2]‒● ion. Although the use 

of low ion source temperatures decreased the in-source fragmentation, a loss of the 

chromatographic efficiency was observed for all the compounds, especially worsening the 

resolution between syn-DP and anti-DP (Fig. 3). This effect has been already observed for low 

volatile compounds (e.g., PCDD/Fs) using the GC-APPI source [22]. The low volatility of DP 

and analogues (vapour pressure ranging from 1.59·10-7 to 8.47·10-8 Pa) and the GC-APPI 

source conical design may favour the condensation of the compounds on the source wall that 

caused an important chromatographic peak broadening and source contamination. Therefore, 

further cleaning of the ion source was required, reducing the throughput of the laboratory. 

Thereby, a high ion source temperature (250 ºC) was chosen since it ensured the 

chromatographic resolution and led to highly selective and abundant ions.  

Under these ion source conditions, a specific base peak in the mass spectrum was obtained 

for each target compound regardless of the dopant tested. Table 1 lists all the monitored ions 

used for the study of the effect of the dopant (acetone, chlorobenzene, diethyl ether, 

tetrahydrofuran, and toluene) on the ionization efficiency of the analytes. Among the dopants 

evaluated, diethyl ether was the solvent that provided the highest responses for all the 

compounds (Fig. 4). This could be attributed to the high vapour pressure of the diethyl ether 

that may result in a higher gas-phase concentration of electrons released after the dopant 

photoionization, which consequently could cause the enhancement of subsequent gas-phase 

reactions of the target compounds.  

Under these optimal GC-APPI conditions, the instrumental limits of detection (iLODs), defined 

as the lowest concentration of the analyte that provides a well-defined chromatographic peak, 

were established and ranged from 0.006 to 0.150 pg injected on the column. These values are 

in agreement with those previously reported using different GC-MS methods. For instance, 

Rjabova et al. [29] achieved iLODs ranging from 0.01 to 0.08 pg injected using GC-EI-HRMS 

(mass sectors analyzer), while Sales et al. [30] developed a GC-NICI-MS/MS (QqQ) providing 

iLODs ranging from 0.125 to 60 fg µL-1 by injecting a volume of 10 µL and using a solvent vent 

configuration (0.001-0.6 pg injected). Moreover, Megson et al. [27] reported iLODs for DP 

stereoisomers at least 5 times higher than those obtained in the present work using a novel 

GC-APCI-HRMS (TOF) method. These findings demonstrated the great detection capability 

of the developed GC-APPI-HRMS method for the determination of DP and analogues. 

Additional instrumental quality parameters, such as linearity, precision and trueness, were also 

determined and are summarized in Table S1. Good linearity (R2 > 0.997) was observed along 

the working concentration range (0.5-200 pg µL-1). Precision and trueness were estimated at 

three concentration levels: 0.5 pg µL-1 (low), 2.5 pg µL-1 (medium), and 50 pg µL-1 (high).   
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Fig. 4. Effect of the dopant vapours over the GC-APPI-HRMS response of DP and analogues. 

Intra-day precision, expressed as the relative standard deviation (RSD, %, n=3), ranged from 

2 to 8%, while inter-day precision, calculated in two non-consecutive days (n= 2 days x 3 

replicate analyses), was lower than 9%. Moreover, the trueness expressed as relative error 

between the found and the theoretical concentration (RE, %, n=3), was always lower than 7%. 

These results, as well as the low variation observed for ion ratios (RSD: 1-2%, n=14), 

demonstrated the great reliability of the GC-APPI-HRMS method to achieve an accurate and 

precise determination of the target compounds. 

3.2. Analysis of gull egg samples by GC-APPI-HRMS 

To ensure a quantitative extraction of the analytes from the gull egg samples, recoveries of 

the sPLE extraction method were performed on a lyophilized blank chicken egg sample at two 

concentrations (n=9): 2 ng g-1 wet weight (low) and 42 ng g-1 ww (high), which are close to the 

levels often found in gull egg samples. The results showed recovery rates that ranged from     

91 ± 7% to 95 ± 8% for the low concentration level, and between 91 ± 7% and 98 ± 6% for 

the high concentration level (Table 2). The detection capability of the sPLE GC-APPI-HRMS 

method was assessed through the estimation of the method limits of detection (mLODs) and 

quantitation (mLOQs), that were calculated using a blank chicken egg sample spiked at low 

concentration levels (0.5-5 pg g-1  wet weight, ww). The mLOD was defined as the lowest 
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concentration spiked in a blank chicken egg sample that provides a well-defined 

chromatographic peak (mass error threshold of 5 ppm for the extracted ion chromatogram)  

 

Table 2. Method limits of detection and quantification (pg g-1 ww and pg g-1 lw) and recoveries 

(%) of the DP and analogues in egg samples by sPLE GC-APPI-HRMS method. 

a Low level: 2 ng g-1 ww, b High level: 42 ng g-1 ww, c n=9. 

while mLOQ was determined as 3.3 times the mLOD, since no background noise was detected 

on the extracted chromatograms. The values displayed in Table 2 (mLODs: 0.05-2 pg g-1 ww 

and mLOQs: 0.2-7 pg g-1 ww) were deemed low enough for the determination of DP and 

analogues at the concentration level generally found in gull egg samples. The detection 

capability of the sPLE GC-APPI-HRMS method was similar or even better than the methods 

reported in the literature using similar matrices. For instance, Su et al. [31] reported higher 

mLOQs ranging from 240-490 pg g-1 ww for the DP stereoisomers in herring gull eggs using 

PLE GC-ECNI-MS (Q) method. Similar values (mLOQs: 2.66-9.09 pg g-1 lipid weight, lw) were 

reported by Muñoz-Arnanz et al. [14] for DP stereoisomers and dechlorinated-DPs in gull egg 

samples using a matrix solid-phase dispersion procedure and an analyte determination by  

GC-ECNI-MS (Q). Neugebauer et al. [32] also proposed a PLE GC-APCI-MS/MS (QqQ) 

method achieving similar mLOQs for DP and analogues in herring gull eggs (2.7-54.6 pg g-1 

dry weight (dw)). These findings demonstrated the feasibility of the developed method for the 

determination of the target compounds in complex biota samples. 

The sPLE GC-APPI-HRMS method developed in this study was applied to the analysis of gull 

egg samples collected during the breeding season of 2014 from three Spanish natural and 

national parks, as detailed in section 2.2. Table 3 summarizes the concentration levels of DP 

and analogues found in the samples expressed as both wet weight and lipid weight basis. The 

levels of DP and analogues correlated to their respective locations, indicating common 

contamination sources for each protected area. Gull egg samples from island locations (Medes 

Islands and Atlantic Islands) showed anti-DP as the dominant compound, although relatively 

higher concentrations of these compounds were also observed in the Medes Island samples 

(0.73‒0.80 ng g-1 ww). For samples from the Ebro Delta, similar concentration profiles were 

observed for both gull species. Dec-602 was the most abundant compound (0.74‒0.84             

ng g-1 ww) followed by Dec-603 (0.52‒0.63 ng g-1 ww) and Dec-604 (0.28‒0.63 ng g-1 ww).   

Analyte   mLOD   mLOQ   Recovery (%) ± SDc 

  (pg g-1 ww) (pg g-1 lw)  (pg g-1 ww) (pg g-1 lw)  Lowa Highb 

Dec-602  0.05 0.7  0.2 3  92 ± 7 93 ± 6 
Dec-603  1 13  3 39  93 ± 8 92 ± 7 
Dec-604  2 26  7 92  95 ± 8 98 ± 6 
Cl10-DP  0.3 4  1 13  93 ± 7 93 ± 7 
Cl11-DP  0.3 4  1 13  91 ± 7 91 ± 7 
Syn-DP  0.3 4  1 13  93 ± 8 93 ± 6 
Anti-DP  0.3 4  1 13  92 ± 8 94 ± 7 
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Regarding dechlorinated DPs, Cl10-DP was not found and Cl11-DP was detected in all the 

yellow-legged gull eggs analysed at very low concentration levels (0.010-0.019 ng g-1 ww). 

The differences on the concentration profiles may suggest that Atlantic and Medes Islands 

colonies have been more exposed to DP stereoisomers probably due to the gull feeding habits 

in long-time contaminated areas which are close to industries or agricultural activities. In 

contrast, Ebro Delta concentration profile indicated nearby contamination since DP analogues 

are the dominant chemicals in the samples from this area. Concerning the total DP content 

(sum of both stereoisomer concentrations) accumulated by yellow-legged gull (L. michahellis) 

across the three areas, the highest concentration levels were observed in the Medes Islands 

(1.05‒1.12 ng g-1 ww). In contrast, lower concentration levels of Dec-604 and total DP content 

were found for Adouin’s gull protected species compared to common yellow-legged gull. 

Considering that both species share the same habitat and similar biology, the differences in 

DP levels may be mainly attributed to the feeding habits. While L. audouinii feeds exclusively 

on pelagic fish, L. michahellis has an opportunistic diet. In fact, Muñoz-Arnanz et al. [14]  

reported levels in eggs of yellow-legged gull (0.52‒6.05 ng g-1 lw) and Audouin’s gull         

(0.06‒1.75 ng g-1 lw) collected in the Chafarinas Islands, (Mediterranean coast of Morocco), 

which were quite similar to those obtained in the present work. Regarding the anti-DP fraction, 

fanti, the values remain in the range of 0.68‒0.73 with an average value of 0.71 ± 0.01. This 

value was similar to the anti-DP fraction of the commercial technical DP mixture (fanti = 0.65) 

[33], suggesting there was not stereoisomer enrichment in the samples analysed. 

4. Conclusions 

The suitability of the GC-APPI source coupled to HRMS (Orbitrap) has been demonstrated for 

the determination of DP and analogues in complex environmental samples such as gull eggs. 

The use of negative ion APPI ionization using dopants with high vapour pressures (e.g., diethyl 

ether) provided an efficient ionization of the target compounds leading to characteristic             

in-source fragment ions as well as the molecular ion and/or cluster ions with oxygen atoms, 

that ensure both quantitation and confirmation purposes. Moreover, high ion source 

temperatures are needed to avoid potential post-column peak broadening mainly due to the 

low vapour pressure of the analytes. Under these conditions, the GC-APPI-HRMS methods 

provided a high detection capability (iLODs: 0.006-0.15 pg injected) similar or slightly better 

than those obtained with high-vacuum ionization techniques (EI, NICI). Moreover, the 

acquisition of high-resolution full-scan mass spectra allows not only a selective and sensitive 

determination of the analytes but also the possibility to detect possible related compounds in 

the same sample. The developed method, combined with a selective pressurized liquid 

extraction, allowed an accurate determination of the target compounds in gull egg samples at 

very low concentration levels (mLODs: 0.05-2 pg g-1 ww) The results obtained showed that DP 

stereoisomers, syn-DP, anti-DP, were the most abundant compounds in Atlantic and Medes 

islands, while DP analogues (Dec-602, Dec-603, Dec-604) dominated in the Ebro Delta 

samples. In this last location, Adouin’s gull protected species showed lower levels of DP 
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isomers compared to common yellow-legged gull, which might be correlated with their            

fish-based diet. Consequently, the developed GC-APPI-HRMS (Orbitrap) method can be 

proposed for the determination of DP and analogues in biota samples, providing significant 

advantages over existing methods in terms of sensitivity and selectivity.  
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Supporting Figures 

 

Figure S1. Effect of flow rate of diethyl ether as dopant over the GC-APPI response of DP and 

analogues.
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Abstract 

Here, we evaluate the use of an ionic liquid stationary phase to improve the comprehensive 

two-dimensional gas chromatographic separation (GCxGC) of polychlorinated naphthalenes 

(PCNs). The polarity and high thermal stability of ionic liquid stationary phases make them 

suitable as second dimension columns for GCxGC separations. For this purpose, the 

chromatographic resolution and the peak capacity of the system have been assessed using 

different temperature programs. The results obtained supply first data about the evaluation of 

these columns, allowing the congener-specific separation of PCNs in 140 min. These results 

represent an important decrease of time over the GCxGC-MS methodologies already 

published. The developed method has been applied to the characterization of different 

Halowax formulations, obtaining similar compositional profiles than those previously reported 

in the literature. These results make GCxGC-MS, using an ionic liquid stationary phase as 

second dimension, suitable for achieving a faster congener-specific determination of PCNs at 

the same time it may provide a useful tool to evaluate individual toxicity of closely eluting 

congeners. 



Chapter 3. Determination of Chlorinated Organic Compounds 

 

210 
 

1. Introduction 

Polychlorinated naphthalenes (PCNs) are a group of chemicals based on a naphthalene ring 

in which one or more hydrogens have been replaced by chlorine atoms. They were used during 

the last century as multi-purpose synthetic resins and high-temperature boiling solvents in 

many industrial applications [1,2]. Recently, they have been classified as persistent organic 

pollutants by the Stockholm Convention, and nowadays, they are subject to large-scale 

monitoring programs to assess their occurrence and fate in the environment [3]. Some of the 

75 potential congeners have even demonstrated dioxin-like toxicity [4]. Because of these 

dioxin-like properties, their global distribution, and accumulation in biota, the separation of all 

PCNs may help to understand better the toxicological contribution of each congener in the 

environment, humans, or food, among others [5,6]. While one-dimensional gas 

chromatography (1D-GC) coupled to mass spectrometry (GC-MS) allows the determination of 

the total content of PCNs, the congener specific analysis results more difficult due to the 

coelution of different congeners [7–9]. Thus, comprehensive two-dimensional gas 

chromatography coupled to mass spectrometry (GCxGC-MS) has been proposed to achieve 

their congener specific analysis [2]. Nonetheless, the theoretical 75 different congeners make 

challenge their determination from a chromatographic point of view, requiring prolonged 

temperature programs to enable the complete separation of closely eluting congeners [10]. 

In the last decades, the use of ionic liquid (ILs)-based stationary phases have exponentially 

increased [11]. ILs are organic molten salts that melt at temperatures below 100 ºC. They are 

constituted by a large organic cation that can be associated to a wide variety of anions and 

they are usually considered as ‘designer solvents’ due the unlimited structural variation 

through the combination of different organic cations and anions resulting in ILs with different 

physicochemical properties [12]. The most common IL organic cations contain N or P atoms 

(e.g., pyridinium, imidazolium, pyrrolidinium, tetra-alkyl phosphonium, etc.), combined with 

organic (e.g., bis(trifluoromethyl sulfonyl)imide, hexafluorophosphate, trifluoromethyl sulfate, 

dicyanamide, etc.) or inorganic anions (e.g., chloride, bromide, perchlorate, etc.). The interest 

in the use of ILs as stationary phases lies on their negligible vapor pressure, high thermal 

stability, and high selectivity towards different groups of chemicals. Additionally, the excellent 

wetting capacity on the inner wall of fused silica capillaries and the high viscosity of some ILs 

make them suitable as stationary phases for gas chromatography [13,14]. In fact, these 

characteristics as well as their high polarity provide important advantages for GCxGC 

separations in front of classical polyethylene glycol-based stationary phases to maximize peak 

capacity and reduce time analysis [11,14,15]. 

In this work, we explore the feasibility of an IL-stationary phase to improve the congener-

specific determination of PCNs by GCxGC-MS. 
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2. Materials and methods 

2.1. Reagents and standards 

The PCN formulations (Halowax 1001, 1013, 1014 and 1099) at 10 µg mL-1 in cyclohexane 

were supplied by Dr. Ehrenstorfer GmbH (Ausburg, Germany). Equal amounts of the Halowax 

1001, 1013, 1014 and 1099 (1:1:1:1 v/v) were mixed to obtain working standards. Moreover, 

a standard mixture solution (PCN-MXA) at 5 mg L-1 (in nonane) including 2-chloronaphthalene 

(CN-2), 1,5-dichloronaphthalene (CN-6), 1,2,3-trichloronaphthalene (CN-13), 1,2,3,5-

tetrachloronaphthalene (CN-28), 1,2,3,5,7-pentachloronaphthalene (CN-52), 1,2,3,4,6,7-

hexachloronaphthalene (CN-66), 1,2,3,4,5,6,7-heptachloronaphthalene (CN-73) and 

octachloronaphthalene (CN-75), was obtained from Wellington Laboratories Inc. (Guelph, ON, 

Canada). The isotopically labelled hexachlorobenzene (13C6-HCB) solution at 10 µg mL-1 in 

cyclohexane, purchased from Dr. Ehrenstorfer GmbH, was used as internal standard to correct 

injection variations. All the working solutions were prepared by dilution of the standards in        

n-hexane (Unisolv® for organic trace analysis, Merck, Darmstadt, Germany) and stored at         

4 ºC before analyses.  

2.2. Instrumentation 

GCxGC-MS analysis was performed using a GC-2010 Plus gas chromatograph, equipped with 

an AOC-20 autosampler (Shimadzu, Kyoto, Japan) and coupled to a GCMS-QP2010 Ultra 

mass spectrometer including a quadrupole analyzer (Shimadzu). The instrument employs a 

two-jets cryogenic modulator using liquid nitrogen (cold-jet) and gaseous nitrogen (hot-jet) 

supplied by Air Liquide (Dusseldorf, Germany) as modulator gas. Modulation was performed 

using a modulation time of 12 s and a hot jet time of 200 ms. The 2D-separation was carried 

out using a non-polar DB-5MS (30 m x 0.25 mm ID; 0.25 µm) as first dimension and a polar 

IL-based SLB-IL60 (1.5 m x 0.1 mm ID; 0.08 µm) as second dimension. The temperature 

program was as follows: 80 °C (held for 5 min)-30 °C/min-160 °C (held for 5 min)-0.75°C/min-

250°C (held for 0.5 min)- 5°C/min-280°C (held for 2 min) for a total run time of 140 min. Helium 

(Alphagaz 1, 99.9%, Air Liquid, Düsseldorf, Germany) was used as carrier gas at a constant 

flow rate of 1.9 mL min-1. The injection (1 µL) was carried out in splitless mode (1 min) fixing 

the injector port temperature of 280 ºC while the transfer line temperature was set at 310 ºC. 

Electron ionization (EI) at 70 eV was used as ionization technique setting the ion source 

temperature at 200 ºC. The data acquisition was done in selected ion monitoring (SIM) mode 

by monitoring the two most intense peaks of the [M]+● cluster ion and using an event time of 

0.04 s. GCMSsolution workstation software was used to control the GC-MS system while data 

processing was carried out with GC image v. 2.0 software. Moreover, peak identification was 

based on data previously reported in literature, comparison with chromatographic separation 

in one dimension (DB-5MS) as well as congeners standard solution mixture. 
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3. Results and discussion 

3.1. GCxGC separation of PCNs 

A mixture of four Halowax formulations (1001, 1013, 1014 and 1099) in the same proportion 

(1:1:1:1 v/v) was used in order to optimize the separation of the PCN congeners under the 

most difficult conditions. Firstly, four different modulation times were evaluated in order to take 

advantage of the second dimension. The IL stationary phase of SLB-IL60, consisting of a 

dicationic bis(trifluoromethylsulfonyl)imide [11], has a higher maximum temperature (up to   

300 ºC) than traditional polyethylene glycol-based stationary phases, which may result on 

shorter analysis time. The first results concluded that a minimum modulation time of 8 s is 

needed to avoid wrap-around effects. Under these conditions, most of the analytes were 

separated following temperature program: 80 °C (5 min)-30 °C/min-160 °C (5 min)-1°C/min-

260°C (5 min)-5°C/min-280°C (2 min) (run time: 124 min). Nonetheless, some tetra-, penta-, 

and hexaCN isomers were still coeluting. Therefore, a slower temperature program was 

proposed as an alternative to resolve these coelutions (temperature program: 80 °C (5 min)-

30 °C/min-160 °C (5 min)-0.75°C/min-250°C (0.5 min)-5°C/min-280°C (2 min); run time: 140 

min). Fig. 1 compares the chromatographic separation of closely eluting isomers. 

 
Fig. 1. Separation of closely eluting PCNs under different temperature programs. 

The slower temperature program provided a better separation of the closely eluting isomers at 

the same time it only produced an increment of 16 minutes over the total run time. This fact 

was demonstrated by calculating the resolution in two-dimensional retention plane (RS,2D) [16] 

of these isomers. Table 1 contains the quality parameters of the GCxGC separation of PCNs 

using both temperature programs. It can be observed that the resolution of the PCN pairs 

coeluting was higher when using the slow temperature program, achieving RS,2D higher than 

TetraCNs PentaCNs HexaCNs

TetraCNs PentaCNs HexaCNs

1 oC/min

0.75 oC/min
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1.0 for all of them. The use of this slow temperature program improved not only the 

chromatographic resolution of closely eluting PCNs but also the peak capacity of the system. 

The peak capacity (Eq. 1) was estimated using all the compounds detected in the 2D plot and 

applying the peak capacity equation corrected by the quantitative undersampling factor 

proposed by Davis et al. [17], although strictly speaking not all criteria for the GCxGC are 

fulfilled due to the long modulation time [18].  

𝑛2𝐷
𝑐,𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑎𝑙 =

𝑛1
𝑐 𝑥 𝑛2

𝑐 

√1 + 3.35 𝑥 (
𝑡2

𝐺 𝑛1
𝑐

𝑡1
𝐺

)

2
 

Eq. 1. 2D peak capacity equation corrected by the quantitative undersampling factor (where nc: 

peak capacity and tG: final gradient time for each dimension). 

Table 1. Peak capacity and resolution (for coeluting compounds) achieved using both 

temperature program methods. 

Quality Parameter Homologue group pair 1 oC/min method 0.75 oC/min method 

Peak Capacity (2Dnc)   3068.2 3707.6 

Resolution (RS,2D) TetraCNs  (28/37) 0.81 1.27 

 PentaCNs (52/60) 0.80 1.16 

  (53/62) 0.59 1.19 

 HexaCNs (68/69) 0.56 1.06 

  (70/71) 0.77 1.27 

 

As the slower temperature program provided better quality parameters, it was proposed for 

the GCxGC separation of PCNs (Fig. 2). The GCxGC separation using DB-5MS as first 

dimension and SLB-IL60 as second dimension allowed a selective determination of all the 

PCN congeners presented in the Halowax formulations studied, especially for tetraCNs, 

pentaCNs and hexaCNs. By applying an optimal modulation time of 12 s in order to take 

advantage of the second dimension, the method proposed achieved the baseline separation 

of all PCN congeners in a total run time of 140 min. This represents a decrease of 65 minutes 

over the analysis time of the reported method using a TG-WAX [10] stationary phase as 

second dimension, improving the congener specific analysis of PCNs and the throughput of 

the laboratories. These GCxGC separation clearly resolve overly complex coelutions 

previously reported in the literature, especially for tetra-, penta-, and hexaCNs. For instance, 

the separation of highly abundant CN-33, CN-34, and CN-37 (1,2,4,6-/1,2,4,7-/1,2,5,7-

tetraCN) was easily achieved, thus representing a better separation capacity than GC-MS or 

fast GCxGC-MS determinations [2,7]. Regarding pentaCNs, the usually CN-52/CN-60 

(1,2,3,5,7-/1,2,4,6,7-pentaCN) coeluting pair could also be completely separated by the 

proposed GCxGC separation using an ionic liquid column as the second dimension. Particular 

attention must be paid in hexaCNs, since some of them have shown the highest dioxin-like 

toxicity [4,19]. 
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Fig. 2. GCxGC (DB-5MS, SLB-IL60) separation of PCNs (modulation time: 12 s). 

Eight isomers were identified and separated, allowing the separation of CN-66/CN-67 

(1,2,3,4,6,7-/1,2,3,5,6,7-hexaCN) and CN-71/CN-72 (1,2,4,5,6,8-/1,2,4,5,7,8-hexaCN), which 

are closely eluting by GC-MS. These results agree with those reported by Hanari et al. [10] 

demonstrating the potential of comprehensive two-dimensional gas chromatography to 

separate closely eluting compounds using slow temperature programs. 

3.2. Characterization of Halowax formulations 

The CN congener-specific characterization of four Halowax formulations (AccuStandard 1001, 

1013, 1014 and 1099) is reported in Fig. 3. As can be observed, triCNs are the dominant 

homologue group in the Halowax 1001, being CN-23 (1,4,5-triCN) and CN-24 (1,4,6-triCN) the 

most abundant isomer among them. A similar profile was obtained for Halowax 1099, although 

the contribution of tetraCNs (from CN-27 to CN-48) was significantly higher, predominating 

both CN-38 (1,2,5,8-tetraCN) and CN-46 (1,4,5,8-tetraCN) isomers. In contrast, Halowax 1013 

and 1014 showed a more distributed profile. Concerning Halowax 1013, the tetraCN 

homologue group clearly dominated the abundance profile, being CN-33 (1,2,4,6-tetraCN) and 

CN-38 (1,2,5,8-tetraCN) the most concentrated isomers. Besides tetraCN congeners, 

pentaCNs (from CN-49 to CN-62) and hexaCNs (from CN-63 to CN-72) predominated in the 

profile of the Halowax 1014 formulation, although triCNs also provided high abundances (4.7% 

for CN-23 and 8.2% for CN-24). Among them, CN-72 (1,2,4,5,7,8-hexaCN) was the most 

abundant PCN isomer. The results obtained were very similar to those previously reported for 

the characterization of Halowax formulations [10,20].
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This fact demonstrated the feasibility of the GCxGC-MS method using an IL stationary phase 

as second dimension column for the specific-congener determination of PCNs. 

4. Conclusions 

A fast congener-specific separation of PCNs has been satisfactorily achieved by GCxGC-MS 

using a DB-5MS and an ionic liquid SLB-IL60 as first and second dimension columns, 

respectively. The application of a slow temperature program provided the complete separation 

of closely eluting congeners with a resolution higher than 1, at the same time an increment of 

21% was observed for the peak capacity of the system. This GCxGC-MS system may allow 

determining the individual dioxin-like toxicity of all the PCN congeners. Moreover, the use of 

an IL column as second dimension allowed to achieve the separation of all PCN congeners in 

140 min, which represents a decrease of 65 min over the methods already published. The 

feasibility of the method was finally demonstrated by means of the characterization of different 

Halowax formulations, obtaining very similar results than those previously reported in the 

literature. 
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Abstract 

In this work, the performance of the atmospheric pressure chemical ionization (APCI) and 

photoionization (APPI) was assessed to develop a new selective and sensitive gas 

chromatography-high resolution mass spectrometry (GC-HRMS) method for the determination 

of polychlorinated naphthalenes (PCNs) in environmental samples. The capability of both 

APCI and APPI sources for the ionization of PCNs was investigated, showing the formation of 

the molecular ion and the [M‒Cl+O]‒ ion in positive and negative ion modes, respectively. 

Positive ion APCI provided high responses using high corona ion current, while the use of high 

vapour pressure dopant-solvents, such as toluene in positive mode and diethyl ether in the 

negative mode, was required to achieve high ionization efficiencies in APPI. The performance 

of the two API sources in the PCN determination by GC-HRMS were instrumentally compared 

and the best results were achieved using the GC-APPI (+)-HRMS (Orbitrap), providing low 

limits of detection, good precision (RSD < 13%) and trueness (relative error <14%), although 

the GC-APPI (−)-HRMS (Orbitrap) also afforded a high detection capabilities from triCN to 

octaCNs. The GC-APPI (+)-HRMS (Orbitrap) method was applied to the characterisation of 

Halowax mixtures and the analysis of marine sediments collected near to the coastal area of 

Barcelona (NE, Spain), demonstrating a great detection capability and good enough quality 

parameters. Total PCN concentrations ranged from 0.35 to 5.04 ng g‒1 dry weight and the 

presence of related compounds, such as polychlorinated biphenyls (PCBs), was also detected 

by combining positive and negative ion modes, providing complementary information to better 
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monitor the contamination of the samples. The results presented here show the feasibility of 

the GC-APPI-HRMS method for the suitable determination of PCNs. 

1. Introduction 

Polychlorinated naphthalenes (PCNs) are a family of naphthalene ring-based compounds with 

one or more hydrogens substituted by chlorine atoms that includes 75 potential congeners, 

ranging from mono- to octachlorinated napththalenes (WHO, 2001). PCNs are primarily 

industrial chemicals, whose production began in Germany around 1914, and their use became 

popular worldwide until the early 1970s (Falandysz et al., 2000; Jakobsson and Asplund, 

2000). They have been employed in many industrial applications, such as high-temperature 

boiling solvents and multipurpose synthetic resins, as well as impregnation materials for 

waterproofness, flame resistance and protection again insects, among others (Jakobsson and 

Asplund, 2000; Łukaszewicz et al., 2007). However, PCNs are structurally similar to 

polychlorinated dibenzo-ρ-dioxins and dibenzofurans (PCDD/Fs) as well as polychlorinated 

biphenyls (PCBs), with some congeners showing dioxin-like toxicity (Kilanowicz et al., 2019a, 

2019b). Currently, these compounds have been listed by the Stockholm Convention (UNEP, 

2015) as persistent organic pollutants (POPs) under the annex A and C  and their use and 

production has been banned with specific exemptions. Despite this, PCNs are still subjected 

to large-scale monitoring programs to evaluate their occurrence in the environment due to the 

great concern caused by their global distribution, high persistence, bioaccumulation capacity, 

and toxic effects for humans and wildlife (UNEP, 2019). 

Gas chromatography coupled to mass spectrometry (GC-MS) using electron ionization (EI) is 

generally the method of choice for the determination of PCNs (Dat et al., 2019, Lega et al., 

2017; Li et al., 2016, Noma et al., 2004, Schneider et al., 1998). EI allows an efficient ionization 

of PCNs, generating the molecular ion and leading to the formation of some fragment ions due 

to the successive losses of chlorine atoms (Castells et al., 2008). Negative ion chemical 

ionization (NICI) (Carrizo and Grimalt, 2006; Meijer et al., 2001; Pan et al., 2011) has also 

been proposed for the determination of PCNs showing high sensitivity from pentaCN to 

octaCN congeners, although the responses vary considerably between congeners of the same 

homologue group (Jakobsson and Asplund, 2000). Moreover, NICI causes a high 

fragmentation of PCNs (Carrizo and Grimalt, 2006) that could affect the quantification of these 

compounds.  

In the last decades, GC-MS determinations have moved towards the use of atmospheric 

pressure ionization (API) sources in combination with high-resolution mass analysers, such as 

Orbitrap or time-of-flight (TOF) (McEwen and McKay, 2005; Revelsky et al., 2003). These high-

resolution mass analysers offer important advantages with regard to the traditional magnetic 

sector instruments, since they can work in a very sensitive full-scan acquisition mode at the 

same time they are easy-handle instruments. Moreover, API sources have also additional 

advantages since they allow coupling gas and liquid chromatography systems to the same 
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high-resolution mass analyser, which could improve throughput and cost of the mass 

spectrometry instrument in the laboratory. The API sources, such as atmospheric pressure 

chemical ionization (APCI) and photoionization (APPI), provide a soft ionization and preserve 

the molecular ion, simplifying mass spectra interpretation obtained from complex samples. 

