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Abstract 
 
Florian Dubocq (2020): Optimizing nontarget workflows for identification of 
organic contaminants in various matrices. Örebro Studies in Chemistry 26. 
 
Since year 2000, production of chemicals around the world has more 
than doubled. Chemicals are used in many and diverse applications in 
our everyday life and even if their properties are useful, some can have a 
negative impact on environment and humans. It is thus important to 
monitor these chemicals to better understand their impact on the envi-
ronment and human health. 

In this thesis, nontarget analysis (NTA) was used to detect and identi-
fy organic compounds in various environmental and health relevant 
matrices such as fish, indoor dust, aqueous film-forming foams (AFFFs) 
and fire emissions. The aim was to optimize the workflow by extracting 
relevant chemical information from the analysed matrix and mitigate 
bias in reported results. Tests were thus performed to optimize sample prep-
aration for fish and dust samples as well as processing data from high-
resolution mass spectrometry analysis of dust, AFFFs and fire emissions. 

Statistical analysis such as analysis of variance (ANOVA) with the 
help of hierarchical cluster analysis (HCA) enabled the detection of out-
liers in dust, AFFFs, and gas and soot from fire emissions. Mass defect 
(MD) plot analysis further enabled the detection of various relevant 
compounds according to their functional groups and structural proper-
ties. The nontarget analysis workflow was supported by target and sus-
pect screening analysis to confirm the efficiency of the optimized overall 
workflow. Various classes of compounds could be detected and tenta-
tively identified such as flame retardants, liquid crystal monomers or 
bisphenols in dust samples, organofluorine and fluorine-free surfactants 
in AFFFs, and flame retardants and hydrocarbons in gas and soot sam-
ples. Quality controls were also performed to assess the performance of 
the optimized workflow.   

 
 
 
 
 
 
 
 
 
 

Keywords: Nontarget analysis, workflow optimization, statistical analysis, 
mass defect plot, organic contaminants, environmental matrices 
 
Florian Dubocq, School of Science and Technology, Örebro University,  
SE-701 82 Örebro, Sweden, Florian.Dubocq@gmail.com 



 

 

 



List of Publications 

This thesis is based on the following papers, which hereafter will be referred 
by their Roman numerals. 

Paper I  
Dubocq F., Björk Bæringsdóttir B., Wang T., Kärrman A., 2020. Compar-
ing extraction methods for comprehensive screening of organic micropol-
lutants in fish using gas chromatography coupled to high resolution mass 
spectrometry. Manuscript. 

Paper II 
Dubocq F., Kärrman A., Gustavsson J., Wang T., 2020. Comprehensive 
chemical characterization of household dust by target, suspect screening 
and nontarget analysis using liquid chromatography and gas chromatog-
raphy coupled with high resolution mass spectrometry. Manuscript. 

Paper III  
Dubocq F., Wang T., Yeung L. W. Y., Sjöberg V., Kärrman A., 2020. 
Characterization of the chemical contents of fluorinated and fluorine-free 
firefighting foams using a novel workflow combining non-target screening 
and total fluorine analysis. Environmental Science & Technology, 
DOI:10.1021/acs.est.9b05440 

Paper IV  
Dubocq F., Bjurlid F., Ydstål D., Titaley I. A., Reiner E., Wang T., Ortiz 
Almirall X., Kärrman A., 2020. Organic contaminants formed during fire 
extinguishing using different firefighting methods assessed by nontarget 
analysis. Environmental Pollution, DOI: 10.1016/j.envpol.2020.114834 

Papers not included in this thesis: 
Schönlau C., Larsson M., Dubocq F., Rotander A., Van der Zande R., 
Engwall M., Kärrman A., 2019. Effect-directed analysis of Ah receptor-
mediated potencies in microplastics deployed in a remote tropical marine 
environment. Frontiers in Environmental Science,  
DOI: 10.3389/fenvs.2019.001201 

FLORIAN DUBOCQ Optimizing nontarget workflows for identification of organic contaminants 



Abbreviations 
2,4-DBP 
6:2 FTAB 
6:2 FTSA 
6:2 FTSAS 
ADE 
AFFFs 
ANOVA 
ASE 
BFRs 
BTBPE 
CAS 
CI 
CIC 
DBBPA 
DBE 
DDA 
DDD 
DDE 
DDT 
df 
DIA 
EI 
EPA 
ESI 
EU 
FDA 
FRs 
FT-ICR 
GC 
HCA 
HPLC 
HR 
IF 
IS 