Besides, these ionization API techniques may ionize a wide range of analytes, from more polar 

to non-polar compounds (Li et al., 2015; Raro et al., 2014; Revelsky and Yashin, 2012). Among 

them, halogenated pollutants, such as PCDD/Fs, PCBs or polybrominated diphenyl ethers 

(PBDEs), have shown high ionization efficiency using APCI and APPI techniques (Di Lorenzo 

et al., 2019; Luosujärvi et al., 2008a; Portolés et al., 2016; Van Bavel et al., 2015). As far as 

we know, the ionization of PCNs using GC-API has not been evaluated yet and only the APPI 

source has been tested for PCN determination by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) (Moukas et al., 2016). Therefore, it is worth studying the 

applicability of GC-API-HRMS methods for the analysis of PCN congeners, since they would 

provide significant advantages not only for target analysis but also for the analysis of suspect 

and unknown compounds in complex samples.  

In the present study, we investigate the feasibility of both APCI and APPI sources for the 

ionization of PCNs and their determination by GC-API-HRMS. The performance of the GC-

APCI-HRMS (TOF) and GC-APPI-HRMS (Orbitrap) systems have been compared in positive 

and negative ion modes to select the most sensitive and selective method for the determination 

of PCNs in complex environmental matrices, such as marine sediments samples, and the 

characterization of Halowax formulations.  

2. Materials and Methods 

2.1. Reagents and standards 

A standard mixture solution (PCN-MXA), which contains 2-chloronaphthalene (CN-2),            

1,5-dichloronaphthalene (CN-6), 1,2,3-trichloronaphthalene (CN-13), 1,2,3,5-

tetrachloronaphthalene (CN-28), 1,2,3,5,7-pentachloronaphthalene (CN-52), 1,2,3,4,6,7-

hexachloronaphthalene (CN-66), 1,2,3,4,5,6,7-heptachloronaphthalene (CN-73) and 

octachloronaphthalene (CN-75) at 5 ng µL̶-1 in nonane, was purchased from Wellington 

Laboratories Inc. (Guelph, ON, Canada). Working solutions were prepared from the standard 

PCN-MXA solution by dilution with n-hexane (Unisolv® for organic trace analysis, Merck, 

Darmstadt, Germany) and stored at 4 oC prior to analysis. PCN formulations, Halowax 1001, 

1013, 1014 and 1099, at 10 ng µL‒1 in cyclohexane were obtained from Dr. Ehrenstorfer GmbH 

(Ausburg, Germany). The internal standard mixture  (13C12-PCB), containing 13C12 isotopic 

labelled PCBs from tri- to heptaCBs at 5 ng µL‒1, was also purchased from Wellington 

Laboratories Inc. Solvents used as APPI dopants were:  toluene, chlorobenzene 

(ChromasolvTM Plus, for HPLC analysis, purity ≥ 99%), and anisole (anhydrous, purity                 

> 99.7%) which were supplied by Sigma-Aldrich (St Louis, MO, USA), diethyl ether 

(EMSURE®, purity ≥ 99.7%) and acetone (LiChrosolv®, purity ≥ 99.8%) purchased from Merck, 
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and tetrahydrofuran (PhotrexTM reagent, purity at 99%) obtained from J. T. Baker (Deventer, 

Holland). Dichloromethane for pesticide residue analysis (purity ≥ 99.9%) from Sigma-Aldrich, 

n-hexane and toluene were also used for the extraction and clean-up procedures. Helium 

AlphagazTM 1 (purity ≥ 99.999%) was supplied by Air Liquide (Madrid, Spain), while nitrogen 

(purity > 99.995%) was purchased from Linde (Barcelona, Spain) and they were used as 

carrier gas and make-up gas in the GC-APPI-Orbitrap system, respectively. For the GC-APCI-

TOF system, helium 5.0 as carrier gas and the nitrogen as make-up gas were obtained from 

Air Liquide. 

2.2. Samples and sample treatment 

Five coastal marine sediment samples were collected near of a submarine emissary located 

at 2 km from the mouth of Besòs River (Barcelona, NE Spain). This submarine emissary 

discharges the effluent coming from the wastewater treatment plant (WWTP) of the Besòs 

River. Samples were collected from sampling areas of 0.1 m2 using a Van Veen grab sediment 

sampler. Afterwards, marine sediments were air-dried, grounded, sieved (125 µm mesh), 

homogenized and stored at 4 oC prior to their analysis. Marine sediments were submitted to a 

sample treatment previously described with slightly modifications (Castells et al., 2008). 

Briefly, 10 g of the dried marine sediment previously mixed with 10 g of anhydrous sodium 

sulphate and 2.5 g of activated copper powder (to remove sulphur) were Soxhlet extracted for 

24 h using 300 mL n-hexane/dichloromethane (1:1 v/v). The extract was rotary evaporated to 

ca. 5 mL, concentrated to 1 mL under a gentle nitrogen stream and loaded onto a glass column 

packed with 15 g Florisil (activated at 650 oC for 12 h). Analytes were eluted in two fractions: 

(Fraction 1) 50 mL of n-hexane to remove PCBs interferences and (Fraction 2) 100 mL 

hexane/dichloromethane (1:1 v/v) to elute PCNs. Fraction 2 was concentrated to 100 µL and 

submitted to a clean-up in an ENVI-Carb Plus cartridge (400 mg, 1 mL) to remove potential 

non-planar chlorinated interferences. The ENVI-Carb Plus cartridge was pre-conditioned with 

50 mL hexane before loading Fraction 2. The elution was carried out with 50 mL hexane to 

elute hydrocarbons (fraction discarded) and 50 mL toluene in backflush to elute PCNs. This 

extract was concentrated to 100 µL under a nitrogen stream and spiked with appropriate 

amounts of the 13C12-PCBs internal standard mixture before its analysis by GC-API-HRMS. 

The recoveries of the method, which were estimated spiking a blank sediment at two different 

concentration levels (0.2 ng g-1 and 0.5 ng g-1) ranged from 75 to 97%. 

2.3. Instrumentation 

2.3.1. GC-APPI-HRMS (Orbitrap) 

A Trace 1300 gas chromatograph (Thermo Fisher Scientific, San Jose, CA, USA) equipped 

with a AI-1310 autosampler (Thermo Fisher Scientific) was coupled to a Q-Exactive Orbitrap 

mass spectrometer (Thermo Fisher Scientific) using the GC-APPI source (MasCom 

Technologies GmbH, Bremen, Germany), equipped with a 10.6 eV krypton lamp (Syagen, 
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Santa Ana, CA, USA). The chromatographic separation of PCNs was achieved using a DB-

5MS fused-capillary column (30 m x 0.25 mm I.D., 0.25 µm of film thickness) supplied by 

Agilent Technologies (Santa Clara, CA, USA) and the oven temperature was programmed as 

follows: 90 oC (held for 1 min) to 160 oC (held for 1 min) at 15oC min‒1, and then to 300 oC (held 

for 5 min) at 5oC min‒1.The carrier gas (helium) was set at constant flow rate at 1 mL min‒1. 

Transfer line was set at 280 ºC whereas the ion source and capillary temperatures were set at 

210 oC after optimization (see Fig. S1a and S1b). Moreover, the pressure of the nitrogen make-

up gas used in the GC-APPI interface was set at 5 a.u. and the S-lens radiofrequency was 

fixed at 50%. For the APPI dopant-assisted ionization of PCNs, toluene vapours flow rate was 

optimized from 10 to 90 µL min‒1, obtaining the highest responses at 70 µL min‒1 (see Fig. 

S1c). Samples and standards were injected (1 µL) in splitless mode (1 min) at 280 oC. Data 

were acquired in both positive and negative ion full-scan mode (m/z 100-600) at a resolution 

of 35,000 full width at half maximum (FWHM) at m/z 200. Additionally, the maximum injection 

time and the AGC target were set at 50 ms and 3·106, respectively. Q-Exactive mass 

spectrometer was calibrated every 72 h using the electrospray source and a calibration 

solution that contained caffeine, MRFA peptide, Ultramark 1621 and butylamine in 

acetonitrile/methanol/water (2:1:1, v/v) with 1% (v/v) formic acid. The quantitation was 

performed using the internal calibration method and the ion chromatograms were extracted 

employing mass extraction windows with a tolerance of ±5 ppm. The instrument control, data 

acquisition, and data processing were carried out using the Xcalibur ν 3.1 software.  

2.3.2. GC-APCI-HRMS (TOF) 

A 6890N Network GC system gas chromatograph equipped with 7683B series autosampler 

(Agilent Technologies) was coupled to a 6545 iFunnel Q-TOF LC/MS using the APCI source 

(Agilent Technologies). The chromatographic separation of PCNs was performed in a HP-5MS 

fused-capillary (30 m x 0.25 mm I.D., 0.25 µm film thickness) purchased from Agilent 

Technologies. The oven temperature program used was that previously described           

(Section 2.3.1) and the carrier gas was set at constant flow rate (He, 1 mL min‒1). A volume of 

1 µL of samples and standards was injected in splitless mode (1 min). Moreover, the transfer 

line temperature was set at 280 oC, whereas the ion source temperature, optimized from       

200 ºC to 275 ºC, was fixed at 275 oC (see Fig. S2). The corona current and the capillary 

voltage in the APCI source were fixed at 10 µA and 1,000 V, respectively. Additionally, nitrogen 

was used as make-up gas at a flow rate of 11 L min‒1, while de fragmentor voltage was set at 

380 V. Data were acquired in positive and negative ion full-scan mode (m/z 100-600) working 

at a resolution of 40,000 (at m/z 2,722). Calibration of TOF mass analyser was performed each 

day before installing the APCI source by infusing a tuning mix (G1969-85000, Agilent 

Technologies) at low concentration. The gas chromatograph was controlled using the Leco 

chroma TOF GC υ. 3.44 software, while the control of the mass spectrometer, data acquisition, 

and data processing were carried out using the Mass Hunter ν B.09.00 software. 
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2.4. Quality assurance and quality control 

The identification of each PCN congener was carried out by retention time compared to 

standards and elution orders previously stablished in the literature (Falandysz et al., 2006; 

Noma et al., 2004; Schneider et al., 1998), and quantified using and isotope ratio tolerance 

within ±15% of the theoretical values. The instrumental and method performance were 

checked by injecting quality control solutions and procedure blanks periodically. Moreover, the 

recoveries of the method, which were estimated spiking a blank sediment at two different 

concentration levels (0.2 ng g-1 and 0.5 ng g-1), always ranged from 75 to 97%. 

3. Results and Discussion 

3.1. Atmospheric pressure ionization of PCNs  

In this work, we have evaluated the use of atmospheric pressure chemical ionization (APCI) 

and atmospheric pressure photoionization (APPI) as alternative techniques to the traditionally 

used high-vacuum EI and NICI for the determination of PCNs by GC-HRMS. Initial 

experiments were conducted to investigate the behaviour of these ionization techniques and 

the optimal operational conditions for the sensitive measurements of all PCN congeners. 

Among the working conditions assessed, PCNs led only to the generation of the molecular ion 

[M]+• in positive ion mode with both GC-APCI and GC-APPI, as can be seen as an example in 

the GC-APPI mass spectra showed in Fig. 1 for diCN (CN-6), pentaCN (CN-52) and octaCN 

(CN-75). However, the base peak of the mass spectra in negative ion mode under both API 

mechanisms was the ion [M–Cl+O]– (Fig. 1). 

Regarding the APPI source, the addition of different dopants was evaluated to improve the 

ionization efficiency of the analytes (Fig. 2). In positive ion mode, the use of toluene and 

chlorobenzene significantly increased the abundance of the molecular ions of PCNs in front of 

the signals observed in the direct photoionization process (Fig. 2a). These solvents generated 

abundant dopant molecular ions (see Fig. S3) that interacted with neutral molecules of PCNs 

through charge-exchange reactions in the gas-phase to yield the molecular ion of PCNs 

(Kauppila et al., 2014). Although anisole generated the dopant molecular ion through the 

photoionization process, the low vapour pressure and the ionization potential (4.2 torr at          

25 oC, 8.20 eV) of this dopant, compared with toluene (27.7 torr at 25 oC, 8.83 eV) and 

chlorobenzene (11.2 torr at 25 oC, 9.07 eV), might limit its capacity to interact with the PCN 

molecules in gas-phase. On the other hand, PCNs also showed low responses using dopants 

with high proton affinity such as acetone, tetrahydrofuran and diethyl ether. These dopants 

mainly generated the [D+H]+ ion (see Fig. S3) in the APPI source due to a self-protonation 

process after the dopant photoionization (Kauppila et al., 2015), which may hinder the 

ionization of PCNs that takes place by charge-exchange reactions. Among all dopants tested, 

toluene led to the highest ionization efficiency of this family of compounds and it was selected 

for further studies. Concerning the negative ion mode, phenoxide ion [M–Cl+O]– dominated  
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Fig. 1. GC-APPI mass spectra of (a) diCN (CN-6), (b) pentaCN (CN-52) and (c) octaCN       

(CN-75) in positive (dopant: toluene) and negative ion modes (dopant: diethyl ether) 

(source and capillary temperatures set at 210 oC). 

the mass spectra of PCNs and it could have been generated through gas-phase reactions 

mediated by the oxygen or the ion O2
–• as follows: 

(1)    D + hν → D+● + e‒● (if ionization energy (D) < 10.6 eV) 

(2)    O2 + e‒● → O2
‒● 

(3)    M + O2
‒● → [M‒Cl+O]‒● + OCl●  

(4)    M + e‒● → M‒● 

(5)    M‒● + O2
 → [M‒Cl+O]‒● + OCl● 

In this mode, the best results were achieved using diethyl ether (Fig. 2b), which presents both 

the highest vapour pressure and the highest ionization potentials among the dopants tested 

(see. Table S1). The high vapour pressure ensured a high concentration of dopant in the       

gas-phase and, consequently, high number electrons released after the dopant 

photoionization process (Eq. 1), thus favouring the ionization of the oxygen (Eq. 2) and the 

subsequent gas-phase reactions of the superoxide ion with the analyte neutral molecules     

(Eq. 3). The high electronegativity of PCNs can also favour electron capture reactions to 

generate the molecular ion (Eq. 4), which can be further react with trace quantities of oxygen  
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Fig. 2. Effect of dopants in (a) positive and (b) negative ion APPI and effect of (c) corona 

current in positive ion APCI over the response of PCNs. 

to form the phenoxide ion (Eq. 5). At the same time, the high ionization potential of diethyl 

ether led to more energetic electrons that may also improve the ionization of PCN molecules. 

Regarding APCI, PCN congeners were only efficiently ionized in positive ion mode. To improve 

the response, we tested the effect of corona discharge current (from 1 to 10 µA) over the ion 

signal and it was observed that the response of PCNs increased at high current values without 

any kind of in-source fragmentation (Fig. 2c). This result differed from those previously 

reported for similar compounds such as PCDD/Fs and PCBs (1-2 µA) (Geng et al., 2016; 

Portolés et al., 2016; ten Dam et al., 2016; Van Bavel et al., 2015), maybe due to the high 

stability of the molecular ion of PCNs. Consequently, a corona current of 10 µA working under 

dry conditions (no ion source humidity) was selected as the optimal conditions for the suitable 

ionization of PCNs using the APCI source. 

The performance of the GC-APPI-Orbitrap and GC-APCI-TOF methods was evaluated to 

select the most suitable one for the determination of PCNs. The two most intense isotope ions 

of both molecular ion (in positive ion mode) and phenoxide ion (in negative ion mode) were 

monitored for quantitation and confirmation purposes. Moreover, the ion ratio (IR: abundance 

ratio between the ion with the lowest and the highest m/z values) was used as an additional 

confirmatory criterion (Table 1). In addition, run-to-run precision and trueness were estimated 

by triplicate analysis of standards solutions at three concentration levels (low: 0.25 pg µL‒1; 

medium: 5 pg µL‒1 and high: 100 pg µL‒1). Run-to-run precision, expressed as the relative 

standard deviation (RSD, %), ranged from 2 to 13%, whereas the trueness (relative error 

between the calculated and the theoretical concentration) was always lower than 14%       
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(Table 2). Concerning the detection capability in positive ion mode (+), the instrumental limits 

of detection (ILODs), defined as the analyte concentration that led to a signal-to-noise ratio of 

3 of the ion selected for confirmation purposes, achieved using GC-APPI (+)-Orbitrap were 

from 8 to 17 times lower than those obtained with GC-APCI (+)-TOF. Regarding the negative 

ion mode, GC-APPI (‒)-Orbitrap provided the lowest ILODs for PCNs, from tetraCNs to 

OctaCN, with values ranging from 1.5 to 15 times lower than those obtained with GC-APPI 

(+)-Orbitrap and up to 160 times lower than the ILODs achieved using the GC-APCI (+)-TOF.  

Table 2. Instrumental limits of detection for the analysis of PCN congers by positive and 

negative ion GC-APPI-Orbitrap and positive GC-APCI-TOF. 

PCN congener  GC-APPI (+)-Orbitrap  GC-APPI (‒)-Orbitrap  GC-APCI (+)-TOF 

 ILOD (pg injected)a  ILOD (pg injected)a  ILOD (pg injected)a 

CN-2 (MonoCN) 0.02  45  0.3 

CN-6 (DiCN) 0.02  8  0.3 

CN-13 (TriCN) 0.03  0.15  0.5 

CN-28 (TetraCN) 0.03  0.02  0.5 

CN-52 (PentaCN) 0.05  0.01  0.5 

CN-66 (HexaCN) 0.05  0.01  0.7 

CN-73 (HeptaCN) 0.10  0.01  0.8 

CN-75 (OctaCN) 0.15  0.01  1.6 
a Injection volumen: 1µL 

Nonetheless, the GC-APPI (‒)-Orbitrap also provided high ILODs for lowly chlorinated PCNs, 

especially mono- and diCNs. Considering the ionization of PCNs in negative ion APPI mode 

is subjected to electron capture or charge exchange reactions, a low number of highly 

electronegative Cl atoms may difficult these reactions thus reducing the ionization efficiency 

of these homologue groups and leading to high ILODs. Thereby, the GC-APPI (+)-Orbitrap 

method was chosen as the most suitable method for the analysis of PCNs, although the figures 

of merit of this method may be also determined in real samples.The ILODs achieved with the 

proposed method (0.02-0.15 pg injected on column) were similar to those reported using GC-

HRMS (magnetic sector MS) operated in electron ionization (Lega et al., 2017). The main 

advantages of the GC-APPI (+)-Orbitrap were the absence of in-source fragmentation that 

increases the selectivity, the use of an easy-handle high-resolution mass spectrometer and 

the possibility to work in full scan mode with high an excellent sensitivity. Moreover, it also 

provided ILODs from 5 to 270 times lower than those obtained using UHPLC-APPI (‒)-MS/MS 

(triple quadrupole) (Moukas et al., 2016), with a high selectivity that is necessary to avoid false 

positives and interferences when dealing with highly complex samples. 

3.2. Characterization of PCN mixtures by GC-APPI-HRMS 

In order to demonstrate the good instrumental performance of the developed method, the 

composition of different PCN mixtures (Halowax 1001, 1013, 1014 and 1099) was 
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characterized using by GC-APPI (+)-Orbitrap method. To achieve this goal, each Halowax 

standard mixture (total concentration of PCNs of 10 ng µL‒1) was spiked at 200 pg µL-1 with 

the 13C12 isotopic labelled PCB standard mixture and quantified by internal standard method. 

This approach avoids possible sub- and overestimation of some PCNs due to strong 

differences in the response factor. Fig. 3 shows the results obtained for the different Halowax 

mixtures in terms of both homologue distribution and congener-specific compositional profile. 

Regarding the homologue distribution, for the Halowax 1001 and 1099 mixtures, tri- and 

tetraCNs were the predominant homologue groups covering 89.2% and 85.7% of the total 

concentration of PCNs, respectively. In contrast, the Halowax 1013 and 1014 composition of 

were more distributed between the different homologue groups. Thus, the tetraCNs (48.2%) 

and pentaCNs (38.3%) were the most abundant homologue groups in Halowax 1013 mixture, 

although triCNs and hexaCNs also accounted an important contribution (7.7% and 5.6%, 

respectively). Concerning the Halowax 1014 mixture, abundances higher than 5% were 

obtained from tri- to heptaCN homologue groups, showing the highest contribution for the 

hexaCNs (37.8%). In addition, the presence of monoCNs and octaCN was detected in all 

Halowax mixtures at low levels (lower than 1.2% and 0.15%, respectively). The homologue 

profiles are similar to those obtained by Noma et al. (Noma et al., 2004) using Halowax 

formulations from Foxboro. Nonetheless, pentaCNs and hexaCNs contribution was enriched 

in the Halowax formulations from Dr. Ehrenstorfer, especially for the Halowax 1013 and 1014. 

Yamashita et al. (Yamashita et al., 2003) reported that triCNs and tetraCNs were also the most 

abundant groups in the Halowax 1001 (85%) using a DB-1701 column, although the 

percentage relation (TriCNs/TetraCNs ratio of 0.98) different from the ratio of 1.4 in this study, 

which indicated a higher proportion of the tetraCN fraction. In contrast, the ratio was quite 

similar than that obtained for the same Halowax formulation when using an Ultra 2 column 

(ratio of 1.3) (Falandysz et al., 2008), which is analogue to the DB-5MS column used with the 

GC-APPI-HRMS system. The quantitative results obtained with the GC-APPI (+)-Orbitrap 

method were statistically compared with those previously reported by Falandysz et al. 

(Falandysz et al., 2006) for Halowax mixtures of the same brand. The results of the two-way 

analysis of variance (ANOVA) test showed no significant differences between the GC-APPI 

(+)-Orbitrap method and those previously reported with the GC-EI-HRMS (sectors) system, 

showing p-values ranging from 0.89 to 0.99, which were always higher than the significant 

level (0.05) for all the Halowax mixtures. These results indicated no significant variations on 

the homologue distribution of these Halowax formulations as well as the good performance of 

the proposed method for the analysis of PCNs in relatively simple samples. 

Regarding the congener-specific profile, the compositional profiles obtained with the GC-APPI-

HRMS are shown in Fig. 3. This methodology allowed a relatively fast separation of most of 

PCN congeners (ca. 31 minutes) while keeping a similar number of coeluting isomers than 

those reported in other mono-dimensional GC methods (Dat et al., 2019; Falandysz et al., 

2008; Li et al., 2014; Noma et al., 2004). However, there are still some coeluting isomeric pairs 

which generally required comprehensive two-dimensional separation methods to achieve their  



Chapter 3. Determination of Chlorinated Organic Compounds 

 

232 
 

 
Fig. 3. Contribution of PCN homologue groups and specific-isomers (%) on the composition 

of Halowax formulations. 

separation (Hanari et al., 2013). The compositional profiles also agree with those previously 

reported in the literature for AccuStandard Halowax mixtures (Falandysz et al., 2006), although 

some differences were also observed. For instance, the contribution of the 2-monoCN (CN-2, 

2.5%) in the Halowax 1001 and 1,2,3,4,5,6,8-heptaCN (CN-74, 5.0%) in Halowax 1014 were 

higher than the values previously reported for the same formulations. Additionally, higher 

contributions were also obtained for the pair 1,4-diCN/1,6-diCN (CN-5/CN-7, 2.7%), 1,4,5,8-

tetraCN (CN-46, 11.4%) and 1,2,4,5,8-pentaCN (CN-59, 5.4%) in Halowax 1099. On the other 

hand, regarding triCNs, the most abundant pair corresponding to 1,2,4-triCN/1,4,6-triCN      
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(CN-14/CN-24) differed from that generally reported in the literature 1,3,7-triCN/1,4,6-triCN 

(CN-21/CN-24) (Falandysz et al., 2006; Li et al., 2014). Thereby, it can be concluded that the 

CN-24 may be the triCN isomer contributing the most in these Halowax batches. These results 

demonstrate that GC-APPI-HRMS method could provide not only similar homologue 

distributions but also congener-specific compositional profiles than those previously reported 

in the literature. 

3.3. Analysis of marine sediments by GC-APPI-HRMS 

To examine the performance of the GC-APPI-HRMS method to the analysis of PCNs in 

environmental samples, several marine sediments, which are often considered a complex 

matrix due to the presence of a high concentration of hydrocarbons (Sanches Filho et al., 

2017; Zaghden et al., 2007), were analysed using the method developed. Hence, an 

exhaustive extraction procedure and clean-up described above (see section 2.2) was carried 

out to remove all the potential matrix interferences. Nonetheless, it is well-known that the APPI 

(+) mode is highly sensitive for the detection of hydrocarbons (Gutiérrez Sama et al., 2018; 

Haapala et al., 2009; Huba and Gardinali, 2016; Kim et al., 2011; Kondyli and Schrader, 2019). 

This fact could lead to some matrix effect, even after removing most of the hydrocarbons 

present in the samples. As it can be observed in Fig. 4a, the total ion current (TIC) GC-APPI 

(+)-Orbitrap chromatogram of a marine sediment shows a broad hump from 15 min to 45 min 

due to the elution of the heavy fraction of hydrocarbons, which hinders the ionization of PCN 

homologue groups, especially from pentaCNs to the octaCN, (Fig. 4b). This effect was also 

observed when using the GC-APCI (+)-TOF system. To avoid this effect, those samples were 

re-injected in the GC-APPI-Orbitrap system working in negative ion mode and using diethyl 

ether as dopant (70 µL min‒1) in order to achieve the quantification of the interfered triCNs to 

octaCN homologue groups (Table 2) and prevent the ionization of hydrocarbons.  Figure 4c 

shows the TIC chromatogram in negative ion mode of this sediment sample, where the 

absence of ionization for hydrocarbons allowed the adequate detection of PCN homologue 

groups (from triCNs to octaCN) as it can be observed in the extracted ion chromatogram (Fig. 

4d). 

To demonstrate the detection capability of the GC-APPI-Orbitrap, method limits of detection 

(MLODs), corresponding to a signal-to-noise ratio of 3 for the ion selected for confirmation 

purposes, were determined by analysing blank sediment samples spiked at low concentration 

levels. Regarding the positive ion mode, MLODs ranged between 0.2 and 1.6 pg g‒1 dw while 

MLODs from 0.08 to 1.8 pg g‒1 dw were obtained in the negative ion APPI mode for those 

homologue groups that were efficiently ionized (from triCNs to octaCN). These MLODs were 

comparable to those previously reported. For instance, Zhang et al. (Zhang et al., 2015) 

reported MLODs ranging from 0.48 to 12 pg g-1 using a GC-EI-MS/MS system while Pan et al. 

(Pan et al., 2011) achieved MLODs (20-70 pg g-1) at least 10 times higher than those obtained 

by GC-APPI-HRMS. Moreover, they were also similar to those MLODs reported using GC-EI-

HRMS (sectors) methods (0.06-10 pg g-1 dw) (Brack et al., 2003; Horii et al., 2004), which  
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Table 3.  PCN homologue groups concentration in marine sediments from the Catalonian 

coast. 

 Concentration ± SD (ng g‒1 dry weight)a 

Homologue 

group  

Sediment 1  Sediment 2 Sediment 3 Sediment 4 Sediment 5 

∑ MonoCNs 0.104 ± 0.007 0.21 ± 0.01 0.086 ± 0.008 0.043 ± 0.003 0.0058 ± 0.0007 

∑ DiCNs 0.86 ± 0.06 0.76 ± 0.05 0.27 ± 0.02 0.12 ± 0.007 0.03 ± 0.0003 

∑ TriCNs 2.2 ± 0.1 1.6 ± 0.2 1.7 ± 0.3 0.35 ± 0.01 0.06 ± 0.004 

∑ TetraCNs 0.84 ± 0.03 0.47 ± 0.05 0.32 ± 0.01 0.25 ± 0.02 0.07 ± 0.006 

∑ PentaCNs 0.42 ± 0.05 0.24 ± 0.01 0.144 ± 0.003 0.13 ± 0.01 0.07 ± 0.004 

∑ HexaCNs 0.38 ± 0.03 0.23 ± 0.02 0.13 ± 0.01 0.20 ± 0.02 0.058 ± 0.005 

∑ HeptaCNs 0.147 ± 0.008 0.072 ± 0.003 0.071 ± 0.002 0.111± 0.009 0.027 ± 0.002 

OctaCN 0.054 ± 0.004 0.027 ± 0.004 0.059 ± 0.005 0.054 ± 0.006 0.026 ± 0.003 

∑ PCNs 5.0 ± 0.2 3.7 ± 0.3  2.8 ± 0.3 1.26 ± 0.06 0.35 ± 0.01 

a n=3 

demonstrate to good detection capability of the proposed methodology for the analysis of 

PCNs in sediment samples. Besides, the trueness of the method, defined as the relative error 

between the concentration found and the concentration spiked in a blank sediment, was 

determined at two concentration levels (0.2 ng g-1 and 0.5 ng g-1), obtaining relative errors 

lower than 13%. The concentrations found for each homologue group of PCNs are 

summarized in Table 3. The analysis of these samples by triplicate showed the good intra-day 

precision of the method, achieving RSD values below 15%. Additionally, the concentrations 

found using GC-APPI-HRMS in both positive and negative ion mode showed very similar 

results (Table S2), which demonstrate the applicability of the GC-APPI (‒)-HRMS method 

when highly chlorinated PCNs are interfered in the positive ion APPI mode.  

In general, the highest concentrations were found for homologue groups from di- to hexaCNs 

with values up to 2.23 ng g‒1 dry weight (dw). In addition, the total concentration of PCNs in 

marine sediments ranged from 0.35 to 5.04 ng g‒1 dw. These results are very similar to those 

obtained in previous studies for sediments collected at the same coastal area in 2008 (0.17‒

6.6 ng g-1 dw) (Castells et al., 2008), confirming diffuse but uniform inputs of PCNs that could 

be attributed to permanent discharges of contaminated effluents coming from a wastewater 

treatment plant (WWTP) located near to the area. These results are also in agreement with 

data reported for marine sediments from the Salish Sea, Canada (0.007–1.487 ng g-1 dw) 

(Morales-Caselles et al., 2017), the Laizhou Bay area, China (0.12–5.1 ng g-1 dw) (Pan et al., 

2011) and the Qingdao coastal sea, China (0.2–1.2 ng g-1 dw) (Pan et al., 2007), which are 

under the influence of industrial and urban inputs.  

Regarding the homologue distribution of the samples analysed, different profiles were 

observed depending on the sampling site (see Fig. S4a). Those sediment samples that were 

located close to the submarine emissary outlet (sediment 1, 2, and 3) showed a higher 

proportion of di- to tetraCNs, which can be associated to the water discharges coming from 
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the Besòs River. These inputs are consequence of the long-range transportation and 

deposition from the river to the coast, favouring low molecular weight PCN congeners (Gevao 

et al., 2000). In contrast, those samples that were located between the seaside and the 

submarine emissary outlet (sediment 4 and 5) showed a higher contribution of highly 

chlorinated PCNs. These samples may indicate the historical distribution of PCNs in the water 

media after being affected by different environmental factors. Thus, highly chlorinated PCNs 

are more likely to be adsorbed onto the sediment due to their high octanol/water partitioning 

coefficient, and therefore, an enrichment on penta-, hexa-, hepta-, and octaCN contribution 

has been observed in these marine sediment samples.  