2,4-dibromophenol 
6:2 fluorotelomer sulfonamide alkylbetaine  
6:2 fluorotelomer sulfonic acid  
6:2 fluorotelomermercaptoalkylamido sulfonic acid 
2,4-dibromophenyl ether  
Aqueous film-forming foams  
Analysis of variance  
Accelerated solvent extraction 
Brominated flame retardants  
1,2-bis(2,4,6-tribromophenoxy)ethane 
Chemical abstracts service  
Chemical ionization  
Combustion ion chromatography  
Dibromobisphenol A 
Double bond equivalent  
Data dependant acquisition 
Dichlorodiphenyldichloroethane 
Dichlorodiphenyldichloroethylene 
Dichlorodiphenyltrichloroethane 
Detection frequency 
Data independent acquisition 
Electron impact 
Environmental protection agency  
Electrospray ionization 
European Union  
Food and drug administration  
Flame retardants 
Fourier transform ion cyclotron resonance 
Gas chromatography  
Hierarchical clustering analysis  
High-performance liquid chromatography 
High resolution 
Inorganic fluoride  
Internal standard 

FLORIAN DUBOCQ Optimizing nontarget workflows for identification of organic contaminants 



ISE 
LCMs 
LOD 
LOQ 
LR 
m/z 
MD 
MoNA 
MRM 
MS 
NIST 
NTA 
OPAHs 
OPAs 
OPFRs 
PAHs 
PBDEs 
PCA 
PCBs 
PCDD/Fs 
PEGs 
PFASs 
PFDA 
PFOS 
PTFE 
Q 
QA/QC 
QqQ 
QTof 
REACH 
RS 
SIM 
SSA 
TBA 
TBBPA 

Ion selective electrode  
Liquid crystal monomers 
Limit of detection  
Limit of quantification 
Low resolution 
Mass over charge ratio 
Mass defect 
MassBank of North America  
Multiple reaction monitoring  
Mass spectrometry  
National institute of standards and technology  
Nontarget analysis  
Oxy-polycyclic aromatic hydrocarbons  
Organophosphate antioxidants  
Organophosphorus flame retardants 
Polycyclic aromatic hydrocarbons  
Polybrominated diphenyl ethers  
Principal component analysis  
Polychlorinated biphenyls 
Polybrominated dibenzo-p-dioxins and dibenzofurans 
Polyethylene glycols  
Per- and polyfluorinated substances  
Perfluorodecane sulfonic acid  
Perfluorooctane sulfonic acid 
Polytetrafluoroethylene 
Quadrupole 
Quality assurance/quality control 
Triple quadrupole 
Quadrupole time-of-flight 
Registration, evaluation, authorization and restriction of chemicals 
Recovery standard 
Selected ion monitoring  
Suspect screening analysis  
2,4,6-tribromoaniline  
Tetrabromobisphenol A 

FLORIAN DUBOCQ Optimizing nontarget workflows for identification of organic contaminants 



TBC Tributyl citrate  
TBP Tribromophenol 
TCDD Tetrachlorodibenzodioxin 
TCEP Tris(2-chloroethyl) phosphate 
TCPy 3,5,6-trichloro-2-pyridinol 
TDCIPP Tris(1,3-dichloro-2-propyl)phosphate 
TDI Toluene diisocyanate  
TDTBPP Tris(2,4-di-tert-butylphenyl)phosphate 
TDTBPPO Tris(2,4-di-tert-butylphenyl)phosphite 
TF Total fluorine  
ToF Time of flight 
TOF Total organic fluorine 
TIC Total ion chromatogram 
WHO World health organization 

FLORIAN DUBOCQ Optimizing nontarget workflows for identification of organic contaminants 



Table of Contents 

1 INTRODUCTION ............................................................................... 13
1.1 Determination of environmental contaminants of concern ................ 14

1.1.1 Sample preparation .................................................................... 14
1.1.2 Chemical analysis ....................................................................... 15
1.1.4 Data processing .......................................................................... 17

1.2 Nontarget analysis ............................................................................ 17
1.2.1 Sample preparation .................................................................... 18
1.2.2 Chemical analysis ....................................................................... 18
1.2.3 Data pre-processing ................................................................... 19
1.2.4 Data processing .......................................................................... 20
1.2.5 Data interpretation .................................................................... 21

1.3 Aim of the thesis ............................................................................... 22

2 MATERIALS AND METHODS .......................................................... 23
2.1 Samples ............................................................................................. 23
2.2 Sample preparation ........................................................................... 24
2.3 Chemical analysis .............................................................................. 27
2.4 Data processing ................................................................................. 29
2.5 Quality Assurance/ Quality Control (QA/QC) .................................. 30

3 RESULTS AND DISCUSSION ............................................................. 31
3.1 Sample preparation ........................................................................... 31

3.1.1 Fish ............................................................................................ 31
3.1.2 Dust ........................................................................................... 35