Concerning the congener-specific compositional profile, the pair CN-14/CN-24 was the most 

abundant isomers in all the samples with concentrations ranging from 0.05 to 1.6 ng g-1 dw 

(see Fig. S4). These results are in agreement with those reported by Gevao et al. (0.108-1.486 

ng g-1) in sediments from Esthwaite Water (England) (Gevao et al., 2000). Besides that, the 

compositional profile also matched, observing predominant isomers within each homologue 

group. For instance, 1-monoCN (CN-1) and 1,4-/1,6-diCN (CN-5/CN-7), and 1,5-2,7-diCN 

(CN-6/CN-12) dominanted the monoCN and diCN series, respectively. On the other hand, 

1,2,4,6-/1,2,4,7-/1,2,5,7-tetraCN (CN-33/CN-34/CN-37) were the most abundant tetraCN 

isomers while 1,2,3,5,7-/1,2,4,6,7-pentaCN (CN-52/CN-60) and 1,2,4,6,8-pentaCN (CN-61) 

dominated the pentaCN homologue group. Finally, hexaCNs composition was quite distributed 

being the isomeric pair 1,2,3,4,6,7-/1,2,3,5,6,7-hexaCN (CN-66/CN-67) the most intense while 

1,2,3,4,5,6,7-heptaCN (CN-73) always showed a higher concentration than 1,2,3,4,5,6,8-

heptaCN (CN-74). Considering potential sources of PCN contamination, the low abundance 

of congeners 2,3,6-triCN (CN-26), 1,2,3,6-/4,6,6,7-/2,3,6,7-tetraCNs (CN-29/CN-44/CN-48),a 

nd 1,2,3,6,7-pentaCN (CN-54) may indicate that the waste combustion (flue gas, fly ash) might 

not be the main source of PCN contamination (Horii et al., 2004). On the other hand, the ratios 

of CN-66/CN-67 to CN-71/CN-72 obtained in this work variated from 1.4 to 4.3 (mean: 2.6). 

These values were lower than those found from PCNs coming from the electric arc furnace 

gases emitted to the atmosphere (Liu et al., 2012), but they were similar than those reported 

for technical PCB formulations where PCNs are formed as by-products (Yamashita et al., 

2000; Zhang et al., 2015). This suggests the formation of PCNs as by-products in the technical 

PCB formulations may be a potential main source of sediment contamination, as PCBs were 

extensively used in Europe during the last century. Other potential PCN source is coal burning 

process which led to the formation of CN-14/CN-24 isomers (Pan et al., 2012). The high 

concentration of di- to tetraCNs in sediments 1,2 and 3 can be also due to the atmospheric 

decomposition of hexaCNs and heptaCNs into the lower chlorinated congeners or the 

breakdown of hexa- to octaCN due to microbial activity in anaerobic conditions (Horii et al., 

2004). On the other hand, highly chlorinated PCNs, especially CN-66/CN-67, CN-64/CN-68, 

CN-69, and CN-73, which have shown to be some of the most toxic PCNs (Falandysz and 

Fernandes, 2020; Li et al., 2020), have been found in all the samples at concentration levels 

ranging from 11 to 121 pg g-1 dw). In fact, the higher proportion of these isomers due to the 
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enrichment of coastal sediments with highly chlorinated PCNs may induce dioxin-like toxicity 

for human beings and wildlife. Additionally, the advantage of working at high sensitivity full-

scan acquisition mode using the Orbitrap mass analyser allowed the detection in the sediment 

sample of other related compounds such as PCBs which could also present dioxin-like toxicity. 

Thus, some PCB congeners, such as HexaCBs (m/z 338.8719), HeptaCBs (m/z 372.8331) 

and OctaCBs (m/z 406.7939), which ionize by generating the ion [M‒Cl+O]‒ (Luosujärvi et al., 

2008), were detected by GC-APPI (‒)-Orbitrap in the time window of 22-29 min. This fact 

demonstrates the great capability of the GC-APPI-Orbitrap system not only the target analysis 

of PCNs but also for suspect or unknown analysis of other halogenated organic pollutants in 

complex matrices. In this sense, this methodology will provide more useful information to 

evaluate the concentration levels, potential sources of contamination as well as other relevant 

environmental information in complex samples such as marine sediments. 

4. Conclusions 

The APCI and APPI sources have demonstrated for the first time the high capability for the 

efficiently ionization of all PCN congeners, proving a high sensitivity in their determination by 

GC-HRMS. Regarding APCI, the ionization of the analytes was accomplished in positive ion 

mode at high corona currents under dry conditions. In contrast, the ionization in positive ion 

APPI was promoted using dopant vapours that favoured charge-exchange reactions (e.g., 

toluene), while dopants with high vapour pressure (e.g., diethyl ether) allowed the adequate 

ionization of all the compounds in negative ion mode. Comparing the performance of both GC-

API-HRMS systems, it was observed that GC-APPI (+)-Orbitrap MS provided the lowest limits 

of detection for all PCNs with a good precision (RDS <13%) and trueness (RE%<14%), 

although negative ion APPI also showed a high detection capability and selectivity for 

homologues from triCNs to octaCN. Therefore, the GC-APPI (+)-Orbitrap method was 

proposed as a compromise for the simultaneous determination of all PCN congeners. The 

good performance of the proposed method allowed the adequate characterization of Halowax 

mixtures, obtaining similar results than those previously reported. The GC-APPI (+)-Orbitrap 

method also allowed the suitable PCN determination in marine sediment samples at low 

concentration levels, although the GC-APPI (‒)-Orbitrap method can also provide a highly 

selective detection when the presence of high amounts of hydrocarbons may interfere the 

quantification of triCNs to octaCN congeners. Moreover, the use of an Orbitrap analyser for 

HRMS measurements, which operates at a very sensitive high-resolution full scan acquisition 

mode, allowed the retrospective analysis to detect related compounds such as PCBs. Hence, 

all these findings demonstrated the good performance of the GC-APPI-Orbitrap method and it 

can be proposed as an alternative to the traditional GC-MS methods generally used for the 

determination of PCNs in complex environmental matrices. 

 

 



Chapter 3. Determination of Chlorinated Organic Compounds 

 

238 
 

Acknowledgements 

Authors thank the financial support received from Spanish Ministry of Economy and 

Competitiveness under the project CTQ2015‒63968‒C2‒1‒P, from Spanish Ministry of 

Science, Innovation and Universities (project PGC2018-095013-B-I00) and from the 

Generalitat of Catalonia (project 2017‒SGR‒310). Juan F. Ayala-Cabrera acknowledges the 

Spanish Ministry of Education, Culture and Sports for the PhD FPU fellowship (FPU14/05539). 

References 

Brack, W., Kind, T., Schrader, S., Möder, M., Schüürmann, G., 2003. Polychlorinated 

naphthalenes in sediments from the industrial region of Bitterfeld. Environ. Pollut. 121, 81–

85. https://doi.org/10.1016/S0269-7491(02)00200-2    

Carrizo, D., Grimalt, J.O., 2006. Rapid and simplified method for the analysis of 

polychloronaphthalene congener distributions in environmental and human samples by 

gas chromatography coupled to negative ion chemical ionization mass spectrometry. J. 

Chromatogr. A 1118, 271–277. https://doi.org/10.1016/j.chroma.2006.03.108  

Castells, P., Parera, J., Santos, F.J., Galceran, M.T., 2008. Occurrence of polychlorinated 

naphthalenes, polychlorinated biphenyls and short-chain chlorinated paraffins in marine 

sediments from Barcelona (Spain). Chemosphere 70, 1552–1562.  

https://doi.org/10.1016/j.chemosphere.2007.08.034  

Dat, N.D., Chang, K.S., Wu, C.P., Chen, Y.J., Tsai, C.L., Chi, K.H., Chang, M.B., 2019. 

Measurement of PCNs in sediments collected from reservoir and river in northern Taiwan. 

Ecotoxicol. Environ. Saf. 174, 384–389. https://doi.org/10.1016/j.ecoenv.2019.02.087  

Di Lorenzo, R.A., Lobodin, V. V., Cochran, J., Kolic, T., Besevic, S., Sled, J.G., Reiner, E.J., 

Jobst, K.J., 2019. Fast gas chromatography-atmospheric pressure (photo)ionization mass 

spectrometry of polybrominated diphenylether flame retardants. Anal. Chim. Acta 1056, 

70–78. https://doi.org/10.1016/j.aca.2019.01.007  

Falandysz, J., Kawano, M., Ueda, M., Matsuda, M., Kannan, K., Giesy, J.P., Wakimoto, T., 

2000. Composition of chloronaphthalene congeners in technical chloronaphthalene 

formulations of the Halowax series. J. Environ. Sci. Heal. - Part A Toxic/Hazardous Subst. 

Environ. Eng. 35, 281–298. https://doi.org/10.1080/10934520009376971  

Falandysz, J., Nose, K., Ishikawa, Y., Łukaszewicz, E., Yamashita, N., Noma, Y., 2006. 

HRGC/HRMS analysis of chloronaphthalenes in several batches of halowax 1000, 1001, 

1013, 1014 and 1099. J. Environ. Sci. Heal. - Part A Toxic/Hazardous Subst. Environ. Eng. 

41, 2237–2255. https://doi.org/10.1080/10934520600872748  

 

https://doi.org/10.1016/S0269-7491(02)00200-2
https://doi.org/10.1016/j.chroma.2006.03.108
https://doi.org/10.1016/j.chemosphere.2007.08.034
https://doi.org/10.1016/j.ecoenv.2019.02.087
https://doi.org/10.1016/j.aca.2019.01.007
https://doi.org/10.1080/10934520009376971
https://doi.org/10.1080/10934520600872748


Chapter 3. Determination of Chlorinated Organic Compounds 

 

239 
 

Falandysz, J., Chudzyński, K., Takekuma, M., Yamamoto, T., Noma, Y., Hanari, N., 

Yamashita, N., 2008. Multivariate analysis of identity of imported PCN formulation. J. 

Environ. Sci. Heal. - Part A Toxic/Hazardous Subst. Environ. Eng. 43, 1381–1390. 

https://doi.org/10.1080/10934520802232022   

Falandysz, J., Fernandes, A.R., 2020. Compositional profiles, persistency and toxicity of 

polychlorinated naphthalene (PCN) congeners in edible cod liver products from 1972 to 

2017. Environ. Pollut. 260, 114035. https://doi.org/10.1016/j.envpol.2020.114035 

Geng, D., Jogsten, I.E., Dunstan, J., Hagberg, J., Wang, T., Ruzzin, J., Rabasa-Lhoret, R., 

van Bavel, B., 2016. Gas chromatography/atmospheric pressure chemical ionization/mass 

spectrometry for the analysis of organochlorine pesticides and polychlorinated biphenyls 

in human serum. J. Chromatogr. A 1453, 88–98. 

https://doi.org/10.1016/j.chroma.2016.05.030  

Gevao, B., Harner, T., Jones, K.C., 2000. Sedimentary record of polychlorinated naphthalene 

concentrations and deposition fluxes in a dated lake core. Environ. Sci. Technol. 34, 33–

38. https://doi.org/10.1021/es990663k  

Gutiérrez Sama, S., Barrère-Mangote, C., Bouyssière, B., Giusti, P., Lobinski, R., 2018. 

Recent trends in element speciation analysis of crude oils and heavy petroleum fractions. 

TrAC - Trends Anal. Chem. 104, 69–76. https://doi.org/10.1016/j.trac.2017.10.014  

Haapala, M., Purcell, J.M., Saarela, V., Franssila, S., Rodgers, R.P., Hendrickson, C.L., 

Kotiaho, T., Marshall, A.G., Kostiainen, R., 2009. Microchip atmospheric pressure 

photoionization for analysis of petroleum by fourier transform ion cyclotron resonance 

mass spectrometry. Anal. Chem. 81, 2799–2803. https://doi.org/10.1021/ac802427m  

Hanari, N., Falandysz, J., Nakano, T., Petrick, G., Yamashita, N., 2013. Separation of closely 

eluting chloronaphthalene congeners by two-dimensional gas chromatography/quadrupole 

mass spectrometry: an advanced tool in the study and risk analysis of dioxin-like 

chloronaphthalenes. J. Chromatogr. A 1301, 209–214.  

https://doi.org/10.1016/j.chroma.2013.05.070  

Hori, Y., Falandysz, J., Hanari, N., Rostkowski, P., Puzyn, T., Okada, M., Amano, K., Naya, 

T., Taniyasu, S., Yamashita, N., 2004. Concentrations and fluxes of chloronaphthalenes in 

sediment from Lake Kitaura in Japan in past 15 centuries. J. Environ. Sci. Heal. - Part A 

Toxic/Hazardous Subst. Environ. Eng. 39, 587–609. https://doi.org/10.1081/ESE-

120027727    

Huba, A.K., Gardinali, P.R., 2016. Characterization of a crude oil weathering series by 

ultrahigh-resolution mass spectrometry using multiple ionization modes. Sci. Total Environ. 

563–564, 600–610. https://doi.org/10.1016/j.scitotenv.2016.03.233  

 

https://doi.org/10.1080/10934520802232022
https://doi.org/10.1016/j.envpol.2020.114035
https://doi.org/10.1016/j.chroma.2016.05.030
https://doi.org/10.1021/es990663k
https://doi.org/10.1016/j.trac.2017.10.014
https://doi.org/10.1021/ac802427m
https://doi.org/10.1016/j.chroma.2013.05.070
https://doi.org/10.1081/ESE-120027727
https://doi.org/10.1081/ESE-120027727
https://doi.org/10.1016/j.scitotenv.2016.03.233


Chapter 3. Determination of Chlorinated Organic Compounds 

240 

Jakobsson, E., Asplund, L., 2007. Polychlorinated Naphthalenes (PCNs), in J. Paasivirta (Ed.), 

New Types of Persistent Halogenated Compounds. The Handbook of Environmental 

Chemistry. Vol. 3 Anthropog. Compd. Part K 3, 97–126. 

https://doi.org/10.1007/3-540-48915-0_5  

Kauppila, T.J., Kersten, H., Benter, T., 2015. Ionization of EPA contaminants in direct and 

dopant-assisted atmospheric pressure photoionization and atmospheric pressure laser 

ionization. J. Am. Soc. Mass Spectrom. 26, 1036–1045. https://doi.org/10.1007/s13361-

015-1092-3

Kauppila, T.J., Kersten, H., Benter, T., 2014. The Ionization Mechanisms in Direct and Dopant-

Assisted Atmospheric Pressure Photoionization and Atmospheric Pressure Laser 

Ionization. J. Am. Soc. Mass Spectrom. 25, 1870–1881. https://doi.org/10.1007/s13361-

014-0988-7

Kilanowicz, A., Markowicz-Piasecka, M., Klimczak, M., Stragierowicz, J., Sikora, J., 2019a. 

Hexachloronaphthalene as a hemostasis disturbing factor in female Wistar rats – A pilot 

study. Chemosphere. 228, 557–585.  

https://doi.org/10.1016/j.chemosphere.2019.04.147  

Kilanowicz, A., Sitarek, K., Stragierowicz, J., Klimczak, M., Bruchajzer, E., 2019b. Prenatal 

toxicity and maternal-fetal distribution of 1,3,5,8-tetrachloronaphthalene (1,3,5,8-TeCN) 

in Wistar rats. Chemosphere. 226, 75–84. 

https://doi.org/10.1016/j.chemosphere.2019.03.107  

Kim, E., No, M.H., Koh, J., Kim, S., 2011. Compositional characterization of petroleum heavy 

oils generated from vacuum distillation and catalytic cracking by positive-mode APPI FT-

ICR mass spectrometry. Mass Spectrom. Lett. 2, 41–44.  

https://doi.org/10.5478/MSL.2011.2.2.041  

Kondyli, A., Schrader, W., 2019. High-resolution GC/MS studies of a light crude oil fraction. J. 

Mass Spectrom. 54, 47–54. https://doi.org/10.1002/jms.4306 

Lega, R., Megson, D., Hartley, C., Crozier, P., MacPherson, K., Kolic, T., Helm, P.A., Myers, 

A., Bhavsar, S.P., Reiner, E.J., 2017. Congener specific determination of polychlorinated 

naphthalenes in sediment and biota by gas chromatography high resolution mass 

spectrometry. J. Chromatogr. A 1479, 169–176.  

https://doi.org/10.1016/j.chroma.2016.11.054  

Li, D.X., Gan, L., Bronja, A., Schmitz, O.J., 2015. Gas chromatography coupled to atmospheric 

pressure ionization mass spectrometry (GC-API-MS): Review. Anal. Chim. Acta 891, 43–

61. https://doi.org/10.1016/j.aca.2015.08.002

Li, F., Jin, J., Sun, X., Wang, X., Li, Y., Shah, S.M., Chen, J., 2014. Gas chromatography-triple 

quadrupole mass spectrometry for the determination of atmospheric polychlorinated 

naphthalenes. J. Hazard. Mater. 280, 111–117.  

https://doi.org/10.1007/3-540-48915-0_5
https://doi.org/10.1007/3-540-48915-0_5
https://doi.org/10.1007/s13361-015-1092-3
https://doi.org/10.1007/s13361-015-1092-3
https://doi.org/10.1007/s13361-014-0988-7
https://doi.org/10.1007/s13361-014-0988-7
https://doi.org/10.1016/j.chemosphere.2019.04.147
https://doi.org/10.1016/j.chemosphere.2019.03.107
https://doi.org/10.5478/MSL.2011.2.2.041
https://doi.org/10.1002/jms.4306
https://doi.org/10.1016/j.chroma.2016.11.054
https://doi.org/10.1016/j.aca.2015.08.002


Chapter 3. Determination of Chlorinated Organic Compounds 

241 

https://doi.org/10.1016/j.hazmat.2014.07.060 

Li, F., Jin, J., Tan, D., Xu, J., Dhanjai, Ni, Y., Zhang, H., Chen, J., 2016. High performance 

solid-phase extraction cleanup method coupled with gas chromatography-triple quadrupole 

mass spectrometry for analysis of polychlorinated naphthalenes and dioxin-like 

polychlorinated biphenyls in complex samples. J. Chromatogr. A 1448, 1–8.  

https://doi.org/10.1016/j.chroma.2016.04.037  

Li, C., Zhang, L., Li, J., Min, Y., Yang, L., Zheng, M., Wu, Y., Yang, Y., Qin, L., Liu, G., 2020. 

Polychlorianted naphthalenes in human milk: health risk assessment to nursing infants and 

source analysis. Environ. Int. 136, 105436. https://doi.org/10.1016/j.envint.2019.105436 

Liu, G., Zheng, M., Du, B., Nie, Z., Zhang, B., Hu, J., Xiao, K., 2012. Identification and 

characterization of the most atmospheric emission of polychlorinated naphthalenes from 

electric arc furnaces. Environ. Sci. Pollut. Res. 19, 3645–3650. 

https://doi.org/10.1007/s11356-012-1038-2 

Łukaszewicz, E., Ieda, T., Horii, Y., Yamashita, N., Falandysz, J., 2007. Comprehensive two-

dimensional GC (GC x GC) qMS analysis of tetrachloronaphthalenes in Halowax 

formulations. J. Environ. Sci. Heal. - Part A Toxic/Hazardous Subst. Environ. Eng. 42, 

1607–1614. https://doi.org/10.1080/10934520701517788  

Luosujärvi, L., Karikko, M.-M., Haapala, M., Saarela, V., Huhtala, S., Franssila, S., Kostiainen, 

R., Kotiaho, T., Kauppila, T.J., 2008. Gas chromatography/mass spectrometry of 

polychlorinated biphenyls using atmospheric pressure chemical ionization and 

atmospheric pressure photoionization microchips. Rapid Commun. Mass Spectrom. 22, 

425.431. https://doi.org/10.1002/rcm.3379  

McEwen, C.N., McKay, R.G., 2005. A combination atmospheric pressure LC/MS:GC/MS ion 

source: Advantages of dual AP-LC/MS:GC/MS instrumentation. J. Am. Soc. Mass 

Spectrom. 16, 1730–1738. https://doi.org/10.1016/j.jasms.2005.07.005  

Meijer, S.N., Harner, T., Helm, P.A., Halsall, C.J., Johnston, A.E., Jones, K.C., 2001. 

Polychlorinated naphthalenes in U.K. soils: Time trends, markers of source, and 

equilibrium status. Environ. Sci. Technol. 35, 4205–4213. 

https://doi.org/10.1021/es010071d  

Morales-Caselles, C., Desforges, J.P.W., Dangerfield, N., Ross, P.S., 2017. A Risk-Based 

Characterization of Sediment Contamination by Legacy and Emergent Contaminants of 

Concern in Coastal British Columbia, Canada. Arch. Environ. Contam. Toxicol. 73, 1–15. 

https://doi.org/10.1007/s00244-017-0403-z  

Moukas, A.I., Thomaidis, N.S., Calokerinos, A.C., 2016. Novel determination of 

polychlorinated naphthalenes in water by liquid chromatography-mass spectrometry with 

atmospheric pressure photoionization. Anal. Bioanal. Chem. 408, 191–201. 

https://doi.org/10.1007/s00216-015-9092-5  

https://doi.org/10.1016/j.hazmat.2014.07.060
https://doi.org/10.1016/j.chroma.2016.04.037
https://doi.org/10.1016/j.envint.2019.105436
https://doi.org/10.1007/s11356-012-1038-2
https://doi.org/10.1080/10934520701517788
https://doi.org/10.1002/rcm.3379
https://doi.org/10.1016/j.jasms.2005.07.005
https://doi.org/10.1021/es010071d
https://doi.org/10.1007/s00244-017-0403-z
https://doi.org/10.1007/s00216-015-9092-5


Chapter 3. Determination of Chlorinated Organic Compounds 

 

242 
 

Noma, Y., Yamamoto, T., Sakai, S.I., 2004. Congener-specific composition of polychlorinated 

naphthalenes, coplanar PCBs, dibenzo-p-dioxins, and dibenzofurans in the Halowax 

Series. Environ. Sci. Technol. 38, 1675–1680. https://doi.org/10.1021/es035101m  

Pan, J., Yang, Y.L., Xu, Q., Chen, D.Z., Xi, D.L., 2007. PCBs, PCNs and PBDEs in sediments 

and mussels from Qingdao coastal sea in the frame of current circulations and influence of 

sewage sludge. Chemosphere 66, 1971–1982. 

https://doi.org/10.1016/j.chemosphere.2006.07.070  

Pan, X., Tang, J., Chen, Y., Li, J., Zhang, G., 2011. Polychlorinated naphthalenes (PCNs) in 

riverine and marine sediments of the Laizhou Bay area, North China. Environ. Pollut. 159, 

3515–3521. https://doi.org/10.1016/j.envpol.2011.08.016  

Pan, J., Yang, Y., Taniyasu, S., Yeung L.W.Y, Falandysz, J. Yamashita, N., 2012. Comparison 

of historical record of PCDD/Fs, dioxin-like PCBs and PCNs in sediment cores from 

Jiaozhou Bay and Coastal Yellow Sea : implication of different sources. Bull. Environ. 

Contam. Toxicol. 89, 1240–1246. https://doi.org/10.1007/s00128-012-0836-z  

Portolés, T., Sales, C., Abalos, M., Sauló, J., Abad, E., 2016. Evaluation of the capabilities of 

atmospheric pressure chemical ionization source coupled to tandem mass spectrometry 

for the determination of dioxin-like polychlorobiphenyls in complex-matrix food samples. 

Anal. Chim. Acta 937, 96–105. https://doi.org/10.1016/j.aca.2016.06.038  

Raro, M., Portolés, T., Sancho, J. V., Pitarch, E., Hernández, F., Marcos, J., Ventura, R., 

Gõmez, C., Segura, J., Pozo, O.J., 2014. Mass spectrometric behavior of anabolic 

androgenic steroids using gas chromatography coupled to atmospheric pressure chemical 

ionization source. Part I: Ionization. J. Mass Spectrom. 49, 509–521. 

https://doi.org/10.1002/jms.3367  

Revelsky, I.A., Yashin, Y.S., 2012. New approach to complex organic compounds mixtures 

analysis based on gas chromatography-atmospheric pressure photoionization-mass-

spectrometry. Talanta 102, 110–113. https://doi.org/10.1016/j.talanta.2012.07.023  

Revelsky, I.A., Yashin, Y.S., Sobolevsky, T.G., Revelsky, A.I., Miller, B., Oriedo, V., 2003. 

Electron ionization and atmospheric pressure photochemical ionization in gas 

chromatography- mass spectrometry analysis of amino acids. Eur. J. Mass Spectrom. 

(Chichester, Eng). 507, 497–507. https://doi.org/10.1255/ejms.581  

Schneider, M., Stieglitz, L., Will, R., Zwick, G., 1998. Formation of polychlorinated 

naphthalenes on fly ash. Chemosphere. 37, 2055–2070. https://doi.org/10.1016/S0045-

6535(98)00269-0  

Sanches Filho, P.J., Böhm, E.M., Böhm, G.M.B., Montenegro, G.O., Silveira, L.A., Betemps, 

G.R., 2017. Determination of hydrocarbons transported by urban runoff in sediments of 

São Gonçalo Channel (Pelotas – RS, Brazil). Mar. Pollut. Bull. 114, 1088–1095. 

https://doi.org/10.1016/j.marpolbul.2016.10.024  

https://doi.org/10.1021/es035101m
https://doi.org/10.1016/j.chemosphere.2006.07.070
https://doi.org/10.1016/j.envpol.2011.08.016
https://doi.org/10.1007/s00128-012-0836-z
https://doi.org/10.1016/j.aca.2016.06.038
https://doi.org/10.1002/jms.3367
https://doi.org/10.1016/j.talanta.2012.07.023
https://doi.org/10.1255/ejms.581
https://doi.org/10.1016/S0045-6535(98)00269-0
https://doi.org/10.1016/S0045-6535(98)00269-0
https://doi.org/10.1016/j.marpolbul.2016.10.024


Chapter 3. Determination of Chlorinated Organic Compounds 

 

243 
 

ten Dam, G., Pussente, I.C., Scholl, G., Eppe, G., Schaechtele, A., van Leeuwen, S., 2016. 

The performance of atmospheric pressure gas chromatography–tandem mass 

spectrometry compared to gas chromatography–high resolution mass spectrometry for the 

analysis of polychlorinated dioxins and polychlorinated biphenyls in food and feed samples. 

J. Chromatogr. A 1477, 76–90. https://doi.org/10.1016/j.chroma.2016.11.035  

United Nation Environment Programme. Stockholm Convention on Persistent Organic 

Pollutants. UNEP-POPS-COP.7-SC-7-14, 2015. Decision SC-7/14 of 4-15 May 2015 of 

Listing of polychlorinated naphthalenes.  

Van Bavel, B., Geng, D., Cherta, L., Nácher-Mestre, J., Portolés, T., Ábalos, M., Sauló, J., 

Abad, E., Dunstan, J., Jones, R., Kotz, A., Winterhalter, H., Malisch, R., Traag, W., 

Hagberg, J., Ericson Jogsten, I., Beltran, J., Hernández, F., 2015. Atmospheric-Pressure 

Chemical Ionization Tandem Mass Spectrometry (APGC/MS/MS) an Alternative to High-

Resolution Mass Spectrometry (HRGC/HRMS) for the Determination of Dioxins. Anal. 

Chem. 87, 9047–9053. https://doi.org/10.1021/acs.analchem.5b02264 

World Health Organization, 2001. Concise International Chemical Assessment Document 34: 

Chlorinated naphthalenes, Geneva. 

Yamashita, N., Kannan, K., Imagawa, T., Miyazaki, A., Giesy, J.P., 2000. Concentration and 

profiles of polychlorinated naphthalene congeners in eighteen technical polychlorinated 

biphenyl preparations. Environ. Sci. Technol. 34, 4236–4241.  

https://doi.org/10.1021/es001122u 

Yamashita, N., Taniyasu, S., Hanari, N., Hori, Y., Falandysz, J., 2003. Polychlorinated 

naphthalene contamination of some recently manufactured industrial products and 

commercial goods in Japan. J. Environ. Sci. Heal. - Part A Toxic/Hazardous Subst. 

Environ. Eng. 38, 1745–1759. https://doi.org/10.1081/ESE-120022876 

Zaghden, H., Kallel, M., Elleuch, B., Oudot, J., Saliot, A., 2007. Sources and distribution of 

aliphatic and polyaromatic hydrocarbons in sediments of Sfax, Tunisia, Mediterranean 

Sea. Mar. Chem. 105, 70–89. https://doi.org/10.1016/j.marchem.2006.12.016  

Zhang, L., Zhang, L., Dong, L., Huang, Y., Li, X., 2015. Concentrations and patterns of 

polychlorinated naphthalenes in surface sediments samples from Wuxi, Suzhou, and 

Nantong, in East China. Chemosphere. 138, 668–674.  

https://doi.org/10.1016/j.chemosphere.2015.07.045  

https://doi.org/10.1016/j.chroma.2016.11.035
https://doi.org/10.1021/acs.analchem.5b02264
https://doi.org/10.1021/es001122u
https://doi.org/10.1081/ESE-120022876
https://doi.org/10.1016/j.marchem.2006.12.016
https://doi.org/10.1016/j.chemosphere.2015.07.045


Chapter 3. Determination of Chlorinated Organic Compounds 

244 

Supplementary Material 

Atmospheric Pressure Ionization for Gas Chromatography-High Resolution 

Mass Spectrometry Determination of Polychlorinated Naphthalenes in Marine 

Sediments 

J. F. Ayala-Cabrera 
a, C. Lipok 

b,c, E. Moyano 
a, O. J. Schmitz 

b,c, F. J. Santos 
a,* 

(a) Department of Chemical Engineering and Analytical Chemistry, University of Barcelona. Av.
Diagonal 645, E-08028 Barcelona, Spain 

(b) Applied Analytical Chemistry, University of Duisburg-Essen,
Universitatsstr. 5, D-45141 Essen, Germany. 

(c) Teaching and Research Center for Separation, University of Duisburg-Essen, Universitatsstr. 5, D-

45141 Essen, Germany. 

* Corresponding author: Francisco Javier Santos Vicente
Phone: +34-93-403-4874 

Fax: +34-93-402-1233 
E-mail: javier.santos@ub.edu

Table of Contents 

Supporting Tables ..............................................................................................................245 

Table S1. Vapour pressure and ionization potentials of the solvents used as dopants in 

APPI. .............................................................. ..................................................245 

Table S2. PCN homologue group concentrations determined by GC-APPI-HRMS in both 

ionization modes. ............................................................................................ 246 

Supporting Figures ........................................................................................................... 247 

Figure S1.Effect of (a) source temperature, (b) capillary temperature, and (c) dopant flow 

rate over the response of PCNs using GC-APPI (dopant: toluene). ................ 247 

Figure S2.Effect of the source temperature over the response of PCNs using GC-APCI.

 ........................................................................................................................ 247 

Figure S3.APPI mass spectra of a) anisole, b) chlorobenzene, c) toluene, d) tetrahydrofuran, 

e) acetone and f) diethyl ether dopants. .......................................................... 248 

Figure S4.a) PCN homologue distribution in marine sediment samples, and b) PCN 

congener-specific compositional profile in marine sediments located at the 

submarine emissary outlet (up) and between the seaside and the submarine 

emissary outlet (down). ................................................................................... 249 

_Toc43220885


Chapter 3. Determination of Chlorinated Organic Compounds 

 

245 
 

Supporting Tables 

Table S1. Vapour pressure and ionization potentials of the solvents used as dopants in APPI. 

Dopant Vapour Pressure (Torr, 25 oC)a Ionization potential (eV)b 

Acetone 348.4 9.703 ± 0.006 
Anisole 4.2 8.20 ± 0.05 
Chlorobenzene 11.2 9.07 ± 0.02 
Diethyl Ether 566.8 9.51 ± 0.03 
Tetrahydrofuran 152.4 9.40 ± 0.02 
Toluene 27.7 8.828 ± 0.001 

a Predicted values using ACD/Labs Percepta Platform. 
b NIST database.
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Supporting Figures 

 

Figure S1. Effect of (a) source temperature, (b) capillary temperature, and (c) dopant flow rate 

over the response of PCNs using GC-APPI (dopant: toluene). 

 

Figure S2. Effect of the source temperature over the response of PCNs using GC-APCI. 
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Figure S4. a) PCN homologue distribution in marine sediment samples, and b) PCN 

congener-specific compositional profile in marine sediments located at the 

submarine emissary outlet (up) and between the seaside and the submarine 

emissary outlet (down). 
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Abstract
In this work, the suitability of atmospheric pressure photoionization (APPI) has been assessed for the determination of
polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs) and dioxin-like polychlorinated biphenyls (dl-PCBs) by gas chroma-
tography–high-resolution mass spectrometry (GC-HRMS). The APPI of target compounds has been tested in both positive and
negative ion modes. Under positive ion mode, the analytes generated the molecular ion, which was favoured using dopants that
promote charge exchange gas-phase reactions (i.e., benzene), while in negative ion mode, the ion [M−Cl+O]− for PCDFs and dl-
PCBs were mainly formed, providing the best results using benzene and diethyl ether as dopants, respectively. Concerning
PCDDs, highly chlorinated congeners were mainly ionized by means of the [M−Cl]− ion, whereas [M−Cl+O2]

− was the base
peak for tetraCDD and [M−Cl+O]− for penta- and hexaCDDs. Method quality parameters, in accordance with the current EU
Regulation guidelines for food and feed analysis, showed the good performance of the two GC-APPI-HRMS (Orbitrap) methods
since they provided high detection capability (low fg levels), good linearity, and satisfactory precision (RSD%< 9%). In addition,
the GC-APPI-HRMS (Orbitrap) methods were validated by analysing selected environmental and feed samples and the results
were compared to those obtained using conventional GC-EI-HRMS, demonstrating the good performance in the analysis of the
target compounds. Hence, the GC-APPI-HRMS technique can be proposed as alternative to the conventional methods for the
determination of PCDD/Fs and dl-PCBs in environmental and feed matrices.

Keywords Atmospheric pressure photoionization . Gas chromatography–high-resolution mass spectrometry . Polychlorinated
dibenzo-p-dioxins and furans . Dioxin-like polychlorinated biphenyls . Environmental samples . Feed samples

Introduction

To protect human health and the environment from hazardous
substances, the Stockholm Convention establishes restriction
and regulations for eliminating the production and

introduction into the environment of several classes of persis-
tent organic pollutants (POPs) [1, 2]. Among them,
polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) as well as dioxin-like polychlorinated biphenyls
(dl-PCBs) constitute a class of environmental pollutants of
great concern due to their high toxicity, bioaccumulation ca-
pacity, and persistence in the environment [1, 3, 4]. PCDD/Fs
have never been deliberately produced, but they have been
released into the environment as by-products from combus-
tion processes and industrial synthesis of other chlorinated
chemicals [5, 6]. In contrast, PCBs have been used in a wide
range of industrial and commercial applications, including
heat exchange fluids in transformers, capacitors, and other
electrical instruments, as well as additives in paints and the
production of carbonless copy paper and plastics, due to their
high chemical stability and electrical insulating properties [7,

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00216-020-02615-7) contains supplementary
material, which is available to authorized users.
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8]. Among the 209 possible chlorinated biphenyls (CBs),
some congeners can take a planar conformation (dl-PCBs),
which could confer similar harmful effect as PCDD/Fs for
living organisms even at very low concentration levels [9].
Although PCDD/F and dl-PCB emissions in most countries
have significantly decreased due to regulatory restrictions and
control, they are still subjected to large-scale global monitor-
ing programs in the environment and other important fields
such as food and feed safety [10–13].

Traditionally, analyses of PCDD/Fs and dl-PCBs have
been closely related and the developed methodologies are
based on gas chromatography coupled to high-resolutionmass
spectrometry (GC-HRMS) using double-focusing magnetic
sector as mass analyser and operating in electron ionization
(EI) mode. This technique has been accepted as the reference
standard method for confirmatory analysis of these com-
pounds [14], since it guarantees the required sensitivity and
selectivity for the determination of PCDD/Fs and dl-PCBs in
food, feed, and environmental samples down to femtogram
level, avoiding the contribution of potentially interfering chlo-
rinated compounds [15]. Nevertheless, EI as an ionization
technique produces significant fragmentation, even at low ion-
ization energies (~ 35 eV), reducing the intensity of the mo-
lecular ion and, therefore, worsening the detection capabilities
of the methods [2]. In addition, when operating double-
focusing HRMS instruments in selected ion monitored mode,
the sensitivity is inversely related to both the resolution and
the number of masses monitored, which effectively limits the
number of different compounds that can be monitored at any
given time. In 2010, Peterson et al. [16] reported the use of a
GC-EI-QLT-Orbitrap hybrid mass spectrometer to achieve
high-mass accuracy and resolution in the determination of
PCDD/Fs, achieving significant advantages over the tradition-
al magnetic mass instruments, such as high detection capabil-
ities and precision, even operating in full-scan acquisition
mode, and an excellent versatility by performing measure-
ments in tandemmass spectrometry. This instrumentation pro-
vides useful information on the molecular mass and chemical
structure as well as the possibility to perform standard library
search. In the last years, the advances achieved on triple quad-
rupole and ion trap technologies have allowed the develop-
ment of new analytical methodologies based on gas chroma-
tography coupled to tandem mass spectrometry (GC-MS/
MS), which have been accepted as confirmatory methods for
the determination of these families of compounds by the EU
Regulations [17, 18]. These new methodologies provide
enough sensitivity for the determination of PCDD/Fs and dl-
PCBs [2, 19, 20] with the advantage of a lower instrumental
cost. However, as GC-MS/MS operate at lowmass resolution,
it is subjected to more potential isobaric interferences, requir-
ing more time-consuming sample fractionation procedures to
be applied than those used with GC-HRMS methods to
achieve and accurate and selective determination of the

analytes [21]. In the last decades, the use of atmospheric pres-
sure ionization (API) sources for GC-MS analysis has signif-
icantly increased since they are soft ionization techniques that
preserve molecular ion and/or protonated molecule [22, 23].
Moreover, API techniques are able to ionize a wider range of
compounds than the high-vacuum ionization sources (e.g.,
electron and chemical ionization) and they have shown to be
useful for the analysis of some families of persistent contam-
inants [24]. Among the API techniques, the atmospheric pres-
sure chemical ionization (APCI) has been already applied to
the GC-MS/MS analysis of both PCDD/Fs and dl-PCBs,
obtaining intact molecular ions with low in-source collision-
induced dissociation (CID) fragmentation and achieving high
detection capability [2, 9, 21, 25–29]. Nevertheless, when
APCI is combined with low-resolution tandem mass spec-
trometry working in multiple-reaction monitoring (MRM)
mode, even though the selectivity achieved, the isotopic clus-
ter information is lost, and also tedious sample clean-up pro-
cedures are necessary to avoid isobaric interferences. In the
last years, a new atmospheric pressure photoionization (APPI)
source has been commercialized and successfully applied to
the analysis of different families of compounds [30–34]. In
addition, this source is available for coupling to GC-MS in-
struments with Orbitrap mass analysers, which could over-
come the limitations observed for MS/MS methods in the
analysis of PCDD/Fs and dl-PCBs.

In this work, the performance and capability of the new
coupling GC-APPI-HRMS (Orbitrap) for the reliable analysis
of PCDD/Fs and dl-PCBs in selected feed and environmental
samples have been evaluated as alternative to GC-EI-HRMS.
For this purpose, several APPI parameters that affect the ion-
ization of the target compounds were investigated. In addition,
the GC-APPI-HRMSmethod was validated following the EU
Regulations and the results were compared with those obtain-
ed using GC-EI-HRMS method. The real applicability of the
proposed GC-APPI-HRMS method to the analysis of PCDD/
Fs and dl-PCBs was assessed by analysing certified reference
materials and reference samples used in several
interlaboratory exercises.

Materials and methods

Standards and reagents

Calibration solutions of the seventeen regulated 2,3,7,8-
chloro-substituted PCDD/Fs (CSL-CS4), EPA-1613, and
twelve dl-PCBs (four non-ortho PCBs: CB 77, 81, 126, and
169, and eight mono-ortho PCBs: CB 105, 114, 118, 123, 156,
157, 167, and 189) (CS1-CS6), WP-CVS, containing the cor-
responding 13C12-labelled compounds in nonane, were obtain-
ed from Wellington Laboratories Inc. (Guelph, Ontario,
Canada) for quantification purposes. The calibration solutions

Ayala-Cabrera J.F. et al.3704

Chapter 3. Determination of Chlorinated Organic Compounds 

254 



of PCDD/Fs and dl-PCBs covered a concentration range from
0.1 to 400 ng mL−1 and between 0.1 and 200 ng mL−1, re-
spectively. The 13C12-labelled surrogate standard solutions,
EPA-1613 LCS and WP-LCS, and injection standard solu-
tions, EPA-1613 ISS and WP-ISS, for PCDD/Fs and dl-
PCBs were also supplied by Wellington Laboratories Inc.
Standards and calibration solutions were stored at 4 °C until
their analyses.

Dichloromethane, toluene, cyclohexane, isooctane, and n-
hexane for organic trace analysis were purchased from JT
Baker (Deventer, The Netherlands). Ethyl acetate and nonane
were supplied by Fluka (Fluka chemie GmbH., Switzerland).
Silica gel was obtained from JT Baker (The Netherlands),
basic Alumina ICN was purchased to MP Biomedicals
(Germany), while Carbopack C 80/100 was achieved from
Fluka (Switzerland). For the optimization of APPI of the tar-
get compounds, toluene and chlorobenzene (Chromasolv™
Plus, for HPLC analysis, purity ≥ 99%) from Sigma-Aldrich
(St. Louis, MO, USA), acetone (LiChrosolv®, purity ≥
99.8%), benzene (grade reagent for analysis, purity ≥
99.7%), and diethyl ether (EMSURE® for analysis, purity ≥
99.7%) from Merck, and tetrahydrofuran (Photrex™ reagent,
purity at 99%) supplied by JT Baker (Deventer, The
Netherland), were used as potential dopants. Helium
Alphagaz™ 1 (purity ≥ 99.999%), supplied by Air Liquide
(Madrid, Spain), was used as the GC carrier gas, whereas
nitrogen (purity > 99.995%), from Linde (Barcelona, Spain),
was employed as the make-up gas for the GC-APPI source.
All glassware was cleaned using chromosulphuric acid and
rinsed consecutively with Milli-Q water, methanol, and ace-
tone, and dried at 180 °C overnight.

Samples and sample treatment

Certified reference materials BCR-677 (sewage sludge) and
BCR-615 (fly ash) were obtained from the Institute for
Reference Materials and Measurements (IRMM) of the
European Commission-Joint Research (Geel, Belgium) and
were used for validation of the GC-APPI-HRMS method. In
addition, a chicken feed sample spiked with PCDD/Fs (0.12–
2.27 pg g−1) and dl-PCBs (12.8–30.7 pg g−1), which is used as
quality control material (QCM) for routine internal laboratory
control, and some selected matrices (soybean meal, feed oil,
and sediment) from several international interlaboratory stud-
ies were tested for evaluating the performance of the GC-
APPI-HRMSmethod and comparing the results obtained with
the two GC-HRMS systems.

Sample treatment was carried out following accredited an-
alytical methods previously described elsewhere [35–37].
Owing to the variety of matrices, different extraction proce-
dures were applied depending on the sample nature. All sam-
ples were spiked just before extraction step with known
amounts of 13C-labelled PCDD/Fs (EPA-1613 LCS) and

13C-labelled dl-PCBs (WP-LCS). Appropriate amounts of
soybean meal (40 g) and spiked chicken feed (9 g) samples
were Soxhlet extracted for 24 h with 300 mL of toluene/
cyclohexane (1:1, v/v), while for the fly ash (1 g), sludge
(7 g), and sediment (1 g) samples, 300 mL of toluene was
used. All the extracts were rotary evaporated to near dryness
and the fatty residue was dissolved in 5 mL of n-hexane. For
the feed oil sample, the matrix was directly diluted in n-hex-
ane, after a previous homogenization by manual shaking for
5 min and spiked with known amounts of the 13C-labelled
PCDD/F and dl-PCB standard mixtures. Fat and other inter-
fering substances were removed from all the extracts and the
diluted feed oil by using an acidified silica gel column
(H2SO4, 44%, w/w). Purification and fractionation of all the
extracts were carried out by sequential use of a multilayer
silica, basic alumina, and carbon columns. The procedure pro-
vided two main fractions: fraction 1, containing the dl-PCB
congeners, and fraction 2, where the PCDD/Fs were eluted.
Both fractions were rotary concentrated and transferred into
1-mL conical vials. The remaining solvent was reduced to
near dryness using a gentle stream of nitrogen and the final
volume of the extract was adjusted to ca. 20 μL after addition
in nonane of a known amount of the corresponding 13C12-
isotopically labelled injection standards (EPA-1613 ISS and
WP-ISS). The extracts were then analysed by both GC-APPI-
HRMS and GC-EI-HRMS.

Instrumentation

The determination of both PCDD/Fs and dl-PCBs by GC-
APPI-HRMS was performed in a Trace 1300 gas chromato-
graph coupled to a Q-Exactive Orbitrap mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA), using an at-
mospheric pressure photoionization (GC-APPI) source sup-
plied by MasCom Technologies GmbH (Bremen, Germany).
The chromatographic separation of PCCD/Fs and dl-PCBs
was carried out using the same GC column, a DB-5ms UI
(60 m × 0.25 mm I.D., 0.25-μm film thickness) fused-silica
capillary column (Agilent Technologies, Santa Clara, CA,
USA). In both cases, the injector was operated at 280 °C in
splitless mode (1 min), using helium as carrier gas at a con-
stant flowmode (1.0mLmin−1), and the injection volumewas
1.5 μL for PCDD/Fs and 1 μL for dl-PCBs. The oven tem-
perature program for PCDD/Fs was 140 °C (held for 1 min) to
200 °C at 20 °C min−1 (held for 1 min) and then to 300 °C at
2.5 °C min−1 (held for 20 min), and for dl-PCBs, 140 °C (held
for 2 min) to 180 °C at 20 °C min−1 (held for 1 min) and to
300 °C at 2.5 °C min−1 (held for 5 min). The transfer line and
capillary temperatures were set at 280 °C and 225 °C, whereas
the source temperature was set at 250 °C and 225 °C for
PCDD/F and dl-PCB analyses, respectively. The GC-APPI
source was equipped with a 10.6-eV krypton lamp (Syagen,
Santa Ana, CA, USA) and it was operated in negative ion
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mode for PCDD/Fs and dl-PCBs. Nitrogen was employed as
make-up gas (gas pressure of 5 a.u.) and vapours of benzene
and diethyl ether at a flow rate of 90 μL min−1 were used as
dopants for the APPI of PCDD/Fs and dl-PCBs, respectively.
In addition, S-Lens radio frequency was set at 50% to enhance
the ion transmission to the mass analyser. Data acquisition
was performed in full-scan mode from 100 to 600 m/z at a
mass resolution of 70,000 FWHM (full width at half maxi-
mum, at 200m/z). To achieve the highest sensitivity with well-
defined peaks (12 points per peak), the automatic gain control
(AGC) and maximum injection time were set at 1 × 106 and
50 ms, respectively. The quantitation of the target compounds
was performed using the isotope dilution method. The extract-
ed ion chromatograms were obtained using mass extraction
windows with a tolerance of ±5 ppm to guarantee a high
selectivity and quality of the results. Xcalibur v 3.1 software
was used to control the instrument setup and process the data
acquisition.

The analysis of the target compounds by GC-EI-HRMS
was performed using an Agilent 7890A gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) coupled to a
Micromass Premier (Waters, Manchester, UK) high-
resolution mass spectrometer (EBE geometry) equipped with
an electron ionization source. The separation of PCDD/Fs and
dl-PCBs was carried out using the same GC column than that
described above for GC-APPI-HRMS system. Injection
(1 μL) was performed in splitless mode (1 min) at 280 °C
using helium as carrier gas at a constant flow mode
(1.0 mL min−1). The oven temperature program was set as
follows: 140 °C (held for 1 min) to 200 °C at 20 °C min−1

(held for 1 min) and then 310 °C at 5 °C min−1 (held for
6 min). The HRMS system was operated in EI+ mode at
electron energy of 32 eV and at resolution of 10,000 (10%
valley definition). The ion source and transfer line tempera-
tures were set at 250 °C and 280 °C, respectively. The acqui-
sition was carried out in selected ion monitoring (SIM) mode,
where the two most abundant ions of the molecular cluster of
each homologue group for PCDD/Fs and dl-PCBs were mon-
itored at a 50-ms dwell time and a delay time of 20 ms. Trap
current and acceleration voltage were set at 500 μA and
8000 V, respectively. Moreover, the quantitation was also per-
formed using the isotope dilution method and aMasslynx data
system (Waters) was used for data acquisition and instrument
control.

Quality control criteria

Quality control procedures were applied for ensuring the qual-
ity of the results. Analyses including tests on isomer-specific
GC separation, sensitivity, validity of the instrumental calibra-
tion and isotopic mass ratio, and recovery of the target com-
pounds were carried out. In addition, procedural blanks, cov-
ering extraction, purification, and instrumental determination,

were periodically analysed to evaluate the potential contribu-
tion of interfering compounds or potential sample carryover.
Recoveries of the target compounds were always in the range
of 60 to 120% as indicated in the corresponding EU
Regulation [18]. To ensure accurate mass measurements, the
Orbitrap mass analyser was calibrated every 72 h using an
electrospray source and a calibration solution containing caf-
feine, MRFA peptide, Ultramark 1621, and butylamine in
acetonitrile/methanol/water (2:1:1, v/v) with 1% (v/v) formic
acid. PCDD/F and dl-PCB results were expressed as individ-
ual congener concentration and in WHO-TEQ (World Health
Organization Toxic Equivalent) using the toxic equivalent fac-
tors (TEFs) revised in 2005 [6]. TEQ values were calculated in
upperbound assuming the method limits of detection for those
congeners when they are below these limits.

Results and discussion

Ionization of PCDD/Fs and dl-PCBs by GC-APPI

To study the ionization of both native and 13C-labelled com-
pounds in the GC-APPI source, a calibration solution of
PCDD/Fs (EN1613-CS4; 40–400 ng mL−1) and dl-PCBs
(WP-CS6; 200 ng mL−1) were injected in the GC-APPI-
HRMS system using vapours of different solvents (acetone,
benzene, chlorobenzene, diethyl ether, tetrahydrofuran, and
toluene) as dopants. As an example, Fig. 1 shows the mass
spectra obtained for 1,2,3,7,8-PeCDD/Fs and CB-126 in both
positive and negative ion modes, using as dopants benzene
and diethyl ether, respectively. Generally, PCDD/Fs and dl-
PCBs showed a similar ionization behaviour in positive ion
mode using the tested dopants. Thus, all the target compounds
led to the generation of the molecular ion [M]+● without any
in-source collision-induced dissociation (CID) fragment ions
and the ionization efficiency of these analytes mainly
depended on the nature of the dopant. For instance, Fig. 2
(a–c) shows the effect of different dopants on the response
of the molecular ion [M]+●. As can be seen, all compounds
showed higher responses with benzene, toluene, and chloro-
benzene than those achieved with acetone and tetrahydrofu-
ran. This could be attributed to the different ions generated by
each dopant during the photoionization process (see
Electronic Supplementary Material (ESM) Table S1).
Dopants such as benzene, chlorobenzene, and toluene yielded
their molecular ion [D]+● (Table 1, reaction a), which was
responsible of the ionization of the target compounds by
charge exchange reactions (Table 1, reaction b). In contrast,
acetone and tetrahydrofuran underwent a rapid self-
protonation due to their high proton affinity that prevented
the presence of radical dopant ions in the APPI source
(Table 1, reaction c). Since benzene was the dopant that pro-
vided the highest responses for most of PCDD/Fs and dl-
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PCBs in positive ion mode, it was selected as the most appro-
priate dopant to achieve a high ionization efficiency of the
target compounds.

Concerning the negative ion mode, the APPI was generally
mediated by the superoxide ion (Table 1, reaction d), which is
formed when an oxygen molecule captures the electrons re-
leased during the photoionization process of the dopant. Thus,
PCDD/Fs and dl-PCBs led to the generation of the phenoxide
ion ([M−Cl+O]–) without any in-source CID fragmentation
(Fig. 1). For the PCDDs, the nature of the most abundant
ion (base peak) was closely related with the number of chlo-
rine atoms in the molecule (Fig. 3). Thus, the tetrachlorinated
dibenzo-p-dioxins (TCDD) yielded the [M−Cl+O2]

− as base
peak (Fig. 3a), whereas pentachlorinated (PeCDDs) and
hexachlorinated dibenzo-p-dioxins (HxCDDs) mainly led to
the phenoxide ion [M−Cl+O]− (Fig. 3b). In contrast, the high-
ly chlorinated dioxins, such as heptachlorinated (HpCDDs)
and octachlorinated dibenzo-p-dioxins (OCDDs), yielded the
ion [M−Cl]− (Fig. 3c). This could be due to both a steric
hindrance and repulsion effect of chlorine atoms in the

molecule that hinders the interaction of the superoxide ion
with aromatic rings of the PCDDs. This phenomenon was
not observed for PCDFs and dl-PCBs, which only yielded
the phenoxide ion. This fact may be due to the less sterically
hindered structures to generate the [M−Cl+O]− ion, since they
only have one or none oxygen atoms, respectively.

Additionally, a relationship was observed between vapour
pressure of the dopant and the analyte ionization efficiency in
negative ion mode (Fig. 2). Thus, the higher the vapour pressure
of the dopant, the greater the ionization efficiency of the com-
pounds. Dopants with high vapour pressure (e.g., diethyl ether
and acetone) may provide a higher number of electrons during
the photoionization process, which could promote the subse-
quent reactions with the analytes in gas-phase (Table 1, reactions
e–g). Moreover, PCDD/Fs, especially the TCDD, showed a high
ionization efficiency in the presence of benzene (Fig. 2), even
though the lower vapour pressure of this dopant, which was
probably compensated by its lower ionization potential.
Therefore, as a compromise, diethyl ether and benzene were
selected as dopants for further studies in negative ion mode.
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(250 °C source temperature and 225 °C capillary temperature)
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To maximize the ionization efficiency of the target com-
pounds, the effect of the APPI source (from 180 to 250 °C)
and capillary temperatures (from 175 to 225 °C) on the re-
sponse of the analytes were also investigated. As it can be
observed in Fig. 4 for the chromatographic separation of
HxCDDs, a decrease on the source temperature resulted in
an important peak broadening that negatively affected the
chromatographic separation of the compounds. This effect
was also observed for PCDFs and dl-PCBs, and it could be
related with both the relatively low vapour pressure of the
analytes and the source design that could lead to some con-
densation problems. Thus, high source (250 °C) and capillary
temperatures (225 °C) were required to preserve the adequate
chromatographic separation for all the compounds.

Performance of the GC-APPI-HRMS methods

In order to select the most suitable dopant for the determina-
tion of PCDD/Fs and dl-PCBs by GC-APPI-HRMS, instru-
mental limits of detection (iLODs) were determined using the
dopant that provided the best responses in positive ion
(benzene) and negative ion (benzene and diethyl ether) modes
and monitoring the ions selected for quantification and confir-
mation of PCDD/Fs and dl-PCBs (Table 2). Since the extract-
ed ion chromatograms present almost no baseline noise due to
the narrow mass error threshold (< 5 ppm), the iLODs were
defined as the smallest analyte concentration that provides a
well-defined chromatographic peak. Table 3 shows the iLODs
achieved for those dopants previously selected in both

0

20

40

60

80

100

R
e

la
t
iv

e
 A

r
e

a
 
(
%

)

[M]
+•

[M]
+•

[M]
+•

a b c

0

20

40

60

80

100

R
e

la
t
iv

e
 A

r
e

a
 
(
%

)

[M–Cl+O
2
]
–

[M–Cl+O]
–

[M–Cl]
– [M–Cl+O]

–
[M–Cl+O]

–

0

20

40

60

80

100

R
e

la
t
iv

e
 A

r
e

a
 
(
%

)

Chlorobenzene

Toluene

Tetrahydrofuran

Benzene

Acetone

Diethyl Ether

d e f

0

20

40

60

80

100

R
e

la
t
iv

e
 A

r
e

a
 
(
%

)

0

20

40

60

80

100

R
e

la
t
iv

e
 A

r
e

a
 
(
%

)

0

20

40

60

80

100

R
e

la
t
iv

e
 A

r
e

a
 
(
%

)

Toluene

Acetone

Benzene

Tetrahydrofuran

Chlorobenzene

Fig. 2 Dopant vapour effect over PCDDs, PCDFs, and dl-PCBs responses in positive (a–c) and negative ion mode (d–f), respectively

Table 1 The reactions in dopant-
assisted positive and negative
APPI

APPI Gas-phase reaction

Photoionization (a) D + hν → D+• + e–•

Positive ion mode (b) D+• + M → [M]+• + D (If IEM < IED)

(c) D+• + D → [D+H]+ + [D–H]• (If D has a high proton affinity)

Negative ion mode (d) O2 + e–• → O2
–•

(e) M + e–• → [M–Cl]– + Cl• (If M has a high electron affinity)

(f) M + O2
–• → [M–Cl+O2]– + Cl•

(g) M + O2
–• → [M–Cl+O]– + OCl•

D, dopant; M, PCDDs, PCDFs, and dl-PCBs; IEM, ionization energy of M; IED, ionization energy of the dopant
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positive and negative ion modes. For most of the PCDD/Fs,
the lowest iLOD values were obtained in negative ion mode
using diethyl ether as dopant (0.25–3 fg on-column), which
were around twofold lower than those found with benzene
(0.5–8 fg on-column) in negative mode and 100-fold lower
(10–49 fg on-column) than those achieved in positive ion
mode. Nevertheless, the iLOD for the 2,3,7,8-TCDD using
diethyl ether (150 fg on-column) was 5 times higher than that
achieved employing benzene as dopant (25 fg on-column) due
to the high fragmentation observed in the APPI source (ESM
Fig. S1 a). This could be attributed to the higher ionization
potential of diethyl ether (9.53 eV) compared with benzene
(9.24 eV) that may lead to more energetic electrons, which
could induce a higher in-source CID fragmentation on this
analyte, thus increasing the corresponding iLOD. As a com-
promise, benzene was selected as the most suitable dopant for
the PCDD/F determination by negative ion GC-APPI-HRMS.
Concerning the dl-PCBs, the use of diethyl ether as dopant in
negative ion mode provided iLODs ranging from 2.5 to 100
times lower than those obtained in positive ion mode
(Table 3). Therefore, negative ion GC-APPI-HRMS using

diethyl ether as dopant was chosen for the determination of
dl-PCBs. In addition, the iLODs achieved with the GC-APPI-
HRMS methods were compared with those obtained by GC-
EI-HRMS. As can be seen in Table 3, iLODs obtained for
most of dl-PCBs by negative ion GC-APPI-HRMS were at
least 2 times lower than those achieved by GC-EI-HRMS and
even up to a maximum of 60-fold lower than those estimated
for the confirmatory method in the case of PCDD/Fs. These
results demonstrate the high detection capability of the devel-
oped GC-APPI-HRMS methods.

The performance of the proposed GC-APPI-HRMS
methods for the determination of PCDD/Fs and dl-PCBs
was investigated in compliance with the requirements
established in the current EU Regulation (EU Regulation
2017/664-771) [17, 18]. As mentioned before, the GC-
APPI-HRMS methods allowed the adequate detection of the
target compounds at low femtogram levels (Table 2), which
successfully satisfies the analytical criteria established in the
EU Regulations. In addition, the chromatographic separation
achieved for 1,2,3,4,7,8-HxCDD and 1,2,3,6,7,8-HxCDD
congeners was enough (co-elution lower than 7%) to fulfil
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with the EU Regulation (co-elution < 25%) [17], working at a
source temperature of 250 °C (Fig. 4). The linearity was eval-
uated over the 0.1–400 pg μL−1 range for PCDD/Fs and from
0.1 to 40 pg μL−1 for dl-PCBs (Table 4). Calibration curves
were established, and good linearity was obtained within the
calibration range with determination coefficients (r2) higher
than 0.9997 for all the compounds. In addition, reproducible
relative response factors (RRFs) were obtained from the anal-
ysis of calibration solutions with relative standard deviations
lower than 12% for both PCDD/Fs and dl-PCBs (Table 4).
Moreover, the differences between the RRF average obtained
for all points and the corresponding values for only the lowest
calibration point were less than 14% (Table 4). These

differences fulfilled with the criterion established by the EU
Regulation (< 30%), demonstrating the high stability on the
response of the target compounds using GC-APPI-HRMS
methods, even working at very low concentration levels.
The ion abundance ratio (IR) of the two ions selected for
quantification (see Table 2) along the calibration range was
quite stable and ranging from 0.3 to 7% RSD% (Table 4),
which also met with the maximum permitted tolerance
established in the EU Regulation (± 15%). Moreover, run-to-
run and day-to-day precisions were assessed by analysing
seven replicates (n = 7) of a standard calibration solution at
low concentration levels (PCDD/Fs, 0.25–2.5 pg μL−1; dl-
PCBs, 0.5 pg μL−1) on 1 day for run-to-run and on three

Table 3 Instrumental limits of
detection (fg on-column) for the
GC-APPI-HRMS analysis of
both PCDD/Fs and dl-PCBs
using benzene and diethyl ether as
dopants

Compound GC-APPI-HRMSa GC-EI-
HRMSb

Positive ion Negative ion

Benzene Benzene Diethyl ether

2,3,7,8-TCDD 100 25 150 10

1,2,3,7,8-PeCDD 25 2 1 22

1,2,3,4,7,8-HxCDD 40 0.5 0.25 30

1,2,3,6,7,8-HxCDD 40 0.5 0.25 30

1,2,3,7,8,9-HxCDD 40 5 3 33

1,2,3,4,6,7,8-HpCDD 50 5 2 29

OCDD 100 8 2 30

2,3,7,8-TCDF 100 2 1.5 11

1,2,3,7,8-PeCDF 25 0.5 0.25 19

2,3,4,7,8-PeCDF 25 1 0.5 17

1,2,3,4,7,8-HxCDF 50 0.5 0.25 25

1,2,3,6,7,8-HxCDF 50 0.5 0.25 26

1,2,3,7,8,9-HxCDF 50 1 0.5 26

2,3,4,6,7,8-HxCDF 50 1 0.5 36

1,2,3,4,6,7,8-HpCDF 75 0.5 0.5 22

1,2,3,4,7,8,9-HpCDF 75 2 1 30

OCDF 150 4 1 49

CB-81 25 - 8 8

CB-77 25 - 10 8

CB-123 50 - 8 14

CB-118 50 - 2 13

CB-114 50 - 4 13

CB-105 50 - 4 15

CB-126 50 - 4 16

CB-167 50 - 1 12

CB-156 50 - 0.5 12

CB-157 50 - 1.5 13

CB-169 50 - 2 14

CB-189 75 - 1 12

a Injection volume: 1.5 μL (PCDD/Fs) and 1.0 μL (dl-PCBs)
b Injection volume: 1.0 μL (PCDD/Fs and dl-PCBs)
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non-consecutive days for day-to-day. The precision achieved
on the variation of quantitative results, expressed as RSD%
values, was always lower than 9% (Table 4), showing the
good performance of the GC-APPI-HRMS methods for the
analysis of PCDD/Fs and dl-PCBs, respectively.