3.2 Data processing ................................................................................. 36
3.2.1 Dust ........................................................................................... 36
3.2.2 AFFFs ......................................................................................... 39
3.2.3 Fire emissions ............................................................................. 43

3.3 Optimization of the nontarget workflows ......................................... 49

4 CONCLUSIONS .................................................................................. 54

5 OUTLOOK .......................................................................................... 55

6 ACKNOWLEDGMENT ...................................................................... 56

7 REFERENCES ..................................................................................... 59 

FLORIAN DUBOCQ Optimizing nontarget workflows for identification of organic contaminants 





FLORIAN DUBOCQ Optimizing nontarget workflows for identification of organic contaminants 13 

1 Introduction 
In modern society, chemicals are widely used around the world and chemi-
cal production has doubled in volume from year 2000 to reach 2.3 billion 
tons in 2017 (UN, 2019a). The main producers in 2019 were China (1 198 
billion euros), European Union (EU) (565 billion euros) and North America 
(530 billion euros) (CEFIC, 2020), with the global production shared be-
tween a few companies (Garside, 2019). Chemical production is generally 
separated into six categories; petrochemicals, basic inorganics, polymers, 
specialty chemicals, auxiliaries for industries, and consumer chemicals. An-
other category, usually excluded from the chemical industry statistics and 
widely produced is pharmaceuticals. Chemical industry is one of the most 
powerful industries in Europe since it is contributing to 11.6% of the EU 
manufacturing employment (third rank) and to 18.1% of the EU manufac-
turing investment (first rank) (CEFIC, 2020). Chemicals are usually associ-
ated with either industries or agriculture. However, various chemicals are 
also produced for domestic use as in medicines, personal care products, an-
imal care products, soaps, electronics, building materials and furniture 
(Choi et al., 2010; Weschler and Nazaroff, 2008). 

Every year, a vast number of new chemicals are synthesized and commer-
cialized. To keep track on chemical identity, production and use, a chemical 
abstracts service (CAS) number is assigned to some compounds. Nowadays, 
the CAS REGISTRY® contains more than 159 million of unique substances 
(ACS, 2020). However, the quantity of new compounds produced every 
year is such that it is not possible to fully characterize and control all new 
chemicals released on the market in a short period of time.  

Chemicals can be divided into organic compounds, which are composed 
of carbon atoms that are covalently bonded to hydrogen or other heteroa-
toms, and inorganic compounds which lack carbon-hydrogen bonds. These 
compounds can either be of natural or anthropogenic (man-made) origin, 
and it is important to keep track on the production and uses to limit con-
tamination of hazardous compounds in the environment as much as possi-
ble. Increasing contamination may lead to adverse effects to environment 
and to human health. For example, some flame retardants such as polychlo-
rinated biphenyls (PCBs) (Dickerson et al., 2011; Winneke et al., 2002) and 
polybrominated diphenyl ethers (PBDEs) (Costa et al., 2008; Lilienthal et 
al., 2006) are known to be endocrine disruptors. Moreover, per- and 
polyfluorinated substances (PFASs) have shown various impacts on human 
health, even during the early life stages (Liew et al., 2018; Pelch et al., 2019). 
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Various other side effects can occur on environment, animals and humans 
depending on the chemical properties. Chemicals can also be degraded into 
metabolites (Boxall et al., 2004) and cause various adverse effects to wildlife 
and humans. Some contaminants can also bioaccumulate and mixture ef-
fects from chemical cocktails are of increasing health concern (Svingen and 
Vinggaard, 2016). 

To mitigate potential threat of hazardous substances as much as possible, 
several organizations such as the US environmental protection agency (US-
EPA, 2020), the world health organization (WHO, 2020), the European 
chemicals agency (ECHA, 2020) and the US food and drug administration 
(US-FDA2020) are evaluating the environmental risks that chemicals may 
cause. Organizations and governments are regulating these risks by estab-
lishing conventions and regulations such as the EU regulation on registra-
tion, evaluation, authorization and restriction of chemicals (REACH) 
(ECHA, 2007), the Kyoto protocol (Grubb et al., 1999), the Stockholm 
convention on persistent organic pollutants (UN, 2019b) and more recently 
the Paris agreement (European Comission, 2016). 

1.1 Determination of environmental contaminants of concern 
Monitoring chemicals in the environment is a crucial step to estimate their 
release, distribution, and impact. The general workflow usually involves 
five steps: sampling, sample preparation, chemical analysis, data processing 
and report (Keith, 1988; Król et al., 2012; Quevauviller, 2008). Sampling 
can be carried out in different ways depending on the matrix of interest 
(Keith, 1991). Thus, it is important to optimize the sampling method with 
consideration to the matrix of interest in order to not exclude any part of 
the sample which may contain relevant information about the chemical(s) 
of interest. 

1.1.1 Sample preparation 
Extraction and purification are often needed to isolate the compounds of 
interest and remove unwanted compounds that might interfere with the 
chemical analysis. The extraction method and clean-up can be conducted in 
several ways, depending on the physicochemical properties of the target 
compounds and the nature of the analysed matrix (Henion et al., 1998; 
Pavlović et al., 2007; Ruiz-Aceituno et al., 2013). Removing the matrix may 
be a crucial step during sample preparation since the high concentration of 
the matrix can enhance or suppress the analyte signal and bias detection 
and quantification (Taylor, 2005). Matrix removal is usually made by 
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chemical interaction with sorbent or chemical reaction. Moreover, sample 
preparation can also be used to concentrate analytes when their concentra-
tions are too low in the sample to be detected by analytical instruments. 

1.1.2 Chemical analysis 
The main aims of chemical analysis are to study the chemical composition 
of analysed samples as well as qualitatively and quantitatively investigate 
chemical substances of interest (Wille et al., 2012). Due to the wide range 
of physicochemical properties of organic compounds, it is not feasible to 
analyse all the chemical content of a sample. Instead, it is common to use a 
specific method to analyse certain classes of chemicals that have similar 
properties. One way to classify chemicals is by their polarity, measured by 
their octanol/water partition coefficient (Kow), mostly given in a logarithm 
scale (log Kow) (Finizio et al., 1997; McDuffie, 1981). Low log Kow value 
indicates that the compound is hydrophilic (or polar) and high log Kow 
value indicates that the compound is lipophilic (or non-polar). A common 
approach to analyse organic compounds is first by chromatographic sepa-
ration using high-performance liquid chromatography (HPLC) or gas chro-
matography (GC), which are then hyphenated with mass spectrometry (MS) 
for mass filtering followed by detection. HPLC is mainly used for the anal-
ysis of polar to mid-polar (non-volatile) compounds that have a high polar-
ity (low log Kow values) while GC is used for the analysis of volatile mid-
polar to non-polar (high log Kow value) compounds that have a lower boil-
ing point (<300 °C). The polarity range of these two techniques are partly 
overlapping but can also be seen as complementary techniques to enable 
analysis of a wide range of compounds. The applicability domains of LC 
and GC separation are detailed in the Figure 1 below. 
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Figure 1: Applicability domains of GC and LC techniques in the two dimensions 
of polarity and volatility (adapted from Brack et al. (2016)). 

After HPLC or GC separation, a second separation and detection is com-
monly performed using MS (Abian, 1999; Leemans and McCloskey, 1967; 
Niessen, 2006), in which the compounds are first ionized and then separated 
depending on their mass over charge ratio (m/z) before reaching the detector 
(De Hoffmann, 2000; Paré and Yaylayan, 1997). Ionization can be per-
formed in different ways and either in positive or negative mode depending 
on the chemical properties of the target compounds. Main ionization tech-
niques are electrospray ionization (ESI) (Ho et al., 2003) and chemical ion-
ization (CI) (Portolés et al., 2011) for LC-MS, and electron impact (EI) (Van 
Bramer, 1997) and CI for GC-MS.  

Early days of mass spectrometry were mainly relying on low resolution 
(LR) separation of ions. The resolution (R) describes the efficiency of ion 
separation and higher resolution gives better separation between two m/z 
signals and thus increases the selectivity. The LRMS instruments are mainly 
using a quadrupole (Q) mass analyser and only have resolution at unit mass 
(R ~ 1000). Improvements in technology have helped to increase the reso-
lution of instruments using other techniques such as (quadrupole) time-of-
flight ((Q-)ToF, R: 25 000-35 000), orbitrap (R: 60 000-120 000) or Fou-
rier transform ion cyclotron resonance (FT-ICR, R: 100 000-1 000 000) 
(Van Bramer, 1997). The dramatic improvement of high resolution MS en-



FLORIAN DUBOCQ Optimizing nontarget workflows for identification of organic contaminants 17 

ables researchers to develop more comprehensive analytical methods by ac-
curately distinguishing between all ions entering the mass analyser (full-scan 
method). 

1.1.4 Data processing 
Under ideal LC- or GC-MS conditions, one compound is represented by one 
chromatographic peak with defined retention time and mass-over-charge 
ratio (m/z). The selectivity can further be increased by monitoring repre-
sentative fragment ions that are known to be formed during the ionization 
step. Positive identification and quantification are then conducted using for 
example external standards or adding isotopic labelled standards to the 
samples (isotope dilution) (Reagen et al., 2008). The latter is preferred since 
it takes in consideration possible matrix effects which could supress or en-
hance the signal of the targeted compound (Taylor, 2005) as well as possible 
recovery losses from sample preparation steps into the quantification. 