Analysis of reference samples

Once the instrumental methods were validated for the de-
termination of PCDD/Fs and dl-PCBs, selected environ-
mental and feed samples were analysed to evaluate the
real applicability in the GC-APPI-HRMS technique. The
analysed samples consisted on two certified reference

materials, a fly ash (BCR-615) and a sewage sludge
(BCR-677), three interlaboratory materials (soybean meal,
feed oil, and sediment), and one quality control sample (a
spiked chicken feed sample), which is used for the inter-
nal laboratory control. All these samples were analysed by
triplicate using the sample treatment described in the ex-
perimental section (“Samples and sample treatment” sec-
tion) and the extracts were injected in both GC-EI-HRMS
and GC-APPI-HRMS systems. Tables 5 and 6 summarize
the results obtained using the proposed GC-APPI-HRMS
method, the reference GC-EI-HRMS method, and the cer-
tified or assigned value. In addition, quantitative results
for the internal quality sample are also given in ESM

Table 4 Quality parameters of the GC-APPI-HRMS methods for the determination of PCDD/Fs and dl-PCBs

Compound tR
(min)

Calibration range
(pg μL−1)

Relative
response factor (RRF)

Difference
RRF1−RRFall (%)

Ion ratio (IR) Precision (RSD, %) iLOQ
(pg μL−1)

Meana RSD (%) Meana RSD (%) Intra-dayb Inter-dayc

2,3,7,8-TCDD 28.54 0.1–40 0.94 5 − 4 1.03 2 6 8 0.06

1,2,3,7,8-PeCDD 35.11 0.5–200 1.01 0.6 0.08 0.79 1 2 2 0.004

1,2,3,4,7,8-HxCDD 41.26 0.5–200 1.05 1 − 0.06 1.58 0.8 6 8 0.002

1,2,3,6,7,8-HxCDD 41.45 0.5–200 1.02 0.7 1 1.57 1 8 8 0.002

1,2,3,7,8,9-HxCDD 41.95 0.5–200 0.38 10 15 1.56 1 6 5 0.01

1,2,3,4,6,7,8-HxCDD 47.80 0.5–200 1.13 2 2 1.27 0.7 3 3 0.01

OCDD 53.89 1.0–400 3.39 1 4 1.04 2 3 4 0.02

2,3,7,8-TCDF 27.67 0.1–40 1.07 1 2 1.05 0.8 3 4 0.004

1,2,3,7,8-PeCDF 33.13 0.5–200 1.01 4 7 0.79 1 4 6 0.002

2,3,4,7,8-PeCDF 34.60 0.5–200 1.09 2 2 0.78 1 3 4 0.002

1,2,3,4,7,8-HxCDF 39.63 0.5–200 1.09 4 6 1.57 1 9 9 0.002

1,2,3,6,7,8-HxCDF 39.85 0.5–200 1.05 4 6 1.58 0.3 8 9 0.002

1,2,3,7,8,9-HxCDF 40.93 0.5–200 1.06 5 9 1.58 1 4 8 0.002

2,3,4,6,7,8-HxCDF 42.54 0.5–200 1.10 3 5 1.58 0.9 4 8 0.002

1,2,3,4,6,7,8-HpCDF 45.53 0.5–200 1.07 3 6 1.27 1 4 6 0.007

1,2,3,4,7,8,9-HpCDF 48.79 0.5–200 1.06 3 3 1.27 0.6 3 6 0.004

OCDF 54.18 1.0–400 3.39 6 − 4 1.06 0.8 6 7 0.01

CB-81 28.33 0.1–40 1.02 11 1 1.10 6 4 4 0.03

CB-77 29.01 0.1–40 0.97 5 − 4 1.06 0.8 6 6 0.03

CB-123 30.38 0.1–40 1.01 5 − 8 0.77 4 5 6 0.03

CB-118 30.62 0.1–40 1.08 8 − 7 0.79 5 5 6 0.007

CB114 31.29 0.1–40 1.08 3 − 3 0.79 1 3 3 0.01

CB-105 32.32 0.1–40 1.11 12 − 11 0.78 2 4 5 0.01

CB-126 34.57 0.1–40 1.04 6 − 1 0.77 7 4 4 0.01

CB-167 35.83 0.1–40 1.06 3 − 4 1.57 1 3 4 0.003

CB-156 37.34 0.1–40 1.15 6 − 6 1.54 6 3 4 0.002

CB-157 37.65 0.1–40 1.06 4 − 0.8 1.54 4 3 3 0.005

CB-169 39.93 0.1–40 1.08 2 − 3 1.56 2 4 5 0.007

CB-189 42.42 0.1–40 1.09 2 − 0.4 1.28 2 2 2 0.003

a n = 5; b n = 7; c n = 7 replicates × 3 days
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Table S2. As can be seen, a good agreement between both
GC-MS methods was achieved for all individual conge-
ners, with differences in the mean value lower than 23%.
To compare these results and extract useful conclusions,
statistical treatment of the data was performed using a
two-way analysis of variances (ANOVA) test. The p-
values obtained were always higher than the significance
level of 0.05 (p values for PCDD/Fs, 0.15–0.52 and for
dl-PCBs, 0.37–0.90), which indicated that there were no
statistically significant differences between both GC-EI-
HRMS and GC-APPI-HRMS methods. In addition, the
statistical study also showed that the results were not sig-
nificantly different from the reference concentration
values. Moreover, the results were also compared in terms
of toxic equivalents (TEQs) and the upperbound TEQs
corresponding to the reference materials and those
achieved using both GC-EI-HRMS and GC-APPI-HRMS
methods are shown in Fig. 5. As it can be observed, the
results were similar with no significant differences be-
tween them (p values from 0.26 to 0.77), which indicates
that the GC-APPI-HRMS methods allow the estimation of
the TEQ values as well as the reference GC-EI-HRMS
methods. In fact, the differences between the lower and
the upperbound TEQs did not exceed the 15% for all the
samples analysed (15% for PCDD/Fs and 0.02% for dl-
PCBs), which fulfils the requirements of the current EU
Regulation (< 20%) [18]. These results demonstrate the
suitability of the developed method for the analysis of

PCDD/Fs and dl-PCBs in environmental and feed
samples.

Conclusions

The feasibility of the developed GC-APPI-HRMS (Orbitrap)
(negative ion mode) methods for the analysis of both PCDD/
Fs and dl-PCBs in environmental and feed samples has been
demonstrated. The use of dopants with a high vapour pressure
in the negative ion mode provided the highest ionization effi-
ciency for the analytes, being benzene and diethyl ether the
dopants that provided the best results for the determination of
PCDD/Fs and dl-PCBs, respectively. Under the optimal GC-
APPI-HRMS conditions, most of the analytes generated the
phenoxide ion as the base peak of the mass spectrum. The two
GC-APPI-HRMS methods allowed the detection of target
compounds down to low femtogram level (PCDD/Fs, 0.5–
25 fg injected; dl-PCBs, 0.5–10 fg injected) and showed a
good performance in terms of linearity (RSD% of the RFF
lower than 12%), run-to-run and day-to-day precision (RSD
< 9%), and stability of the ion ratio values (RSD < 7%), which
guarantee the analyte quantitation and confirmation even at
very low concentration levels. Moreover, the results obtained
for the analysis of selected environmental and feed samples
showed that there were no statistically significant differences
between the GC-APPI-HRMS methods and the GC-EI-
HRMS reference method in terms of both analyte

Table 5 PCDD/F concentrations in certified reference materials

Compound Fly ash BCR-615 (pg g−1 ± SD) Sludge BCR-677 (pg g−1 ± SD)

Reference value GC-EI-HRMS GC-APPI-HRMS Reference value GC-EI-HRMS GC-APPI-HRMS

2,3,7,8-TCDD 27 ± 5 26 ± 5 22 ± 3 1.5 ± 0.2 1.4 ± 0.1 1.35 ± 0.08

1,2,3,7,8-PeCDD 92 ± 12 79 ± 15 78.98 ± 0.08 4.1 ± 0.9 4.0 ± 0.2 3.90 ± 0.08

1,2,3,4,7,8-HxCDD 74 ± 12 61 ± 9 60.9 ± 0.5 2.7 ± 0.9 2.9 ± 0.4 3.2 ± 0.2

1,2,3,6,7,8-HxCDD 103 ± 13 89 ± 8 84.9 ± 0.4 235 ± 17 253 ± 14 204 ± 16

1,2,3,7,8,9-HxCDD 108 ± 16 111 ± 14 113 ± 5 79 ± 7 93 ± 5 71 ± 4

1,2,3,4,6,7,8-HxCDD 870 ± 130 752 ± 84 741 ± 4 3500 ± 400 3373 ± 135 3177 ± 84

OCDD 1750 ± 200 1911 ± 278 1980 ± 14 12,700 ± 800 13,155 ± 521 11,574 ± 347

2,3,7,8-TCDF 86 ± 28 70 ± 10 59.9 ± 0.3 45 ± 4 46 ± 4 41 ± 1

1,2,3,7,8-PeCDF 176 ± 26 145 ± 21 128.5 ± 0.4 25 ± 2 23 ± 2 23.0 ± 0.9

2,3,4,7,8-PeCDF 125 ± 20 106 ± 19 91.9 ± 0.9 17 ± 2 15 ± 1 14.1 ± 0.4

1,2,3,4,7,8-HxCDF 203 ± 21 170 ± 17 160 ± 1 14 ± 2 14 ± 1 13 ± 1

1,2,3,6,7,8-HxCDF 204 ± 23 181 ± 20 172 ± 2 6.1 ± 0.8 5.7 ± 0.4 5.7 ± 0.5

1,2,3,7,8,9-HxCDF 13 ± 2 12 ± 10 12.6 ± 0.3 0.8 ± 0.3 0.89 ± 0.07 0.91 ± 0.04

2,3,4,6,7,8-HxCDF 130 ± 15 144 ± 13 130 ± 1 5.6 ± 0.6 7.1 ± 0.5 6.2 ± 0.3

1,2,3,4,6,7,8-HpCDF 750 ± 90 664 ± 55 641 ± 1 62 ± 3 54 ± 28 55 ± 2

1,2,3,4,7,8,9-HpCDF 61 ± 6 70 ± 6 53.99 ± 0.02 6.3 ± 0.8 5 ± 1 4.8 ± 0.1

OCDF 290 ± 40 349 ± 25 317 ± 2 177 ± 7 182 ± 203 166 ± 10
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concentration and TEQs. As far as we know, this is the first
time that the GC-APPI-HRMS (Orbitrap) (negative ion mode)
has been proposed for the analysis of PCDD/Fs and dl-PCBs,
showing important advantages over the traditional GC-EI-
HRMS confirmatory method.
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Mass spectra information of APPI dopants
Compound m/z (Rel. ab., %) Ion Assignment Error (mDa)
Acetone 59.0501 (100%) [D+H]+ 0.9
Benzene 78.0470 (100%) [D]+ 0.6
Chlorobenzene 112.0080 (100%) [D]+ 0.6
Diethyl Ether 73.0657 (15%) [D H]+ 0.9

75.0813 (100%) [D+H]+ 0.9
Tetrahydrofuran 71.0501 (23%) [D H]+ 0.9

73.0657 (100%) [D+H]+ 0.9
Toluene 91.0552 (43%) [D H]+ 1.0

92.0626 (100%) [D]+ 0.6

PCDD/Fs and dl-PCBs concentrations in an internal reference material
Compound Spiked Feed (pg g 1 ± SD)

GC-EI-HRMS GC-APPI-HRMS
2,3,7,8-TCDD 0.12 ± 0.01 n.d.a
1,2,3,7,8-PeCDD 0.60 ± 0.05 0.60 ± 0.01
1,2,3,4,7,8-HxCDD 0.66 ± 0.05 0.72 ± 0.04
1,2,3,6,7,8-HxCDD 0.63 ± 0.03 0.71 ± 0.06
1,2,3,7,8,9-HxCDD 0.65 ± 0.05 0.59 ± 0.04
1,2,3,4,6,7,8-HxCDD 0.64 ± 0.09 0.67 ± 0.02
OCDD 2 ± 1 2.48 ± 0.07
2,3,7,8-TCDF 0.1 ± 0.1 0.130 ± 0.004
1,2,3,7,8-PeCDF 0.63 ± 0.08 0.61 ± 0.02
2,3,4,7,8-PeCDF 0.56 ± 0.06 0.54 ± 0.02
1,2,3,4,7,8-HxCDF 0.57 ± 0.06 0.60 ± 0.05
1,2,3,6,7,8-HxCDF 0.60 ± 0.04 0.62 ± 0.05
1,2,3,7,8,9-HxCDF 0.58 ± 0.06 0.57 ± 0.02
2,3,4,6,7,8-HxCDF 0.57 ± 0.04 0.57 ± 0.02
1,2,3,4,6,7,8-HpCDF 0.66 ± 0.06 0.75 ± 0.03
1,2,3,4,7,8,9-HpCDF 0.60 ± 0.06 0.60 ± 0.02
OCDF 1.3 ± 0.7 1.9 ± 0.1

CB-81 14 ± 1 15.0 ± 0.6
CB-77 18 ± 4 20 ± 1
CB-123 14.4 ± 0.9 15.2 ± 0.8
CB-118 31 ± 4 30 ± 1
CB114 15 ± 1 15.1 ± 0.4
CB-105 20 ± 2 19.0 ± 0.8
CB-126 13 ± 1 14.6 ± 0.6
CB-167 15.3 ± 0.8 16.1 ± 0.5
CB-156 14 ± 1 14.7 ± 0.4
CB-157 14 ± 1 14.7 ± 0.4
CB-169 13 ± 1 13.7 ± 0.6
CB-189 15 ± 1 13.5 ± 0.3

a non detected.
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Abstract 

In this work, a new gas chromatography-high-resolution mass spectrometry (GC-HRMS) 

method based on atmospheric pressure photoionization (APPI) has been developed for the 

accurate determination of short-chain chlorinated paraffins (SCCPs) in fish samples as a 

reliable alternative to the reported methods. The efficient ionization of SCCPs using the        

GC-APPI source was investigated, achieving the formation of an abundant [M+Cl]– adduct ion 

using dopant-assisted APPI in negative ion mode with acetone/CCl4 (3:1 v/v) mixture. 

Operating at a resolution of 70,000 FWHM (full width at half maximum) and using the adduct 

ion, a selective determination of the different congener groups was achieved, avoiding isobaric 

interferences between them and with other halogenated compounds. Moreover, the effect of 

the number of chlorine atoms on the GC-APPI-HRMS response was also investigated and was 

shown to be negligible being mainly influenced by the concentration. Thus, the concentrations 

of the different homologue groups of congeners in the SCCP mixtures were determined by the 

internal normalization method, and the quantification was performed independently of the 

SCCP standard mixture employed. The developed GC-APPI-HRMS method provides 

significant advantages over the existing methods, providing an important time-saving in the 

quantification. Additionally, the GC-APPI-HRMS method allowed the determination of SCCPs 

at low concentration levels with high accuracy and precision and can be proposed as a reliable 

alternative for the determination of these pollutants in environmental samples.
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1. Introduction 

Chlorinated paraffins (CPs) are complex mixtures of chlorinated n-alkanes containing 

thousands of isomers with carbon chain lengths from C10 to C30 and variable chlorination 

degree between 30% and 70% by weight [1]. To deal with this diverse class of compounds, 

CPs are categorized according to their chain lengths as short-chain (SCCPs, from C10 to 

C13), medium-chain (MCCPs, from C14 to C17) and long-chain chlorinated paraffins (LCCPs, 

more than C17) [2]. These compounds are used in a wide scope of industrial applications, 

such as additives in metalworking fluids, plasticizers, and flame retardants, and their 

production volume was estimated at around 13 million tonnes (1935-2012) [3], although it is 

still increasing (~1 million tonnes per year). Even though CPs have been extensively produced 

at high volume, data about their environmental fate is limited, mainly due to their challenging 

chemical analysis. Among CP mixtures, SCCPs are especially of concern since several 

studies revealed their persistence, toxicity, long-range transport capacity, and bioaccumulation 

and biomagnification potential through the food chain [4–6]. As a result, SCCPs are listed as 

persistent organic pollutants (POPs) by the Stockholm Convention for the elimination of their 

production and use (Annex A) [7]. They are also included in several regulatory lists such as 

the European Water Framework Directive [8].   

The analytical determination of SCCPs is challenging mainly due to the high complexity of the 

mixtures, the insufficient resolution between congeners, and the difficulties to perform an 

accurate quantification [9,10]. SCCPs are currently analysed by gas chromatography (GC), 

although their separation remains unachieved by a single-column GC, resulting in a broad 

hump in the chromatogram corresponding to a large number of co-eluting peaks that could be 

interfered with other CP mixtures (e.g., MCCPs) or halogenated compounds with similar 

retention times (e.g., PCBs and organochlorine pesticides). Comprehensive two-dimensional 

gas chromatography (GCxGC) has been used to improve the separation of SCCPs, but this 

technique only allowed a partial separation between congener groups with significant 

overlapping between homologues with different chlorination degrees [11]. Generally, the 

determination of SCCP mixtures has been mainly performed by gas chromatography coupled 

to electron-capture negative ion low-resolution mass spectrometry (GC-ECNI-LRMS) [12–15] 

by monitoring the [M–Cl]– and [M–HCl]– ions for congener group-specific analysis. However, 

multiple injections are needed to monitor all the ions corresponding to each homologue group 

[15] and interferences with longer chained CPs and between congeners with different 

chlorination degrees strongly affect the quantitative results [16]. Furthermore, the ionization 

efficiencies achieved with ECNI are highly dependent on the chlorination degree of CP 

congeners, and differences in the homologue composition between standards and samples 

often cause significant errors in the quantification (>300%) [17]. To decrease the strong 

dependency of ECNI with the chlorination degree some approaches have been employed 

based on a linear relationship between the response factors of the CP homologue groups and 

their chlorine content [15] and multiple linear regression [18]. Nevertheless, it is necessary the 
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use of SCCP standards with a homologue composition similar to the sample for achieving an 

accurate quantification [15,17,19]. GC-ECNI-HRMS has also been proposed to remove the 

isobaric CP interferences but a mass resolution higher than 20.000 [20] and multiple injections 

per sample are needed [19]. Recently, a fast method based on GC-ECNI-Orbitrap/HRMS has 

been reported, allowing the analysis of SCCPs and MCCPs in a single run, since it showed 

fewer interferences coming from other halogenated compounds [10]. As an alternative to      

GC-ECNI-MS methods, anion-attachment atmospheric pressure chemical ionisation (APCI) 

coupled to HRMS (APCI-qTOF/HRMS) has been proposed for the analysis of SCCPs by 

monitoring the chloride or bromide adduct ions generated by the addition of a halogenated 

reagent (e. dichloromethane, chloroform, or even bromoform) to the mobile phase [9,21–23]. 

These methods provide responses less affected by the chlorination degree, although in some 

cases they required a complex mathematical deconvolution method to achieve reliable 

quantification of CPs because the mass resolution obtained was not high enough to reach a 

complete removal of the isobaric interferences [24].  

During the last decades, the use of atmospheric pressure chemical ionisation (GC-APCI) and 

atmospheric pressure photoionisation (GC-APPI) in the GC-MS determination has been 

extensively explored since they are soft ionisation techniques which allow preserving the 

integrity of the molecular ion and provide efficient ionisation of a wide range of compounds 

[25]. Thus, GC-APPI interface has been recently developed [26] and successfully applied to 

the GC-HRMS determination of several pollutants, such as PCBs [27], polycyclic aromatic 

hydrocarbons [28,29], phthalates [29], neutral fluorinated compounds [30], and several 

families of environmental contaminants [31].  

The aim of the present work was to develop a new GC-APPI-HRMS method for a reliable 

determination of SCCPs in environmental samples based on chloride-attachment to propose 

a sensitive and selective method for the congener group quantification. To this end, the         

GC-APPI parameters, as well as the use of several chlorinated solvents and dopants that 

affect the ionization of the target compounds, were optimized to avoid isobaric interferences 

between CP congeners and to achieve a response less affected by the chlorination degree. 

Several mathematical approaches were also tested to ensure accurate quantification of 

SCCPs. The developed GC-APPI-HRMS method was validated and applied to the analysis of 

selected fish samples. 

2. Materials and Methods 

2.1. Chemical and standards 

A standard solution of CP congeners (Mix 2), containing 1,2,5,6,9-pentachlorodecane (CP-3), 

1,2,4,5,9,10-hexachlorodecane (CP-6), 1,2,4,5,6,9,10-heptachlorodecane (CP-7), 

2,3,4,5,6,7,8,9-octachlorodecane (CP-9) and 1,2,3,4,5,6,7,8,9-nonachlorodecane (CP-10), at 

concentrations ranging from 0.5 to 19 µg mL–1 was purchased from Dr. Ehrenstofer GmbH 

(Ausburg, Germany). Standard mixtures of SCCPs (100 µg mL–1) with a total chlorine content 
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of 51.5%, 55.5%, and 63%, and standard solutions of 13C-hexachlorobenzene (13C6-HCB, 100 

µg mL–1) and δ-hexachlorocyclohexane (δ-HCH, 100 µg mL–1), used respectively as injection 

and surrogate internal standard, were also supplied by Dr Ehrenstofer GmbH. Working 

standard solutions at concentrations lower than 10 µg mL–1 were prepared by appropriate 

dilution of the stock solutions in isooctane and stored at 4 oC until their analysis. To study the 

effect of potentially interfering compounds on the determination of SSCPs, two standard 

solutions, containing a mixture of seven polychlorinated biphenyls (PCB-Mix 1, CBs: 28, 52, 

101, 118, 138, 153 and 180) at a concentration of 10 µg mL-1 in isooctane and twenty-two 

organochlorine pesticides (Pesticide-Mix 1037) at a concentration of 10 µg mL-1 in 

cyclohexane, were purchased from Dr Ehrenstorfer (LGC Standards, Teddington, UK). 

Isooctane, dichloromethane, and n-hexane (for gas chromatography SupraSolv®,                  

purity ≥ 99.8%) were obtained from Merck (Darmstadt, Germany). Besides, acetone 

(LiChrosolv®, purity ≥99.8%) supplied by Merck,  tetrahydrofuran (PhotrexTM reagent, purity at 

99%) from J. T. Baker (Deventer, Holland), and anisole (analytical standard, purity ≥ 99,9 %), 

chlorobenzene and toluene (ChromasolvTM Plus, for HPLC analysis, purity ≥ 99%) supplied by 

Sigma-Aldrich (St Louis, MO, USA), were used as dopants for the optimization of APPI 

ionisation of the SCCPs. Helium AlphagazTM 1 (purity ≥ 99.999%), used as GC carrier gas, 

was supplied by Air Liquide (Madrid, Spain), while nitrogen (purity > 99.995%), from Linde 

(Barcelona, Spain), was employed as make-up gas for GC-APPI source. Sulphuric acid         

(95-97%) and anhydrous sodium sulphate (purity > 99%) of residue analysis grade were 

obtained from Merck. Florisil (0.15-0.25 mm) of residue analysis grade and silica gel (Gel 60) 

of chromatographic analysis quality were also obtained from Merck. Before use, the Florisil 

and silica gel were baked overnight at 550 ºC and kept in an oven at 180 ºC. Silica gel modified 

with sulphuric acid (44%, w/w) was prepared by slowly adding an appropriate amount of 

sulphuric acid to the activated silica at room temperature. All glassware was cleaned using 

chromosulphuric acid and rinsed consecutively with Milli-Q water, methanol, and acetone, and 

dried overnight at 180 ºC before use.  

2.2. Samples and sample treatment 

Fish samples (salmon and tuna) were purchased from a local supermarket and were selected 

for the analysis of SCCPs since they are among the most frequently fish products found in the 

Spanish diet [32]. Salmon was of agriculture origin, while tuna was caught in the Mediterranean 

Sea. Once fish was washed, the non-edible parts were removed to obtain the muscle clean 

tissue and it was triturated, homogenized, and lyophilized for three days. Then, the dried tissue 

was ground in a glass mortar to a fine powder and stored in glass vials in the dark at 4 ºC 

before analysis.  

The extraction of the lyophilized fish samples was performed on an ASE 100 Accelerated 

Solvent Extractor System (Dionex, Sunnyvale, CA). Before PLE extraction, an adequate 

amount of the δ-HCH was added to 1 g of the freeze-dried fish sample, which was left overnight 
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at room temperature to equilibrate. The sample was then mixed with sodium sulphate at a 

fish/Na2SO4 ratio of 1:2 (w/w) in a mortar until a homogenous mixture was obtained. The 

extraction cell was loaded by inserting a glass fibre filter into the cell outlets, followed by 20 g 

of acidified silica (44% sulphuric acid) as the fat retainer and the sample. Fish samples were 

extracted at 100 ºC with a solvent mixture of n-hexane:dichloromethane (1:1, v/v) using 3 

cycles of 5 min each and working at a pressure of 1500 psi, a flush volume of 60% and a purge 

time of 90 s for a 34 mL PLE extraction cell. For fractionation, the extract was then 

concentrated to ca. 2 ml using a rotary evaporator at room temperature and carefully 

transferred to the top of a glass column (200 mm x 15 mm I.D.) filled with 15 g of activated 

Florisil, previously rinsed with 50 mL of n-hexane. Two fractions were collected: (F1) with 30 

mL of n-hexane followed by 80 ml of a solvent mixture of n-hexane/DCM (95:5, v/v), that 

contained the PCBs and PBDEs, and (F2) with 30 mL of a mixture of n-hexane/DCM (1:1, v/v) 

where the SCCPs were eluted. The extracts were then rotary evaporated to approximately 2 

mL adding 100 µL of isooctane as a keeper. Afterwards, the extract was carefully concentrated 

under a gentle nitrogen stream up to 50 µL and 1 µL was injected into the GC-APPI-HRMS 

system after adding an adequate amount of 13C6-HCB as injection internal standard to obtain 

a final concentration of 5 ng mL-1 in the final extract. 

2.3. GC-APPI-HRMS instrumentation 

SCCP determination was achieved on a Trace 1300 gas chromatograph coupled to a Q-

Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA), 

employing an atmospheric pressure photoionisation ion source (GC-APPI) (MasCom 

Technologies GmbH, Bremen, Germany). The chromatographic separation was carried out 

using a TG-5MS (15 m x 0.25 mm I.D., 0.25 µm film thickness) fused-silica capillary column 

(Thermo Fisher Scientific), using helium as carrier gas at a constant flow rate of 1.0 mL min-1. 

The injector was operated at 270 oC in splitless injection mode (1 min) and the injection volume 

for standards and samples was 1 µL. The oven temperature was set as follows: 90 oC (held 

for 1 min) to 200 oC at 20 oC min-1 and then to 300 oC at 15 oC min-1 (held for 5 min). The 

transfer line, source and capillary temperatures were set at 280 oC, 200 oC and 180 oC, 

respectively. The GC-APPI source was equipped with a 10.6 eV krypton lamp (Syagen, Santa 

Ana, CA, USA) and operated in the negative ion mode due to the high electronegativity of the 

target compounds. For the APPI ionization of SCCPs, vapours of acetone/carbon tetrachloride 

(3:1 v/v, 70 µL min–1) were used as optimal dopant/chlorination agent mixture, and nitrogen 

was employed as make-up gas (gas pressure of 5 a.u.). Moreover, S-Lens RF was set at 20% 

to improve the ion transmission to the mass analyser. Data were acquired in full-scan mode 

from 60 m/z to 700 m/z at a mass resolution of 70,000 FWHM (full width at half maximum at 

200 m/z). Besides, to achieve the highest sensitivity with well-defined peak shape (at least 12 

points per peak), the automatic gain control (AGC) and maximum injection time were set at 

1·106 and 50 ms, respectively. The extracted ion chromatograms (XICs) were obtained using 

mass extraction windows with a tolerance of ±5 ppm to guarantee a high selectivity and quality 
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of the results. Xcalibur υ 3.1 software was employed to control the instrument setup and 

process the data acquisition. 

2.4. Quality control criteria 

Specific tests to check the GC separation, the sensitivity of the GC-APPI-HRMS and the 

validity of the calibration were carried out daily. Procedural blanks (both instrumental and 

method) were routinely performed during the analysis, and a quality control material consisted 

of a salmon sample with non-detectable amounts of the SCCPs spiked at 0.5 ng g-1 wet weight, 

was periodically analysed to ensure that the whole analytical method was maintained under 

control. Recoveries of target compounds were routinely checked and ranged between 91-96%. 

Moreover, the Orbitrap mass analyser was calibrated every 72 h using an electrospray source 

with a calibration solution, containing caffeine, MRFA peptide, Ultramark 1621 and butylamine 

in acetonitrile/methanol/water (2:1:1, v/v) with 1% (v/v) formic acid, to ensure the accuracy on 

the mass-to-ratio values reported. 

3. Results and Discussion 

3.1. Ionisation of SCCPs by GC-APPI  

The ionisation of SCCPs by GC-APPI was focused on the formation of characteristic ions of 

each homologue group that both avoids potential isobaric interferences between CP 

congeners with different carbon lengths and chlorination degrees and provides responses less 

affected by the number of chlorine atoms present in the molecule. The ionisation must be 

assisted by a dopant since they cannot be directly photoionised in the negative ion mode. 