Historically, a targeted analysis approach is usually conducted in the de-
termination of environmental contaminants (Chen et al., 2012; Hao et al., 
2007; Zhou et al., 2012). However, target analysis of a set of known com-
pounds limits the analysis to only a small proportion of all environmental 
pollutants present in a sample, and can therefore miss important infor-
mation. As such, methods that can encompass a broader range of organic 
contaminants with different physicochemical properties and chemical struc-
tures are needed. New methods for nontarget analysis (NTA) of organic 
contaminants have thus been developed and increasingly used during recent 
years (Hollender et al., 2017).  

1.2 Nontarget analysis 
In contrast to target analysis, a NTA workflow aims at analysing samples 
without requiring prior knowledge of its chemical composition (Gago-
Ferrero et al., 2015; Hollender et al., 2017; Moschet et al., 2018; 
Schymanski et al., 2015). This approach has been developed following in-
creasing computational power and improvements of analytical instrumen-
tation, and aims at getting a better understanding of the chemical content 
of various samples. Furthermore, an intermediate approach between target 
analysis and NTA is suspect screening analysis (SSA), which screens a sus-
pect list containing the m/z of candidate compounds that might be present 
in a sample (Bade et al., 2015; Baz-Lomba et al., 2016; Hug et al., 2014).  
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1.2.1 Sample preparation 
Sample preparation for NTA should be as non-discriminatory as possible to 
be able to encompass relevant contaminants. However, as previously men-
tioned, the sample matrix can significantly affect the chemical analysis and 
this creates a crucial challenge to reduce the matrix while preserving rele-
vant contaminants. Sample preparation for NTA usually consists of centrif-
ugation (Liu et al., 2015) or dilution (Place and Field, 2012) in order to 
avoid as much as possible any selective chemical reaction or interaction. 
Sample preparation should thus be kept to a minimum to prevent loss of 
compounds or contamination. Several studies are also using salts to transfer 
compounds from the matrix to an organic solvent for complex matrices as 
biota and food samples (Baduel et al., 2015; Hakme et al., 2017; 
Lazartigues et al., 2011; Pico et al., 2018). Recently published studies also 
described efficiency of protein precipitation sample preparation for fish 
samples (Dürig et al., 2020) or developed a NTA state-of-the-art sample 
preparation for dust samples (Moschet et al., 2018; Rostkowski et al., 
2019). 

1.2.2 Chemical analysis 
Separation and detection in NTA aims to preserve as much information as 
possible and a full scan measurement is performed in contrary to most target 
analyses to be able to detect all ions that are entering the mass analyser.  
Moreover, improvement of analytical instruments to high resolution mass 
spectrometers (HRMS) during the past years allows the determination of 
accurate mass instead of nominal mass previously obtained from LR instru-
ments. It thus leads to a more accurate determination of ion masses to de-
crease the list of possible formulae for a detected m/z. Improvements of an-
alytical instruments also allow a better mass accuracy by performing vari-
ous pre-calibrations for the mass analyser and/or post-calibrations of the 
detected m/z. High mass accuracy and HRMS are thus needed to achieve 
satisfactory selectivity and increase confidence in the tentative identification 
of unknown compounds (Hu et al., 2016). To further increase the identifi-
cation confidence, fragmentation of the detected m/z can be performed. It 
is possible to fragment either a selection of specific masses (data dependent 
acquisition, DDA) (Schwudke et al., 2006) or the whole mass range (data 
independent acquisition, DIA) (Gillet et al., 2012). Detection and identifi-
cation of fragment ions are necessary since it helps to better understand the 
structure of the parent ion and thus to increase its identification confidence. 
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Moreover, several other parameters need to be optimized for NTA as the 
analytical column, the mobile phase, the analytical run time and the solvent 
used for sample preparation (Baduel et al., 2015; Dürig et al., 2020). Opti-
mization of these parameters are required to not lose information during 
the overall workflow or bias reported results. Besides the requirement of 
accurate and selective m/z measurements, the main differences between tar-
get analysis and NTA are in the data processing part. NTA has so far mainly 
been used for qualitative purposes while target analysis is used mainly for 
quantitative purposes. Since the nontarget method applies full-scan meas-
urement, hundreds to thousands chemical features are detected for each in-
jection. Processing this type of data can be very time consuming in order to 
identify chemicals and thus it is not feasible to identify all individual fea-
tures. Some pre-processing and processing steps are thus important to effi-
ciently assign compounds to detected features. 

1.2.3 Data pre-processing 
Following data recording, some pre-processing steps to harmonize data 
need to be applied before processing the dataset (Famili et al., 1997). Vari-
ous software can be used for data pre-processing, either provided commer-
cially by the vendor or from open access resources (Helmus et al., 2020; 
Loos, 2018; Pluskal et al., 2010; Smith et al., 2006). NTA can either be 
conducted on single samples or by comparing several (groups of) samples. 
Following are the pre-processing steps applied to the full-scan data of the 
analysed samples: 

- Peak-picking: The peak picking is usually the first pre-processing step
of the raw dataset. It involves the detection and extraction of chromato-
graphic peaks at individual m/z values (called feature) within a defined mass 
tolerance as well as their respective retention time.  

- Deconvolution/Componentization: To simplify the processing step and
to decrease the number of detected features, deconvolution aims at finding 
features that belong to the same compound, such as molecular ions, frag-
ment ions and adducts. The componentization step is usually based on the 
retention time as well as the chromatographic peak shape since both molec-
ular ion and fragment ions have the same retention time (Hollender et al., 
2017). Molecular ion and fragment ions are then merged together in one 
compound group (or component). 

- Alignment: Retention time shifts can cause the detection of the same
features to appear at different retention times between different injections. 
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This leads to problems during subsequent statistical analysis when e.g. com-
paring the abundance of the feature between samples. It is thus important 
to align retention time between injections to facilitate comparison between 
samples. Therefore, various algorithms are used to adjust the retention time 
shift between injections (Schollée et al., 2016).  

- Filtration: Since a single sample can contain thousands of detected fea-
tures, it is most often necessary to reduce the number of detected features 
by filtering the data, for instance by keeping only a part of the retention 
time or m/z window or increasing the signal-to-noise ratio threshold.  

1.2.4 Data processing 
The aim of data processing is to identify extracted relevant features from 
the pre-processed dataset with a certain level of confidence. Some methods 
identify relevant features from the dataset by performing for example sta-
tistical analysis or applying specific filters to the list of detected features. A 
statistical analysis which is commonly applied is analysis of variance 
(ANOVA) which aims at analysing the variation in signal intensities of the 
detected features in the analysed samples. Outliers are defined as the com-
pounds with the highest variation between samples and might thus be im-
portant features that calls for further investigation (Burke, 1998; Müller et 
al., 2011). In addition, multivariate statistics have been used for NTA data, 
in order to identify important outliers, as for example principal component 
analysis (PCA) (Eriksson et al., 2006). Another multivariate tool is hierar-
chical cluster analysis (HCA), which is used to group features and samples 
in order to study the similarity or dissimilarity of chemical composition be-
tween samples. HCA also performs a comparison between samples and 
shows outliers that can be further investigated for tentative identification. 
Another filtering tool used to extract important features is mass defect (MD) 
plot analysis which sorts detected features by their differences in MD (de-
fined as the difference between the exact mass and the integer mass of a 
compound) (Sleno, 2012). Features can be sorted and aligned based on their 
MD depending on their functional group and structural repetitions such as 
hydrocarbons (CH2 (Hughey et al., 2001)), halogens (Cl/Br (Jobst et al., 
2013)), perfluoroalkyl chain (CF2 (Myers et al., 2014)) and more. 

Since some elements have several natural isotopes, it is as well possible 
to filter the data by searching for a specific molecular isotopic pattern. This 
way of prioritization is mainly conducted for compounds containing chlo-
rine and/or bromine atoms that have a distinct ion cluster of M, M+2, M+4, 
and so on (Ballesteros-Gómez et al., 2017; Cariou et al., 2016). 



FLORIAN DUBOCQ Optimizing nontarget workflows for identification of organic contaminants 21 

The main strength of the data processing methods is the drastic reduction 
of the number of compounds to tentatively identify (only relevant features 
remaining). However, one limitation is the possibility of missing relevant 
features from the pre-processing steps (false negative). It is thus important 
to optimize feature detection parameters and to select the appropriate pro-
cessing method to extract neither too many (time consuming) nor too few 
(false negative) relevant compounds from the whole dataset (Lee et al., 
2019; Tian et al., 2019; von Eyken and Bayen, 2019). 