Thus, vapours of several organic solvents, such as toluene, acetone, chlorobenzene, anisole, 

and tetrahydrofuran, were evaluated as possible dopant using a mixture of individual CP 

congeners (Mix 2). For all evaluated dopants, similar behaviour was observed in the mass 

spectra for all the compounds. For instance, the mass spectrum of a C10H15Cl7 paraffin using 

toluene vapours as dopant showed two abundant clusters corresponding to the superoxide 

[M+O2] –● and chloride [M+Cl] – adduct ions (see Fig. S1). In addition, some intense in-source 

CID fragments corresponding to the losses of Cl and HCl from the adduct ions were generated, 

increasing the number of potential isobaric interferences with other CP congeners. Under 

these conditions, differences in the ion abundance of mass spectra were observed depending 

on the number of chlorine atoms of the molecule. Fig. 1 shows the GC-APPI-HRMS mass 

spectra of different C10-paraffins, using acetone vapours as a dopant. As can be seen, when 

the number of chlorine atoms presents in the molecule was low than six chlorine atoms, the 

base peaks of mass spectra were the [M+O2]–● and [M+Cl]– adduct ions, while for heptachlor-

substituted congeners (C10H15Cl7) the [M+O2–Cl]– and [M+Cl–HCl]– in-source CID fragments 

were the most abundant cluster ions of the mass spectrum. However, SCCPs with a high 

number of chlorine atoms (≥ 8 Cl), the superoxide adduct ion was not generated and different 

in-source CID fragments coming from losses of HCl or Cl units were only observed
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These different ionisation behaviours could lead to isobaric mass interferences due to the 

overlap of ions coming from the coelution of CP congeners. Considering the last advances on 

the anion-attachment APCI as an alternative technique for the ionisation of short-chain 

chlorinated paraffins [9,22–24,33], the generation of a chloride adduct ion could be 

investigated for the ionization of these compounds by GC-APPI. Thus, the addition of 

chlorinated solvent to the dopant for favouring the formation of chloride adduct ions was 

evaluated. For this, a mixture of acetone/CCl4 vapours (3:1 v/v) was introduced into the         

GC-APPI source for optimizing the response of the [M+Cl]– as the base peak of the mass 

spectra (Fig. 1). The use of this dopant mixture hindered the formation of [M+O2]–● since the 

proportion of oxygen in the source decreased as a result of its displacement by the CCl4. 

Moreover, the abundance of in-source CID fragments diminished and only ions coming from 

successive losses of HCl from the chloride adduct ion were observed in the mass spectra. To 

maximise the ionisation efficiency of the [M+Cl]– ion several organic solvents (toluene, 

acetone, tetrahydrofuran, chlorobenzene, and anisole) were mixed with CCl4 (3:1 v/v). Fig. 2a 

shows the effect of these dopant mixtures on the response of individual CP congeners, being 

the acetone the solvent that provided the best results. This fact could be related to the highest 

vapour pressure of acetone, which allowed the release of a greater number of electrons after 

the photoionisation process, thus promoting better ionisation efficiency of the analytes. To 

select the most appropriate chlorination agent, mixtures of acetone with chlorobenzene, 

dichloromethane, chloroform, and carbon tetrachloride (3:1 v/v) were also tested (Fig. 2b). 

Under these conditions, it was observed the highest responses of [M+Cl]– adduct ions when 

the dopant contained CCl4, which is the highest chlorinated solvent and can easily release 

more chlorine atoms. Moreover, for SCCPs with more than seven chlorine atoms, the base 

peak of the mass spectrum depended on the employed chlorination agent. For instance, the 

C10H14Cl8 generated a chloride adduct ion as base peak when chloroform or carbon 

tetrachloride was used, whereas the most intense ion was [M+Cl–2HCl]– using 

dichloromethane or chlorobenzene as chlorinated agent (see Fig. S2). The dopant/chlorination 

agent ratio was also optimised from 10:1 (v/v) to 1:10 (v/v) at a fixed flow rate of 70 µL min–1, 

obtained the maximum response of the chloride adduct with a mixture acetone/carbon 

tetrachloride 3:1 (v/v). Consequently, this solvent mixture was selected as the most suitable 

dopant mixture to achieve an efficient ionisation of SCCPs by chloride-enhanced APPI.  

Other GC-APPI critical parameters, such as source and capillary temperatures, were also 

optimised. The source and capillary temperatures were evaluated between 200 oC and 250 oC 

and from 160 oC to 200 oC, respectively (see Fig. S3). Since the source temperature strongly 

affected the fragmentation of chloride adduct ions, a source temperature of 200 oC was 

selected. Also, the best responses for all the compounds were obtained at a capillary 

temperature of 180 oC and it was chosen as optimum value. Thus, it was possible to obtain a 

low fragmentation in mass spectra and, therefore, diminishing the risk of possible isobaric 

interferences between congeners. Under these conditions, a minimum resolution of 28,441 

FWHM was required to avoid these internal interferences between congeners, avoiding the  
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Figure 2.  Effect of dopant mixtures a) solvent/CCl4 (3:1 v/v) and b) acetone/chlorinated agent 

(3:1 v/v) on the abundance of chloride adduct ion for individual C10-paraffins. 

application of a deconvolution approach. Moreover, the monitorization of the chloride adduct 

ion allowed to separate the response of each homologue group in a SCCP mixture.  

As mentioned before, an important disadvantage of GC-ECNI-MS methods is the strong 

dependence of the response with the number of total chlorine atoms present in the molecule. 
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Thus, the ECNI responses increase with the number of chlorine atoms. To evaluate the 

response of the GC-APPI source with the chlorination degree of SCCP congeners, several 

experiments were conducted to determine the response factor of each homologue group. 

Thus, a mixture of individual CP congeners (Mix 2) was analysed with the GC-APPI-HRM by 

monitoring the most abundant ions of the [M+Cl]– cluster (see Table S1). As it can be observed 

in Fig. 3, where the response factor of each CP congener relative to C10H17Cl5 is represented, 

the effect of the number of chlorine atoms was strongly hindered, compared with the ECNI 

response, using chloride-attachment APPI for the ionisation of SCCPs. 

 
Figure 3. Effect of the number of chlorine atoms on the response of the [M+Cl]– and [M–Cl]– 

ions obtained by GC-APPI-HRMS and GC-ECNI-MS, respectively. 

Moreover, the small differences observed on the response between congeners may be also 

attributed to the effect of the position of the chlorine substituents in the molecule over the 

ionisation. Therefore, it can be deduced that the response of the chloride adduct ions by       

GC-APPI mainly depended on the concentration, considering negligible the effect on the 

response of both the number and the position of chlorine atoms in the molecule.  

3.2. Quantification of SCCPs by GC-APPI-HRMS   

As the GC-APPI response mainly depends on the concentration, it is possible to determine 

the concentration of each homologue group of congeners by an internal normalization. Thus, 

the contribution of each homologue group to the total SCCP area can be related to their 

concentrations in the SCCP mixture. Using this approach, the concentration of each 

homologue group was determined in three commercial SCCP standard mixtures with a total 

chlorine content of 63%, 55.5%, and 51.5% (see Table S2-S4). These profile concentrations 

were similar to those previously described in the literature using APCI-HRMS (TOF) method 
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[22]. For quantitative purposes, calibration solutions of each SCCP standard mixtures were 

prepared at concentrations ranged from 0.5 to 5 mg L–1 (total concentration of SCCPs) and 

the calibration curves for each homologue group were determined using the internal standard 

method. As an example, Fig. 4 shows the calibration curves obtained for the C13H22Cl6 

homologue group in the three available SCCP mixtures. 

 
Figure 4.  Calibration curves of the homologue group C13H22Cl6, by monitoring the [M+Cl]– ion 

and using for calibration individual SCCP standards and a mixture of the SCCPs 

with a total chlorine content of 51.5%, 55.5% and 63% Cl. 

Generally, good linearity was achieved for all the homologue groups with correlation 

coefficients ranging from 0.998 to 0.999. Moreover, by combining the calibration data of each 

homolog group corresponding to the three SCCP mixtures, there was still a good correlation 

between areas and concentrations, demonstrating that the calibration of each homologue 

group did not depend of the SCCP mixture used for quantification. Therefore, it is not 

necessary to know the chlorination content of the samples before analysing for selecting the 

adequate standard for the quantification. Using this approach, a considerable reduction in the 

analysis and data treatment time was achieved. 

3.3. Quality parameters of the GC-APPI-HRMS method 

To examine the feasibility of the developed GC-APPI-HRMS method for the determination of 

SCCPs several quality parameters were established. Instrumental limit of detection (ILOD), 

defined as the lowest amount injected that is possible to detect on a well-defined broad hump 

of at least one group of SCCPs isomers, was established for all the SCCP mixtures (51.5% 

Cl, 55.5% Cl and 63% Cl). ILODs ranged from 1 (SCCPs with 51.5% Cl) to 2 pg injected 

(SCCPs with 55.5% Cl and 63% Cl) of the total amount of SCCPs. Moreover, ILODs of each 
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homologue group of congeners were also determined (Table 1) and ranging from 0.07 to 0.19 

pg injected. These values were lower than those achieved by direct injection-APCI-qTOF   

(0.2–100 pg µL–1 for 5 µL injected) [22], and slightly lower than the values obtained by           

GC-ECNI-HRMS (0.03–2.02 pg injected) using an Orbitrap mass analyser [10].  

Table 1. Instrumental limits of detection (pg injected) of CP homologue groups by GC-APPI-

HRMS method. 

Homologue 
 

ILOD (pg injected) 

51.5% Cl 55.5% Cl 63%Cl Mean ± SD 

C10H18Cl4 0.10 0.10 – 0.101 

C10H17Cl5 0.15 0.10 0.10 0.12 ± 0.03 

C10H16Cl6 0.14 0.07 0.10 0.10 ± 0.04 

C10H15Cl7 0.12 0.16 0.10 0.13 ± 0.03 

C10H14Cl8 – 0.18 0.08 0.131 

C10H13Cl9 – – 0.10 0.101 

C10H12Cl10 – – 0.07 0.071 

C11H20Cl4 0.14 0.14 – 0.141 

C11H19Cl5 0.10 0.07 0.09 0.09 ± 0.01 

C11H18Cl6 0.10 0.07 0.05 0.07 ± 0.02 

C11H17Cl7 0.12 0.08 0.13 0.11 ± 0.02 

C11H16Cl8 0.20 0.15 0.11 0.15 ± 0.05 

C11H15Cl9 – 0.10 0.17 0.14 ± 0.05 

C11H14Cl10 – – 0.10 0.101 

C12H22Cl4 0.10 0.11 – 0.101 

C12H21Cl5 0.08 0.08 0.05 0.07 ± 0.02 

C12H20Cl6 0.07 0.10 0.12 0.10 ± 0.03 

C12H19Cl7 0.08 0.10 0.10 0.09 ± 0.01 

C12H18Cl8 0.15 0.08 0.14 0.12 ± 0.04 

C12H17Cl9 0.20 0.10 0.19 0.16 ± 0.05 

C12H16Cl10 – 0.20 0.19 0.191 

C13H24Cl4 0.20 0.12 – 0.161 

C13H23Cl5 0.10 0.11 0.06 0.09 ± 0.03 

C13H22Cl6 0.15 0.10 0.15 0.13 ± 0.03 

C13H21Cl7 0.08 0.10 0.11 0.10 ± 0.01 

C13H20Cl8 0.15 0.06 0.19 0.15 ± 0.08 

C13H19Cl9 0.22 0.14 0.19 0.19 ± 0.04 

C13H18Cl10 – 0.14 0.21 0.181 

Total SCCPs 2 2 1 1.7 ± 0.6 

1 Not present in all the SCCP formulation. 
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Table 2 shows the quality parameters of the developed method calculated using the SCCP 

standard mixtures in a working range from 0.25 to 5 ng µL–1 (total amount of SCCPs) at two 

different concentration levels (depending on the homologue group). Good precisions were 

achieved for the homologue groups and the total SCCPs with relative standard deviation lower 

than 7%. The trueness of the developed method was also quite good with relative errors      

(RE, %) lower than 8%. Method limits of detection (MLODs) were determined by analysing a 

blank salmon samples spiked with the target compounds at low concentration levels. MLOD 

values ranged from 0.017 to 0.035 ng g-1 wet weight. All these figures of merit demonstrated 

the good performance of the GC-APPI-HRMS method for the reliable quantification of SCCPs. 

To evaluate the selectivity of the GC-APPI-HRMS method the effect of some potential 

interfering compounds, such as PCBs and organochlorine pesticides, in the determination of 

SCCPs was investigated. Two standard mixtures containing seven CB congeners                

(PCB-Mix 1) and twenty-two organochlorine pesticides (Pesticide-Mix 1037) (see section 2.2.) 

at a concentration of 1 ng µL–1, were injected under the established GC-APPI-HRMS 

conditions. The ionisation efficiency achieved for most of these compounds was very low even 

at these high concentration levels. PCBs yielded the [M–Cl+O]– ions while most of the studied 

pesticides generated the [M+Cl]– ion as the base peak of the mass spectra. The minimal 

resolution (Rmin) required preventing these possible external interferences for the different 

SCCP homologue groups was 13,251 FWHM (Tables S5). This minimal resolution was even 

lower than that required for avoiding the potential isobaric interferences between CP 

congeners (28,441 FWHM). Therefore, the use of the proposed GC-APPI-HRMS method 

which operated at a resolution of 70,000 FWHM (resolution measured at m/z 200) provided a 

high selectivity on the determination of SCCPs with a negligible contribution of internal and 

external interferences. 

3.4. Analysis of fish samples 

To evaluate the real applicability of the developed HC-APPI-HRMS method for the 

determination of SCCPs in environmental samples, selected fish samples were analysed. 

Three salmon and two tune samples were analysed in triplicate and procedural blanks were 

also included to guarantee the absence of possible carryover between samples, assessing the 

quality of the results. Table 3 summarizes the results of the total SCCPs applying the two 

quantification approaches based on the use of a SCCP standard mixture (SCCPs 63%Cl) with 

a similar homologue composition to the analysed samples and a standard mixture of the three 

SCCP standards with a total chlorine content of 51.5%, 55.5% and 63%Cl. Total SCCP 

concentrations ranged between 25.8 and 28.3 ng g-1 wet weight, while the tune samples varied 

from 6.3 to 30 ng g-1 wet weight with good precision (RSD% <7%). In addition, a good 

agreement between the results obtained with the two calibration methods was achieved and 

no significant differences were observed between them (p-value > 0.82), demonstrating the 

feasibility of the quantification approaches.  
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Table 2. Quality parameters of the GC-APPI-HRMS method using SCCP standard mixtures. 

Homologue 
Group 

Conc.± SD 
(pg µL-1) 

Precision 
(RSD %) 

Conc.± SD 
(pg µL-1) 

Precision 
(RSD %) 

Trueness  
(RE %) 

 Low Level Medium Level Low Level Medium Level 

C10H18Cl4 0.49 ± 0.03 6 1.35 ± 0.06 4 1 –8 

C10H17Cl5 6.2 ± 0.2 3 16.8 ± 0.4 2 5 –5 

C10H16Cl6 10.6 ± 0.5 4 29 ± 1 4 5 –3 

C10H15Cl7 9.3 ± 0.4 4 27 ± 1 4 3 1 

C10H14Cl8 3.58 ± 0.04 2 10.5 ± 0.2 2 5 2 

C10H13Cl9 0.19 ± 0.01 5 0.56 ± 0.01 2 –4 –4 

C10H12Cl10 n.d.1 n.d.1 n.d.1 n.d.1 n.d.1 n.d.1 

C11H20Cl4 4.0 ± 0.1 3 11.5 ± 0.6 5 8 3 

C11H19Cl5 34 ± 2 6 94 ± 5 5 4 –5 

C11H18Cl6 50 ± 2 4 135 ± 5 4 3 –7 

C11H17Cl7 49.9 ± 0.3 1 135 ± 3 2 4 –6 

C11H16Cl8 56 ± 2 4 154 ± 4 3 1 –8 

C11H15Cl9 6.7 ± 0.5 7 19.3 ± 0.8 4 –0.4 –5 

C11H14Cl10 0.35 ± 0.02 6 1.04 ± 0.02 2 –5 –6 

C12H22Cl4 3.7 ± 0.1 3 10.0 ± 0.4 4 7 –4 

C12H21Cl5 32 ± 1 3 87.9 ± 0.9 2 4 –5 

C12H20Cl6 47.5 ± 0.7 2 128 ± 4 3 5 –6 

C12H19Cl7 48 ± 3 6 141 ± 2 2 3 0.2 

C12H18Cl8 32 ± 1 3 91.8 ± 0.7 1 1 –5 

C12H17Cl9 13.3 ± 0.7 5 38 ± 1 3 1 –5 

C12H16Cl10 1.98 ± 0.09 5 5.4 ± 0.2 4 5 –4 

C13H24Cl4 1.62 ± 0.06 4 4.4 ± 0.1 2 4 –7 

C13H23Cl5 15.4 ± 0.4 3 42 ± 2 5 4 –5 

C13H22Cl6 26 ± 1 4 71 ± 1 2 2 –6 

C13H21Cl7 24 ± 1 4 69 ± 3 4 1 –4 

C13H20Cl8 20.3 ± 0.9 4 59 ± 2 3 –1 –5 

C13H19Cl9 12.1 ± 0.3 3 34.6 ± 0.7 2 1 –4 

C13H18Cl10 2.7 ± 0.1 4 8.0 ± 0.1 2 –2 –2 

Total SCCPs 515 ± 16 3 1429 ± 80 6 3 –5 

1 non detected in the SCCP standard mixture. 

Besides, the concentrations of each homologue groups were also determined for the analysed 

samples and the results showed that the C11-SCCPs were found at high concentration levels, 

especially for the C11H19Cl5 and C11H18Cl6, which were determined at the highest values    

(Table 4). 
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Table 3. Concentrations of the total SCCPs (ng g–1 wet weight) found in selected fish 

samples using different quantification approaches. 

Sample Quantification approach   

 SCCP standard with similar % Cl 1 Mixture of SCCP standards1,2 

Salmon #1 25.8 ± 1.2 25.3 ± 1.2 

Salmon #2 26.0 ± 0.3 25.3 ± 0.2 

Salmon #3 28.3 ± 0.9 27.5 ± 0.9 

Tuna #1 6.3 ± 0.4 5.7 ± 0.4 

Tuna #2 30.0 ± 1.0 28.5 ± 1.3 
1 Calculated as mean (n=3) ± standard deviation. 
2 Mixture of SCCP standards with a total chlorine content of 51.5%, 55.5% and 63%. 

As an example, Fig. 5 shows the concentration profile of the individual groups of isomers found 

in a salmon sample. The concentration profile of the homologue groups showed similarities 

with the homologue distribution of SCCPs with 55.5% and 51.5% chlorine content. So, a 

mixture of them should be used to avoid quantification errors when working with ECNI-based 

methods. Therefore, the use of the developed GC-APPI-HRMS method allowed the adequate 

quantification of both the total amount of SCCPs and the individual group of congeners using 

a mixture of commercially available SCCP standards, which involves an important time 

reduction and a better selectivity than the traditional methods. 

4. Conclusions 

This work demonstrates, for the first time, the capabilities of the new GC-APPI source for the 

accurate determination SCCP congeners in fish samples by GC-HRMS (Orbitrap). The 

efficient ionization of the CP congeners was accomplished by dopant-assisted GC-APPI using 

solvent vapours of acetone/CCl4, (3:1 v/v) as a dopant and operating in the negative-ion mode. 

Under these conditions, the GC-APPI source allowed the formation of intense [M+Cl]– adduct 

ions for all the homologue groups with a very low fragmentation. Monitoring these adduct ions 

in full-scan mode at a high mass resolution (70,000 FWHM) provided suitable sensitivity and 

selectivity for the determination of SCCPs, minimizing the possible isobaric interferences 

between CP congeners and with other halogenated compounds. In addition, the GC-APPI-

HRMS provided responses no dependent on the number of chlorine atoms of the molecule 

and were mainly proportional to the concentration, allowing a selective determination of the 

CP congener groups without interferences. Thus, the concentration of each of homologue 

group in the SCCP mixture was estimated by the internal normalization method, and the 

quantification was accomplished by the internal standard method using mixtures of SCCP 

standards with 51.5, 55.5, 63% Cl as calibration solution for quantification.  
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Figure 5. Concentration profile of each homologue group of SCCPs obtained for the       

salmon #1 sample and the standard formulations (63%, 55.5%, 51.5% Cl). 
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. Table 4. SCCP concentration of each homologue group (ng g–1 wet weight) in selected fish 

samples. 

Homologue Concentration (ng g–1 wet weight)1 

 Salmon #1 Salmon #2 Salmon #3 Tuna #1 Tuna #2 

C10H18Cl4 0.0531 ± 0.0005 0.071 ± 0.006  0.050 ± 0.006 0.005 ± 0.001 <MLOQ3  

C10H17Cl5 0.96 ± 0.07 1.35 ± 0.02 1.06 ± 0.03 0.040 ± 0.003 0.0117 ± 0.0003 

C10H16Cl6 1.8 ± 0.1 2.56 ± 0.04 1.69 ± 0.04 6.4 ±0.4 0.0032 ± 0.0004 

C10H15Cl7 0.31 ± 0.02 0.31 ± 0.01 0.231 ± 0.005 – <MLOQ3  

C10H14Cl8 0.035 ± 0.002 0.025 ± 0.002 0.009 ± 0.001 – – 

C10H13Cl9 <MLOQ2 – – – – 

C10H12Cl10 – – – – – 

C11H20Cl4 0.21 ± 0.01 0.28 ± 0.01 0.23 ± 0.02 0.012 ± 0.001 1.00 ± 0.03 

C11H19Cl5 3.3 ± 0.2 4.46 ± 0.08 3.9 ± 0.2 0.035 ± 0.003 10.9 ± 0.1 

C11H18Cl6 3.9 ± 0.2 4.52 ± 0.03 4.1 ± 0.1 0.012 ± 0.001 10.2 ± 0.7 

C11H17Cl7 1.1 ± 0.1 1.01 ± 0.05 1.00 ± 0.04 0.0054 ± 0.0004 4.7 ± 0.4 

C11H16Cl8 0.28 ± 0.02 0.10 ± 0.01 0.125 ± 0.004 0.0032 ± 0.002 1.8 ± 0.1 

C11H15Cl9 0.046 ± 0.006 <MLOQ2 <MLOQ2 – 0.19 ± 0.01 

C11H14Cl10 0.017 ± 0.001 – – – 0.045 ± 0.004 

C12H22Cl4 0.27 ± 0.02 0.40 ± 0.01 0.36 ± 0.04 0.007 ± 0.001 <MLOQ3 

C12H21Cl5 1.98 ± 0.03 2.45 ± 0.04 2.5 ± 0.1 0.0032 ± 0.003 0.011 ± 0.001 

C12H20Cl6 2.03 ± 0.05 1.91 ± 0.05 2.21 ± 0.09 <MLOQ3  0.022 ± 0.002 

C12H19Cl7 1.7 ± 0.2 0.48 ± 0.03 1.94 ± 0.03 <MLOQ3 0.015 ± 0.002 

C12H18Cl8 0.24 ± 0.02 0.0162 ± 0.0003 0.180 ± 0.006 <MLOQ3  0.0047 ± 0.0009 

C12H17Cl9 0.059 ± 0.005 <MLOQ2 0.013 ± 0.001 – <MLOQ3  

C12H16Cl10 0.079 ± 0.007 – – – – 

C13H24Cl4 0.54 ± 0.04 0.69 ± 0.05 0.63 ± 0.06 0.0052 ± 0.0002 <MLOQ3  

C13H23Cl5 1.7 ± 0.1 1.66 ± 0.03 1.9 ± 0.1 0.0033 ± 0.0005 <MLOQ3 

C13H22Cl6 1.40 ± 0.06 1.10 ± 0.06 1.77 ± 0.06 <MLOQ3 <MLOQ3 

C13H21Cl7 1.04 ± 0.09 0.11 ± 0.01 1.22 ± 0.02 <MLOQ3  <MLOQ3 

C13H20Cl8 0.43 ± 0.04 0.13 ± 0.02 0.44 ± 0.02 <MLOQ3  <MLOQ3  

C13H19Cl9 0.098 ± 0.008 <MLOQ2 0.032 ± 0.002 – <MLOQ3 

C13H18Cl10 0.024 ± 0.003 – – – – 
1 Calculated as the mean (n=3) ± standard deviation. 
2 MLOQ (Salmon): 0.002-0.008 ng g–1 ww. 
3 MLOQ (Tuna): 0.001-0.003 ng g–1 ww. 

The proposed GC-APPI-HRMS allowed the analysis of both the total amount of SCCPs and 

the homologue groups of congeners, providing valuable information on the homologue 

composition and achieving a reduction on the analysis time and data treatment compared with 
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the classical approaches. Besides, the developed GC-APPI-HRMS method showed a great 

detection capability (ILODs:1-2 pg injected and MLODs: 0.017-0.034 ng g-1 ww for total 

SCCPs) and also a good precision (RSD% <7%) and trueness (RE% <8%). The GC-APPI-

HRMS method has been successfully applied to the analysis of SCCPs in fish samples 

demonstrating its excellent performance and it is proposed as a reliable alternative to the     

GC-ECNI-MS methods. 
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Table S2. Concentration of each homologue group in the SCCP standard mixture with a total 

chlorine content of 51.5%. 

Homologue 
Group 

ACxHyClz/ΣASCCP
1 

P1  
(µg L–1) 

P2  
(µg L–1) 

P3  
(µg L–1) 

P4  
(µg L–1) 

P5  
(µg L–1) 

P6  
(µg L–1) 

C10H18Cl4 0.0022 1.1 1.7 2.2 3.4 6.7 11.2 

C10H17Cl5 0.013 6.5 9.8 13.1 19.6 39.2 65.3 

C10H16Cl6 0.0075 3.8 5.6 7.5 11.3 22.5 37.6 

C10H15Cl7 0.0012 0.59 0.88 1.17 1.76 3.52 5.87 

C10H14Cl8 - - - - - - - 

C10H13Cl9 - - - - - - - 

C10H12Cl10 - - - - - - - 

C11H20Cl4 0.016 8.2 12.3 16.4 24.7 49.3 82.2 

C11H19Cl5 0.12 58 87 116 175 349 582 

C11H18Cl6 0.093 46 70 93 139 279 464 

C11H17Cl7 0.023 11 17 23 34 68 113 

C11H16Cl8 0.0020 1.0 1.5 2.0 2.9 5.9 9.8 

C11H15Cl9 - - - - - - - 

C11H14Cl10 - - - - - - - 

C12H22Cl4 0.020 10 15 20 29 59 98 

C12H21Cl5 0.16 80 120 160 239 479 798 

C12H20Cl6 0.16 82 124 165 247 494 824 

C12H19Cl7 0.056 28 42 56 84 168 279 

C12H18Cl8 0.0065 3.2 4.9 6.5 9.7 19.5 32.4 

C12H17Cl9 0.00026 0.13 0.19 0.26 0.39 0.77 1.29 

C12H16Cl10 - - - - - - - 

C13H24Cl4 0.012 6.2 9.4 12.5 18.7 37.4 62.4 

C13H23Cl5 0.11 54 80 107 161 321 535 

C13H22Cl6 0.13 66 100 133 199 399 664 

C13H21Cl7 0.057 28 43 57 85 171 284 

C13H20Cl8 0.0092 4.6 6.9 9.2 13.8 27.6 46.0 

C13H19Cl9 0.00068 0.34 0.51 0.68 1.03 2.05 3.42 

C13H18Cl10 - - - - - - - 

∑SCCP 1.00 500 750 1000 1500 3000 5000 
1Calculated from [SCCP] of 3 mg L–1 (51.5% Cl formulation, n=3). 
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Table S3. Concentration of each homologue group in the SCCP standard mixture with a total 

chlorine content of 55.5%. 

Homologue 
Group 

ACxHyClz/ΣASCCP
1 

P1  
(µg L–1) 

P2  
(µg L–1) 

P3  
(µg L–1) 

P4  
(µg L–1) 

P5  
(µg L–1) 

P6  
(µg L–1) 

C10H18Cl4 0.0012 0.58 0.87 1.15 1.73 3.46 5.77 

C10H17Cl5 0.015 7.7 11.6 15.4 23.2 46.3 77.2 

C10H16Cl6 0.016 8.2 12.4 16.5 24.7 49.5 82.5 

C10H15Cl7 0.0049 2.5 3.7 4.9 7.4 14.8 24.6 

C10H14Cl8 0.00051 0.25 0.38 0.51 0.76 1.52 2.54 

C10H13Cl9 - - - - - - - 

C10H12Cl10 - - - - - - - 

C11H20Cl4 0.0059 2.9 4.4 5.9 8.8 17.6 29.4 

C11H19Cl5 0.093 46 70 93 139 279 465 

C11H18Cl6 0.14 68 102 136 204 408 679 

C11H17Cl7 0.062 31 46 62 92 185 308 

C11H16Cl8 0.011 5.4 8.1 10.8 16.1 32.3 53.8 

C11H15Cl9 0.00091 0.46 0.68 0.91 1.37 2.74 4.56 

C11H14Cl10 - - - - - - - 

C12H22Cl4 0.0037 1.8 2.8 3.7 5.5 11.1 18.4 

C12H21Cl5 0.086 43 65 86 130 259 432 

C12H20Cl6 0.17 85 127 169 254 507 845 

C12H19Cl7 0.11 54 81 109 163 326 543 

C12H18Cl8 0.028 14 21 28 42 84 140 

C12H17Cl9 0.0035 1.7 2.6 3.5 5.2 10.5 17.5 

C12H16Cl10 0.000084 0.04 0.06 0.08 0.13 0.25 0.42 

C13H24Cl4 0.0023 1.1 1.7 2.3 3.4 6.8 11.3 

C13H23Cl5 0.040 20 30 40 60 121 201 

C13H22Cl6 0.10 49 73 98 147 293 489 

C13H21Cl7 0.087 43 65 87 130 260 433 

C13H20Cl8 0.022 11 17 22 34 67 112 

C13H19Cl9 0.0049 2.4 3.7 4.9 7.3 14.6 24.4 

C13H18Cl10 0.00019 0.10 0.15 0.19 0.29 0.58 0.97 

∑SCCP 1.00 500 750 1000 1500 3000 5000 
1Calculated from [SCCP] of 3 mg L–1 (55.5% Cl formulation, n=3).



Chapter 3. Determination of Chlorinated Organic Compounds 

 

299 
 

Table S4. Concentration of each homologue group in the SCCP standard mixture with a total 

chlorine content of 63%. 