1.2.5 Data interpretation 
The last step in the nontarget workflow is the data interpretation aiming at 
identifying the correct molecular structure associated with a relevant feature 
(which could be outliers, homologous series or molecules with specific iso-
topic pattern). The identification may be performed with a low or high de-
gree of confidence depending on the number and quality of diagnostic evi-
dences. Schymanski et al. (2014) proposed a scale with confidence level 
ranging from one to five that should be reported for the tentative identifi-
cation of compounds from a NTA workflow. When extracting a relevant 
m/z (accurate measured mass), the identification level is set at five by de-
fault. Level four (unequivocal molecular formula) corresponds to the attrib-
ution of a possible formula for the extracted m/z. In this thesis, the list of 
possible formulae was obtained from the accurate mass with a maximum 
deviation from the theoretical mass of 15 parts-per-million (ppm), a double 
bond equivalent (DBE) value between 0 and 15, and including C, H, Br, Cl, 
F, N, O, P and S elements. The list of possible formulae was further reduced 
by comparison of the theoretical and experimental isotopic patterns. Ten-
tative candidates can be assigned at level three when detected mass frag-
ments support the suggested structure of the molecule. To further improve 
the confidence in the identification to level two (probable structure by diag-
nostic evidence), the mass spectral information (such as molecular ion m/z, 
fragment ions m/z and relative intensity between the fragment ions and the 
molecular ion) should match with those from a database/library (Horai et 
al., 2010; NIST Mass Spec Data Center, 2005; NORMAN Network, 2019; 
Pence and Williams, 2010; Ruttkies et al., 2016; Williams et al., 2017; 
Wishart et al., 2007) or with those reported in literature. A compound can 
be reported with the highest level of confidence of one (confirmed structure) 
only after comparison with an authentic standard (retention time, m/z and 
fragmentation pattern).  
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During the past years, studies on NTA have been increasing as well as 
the interest to perform comprehensive screening analysis of environmental 
contaminants. Thus, several studies have focused on optimizing the NTA 
workflow for environmental matrices such as food (Fu et al., 2017), water 
(Schymanski et al., 2015), dust (Rostkowski et al., 2019) and biological 
matrices such as human (Liu et al., 2019; Yin and Xu, 2014) and fish (Dürig 
et al., 2020) samples. Improvements in nontarget workflows could help to 
decrease time needed to process data as well as to improve efficiency in 
identification. A comprehensive and accurate chemical analysis using NTA 
can thus help in the risk assessment of all possible organic pollutants that 
could be present in environmental and biological samples.  

1.3 Aim of the thesis 
The aim of the thesis is to optimize the nontarget workflow in order to 
efficiently detect and tentatively identify organic compounds in various en-
vironmentally relevant matrices. Optimization were mainly performed on 
extraction and clean-up methods as well as (pre-)processing steps to extract 
the relevant information from the analyzed matrix. 
The specific objectives of the papers included in this thesis were:  

• Paper I: To optimize NTA for mid- to non-polar compounds in fish
by comparing different extraction and clean-up methods.

• Paper II: To detect and tentatively identify relevant compounds in
indoor dust using a robust extraction method and NTA workflow.

• Paper III: To tentatively identify fluorinated and non-fluorinated
surfactants in aqueous film-forming foams (AFFFs) using NTA
workflow in combination with fluorine analysis.

• Paper IV: To study formed and released chemicals from fire emis-
sions using different extinguishing methods using NTA workflow.
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2 Materials and methods 
Different matrices were analysed in this thesis by using a nontarget work-
flow consisting of sample preparation, chemical analysis and data pro-
cessing. Each step was selected and optimized, if needed, to avoid bias in 
the results and to extract relevant information from the dataset. Given in 
Table 1 is the general overview of the analytical workflow applied for the 
four studies.  

Table 1: General overview of the NTA workflow for the four papers 

Paper I Paper II Paper III Paper IV 
Matrix Fish Dust Firefighting foams Gas and soot 

Sample 
preparation 

Comparison be-
tween five extrac-
tion and three 
clean-up methods 

Solid-liquid extraction 
with hexane/acetone 
followed by a filtra-
tion through PTFE fil-
ter 

Dilution with 
water/methanol 

Soxhlet extraction 
followed by deac-
tivated silica 
clean-up 

Chemical 
analysis 

- GC-Orbitrap
- GC-Orbitrap
- LC-QToF

- LC-QqQ
- LC-QToF
- CIC
- ISE

- GC-FT-ICR
- GC-Orbitrap

Data pro-
cessing 

- Target analysis
- Suspect screening
analysis

- Target analysis
- Suspect screening
analysis
- Hierarchical cluster
analysis
- Mass defect plot
• CH2-CH2-O
• Cl-H/Br-H

- Target analysis
- Hierarchical clus-
ter analysis
- Mass defect plot
• HF
• CF2

- Suspect screen-
ing analysis
- Hierarchical
cluster analysis
- Mass defect plot
• Cl-H/Br-H
• CH2

• C4H2

• CF2

• HF

2.1 Samples 
In paper I, arctic char (Salvelinus alpinus) from lake Vättern (Sweden) was 
taken in 2015. Muscle tissue was analysed both as fresh (wet weight), and 
after 72 hours of freeze-drying (dry weight). 