Homologue 
Group 

ACxHyClz/ΣASCCP
1 

P1  
(µg L–1) 

P2  
(µg L–1) 

P3  
(µg L–1) 

P4  
(µg L–1) 

P5  
(µg L–1) 

P6  
(µg L–1) 

C10H18Cl4 0.0000066 0.003 0.005 0.007 0.010 0.020 0.033 

C10H17Cl5 0.0034 1.7 2.5 3.4 5.1 10.1 16.9 

C10H16Cl6 0.021 10 16 21 31 62 104 

C10H15Cl7 0.030 15 22 30 44 89 148 

C10H14Cl8 0.013 7 10 13 20 40 66 

C10H13Cl9 0.0019 1.0 1.4 1.9 2.9 5.7 9.6 

C10H12Cl10 0.000032 0.02 0.02 0.03 0.05 0.10 0.16 

C11H20Cl4 0.000011 0.005 0.008 0.011 0.016 0.033 0.055 

C11H19Cl5 0.0061 3.0 4.6 6.1 9.1 18.3 30.5 

C11H18Cl6 0.044 22 33 44 66 132 220 

C11H17Cl7 0.15 76 114 152 228 455 759 

C11H16Cl8 0.11 56 84 112 168 335 559 

C11H15Cl9 0.032 16 24 32 48 96 160 

C11H14Cl10 0.0037 1.8 2.8 3.7 5.5 11.0 18.4 

C12H22Cl4 – – – – – – – 

C12H21Cl5 0.0016 0.80 1.20 1.60 2.40 4.79 7.99 

C12H20Cl6 0.027 14 21 27 41 82 137 

C12H19Cl7 0.11 54 81 109 163 326 543 

C12H18Cl8 0.13 67 100 133 200 400 667 

C12H17Cl9 0.070 35 52 70 104 209 348 

C12H16Cl10 0.014 6.8 10.2 13.6 20.3 40.7 67.8 

C13H24Cl4 – – – – – – – 

C13H23Cl5 0.00021 0.10 0.15 0.21 0.31 0.62 1.03 

C13H22Cl6 0.0064 3.2 4.8 6.4 9.6 19.2 31.9 

C13H21Cl7 0.041 20 30 41 61 122 203 

C13H20Cl8 0.086 43 64 86 129 258 430 

C13H19Cl9 0.073 36 54 73 109 218 363 

C13H18Cl10 0.022 11 16 22 33 65 109 

∑SCCP 1.00 500 750 1000 1500 3000 5000 
1Calculated from [SCCP] of 3 mg L–1 (63% Cl formulation, n=3). 
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Supporting Figures 

 
Figure S1. Mass spectrum of C10H15Cl7 by GC-APPI-HRMS using toluene vapours as dopant. 

 
Figure S2. GC-APPI-HRMS mass spectra for a C10H14Cl8 using acetone vapours mixed with 

a) dichloromethane, b) chlorobenzene, c) chloroform and d) carbon tetrachloride 

(3:1 v/v). 
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Figure S3. Effect of source (above) and capillary (down) temperatures on the chloride adduct 

ion abundance of peta-, hexa- and heptachlorodecanes. 
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3.3. Discussion of the results 

This section includes the discussion of the results corresponding to the experimental works 

(Article V, VI, VII, VIII, and IX) described in this chapter. The discussion focuses on two main 

subjects: (i) new analytical methodologies for the determination of chlorinated organic 

contaminants, emphasizing the advantages for achieving a sensitive and selective 

determination of the different families of compounds in environmental samples, and (ii) effects 

of dopants on the ionization of halogenated organic contaminants by GC-APPI, studying the 

significant role of physicochemical properties in the ionization efficiency. 

3.3.1.  New analytical methodologies for the determination of chlorinated organic 

contaminants 

As can be seen in Table 3.2, most of the common analytical determinations of chlorinated 

organic contaminants show some limitations in terms of chromatographic separation, 

ionization, or resolution/sensitivity of some mass analyzer, which might be faced by using new 

analytical trends, especially when dealing with very complex samples. 

With regards to chromatographic separations, one-dimensional gas chromatography has 

limitations to separate very complex mixtures that contain a large number of compounds with 

similar chemical structures. For instance, in this Thesis the chromatographic separation of the 

complex mixture of PCNs using a single column has not been enough to achieve the complete 

congener-specific determination. Different authors have reported the use of comprehensive 

two-dimensional gas chromatography to improve the chromatographic separation of these 

compounds, although these methods required long analysis time. For instance, Hanari et al. 

[156] proposed a GCxGC-MS method (runtime: 3h 25min) using 14% cyanopropylphenyl/86%

dimethyl polysiloxane (Rt-βDEXcst) as the first dimensional column and a a polyethylene 
glycol-based stationary phase (DB-WAX) as the second-dimensional column. Although the 
orthogonality of these stationary phases allows a good separation of PCNs (closely eluted) for 
tetra-, penta- and hexaCNs isomers, some difficulties may also arise due to the low maximum 
temperature allowed on the column, which requires a very slow temperature program to 
achieve the complete chromatographic separation of the analytes. Article VI deals with the 
evaluation of an ionic liquid (IL) stationary phase as a second dimension to improve the 
congener-specific determination of PCNs. The proposed IL-based column consists of a 
1,12-di(tripropylphosphonium)dodecane bis(trifluoromethylsulfonyl)imide stationary phase 
([C12(P333)2]+[NTf2]‒), which has exceptional physicochemical properties, such as negligible 
vapor pressure, high thermal stability, and high wetting capacity and viscosity, to be used as 
a chromatographic column for the separation of these compounds [369,370]. In addition, this 
IL-based column retains PCNs similarly to polyethylene glycol-based columns, like DB-WAX, 
but with better phase stability (lower column bleeding) and higher maximum temperature 
(ca. 50 ºC higher than DB-WAX). Thus, faster temperature programs can be carried out, 
achieving the separation of PCN congeners in only 2h 20min, as it can be observed in Fig. 2
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of Article VI, which represents a decrease of 32% over the already reported GCxGC separation 

[156]. This GCxGC separation using the ([C12(P333)2]+[NTf2]‒ stationary phase as second 

dimension column even allowed the separation of the most problematic tetra-, penta- and 

hexaCNs pairs. The characterization of Halowax formulations using this new column provided 

similar abundance profiles than those reported in the literature [156,371], which demonstrated 

the good performance of the GCxGC (DB-5MS/SLB-IL60)-MS method proposed in this Thesis. 

The separation of all PCN congeners may help on a better estimation of PCN relative potencies 

(RPs), especially those pairs of high toxicity that generally coelute like 1,2,3,4,6,7- and 

1,2,3,5,6,7-hexaCNs (CN-66 and CN-67). 

The determination of CPs is another analytical challenge from the chromatographic separation 

point of view. In this sense, the use of GCxGC can be a good alternative and it has already 

shown great potential in the separation of congeners of CPs [111,366,372]. However, this 

technique does not yet allow complete separation of all SCCP and MCCP congener groups. 

As mentioned in Section 1.2.1, the ion mobility-mass spectrometry (IM-MS) may be an 

interesting technique to improve the separation of small molecules, such as SCCPs and 

MCCPs. During the research stay at the Applied Analytical Chemistry group at the University 

of Duisburg-Essen, GCxGC (1st dimension: DB-5MS, 30 m x 0.25 mm; I.D. 0.25 µm; 2nd 

dimension: Rtx-17silMS, 2 m x 0.15 mm; I.D. 0.15 µm; modulator: double hot/cold jet 

modulator using liquid nitrogen) was coupled to a high-resolution mass spectrometer equipped 

with a drift tube as ion mobility cell, consisting of an Agilent 6560 Ion Mobility Q-TOF (Agilent 

Technologies) that used N2 as drift gas. Additionally, this system used a GC-APPI source as 

an alternative ionization system to overcome some of the limitations observed when using 

µECD or NICI-MS [373]. The GCxGC-APPI-HRMS allowed a more selective detection of 

SCCP and MCCP congener groups from 4 to 12 chlorine atoms, although some of them still 

coelute being able to act as potential interferences. Thus, the addition of one more dimension 

through the use of ion mobility (GCxGC-APPI-IM-HRMS) was explored to increase the 

separation capacity to solve the remaining separation problems. Fig. 3.1a shows the 

separation of SCCPs and MCCPs (represented as the drift time vs. acquisition time) by 

monitoring [M+Cl]‒ ions. Under these conditions, ion mobility did not provide an improvement 

over the separation of the analytes already achieved by GCxGC-APPI-HRMS. In fact, if we 

extract one frame of the IM separation (Fig. 3.1b), it can be observed that different congener 

groups have the same drift time, leading to a unique peak and, therefore, not improving peak 

capacity and separation from that achieved by GCxGC. Different strategies such as 

multiplexing were also tried, although any positive results were obtained due to the probable 

small differences in the CCS values between all congeners. Moreover, the labile [M+Cl]‒ 

adduct ion was fragmented in some cases due to the collision of the molecules with the 

nitrogen drift gas, thus reducing the advantages of the GC-APPI source. Therefore, these 

results show that current IM-MS systems do not produce any improvement over GCxGC, and 

further advances in IM-MS technology are required to face the complete separation of SCCP 
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Fig. 3.1. GCxGC-APPI-IM-HRMS (QTOF) separation of SCCPs and MCCPs represented as 

a) drift time (IM) vs. acquisition time (GC) and b) drift time vs. m/z value in the frame

15.85-15.95 min.

and MCCP congener groups. However, the potential of GCxGC-APPI-HRMS could be 

assessed to avoid possible underestimation of the concentrations when using NICI [373]. 

Regarding the ionization, the feasibility of GC-API-HRMS, especially with the GC-APPI source, 

was assessed for several families of contaminants to provide a selective and sensitive 

determination. Table 3.3 summarizes the most relevant characteristics of the developed 

analytical determinations based on GC-APPI-HRMS for the analysis of PCDD/Fs, dl-PCBs, 

and PCNs. In general, negative ion GC-APPI provided the highest ionization efficiency through 

the phenoxide ion and other related ions. The formation of these ions was fully described in 

Article VIII (Table 1). Generally, the electrons released after the dopant photoionization 

process may interact with trace amounts of oxygen in the gas-phase to generate the 

superoxide ion. After that, this ion could interact with analyte molecules leading to the 

formation of the characteristic [M‒Cl+O]‒ cluster ion as it has been shown in Fig 1.15b 

(Chapter 1, Section 1.2.2). These cluster ions could also be formed by electron capture of the 

neutral molecules and further interactions with the oxygen in the gas-phase [207]. Although 

phenoxide ions were the only peaks observed in the mass spectra for PCDFs, dl-PCBs, and 

PCNs, other ions were also detected for PCDDs depending on the number of chlorine atoms 

present in the molecule. Fig. 3.2 shows the tentative ion structures proposed for some ions 

generated for PCDDs using negative ion GC-APPI. As showed in Article VIII (Fig. 3),           

[M‒Cl+O2]‒ ion was the base peak of the 2,3,7,8-TCDD mass spectrum, whereas [M‒Cl+O]‒ 

was the most abundant ion for PeCDDs and HxCDDs. In contrast, HpCDDs and OCDD mainly 

yielded the [M‒Cl]‒ ion. 

a)

b)
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Table 3.3. Sample treatment and the main operational parameters of the GC-APPI-HRMS 

(Orbitrap) methods developed to determine PCDD/Fs, dl-PCBs and PCNs. 

Parameter PCDD/Fs dl-PCBs PCNs 

Sample treatment 

Sample type Fly ash, sludge, sediment, soybean meal, feed oil Marine sediments 
Sample amount 1-40 g 10 g 
Extraction Soxhlet (24 h) Soxhlet (24 h) 

Solvent Toluene/cyclohexane (1:1, v/v, 300 mL) Hexane/CH2Cl2 (1:1, v/v, 300 mL) 
Clean-up  Acidified silica gel column (H2SO4, 44% w/w) 1. Activated Florisil column 

  (F1: 50 mL hexane, PCBs, rejected) 
   (F2: 100 mL hexane/CH2Cl2, PCNs 

and SCCPs) 

2. SPE (ENVI-Carb Plus) 

   (F1: 50 mL hexane, SCCPs, rejected) 
  (F2: 50 mL toluene, PCNs)a 

Fractionation 1. Multilayer silica column 
2. Basic alumina column 
    (F1: dl-PCBs) 
    (F2: PCDD/Fs) 

3. Carbon column 
    (only for F2: PCDD/Fs) 

Surrogate IS 13C12-PCDD/Fs 13C12-dl-PCBs ‒ 
Injection IS 13C12--PCDDs 13C12-PCBs 13C12-PCBs 

Chromatography 

Injection volume 1.5 µL 1 µL 1 µL 
Injection mode Splitless (1 min, 280 ºC) 

 
Splitless (1 min, 280 ºC) 

 
Splitless (1 min, 280 ºC) 

 
Column DB-5MS UI 

(60 m x 0.25 mm; 0.25 µm) 
DB-5MS UI 

(60 m x 0.25 mm; 0.25 µm) 
DB-5MS UI 

(30 m x 0.25 mm; 0.25 µm) 
Mobile phase He (1.0 mL min-1) He (1.0 mL min-1) He (1.0 mL min-1) 

Mass spectrometry 

Ionization source 

Polarity Negative Negative Positive 
Dopant Benzene  

(90 µL min-1) 
Diethyl ether  
(90 µL min-1) 

Toluene 
(70 µL min-1) 

Make-up gas N2 (5 a.u.) N2 (5 a.u.) N2 (5 a.u.) 
S-Lens (%) 50 50 50 
Source temp. 250 ºC 225 ºC 210 ºC 
Capillary temp. 225 ºC 225 ºC 210 ºC 

Mass Analyzer 

Resolution 70,000 FWHM 70,000 FWHM 35,000 FWHM 

Acquisition Full scan  
(100-600 m/z) 

Full scan  
(100-600 m/z) 

Full scan  
(100-600 m/z) 

Monitored ions [M‒Cl+O2]‒/  
[M‒Cl+O]‒/ [M‒Cl]‒ 

[M‒Cl+O]‒ [M]+● 

a Backflushed. 

Differences in the nature of the ions observed for this family of compounds could be related to 

both steric hindrance and the repulsion effect of chlorine atoms in the molecule. While TCCD 

is less affected by these effects, allowing the attachment of the superoxide moiety, PeCDDs 

and HxCDDs only may stabilize one oxygen atom in their chemical structure. In the case of 

HpCDDs and OCDD, the significant steric hindrance and repulsion can make the interaction 

with oxygen atoms difficult, and, therefore, the molecule is better stabilized by the loss of one 

chlorine atom. As mentioned above, this clear influence of the number of chlorine atoms in the  
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Fig. 3.2. Tentative structures of the ions generated for a) 2,3,7,8-TCDD, b) 1,2,3,4,7,8-HxCDD, 

and c) OCDD in negative ion GC-APPI. 

ionization is completely different from that observed with other planar related compounds 

(PCDFs, dl-PCBs, and PCNs). The lower number of oxygen atoms in the structure (one for 

PCDFs, and none for dl-PCBs and PCNs) may reduce both the steric hindrance and the 

repulsion effect, thus promoting the formation of the phenoxide ion. Negative ion APPI 

provided a high ionization efficiency of compounds with more than 3 chlorine atoms. However, 

mono- and diCNs showed poor responses under the same conditions. The low number of 

chlorine atoms in the structure may reduce the electronegativity of the molecule, decreasing 

the tendency to eliminate a chlorine atom and, thereby, hampering the formation of the 

phenoxide ion. In contrast, PCNs also showed a high ionization efficiency for all the PCN 

congener groups working in positive ion GC-APPI and GC-APCI through the molecular ion 

formation (Article VII, Fig. 1). 

APPI ionization is generally assisted by dopants such as toluene, chlorobenzene, anisole, 

tetrahydrofuran or acetone. However, low vapor pressure (VP) could lead to solvent 

condensation problems, thus reducing the concentration of these dopants in the gas-phase. 

For instance, the use of anisole, which has a low vapor pressure (VP: 4.2 Torr, 25 ºC), provided 

the lowest ionization efficiency of PCNs by negative ion GC-APPI (Article VII, Fig. 2). 

Additionally, this low vapor pressure leads to a longer residence time of the dopant in the     

GC-APPI ion source, which negatively affects the throughput of this technique since it requires 

a more exhaustive cleaning of the ion source. In contrast to anisole, other organic solvents 

with high vapor pressures and ionization energies (IE) lower than 10.6 eV have been evaluated 

as alternative dopants. In this Thesis, diethyl ether (IE: 9.53, VP: 440 Torr, 25 ºC) and benzene 

(IE: 9.24, VP: 75 Torr, 25 ºC) have been proposed for the first time as APPI dopants. Generally, 

the nature of the ions present in the mass spectra of the target compounds did not depend on 

the dopant vapor used in GC-APPI negative ion mode since the ionization is mediated by the 

b)a)

[M‒Cl+O]-[M‒Cl+O2]
-

[M‒Cl]-

c)
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electrons released during the dopant photoionization process. Among the dopants tested, 

diethyl ether frequently provided the best ionization efficiency for most of PCDD/Fs, dl-PCBs, 

and PCNs. The high vapor pressure of this solvent may lead to higher dopant concentration in 

the gas-phase, increasing the number of electrons released after the dopant photoionization 

process and, thereby, promoting further gas-phase reactions to ionize the analytes. However, 

the dopant ionization energy also affects the ionization efficiency of the analytes. For instance, 

TCDD ionizes more efficiently using benzene as dopant, even though diethyl ether has a 

higher vapor pressure. Nevertheless, if we compared the TCDD mass spectra using both 

dopants (Article VIII, Fig.3a (benzene) and Fig. S1a (diethyl ether)), it could be deduced that 

diethyl ether favored the in-source fragmentation of this compound. This fact can be due to 

the higher ionization energy of diethyl ether, which might release more energetic electrons, 

thus inducing the in-source fragmentation and decreasing the response of the analyte. 

Concerning PCNs, these compounds could be ionized in positive ion GC-APPI by direct 

photoionization or charge-exchange reactions with dopants such as chlorobenzene or toluene. 

Among them, toluene provided the highest responses, probably due to its higher vapor 

pressure.  

Another parameter that must be carefully considered is the ion source temperature. As 

reported in Article VIII (Fig. 4), the application of low ion sources temperatures (180-200 ºC) 

produced a significant peak broadening, worsening the chromatographic separation of these 

compounds, especially PCDD/Fs. This fact could be associated with the ion source design or 

even with the vapor pressure of the analytes. While the vapor pressure of dl-PCBs and PCNs 

ranged from 4.77·10-5-0.002 Pa and 1.5·10-6-0.352 Pa, respectively, PCDD/Fs show a lower 

vapor pressure (6.61·10-8 to 1.15·10-5 Pa), which make them more vulnerable to this effect, 

requiring high ion source temperatures (250 ºC). 

All cluster ions generated in negative ion APPI for dioxin-like compounds showed very high 

abundances and, therefore, they could be used to propose very sensitive and selective         

GC-APPI-HRMS methods. For instance, the method proposed for the determination of             

dl-PCBs using diethyl ether as dopant achieved very low iLODs ranging from 0.5 to 10 fg 

injected on column. These limits of detection are 2.5 to 50 times lower than those reported in 

the literature using a GC-APCI-MS/MS method [149]. Furthermore, these iLODs were quite 

similar and even lower for some specific dl-PCBs than those obtained using the traditional and 

confirmatory GC-EI-HRMS (magnetic sectors) method [139]. Contrarily to dl-PCBs, in the 

determination of PCDD/Fs, the best results were obtained when using benzene as dopant, 

which allowed us to achieve a lower iLOD for the most toxic TCDD (25 fg injected on column). 

The detection capability of the method proposed in this Thesis for PCDD/Fs (iLODs: 0.5-25 fg 

injected on column) was comparable to that of the GC-EI-HRMS method, being up to 60-fold 

and 75-fold lower than those obtained when using double-focusing magnetic sectors and 

Orbitrap [190] mass analyzers, respectively. Additionally, iLODs were in the same order than 

those obtained by GC-APCI-MS/MS except for TCDD (25-fold higher) [148,191,192], although 

the detection capability of this compound is good enough to achieve their determination in real 
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samples. In the case of PCNs, negative ion GC-APPI achieved exceptionally low iLODs for tri- 

to octaCN (10-150 fg injected on column). However, as mentioned above, mono- and diCNs 

showed a very low ionization efficiency, achieving iLODs ranging from 8 to 45 pg injected. In 

contrast, when GC-APPI operated in positive ion mode (dopant: toluene), the iLODs obtained 

for PCN congener groups ranged from 20-150 fg injected on column. The detection capability 

of the GC-APPI-HRMS method was again similar to those reported by GC-EI-HRMS (magnetic 

sectors) [196] and up to 150 times better than those obtained using the GC-APCI-HRMS 

(QTOF) (Article VII,Table 2).  

The suitability of the GC-APPI source was also tested for DP and analogs, and SCCPs. Table 

3.4 shows the most relevant characteristics of the developed analytical determinations based 

on GC-APPI-HRMS for the analysis of these compounds. In contrast to PCDD/Fs, dl-PCBs, 

and PCNs, the ionization of SCCPs and DP was only possible in negative ion APPI mode. 

Concerning DP and analogs, the monitored ions under the optimal conditions consisted of the 

molecular ions, cluster ions such as [M‒2HCl‒Cl+O2]‒ and [M‒HCl‒3Cl+O2]‒ and fragment 

ions like [M−HCl−Br]− or even the characteristic [C5Cl5]‒ ion coming from the retro-Diels Alder 

fragmentation of these compounds (Article V, Fig. 2). Furthermore, the use of diethyl ether as 

dopant achieved the highest ionization efficiency, as occurred for most of PCDD/Fs, dl-PCBs, 

and PCNs. These ions resulted from the thermal degradation of the molecular, cluster, or 

adduct ions like [M‒Cl+O]‒ or [M+O2]‒● since they were the most abundant ions of the mass 

spectra when decreasing the ion source temperature up to 180 ºC. However, as it was 

observed for PCDD/Fs, the low vapor pressure of DP (8.47·10-8 to 1.59·10-7 Pa) negatively 

affected the chromatographic resolution causing post-column peak broadening (Article V,    

Fig. 3). Thereby, as a compromise between chromatographic efficiency and ion intensity, but 

also taking into account the selectivity provided by the Orbitrap mass analyzer, the ion source 

temperature was finally fixed at 250 ºC. This implies an important advantage over GC-NICI-

MS methods, for which the required low temperature in the ion source (ca. 150-170 ºC) makes 

necessary a more frequent cleaning of the system, reducing laboratory throughput. 

Regarding SCCPs, the dopant-assisted photoionization led to a complex mass spectra 

consisting of ions coming from the in-source fragmentation of both [M+Cl]‒ and [M+O2]‒● 

adduct ions. As happens for PCDD/Fs, highly chlorinated SCCPs (>Cl8) also hindered the 

attachment of the superoxide moiety and only in-source fragment ions from the chloride adduct 

ion appeared in the mass spectra (Article IX, Fig. 1). Moreover, among the dopant tested, 

acetone provided the highest ionization efficiency of SCCPs, probably due to its high vapor 

pressure. Recently, Bogdal et al. [176] proposed the addition of dichloromethane to selectively 

form the chloride adduct ion by APCI-HRMS (QTOF). In this Thesis, this strategy was used for 

the ionization of SCCPs by GC-APPI by mixing the dopant with different chlorination agents 

(chlorobenzene, CH2Cl2, CHCl3, and CCl4). A mixture of acetone/CCl4 (3:1, v/v) provided the 

best chloride-enhanced conditions, which hindered the formation of superoxide-related ions 

and promoted the formation of chloride adduct ion for all SCCP.  
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Table 3.4. Sample treatment and main operational parameters of the GC-APPI-HRMS 

(Orbitrap) methods developed to determine SCCPs, DP and analogs. 

Parameter SCCPs DP and Analogs 

Sample treatment 

Sample type Fish Gull eggs 
Sample amount 1 g (lyophilized) 1 g (lyophilized) 
Extraction sPLE (acidified silica, H2SO4, 44% w/w) 

(3 x 5 min, 100 ºC, 1500 psi, 60% flush vol.) 

sPLE (acidified silica, H2SO4, 44% w/w) 
(3 x 5 min, 100 ºC, 1500 psi, 60% flush vol.) 

Solvent Hexane/CH2Cl2 (1:1, v/v) Hexane/CH2Cl2 (1:1, v/v) 
Fractionation Activated Florisil column 

(F1: 30 mL hexane and 80 mL hexane/CH2Cl2 
(95:5, v/v), PBDEs and PCBs) 

(F2: 30 mL hexane/CH2Cl2, (1:1, v/v), SCCPs) 

Activated Florisil column 
(30 mL hexane and 80 mL hexane/CH2Cl2 
(95:5, v/v), DP, PBDEs and PCBs) 

Surrogate IS δ-HCH 13C12-BDE 77/ 13C12-BDE 138 
Injection IS 13C6-HCB CB-209 

Chromatography 

Injection volume 1 µL 1 µL 
Injection mode Splitless (1 min, 280 ºC) Splitless (1 min, 280 ºC) 
Column TG-5MS 

(15 m x 0.25 mm; 0.25 µm) 
TG-5MS 

(15 m x 0.25 mm; 0.25 µm) 
Mobile phase He (1.0 mL min-1) He (1.2 mL min-1) 

Mass spectrometry 

Ionization source 

Polarity Negative Negative 
Dopant Acetone/CCl4 (3:1, v/v)a 

(70 µL min-1) 
Diethyl ether 
(70 µL min-1) 

Make-up gas N2 (5 a.u.) N2 (5 a.u.) 
S-Lens (%) 20 50 
Source temp. 200 ºC 250 ºC 
Capillary temp. 225 ºC 180 ºC 

Mass Analyzer 

Resolution 70,000 FWHM 35,000 FWHM 

Acquisition Full scan  
(60-700 m/z) 

Full scan  
(70-700 m/z) 

Monitored ions  [M+Cl]‒ [M]−●/ [M−2HCl−Cl+O2]−/ [C5Cl5]−/ 
[M−HCl−3Cl+O2]−/ [M−HCl−Br]− 

a Dopant/chlorinated agent mixture. 

As an example, Fig. 3.3 shows the GC-APPI mass spectrum for the C10H15Cl7 isomer, where 

the chloride adduct is the base peak. It is important to highlight that the use of CHCl3 and CCl4 

as chlorination agents enhanced the response of the [M+Cl]‒ ion (Article IX, Fig. S2), which 

may be due to the enrichment of chloride ions in the gas-phase. Yuan et al. [177] indicated 

that under chloride-enhanced conditions and using a APCI source and a mass analyzer with 

a resolution of 10,000 FWHM, the chloride adduct ion of each homologue group could be only 

interfered by [M+Cl‒HCl]‒ fragment ion.
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Hence, the accurate determination of individual CnClm congener groups requires a time-

consuming deconvolution approach to resolve these interferences. However, a resolution 

higher than 50,000 FWHM would allow the mass spectrometric separation of these ions, as 

reported by Li et al. (Li 2018). Therefore, in this Thesis, the Orbitrap was operated at a 

resolution of 70,000 FWHM (at m/z 200) to separate the interferent ions and to avoid the 

application of the deconvolution approach. Yuan et al. [179] also proposed the addition of 

bromoform instead of the chlorination agents to promote only the formation of the [M+Br]‒ ion 

in the APCI source. This strategy was also considered in this Thesis for the ionization of 

SCCPs by GC-APPI. However, the mass spectra obtained when using a mixture of 

acetone/bromoform (3:1 v/v) consisted of a mixture of both chloride and bromide adduct ions 

(Fig. 3.3). Moreover, the response of the analytes significantly decreased, probably due to 

both the multiple ion species for one analyte and the low vapor pressure of bromoform (5 Torr, 

25 ºC) that led to condensation problems similar to those observed when using anisole as 

dopant. 

In contrast to the other families of chlorinated organic contaminants, the chloride adduct ion 

may be generated through a labile interaction between the molecule and the chlorine ion. 

Thereby, low ion source temperatures (ca. 180 ºC) are highly recommended to promote their 

efficient formation. The way the dopant/chlorination agent mixture is introduced also affects 

the ionization efficiency of SCCPs. For instance, Fig. 3.4 shows the effect over the response 

of C10-SCCPs when adding this mixture via an uncapped vial (Fig. 3.4a) or a nitrogen make-

up gas flow doped with the acetone/CCl4 (3:1 v/v) mixture (Fig. 3.4b). These experiments were 

carried out using a 6890N Network GC system gas chromatograph coupled to a 6495 Triple 

Quad LC/MS mass spectrometer, equipped with an APPI source (Agilent Technologies, CA, 

USA). The use of a doped nitrogen make-up gas flow in the GC-APPI source supplies a 

constant flow of the dopant/chlorination agent mixture, ensuring the constant presence of 

chlorine atoms in the ion source. In contrast, the use of an uncapped vial may provide an 

uncontrolled flow of the dopant mixture, which is limited by the vial volume and the volatility of 

the dopant mixture, making the ionization less reproducible. Regarding the ionization 

efficiency, the results showed in Fig. 3.4c demonstrate that the use of a N2 make-up gas flow 

doped with acetone/CCl4 vapors improved the ionization of SCCPs. This system could be 

proposed as an alternative to the infusion syringe (10 mL) recommended by the manufacturer 

(MasCom) of the GC-APPI source. Although the infusion syringe device provides a constant 

flow of dopant vapors, it does not allow the continuous work, being necessary to refill the 

syringe every 3 hours.  

The detection capability of the GC-APPI-HRMS methods was also evaluated for the 

determination of DP and analogs, and SCCPs. For instance, iLODs achieved for the 

determination of DP and analogs (6-150 fg injected on column) were similar or even slightly 

better than those achieved by GC-EI-HRMS and GC-NICI-MS/MS [145,374]. 
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Fig. 3.4.  Addition of dopant/chlorinated agent mixture (acetone/CCl4, v/v) via a) an uncapped 

vial or b) a doped N2 make-up gas flow and c) the effect of the dopant/chlorinated 

agent mixture addition over the response of C10-SCCPs.  

Additionally, the method also provided iLODs at least 5 times lower than those obtained by 

Megson et al. using the GC-APCI-HRMS (TOF) [186]. Regarding SCCPs, the chloride-

enhanced GC-APPI-HRMS achieved the lowest iLODs for both the total SCCP content and 

the concentrations of the CP congener groups. Regarding the detection of the total SCCP, the 

iLOD was 1-2 pg injected on the column (injection volume: 1 µL) based on the measurement 

of the sum of congeners in each technical SCCP formulation. This value was from 50 to 600 

times lower than those obtained by APCI-HRMS (100-1200 pg µL-1) [176] and at least 7.5 

times lower than those reported by LC-ESI-HRMS (15-20 pg µL-1) [155] using the chloride-

attachment ionization. In fact, they were even 12 times lower than the iLODs achieved by     

GC-NICI-HRMS (24-81 pg µL-1) [174]. With regards to the iLODs for each homologue group 

of congeners, the iLODs (0.07-0.19 pg) were quite lower than those reported using bromide-

attachment APCI-HRMS (0.1-160 pg µL-1) [179] or both chloride-attachment APCI-HRMS    

(0.2-100 pg µL-1) [178] and LC-ESI-HRMS (0.75-11.8 pg µL-1) [155], or even lower than those 

achieved by GC-NICI-HRMS (Orbitrap) (0.03-2.02 pg µL-1) [147]. These results, together with 

those achieved for PCDD/Fs, dl-PCBs, and PCNs, clearly demonstrated the high potential of 

the GC-APPI-HRMS system to determine chlorinated organic contaminants at very low 

concentration levels. 
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Another critical parameter on the determination of these families of pollutants is the 

quantification, which was carried out according to the general comments and 

recommendations included in Section 1.2.1 (quantification methods). Regarding PCDD/Fs and 

dl-PCBs, the quantification was carried out by isotope dilution, whereas PCNs, SCCPs, and 

DP with its analogs were quantified using the internal standard method. Nonetheless, 

quantification is, by far, one of the most significant challenges in the analytical determination 

of SCCPs. Since the NICI response of these analytes is strongly affected by the number of 

chlorine atoms in the molecule, quantitation requires approaches like Reth’s method to 

overcome possible errors and over/underestimations [206]. This effect was taken into account 

in the determination of these compounds when using the chloride-attachment GC-APPI-HRMS 

method. It was observed that, in contrast to NICI, the response of C10-SCCPs by GC-APPI-

HRMS was less affected by the number of chlorine atoms, achieving response factors relative 

to C10H17Cl5 close to 1 (Article VIII, Fig. 3). These relatively small variations on the congener 

response could be related to the position in the molecule of chlorine substituents and allowed 

us to conclude that the GC-APPI responses of each CnH2n+2-mClm congener group mainly 

depend on its concentration. Based on this hypothesis, Article IX describes a simple internal 

normalization approach to quantify SCCPs easily. Briefly, if we consider that the response is 

only affected by the concentration, the total contribution of each CnH2n+2-mClm homologue group 

to the whole area must be proportional to their contribution to the total concentration. Another 

advantage is that each homologue group, independently of the CP technical formulations used 

(51.5, 55.5 or 63% Cl), may have a common calibration curve. This implies that we do not 

need to know the homologue distribution and the total chlorine content of the sample before 

its analysis and we could achieve the quantification of all the samples using just one SCCP 

standard mixture that contains all the congener groups with different carbon chain lengths and 

chlorination degree. This quantification approach provides a significant reduction of time in 

both analysis and data processing. 

The developed GC-APPI-HRMS methods and the most adequate sample treatment (Table 3.3 

and 3.4) were applied to the analysis of halogenated organic contaminants in samples of 

environmental interest. Regarding PCDD/Fs and dl-PCBs, the figures of merits of both 

methods were investigated fulfilling all the requirements of the current EU regulations 

2017/664 and 2017/771. These methods were compared with the traditional GC-EI-HRMS 

(magnetic sectors) method through the analysis of certified reference materials and reference 

samples used in several interlaboratory exercises of both environmental and feed interest. The 

results from both methodologies were similar in terms of analyte concentrations and WHO-

TEQ values (accuracy and precision), demonstrating their excellent applicability to the analysis 

of PCDD/Fs and dl-PCBs, being reliable alternatives to the confirmatory method. Additionally, 

the use of an Orbitrap instead of traditional mass analyzers such as double-focusing magnetic 

sector or triple quadrupole, allowed the possibility of operating in a highly selective and 

sensitive full-scan acquisition mode. This fact could be useful not only for targeted analysis 

but also to overcome possible interferences from complex matrices. As an example, Article VII 
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describes the capabilities of the GC-APPI-HRMS to determine the total concentrations of 

PCNs in marine sediments. In this work, the analysis of some sediment samples showed the 

suppression of the ionization of penta- to octaCN when operating in positive GC-APPI ion 

mode. The rich information provided by the full-scan acquisition allowed us to detect a broad 

hump at the same retention times of the penta- to octaCN elution, which was identified as a 

heavy fraction of hydrocarbons (Article VII, Fig. 4). The presence of these interferences would 

require a more exhaustive clean-up of the extract to remove them if the samples are analyzed 

by GC-EI-MS. In contrast, the possibility of operating in both positive and negative ion mode 

with the GC-APPI-HRMS system, provided an easy solution to overcome these interferences. 

Since the highly chlorinated PCNs were the most affected analytes by the matrix, the sample 

extract was re-injected in GC-APPI negative ion mode. These groups of congeners showed a 

remarkably high ionization efficiency in this ion mode, while the hydrocarbons were not ionized 

under these conditions, so they did not affect the ionization efficiency of the coeluting 

compounds, allowing the correct quantification of these groups of congeners. As 

demonstrated, with this strategy, it is possible to continue using simple sample treatments 

while providing reliable quantitative results and improving the laboratory throughput.  

Furthermore, the valuable information provided by the GC-APPI-HRMS system can be also 

used for the retrospective screening of suspect or unknow contaminants that could be present 

in these samples. Indeed, the characteristic isotopic cluster of halogenated compounds 

(chlorinated and brominated) and the sensitive high-resolution full-scan acquisition mode of 

the Orbitrap mass analyzer represent a huge advantage for non-targeted analysis. For 

instance, Fig. 3.5 shows the tentative identification of some suspect chlorinated pollutants in 

yellow-legged gull egg samples collected from the Delta Ebro natural park. Using a flagging 

approach that searched for the phenoxide ion, it was possible to tentatively identify the 

presence in the extract of tetra- to nona-CBs, as well as the hexachlorobenzene. This 

information is complementary to levels already reported for DP and analogs in these biota 

samples. Thereby, the high sensitivity of the GC-APPI to ionize halogenated compounds 

combined with the capabilities of Orbitrap to carry out non-targeted strategies could provide a 

particularly useful tool for the screening of known or unknown pollutants in environmental 

samples, while determining targeted compounds. Therefore, it is possible to have a more 

extensive estimation of the whole contamination of a given sample. 

3.3.2.  Effect of dopants on the ionization of chlorinated organic contaminants 

by GC-APPI 

Nowadays, the main applications reporting GC-APPI-based methods are related to the 

evaluation of the ionization of selected families of compounds from a more quantitative point 

of view. However, few works have attempted to go into deep on the GC-APPI ionization 

mechanisms. Some of these studies are those of Kauppila et al. [238,241], who proposed the  
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Fig. 3.5.  Screening of suspect chlorinated organic contaminants in a yellow-legged gull egg 

sample (L. Michahellis) collected from the Ebro Delta natural park.  

use of selected model compounds and traditional dopants (acetone, toluene, chlorobenzene, 

and anisole) to study the GC-APPI mechanism in positive ion mode. However, they only 

included a few halogenated compounds. In this Thesis we have demonstrated the potential of 

the GC-APPI technique to efficiently ionize chlorinated organic compounds and have shown 

that the ionization behavior was quite similar for the chlorinated organic compounds studied 

(Sections 3.2 and 3.3.1). Therefore, this section focuses on the most remarkable 

considerations and trends in the dopant-assisted GC-APPI ionization of chlorinated organic 

compounds. 
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Firstly, it must be considered that the design of the GC-APPI source consisted of an enclosed 

atmospheric pressure system where we can only introduce the column eluate (helium and 

analytes), the make-up gas (high purity nitrogen) and dopant vapors. Therefore, this implies 

the ionization will mainly depend on the analyte capabilities to be photoionized or to interact 

with the dopant and reactive air components (mainly oxygen). Moreover, the absence of 

reactive mobile phase in the system simplifies the main APPI ionization mechanisms. The 

main GC-APPI ionization mechanisms are summarized in Table 3.5. 

Table 3.5. Main ionization mechanism by GC-APPI. 

Reaction Condition Process 

Positive ion GC-APPI 

(1) M + hν → M+● + e‒● IEa (M) < 10.6 eV Direct photoionization reaction 

(2) M + M+● → [M+H]+ + [M‒H]● PAb (M) > PA ([M‒H]●) Analyte self-protonation reaction 

(3) D + hν → D+● + e‒● IE (D) < 10.6 eV Dopant photoionization reaction 

(4) D + D+● → [D+H]+ + [D‒H]● PA (D) > PA ([D‒H]●) Dopant self-protonation reaction 

(5) D+● + M → M+● + D IE (M) < IE (D) Charge exchange reaction 

(6) D+● + M → [M+H]+ + [D‒H]● PA (M) > PA ([D‒H]●) Proton transfer reaction 

Negative ion GC-APPI 

(7) M + e‒● → M‒● High EAc (M) Electron capture reaction 

(8) O2 + e‒● → O2
‒● High EA (O2) Superoxide formation 

(9) M + O2
‒● → M‒● + O2 EA (M) > EA (O2) Charge exchange reaction 

(10) M + O2
‒● → [M‒H]‒ + [HO2]● PA (M) > PA ([HO2]●) Proton transfer reaction 

(11) M + O2
‒● → [M+O2]‒● High EA and adduct tendency Clustering reaction 

(12) M + O2
‒● → [M‒X+O]‒● + OX● High EA and aromaticity Clustering reaction 

(13) M‒● + O2
 → [M‒X+O]‒● + OX● High EA and aromaticity Clustering reaction 

a IE: Ionization energy, b PA: Proton affinity, c EA: Electron affinity. 

The dopants tested (Fig 3.6) can be classified in two different groups: (i) dopants that generate 

the molecular ion such as anisole, chlorobenzene, toluene, and benzene (Fig. 3.6a-d), and (ii) 

dopants that yield the [D+H]+ as the base peak of their mass spectra such as tetrahydrofuran, 

acetone, and diethyl ether (Fig. 3.6e-g). The different photoionization behavior can be 

explained based on the dopant proton affinity (PA) (Table 3.6). Acetone, diethyl ether, and 

tetrahydrofuran have functional groups that are proton acceptor and they show the highest 

proton affinities. Consequently, the self-protonation of the dopant (Table 3.5, eq. 4) can take 

place after the dopant photoionization process (Table 3.5, eq. 3). In contrast, the absence of 

proton acceptors functional groups in the structure of the other dopants (lower PA) hinders this 

process. Regarding the ionization of these analytes in positive ion mode, only dioxin-like 

compounds (PCDD/Fs, dl-PCBs and PCNs) were ionized through the formation of the 

molecular ion as reported in Article VII (Fig. 1) and Article VIII (Fig. 1). Although these 

compounds may show an IE low enough for their direct photoionization (Table 3.5, eq. 1), this 

ionization mechanism was not quite efficient. In contrast, the ionization efficiency for these 

compounds increased when using the dopant-assisted photoionization with dopant vapors that  
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Table 3.6. Main properties of the dopants affecting the GC-APPI ionization of chlorinated 

organic contaminants. 

Dopant Ionization Energya 
(eV)

Vapor Pressureb 
(Torr, 25 oC) 

Proton Affinitya 
(kJ mol-1, 25 ºC) 

Acetone 9.703 ± 0.006 180 812 
Anisole 8.20 ± 0.05 4.2 ‒ 
Benzene 9.2438 ± 0.0001 75 746.4 
Chlorobenzene 9.07 ± 0.02 9 753.1 
Diethyl Ether 9.51 ± 0.03 440 828.4 
Tetrahydrofuran 9.40 ± 0.02 132 822.1 
Toluene 8.828 ± 0.001 21 782.4 

a NIST database, b Experimental values reported by NIOSH. 

promote charge-exchange reactions (Table 3.5, equation 5). As mentioned in Article VII 

(Section 3.1) and Article VIII (Ionization of PCDD/Fs and dl-PCBs by GC-APPI), 

chlorobenzene, toluene, and benzene may favor charge-exchange reactions since they easily 

generate the [D]+● ion (Table 3.5, eq. 3). In contrast, the ionization efficiency of PCDD/Fs, 

dl-PCBs and PCNs significantly decreased using acetone or tetrahydrofuran, when the dopant

self-protonation process may hinder these charge-exchange reactions. Kauppila et al. [238]

reported that the addition of dopants could significantly suppress the direct photoionization of

analytes due to a decrease of the VUV transparency (photon attenuation) and/or neutralizing

reactions between the dopant and the analytes. This effect was observed in the ionization of

PCNs. The signal from most of these compounds was slightly suppressed when dopants that

promote proton-transfer reactions (e.g., tetrahydrofuran, acetone) were added instead of the

expected improved ionization efficiency versus the direct photoionization (Article VII, Fig. 2a).

This low ionization efficiency was observed when anisole was used as dopant, although, as

mentioned above (Section 3.3.1), it formed the dopant molecular ion during the photoionization

process, favoring charge-exchange reactions. Probably, its low vapor pressure (Table. 3.6)

could produce some condensation in the ion source, which would have reduced the

concentration of the [D]+● ion in the gas-phase. Moreover, anisole also has the lowest IE (8.20

Torr, 25 ºC) among all the dopants evaluated, which might hinder the charge exchange

reactions with PCDD/Fs, dl-PCBs and PCNs (Table 3.5, eq. 5). Thus, the effect of the dopants

over the way the analytes are ionized could help to establish ionization trends for families of

compounds with similarities (same functional group, presence of aromatic rings, halogens,

etc.) and, therefore, selecting the most suitable dopant that promotes those reactions of

interest (charge exchange, proton transfer, etc.).

Concerning the ionization in negative ion mode, all the families of chlorinated organic 

contaminants were ionized through the formation of cluster ions with oxygen atoms (Table 3.5, 

eq. 11-13), except SCCPs for which the chloride-attachment ionization strategy provided the 

best results. Halogen atoms (F, Cl, and Br) have higher electron affinity than oxygen and, 

therefore, these cluster ions are quite common for chlorinated organic contaminants 
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[116,168,195]. In contrast to positive ion GC-APPI, the gas-phase reactions in negative ion 

mode are initiated by the electrons emitted after the dopant photoionization process, so any 

photoionized dopant could produce the ionization of high electronegative compounds. The 

gas-phase reactions to generate the analyte ions in negative ion mode can be produced by 

electron capture (Table 3.5, eq. 7) and the generation of the superoxide ion (Table 3.5, eq. 8) 

with further reactions with neutral molecules (Table 3.5, eq. 9, 11-12) or oxygen (Table 3.5, 

eq. 13), respectively. As all the dopants tested could ionize the analytes, different models were 

established for each family of compounds to determine the effect of the dopant vapor pressure 

over the GC-APPI ionization (Fig. 3.7).  

  
Fig. 3.7. Correlation between dopant vapor pressure and GC-APPI response of a) PCDDs,    

b) PCDFs, c) dl-PCBs, d) PCNs, e) SCCPs, and f) DP and analogs.  

y = 1E+06x + 9E+07
R² = 0.9462

y = 2E+06x + 1E+08
R² = 0.9742

y = 2E+06x + 7E+07
R² = 0.9867

y = 1E+06x + 9E+07
R² = 0.9482

0.0E+00

2.0E+08

4.0E+08

6.0E+08

8.0E+08

1.0E+09

0 100 200 300 400 500

A
re

a
 (

a
u

)

Vapor Pressure (Torr, 25 oC)
1,2,3,7,8-PeCDD 1,2,3,6,7,8-HxCDD

1,2,3,4,6,7,8-HpCDD OCDD

y = 117471x + 6E+06
R² = 0.9856

y = 2E+06x + 1E+08
R² = 0.9594

y = 3E+06x + 1E+08
R² = 0.9812

y = 4E+06x + 2E+08
R² = 0.9601

0.0E+00

5.0E+08

1.0E+09

1.5E+09

2.0E+09

0 100 200 300 400 500

A
re

a
 (

a
u

)

Vapor Pressure (Torr, 25 oC)
2,3,7,8-TCDF 1,2,3,7,8,9-HxCDF

1,2,3,4,6,7,8-HpCDF OCDF

y = 537299x + 9E+06
R² = 0.9787

y = 2E+06x + 3E+07
R² = 0.9805

y = 4E+06x + 6E+07
R² = 0.9817

y = 4E+06x + 7E+07
R² = 0.9812

0.0E+00

5.0E+08

1.0E+09

1.5E+09

2.0E+09

2.5E+09

0 100 200 300 400 500

A
re

a
 (

a
u

)

Vapor Pressure (Torr, 25 oC)

CB-81 CB-105 CB-156 CB-189

y = 662914x + 2E+07
R² = 0.9645

y = 2E+06x - 3E+06
R² = 0.9707

y = 4E+06x - 3E+07
R² = 0.9691

y = 5E+06x - 1E+08
R² = 0.956

0.0E+00

5.0E+08

1.0E+09

1.5E+09

2.0E+09

2.5E+09

0 100 200 300 400 500

A
re

a
 (

a
u

)

Vapor Pressure (Torr, 25 oC)
TeCN (CN-28) PeCN (CN-52)

HxCN (CN-66) HpCN (CN-73)

y = 1E+06x + 5E+07
R² = 0.9563

y = 596913x + 3E+07
R² = 0.9889

y = 496584x + 4E+07
R² = 0.9778

y = 14713x + 560091
R² = 0.9567

0.0E+00

5.0E+07

1.0E+08

1.5E+08

2.0E+08

2.5E+08

3.0E+08

0 50 100 150 200

A
re

a
 (

a
u

)

Vapor Pressure (Torr, 25 oC)

C10H17Cl5 C10H16Cl6 C10H15Cl7 C10H13Cl9

y = 118168x - 4E+06
R² = 0.9459

y = 29122x + 1E+06
R² = 0.9781

y = 135257x + 1E+07
R² = 0.9298

y = 508154x + 4E+07
R² = 0.9609

0.0E+00

5.0E+07

1.0E+08

1.5E+08

2.0E+08

2.5E+08

3.0E+08

0 100 200 300 400 500

A
re

a
 (

a
u

)

Vapor Pressure (Torr, 25 oC)

Dec-602 Dec-604 Cl10-DP Syn-DP

a) b)

c) d)

e) f)



Chapter 3. Determination of Chlorinated Organic Compounds 

 

321 
 

Fig. 3.7 represents the chromatographic peak area observed for each compound versus the 

experimental vapor pressure of the dopants (keeping constant the analyte concentration and 

ion source conditions). As can be observed, a good linear correlation was obtained for different 

compounds of each family of chlorinated organic contaminants. In fact, the determination 

coefficients (R2) ranged from 0.926 to 0.988, which demonstrates the high influence of the 

dopant vapor pressure on the ionization efficiency of chlorinated organic contaminants. 

However, some aspects might be considered. With regards to benzene, the response-dopant 

vapor pressure correlation (R2: 0.845-0.947) for PCDD/Fs and dl-PCBs was worse and did not 

follow the trends of the other dopants. This might be because the responses of analytes are 

also influenced by the ionization energy of the dopant. For instance, if we consider only those 

dopants with an IE lower than 9.3 eV (chlorobenzene, toluene, and benzene), the R2 was 

higher than 0.980. The use of dopants with IE higher than 9.3 eV may can transfer a higher 

energy to analytes inducing a small in-source fragmentation on analytes such as PCDD/Fs 

and dl-PCBs, which slightly decrease the ion intensity. Nonetheless, the higher vapor pressure 

of these dopants may compensate this small fragmentation. In some cases, this fragmentation 

can even lead to lower responses than those obtained when using dopants with lower vapor 

pressures. In fact, this effect might explain the lower responses of 2,3,7,8-TCDD when using 

diethyl ether (compared to benzene). If we only consider the response of this compound using 

only those dopants with IE lower than 9.3 eV, the correlation significantly improves achieving 

a R2 of 0.9995 (Fig. 3.8). Thereby, it can be concluded that diethyl ether, which presents the 

higher vapor pressure, provides the highest ionization efficiency for chlorinated organic 

contaminants. Nevertheless, when there is a strong in-source fragmentation, it is 

recommended the use of a dopant with a lower IE (e.g., benzene for 2,3,7,8-TCDD) to reduce 

the fragmentation and to check if the response could be enhanced even using dopants with 

lower vapor pressure. 

 
Fig. 3.8.  Correlation of dopant vapor pressure-GC-APPI response for 2,3,7,8-TCDD.  
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CONCLUSIONS 

In this Thesis, different strategies based on chromatography-atmospheric pressure ionization-

mass spectrometry have been studied for the development of new methodologies that could 

overcome the main limitations on the analytical determination of several families of 

halogenated organic contaminants. These limitations have been faced out from different points 

of view, such as the sample treatment, the chromatographic separation, the ionization behavior 

and/or the ionization efficiency of the analytes, as well as the detection capability and 

selectivity of the developed methods. The suitability of the proposed methodologies has been 

demonstrated through the analysis of samples of environmental interest such as water, fly 

ashes, fish, gull eggs, marine sediments, or sludge, among others. Additionally, the in-source 

and MS/MS fragmentation of some of these families have also been studied to propose reliable 

non-targeted screening strategies. 

The following conclusions can be drawn from the results obtained in this Thesis: 

Concerning the sample treatment, 

The extraction technique and the clean-up and fractionation steps (when required) were 

optimized according to the type of sample and the characteristics of analytes studied to obtain 

high recoveries and remove potential matrix interferences.  

• To reduce losses of the most volatile neutral PFAS during sample treatment procedures, 

it has been recommended to avoid evaporation steps. For instance, to achieve recoveries 

higher than 93% for all target compounds using SPE (Oasis HLB sorbent), evaporation 

steps must be avoided and, in this Thesis, SPE has been recommended for the UHPLC-

API-MS/MS analysis of neutral PFAS in river water samples. In contrast, the alternative 

use of HS-SPME (DVB/CAR/PDMS), faster than the SPE procedure, has been proposed 

in combination with GC-APPI-HRMS for both in-situ selective and efficient extraction of 

neutral PFAS from river water samples allowing the monitoring of their occurrence at low 

pg L-1 levels. 

• For the extraction of PCDD/Fs, dl-PCBs and PCNs from solid samples (sediments, 

soybean meal, sludge, and fly ashes), it has been proposed the use of a Soxhlet 

extraction followed by clean-up and fractionation steps  with acidified silica, Florisil, and 

carbon columns to allow high enough recoveries for all the target compounds with 

effective removal of interfering matrix components such as lipids or hydrocarbons. On 

the other hand, the use of a selective PLE method with acidified silica as fat retainer 

inside the extraction cell and employing a mixture of hexane/CH2Cl2 (1:1, v/v) as solvent 

extraction followed by a simultaneous clean-up and fractionation step in an activated 

Florisil column is proposed for the extraction of SCCPs and DP and analogs from biota 

samples (gull eggs and fish). These sample treatments have led to clean extracts and 

high recoveries for the target compounds (SCCPs: 91-96%, DP and analogs: 91-98%). 
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Concerning the chromatographic separation, 

Different separation strategies consisted of UHPLC and GC with capillary columns, 

comprehensive two-dimensional gas chromatography or even ion mobility have been 

evaluated in this Thesis to improve the separation of those families of compounds showing 

retention difficulties (nPFAS) or coelution problems (SCCPs and PCNs). 

• Regarding the GC-MS determination of neutral PFAS, the use of a long GC column        

(60 m) with a semi-polar stationary phase (poly(cyanopropylphenyldimethyl siloxane), 

DB-624) and a film thickness of 1.4 µm is proposed to achieve both the separation of 

FTOs, FTOHs, FOSAs, and FOSEs, and good enough retention of the most volatile 

FTOs. In contrast, when these compounds have to be determined by UHPLC-MS/MS, 

the use of a UHPLC column packed with totally porous particles and a C18 stationary 

phase (Luna C18) has been proposed to allow the baseline separation of most of the 

analytes and to efficiently retain the most volatile FTOs. 

• For the congener-specific separation of PCNs, GCxGC using a DB-5 (5% diphenyl 95% 

dimethylpolysiloxane) as first dimension column combined with a thermally stable ionic 

liquid stationary phase (IL-SLB60) column in the second dimension is proposed since it 

significantly improves the separation of these compounds in front of other polar stationary 

phases such as polyethylene glycol-based columns, and it also allows to reduce 32% the 

analysis time.  

• For the separation of SCCPs, GCxGC-IM did not show any improvement over GCxGC 

separations. Nonetheless, the separation capacity of GCxGC combined with the 

selectivity of HRMS and the soft GC-APPI source could provide a very powerful 

technique not only for the analysis of SCCPs, but also for the screening of other pollutants 

in complex environmental matrices. 

Concerning the ionization behavior and efficiency, 

The use of atmospheric pressure ionization was evaluated to reduce in-source fragmentation 

and to achieve an efficient ionization of the target compounds included in this Thesis. 

• For those families of compounds determined by UHPLC-MS/MS like neutral PFAS, the 

negative ion APCI and APPI sources have demonstrated to efficiently ionize them 

through the generation of deprotonated molecules (FTOHs, FOSEs) or odd-electron 

fragment ions coming from the loss of HF units (FTOs, FTOHs) or part of the functional 

group (FOSEs). The ionization studies indicated that the mobile phase composition 

strongly affected the ionization of the analytes, especially FTOHs, which makes it highly 

recommended to carefully select the mobile phase composition. The best results have 

been obtained using negative ion APCI and APPI with acetonitrile/water mixtures.  
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• The tandem mass spectrometry fragmentation studies of ions generated in API sources 

(ESI, APCI and APPI) for neutral PFAS allowed the establishment of fragmentation 

pathways for the different families of compounds and the identification of common 

product ions ([C2F5]‒, [C3F7]‒, and [C4F9]‒ for FOSAs), neutral losses (HF units for FTOs 

and FTOHs, SO2 for FOSAs and FOSEs or general CF2 losses) and common 

fragmentation patterns (successive HF losses for fluorotelomer-based neutral PFAS). 

Moreover, for the fragmentation pathway of superoxide adduct ions, in addition to the 

information obtained in the fragmentation studies, it has also been required the 

information achieved from both the in-source CID fragmentation observed in GC-APPI-

HRMS and the tandem mass spectrometry using PS-APPI-MS/HRMS. Furthermore, 

these studies have allowed to identify the most characteristic and abundant ions in both 

full-scan and tandem mass spectrometry, which has allowed the development of 

selective and sensitive determination methods for these families of compounds. 

• The fragmentation studies have also allowed the development of new non-targeted 

screening strategies, such as fragmentation flagging approaches for screening the 

occurrence of target, suspect, as well as new and unknown PFAS in complex 

environmental samples. This information could be even complemented with Kendrick 

mass defect plots to verify the unequivocal identification of PFAS from the same family 

(using the CF2 scale) as well as fluorotelomer-based neutral PFAS that present 

successive neutral losses among the series of fragment ions observed in the mass 

spectra (using the HF scale). 

On the other hand, the GC-APPI has demonstrated for the first time its feasibility for the 

efficient ionization of the halogenated organic contaminants studied in this Thesis. 

• Under the optimal ionization conditions, the GC-APPI, especially in negative-ion mode, 

has provided an efficient ionization of all analytes yielding characteristic ions, which 

improve the selectivity of the methods. Neutral PFAS were ionized through the formation 

of characteristic superoxide adduct ions (FTOHs and FOSEs), the deprotonated 

molecule (FOSAs) or odd-electron in-source fragment ions (FTOs) while DP and analogs 

yielded the formation of cluster ions that contains oxygen atoms. Moreover, PCDD/Fs, 

dl-PCBs, and PCNs could be ionized in both positive and negative ion mode by means 

of the generation of molecular ions and phenoxide ions, respectively. In the case of 

SCCPs, the use of dopant/chlorination agent mixtures is highly recommended to promote 

the formation of [M+Cl]‒ ions (chloride-attachment APPI) which significantly reduce the 

number of potential interferences coming from other CP congener groups with higher 

carbon chain length and chlorination degree. Additionally, it has been observed that the 

response of these ions mainly depends on the concentration, which greatly simplifies the 

quantification of these complex mixture of compounds. 
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• The ionization of analytes in positive ion GC-APPI (PCDD/Fs, dl-PCBs, and PCNs 

through the formation of [M]+● ion) was strongly dependent on the dopant nature, being 

significantly favored when using dopants that promote ionization via charge-exchange 

reactions (e.g., benzene, toluene, and chlorobenzene). In contrast, the ionization in 

negative ion GC-APPI mainly depended on the dopant vapor pressure, achieving the 

best results when using highly volatile dopants (e.g., diethyl ether, acetone). In fact, the 

dopant vapor pressure was positively correlated with the analyte response for all families 

of halogenated organic contaminants. However, in those cases that a high in-source 

fragmentation is observed, the dopant must be carefully selected taking into account its 

ionization energy. 

• For the analysis of compounds with low vapor pressures (e.g., PCDD/Fs, or DP and 

analogs), in this Thesis it is suggested to apply high temperatures (ca. 250 ºC) in the ion 

source to avoid post-column peak broadening that could lead to the partial 

chromatographic coelution of some compounds. In contrast, when using the chloride-

attachment strategy proposed for SCCPs, it is recommended the use of low temperatures 

(ca. 200 ºC) in the ion source to enhance the formation of labile chloride adduct ions.  

Concerning the figures of merit of the developed methods, 

The high ionization efficiency provided by APCI and APPI sources, especially in negative ion 

mode, has allowed to develop sensitive and selective UHPLC-MS/MS and GC-APPI-HRMS 

methods for the accurate and precise determination of halogenated organic contaminants in 

environmental samples. 

• Among the developed methodologies for the determination of neutral PFAS, GC-APPI-

HRMS has shown the best detection capability, especially for FTOs and FTOHs. The 

iLODs achieved with this method are at least between 4 and 30-fold lower than those 

previously obtained using the most sensitive UHPLC-API-MS/MS method, with the 

additional advantage of showing a negligible matrix effect, which ensure the quantitation 

procedure. 

• The GC-APPI-HRMS (Orbitrap) system provided a very high detection capability for all 

the studied chlorinated organic contaminants. These methodologies provided iLODs 

ranging from 0.5 to 190 fg injected on the column. These values were comparable or 

even better than those obtained using traditional GC-HRMS methodologies based on 

high-vacuum ionization techniques (EI and NICI) or even GC-APCI-HRMS. The methods 

developed in this Thesis allow to fulfil the criteria indicated on the current EU regulation 

for PCCD/Fs, and dl-PCBs, while the proposed methodologies for PCNs and DP and 

analogs make possible their sensitive and selective determination in complex 

environmental samples such as marine sediments and gull eggs, respectively. In the 

case of SCCPs, the use of the chloride-attachment GC-APPI-HRMS method has 
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provided important advantages over ECNI-based methods. The low influence of the 

number of chlorine atoms over the response and the use of the Orbitrap mass analyzer 

at a resolution of 70,000 FWHM (at m/z 200) allowed the quantification of both the total 

SCCP content and the different homologue groups by internal normalization. This 

methodology not only leads to a very sensitive determination of SCCPs but also 

significantly reduces both the analysis time and the data processing.  

• The capability of the GC-APPI-HRMS system to operate in both polarities (positive and 

negative ion mode) and to acquire data in a sensitive high-resolution full-scan mode 

allows the easy identification of potential interferences and the design of non-targeted 

strategies for the screening of suspect or new contaminants in environmental samples. 

Due to these advantages and the high capacity to achieve highly sensitive and selective 

targeted analyses, the GC-APPI-HRMS (Orbitrap) system can be proposed as a 

universal technique to monitor halogenated contaminants in environmental samples. 

Thereby, the swappability of GC-APPI with LC-API interfaces in the same HRMS 

instrument (Orbitrap) makes it possible to unify the instrumentation normally required 

(GC-EI-HRMS (sectors), GC-CI-MS, UHPLC-ESI-MS/MS, GC-NICI-MS, and GC-NICI-

HRMS) in laboratories focused on the environmental occurrence of these contaminants. 
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