In paper II, indoor dust samples were sampled using a custom made stain-
less steel housing unit connected to a vacuum cleaner. A stainless steel filter 
(mesh size: 500 μm) was mounted on top of a pre-burned glass fibre filter 
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(0.7 µm). A GFF filter was used to collect the dust. Dust samples were clas-
sified in four categories depending on their sampling location; (i) offices (O, 
n=6), (ii) households (H, n=7), (iii) preschools (P, n=11) and (iv) from vari-
ous indoor environments (V, n=6; electronic shops and printing work-
shops).  

In paper III, aqueous film-forming foams (AFFFs), provided by European 
manufacturers, were studied. They were classified in four categories de-
pending on content and usage; i) aqueous film-forming foams (AFFFs, 
n=10), ii) alcohol resistant aqueous film-forming foams (AR-AFFFs, n=11), 
iii) alcohol-resistant film-forming fluoroprotein (AR-FFFP, n=1), and iv)
firefighting foams used for both class A (combustible material) and class B
(liquid) fires (AB, foam n=2). The foams were marketed as organofluorine-
containing (n=14) or as organofluorine-free (n=10) foams.
In paper IV, gas and soot from fire emissions were sampled from five con-
trolled container fires during the extinguishing phase. Four different extin-
guishing methods were used (Table 2) and soot were collected with Kleenex
swipes from a stainless steel plate exposed for the fire gas. Gas were sampled
by pumping the air from the container through polytetrafluoroethylene
(PTFE) filter and a XAD-2 adsorbent (20/50 mesh, 400/200 mg).

Table 2: Samples were collected during five fire tests (T1-T4b) extinguished using 
different methods and extinguishing agents. 

Test Firefighting method Extinguishing agent 
T1 Nozzle (low pressure) Water spray 

T2 Coldcut cobra cutting extinguisher 
(high pressure) 

Water mist 

T3 Compressed air foam system (CAFS) Foam OneSeven A (NFRS, 2016) 

T4a 
Coldcut cobra cutting extinguisher 

(high pressure) 
Water mist with X-Fog additive 

(X-Fire, 2018) 

T4b 
Coldcut cobra cutting extinguisher 

(high pressure) 
Water mist with X-Fog additive 

(X-Fire, 2018) 

2.2 Sample preparation 
In paper I, various extraction and clean-up methods were tested for fish 
muscle with the aim to compare extraction methods by evaluating matrix 
removal and recoveries for 60 target compounds from fresh and freeze-dried 
fish. Five different solid-liquid extractions were compared: using bead mixer 
homogenizers (Precellys® and Ultra Turrax®), accelerated solvent extraction 
(ASE), open-column and sonication extraction. Tested clean-up materials 
were deactivated silica, multilayer silica and Florisil. Samples were spiked 
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with a mixture of 60 compounds with a wide range of log Kow values (be-
tween 0.8 and 8.3) and considered to be environmentally relevant com-
pounds (organophosphorus flame retardants (OPFRs), PCBs, PBDEs, 
polybrominated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), triflu-
ralin and bromocyclen). Recoveries as well as matrix effects were calculated 
for the spiked compounds to evaluate method efficiency for blanks, fresh 
fish and freeze-dried fish. 

In paper II, extraction of indoor dust was performed using hexane and 
acetone as extraction solvents according to Moschet et al. (2018), as shown 
in Figure 2. Extraction was followed by filtration through PTFE filter and 
the extract was split in two parts prior analysis, one for non-polar to mid-
polar compounds (GC compatible) and one for mid-polar to polar com-
pounds (LC compatible). Recovery tests were conducted on sodium sulfate 
spiked with 86 native compounds (two ranges, 9-271 pg/µL and 0.99-6.04 
ng/µL), seven internal standards (IS) and one recovery standard (RS) and 
matrix effect tests were conducted on a standard reference material (NIST 
SRM 2585) spiked with 26 native compounds (0.99-6.04 ng/µL range), 
seven ISs and one RS to estimate the performance of the method to encom-
pass compounds within a wide polarity range. 
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Figure 2: General overview of dust sample preparation 

In paper III, AFFFs were characterized by different instrumental methods 
by direct injection after dilution. AFFFs were diluted between 100-10 000 
times by a mixture of methanol/water before injection.  

In paper IV, gas sampled with XAD-2 and soot sampled with Kleenex 
swipes were extracted using Soxhlet extraction with toluene during 24 h 
reflux according to Bjurlid et al. (2017). Then, clean-up was performed us-
ing a 10% deactivated silica column.  

Further information about the sample preparations are provided in the 
corresponding papers. 
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2.3 Chemical analysis 
Chemical analysis was performed using gas chromatography hyphenated 
with Orbitrap mass spectrometry (Q Exactive GC Orbitrap, Thermo scien-
tific, Bremen, Germany) (Paper I, II and IV) and gas chromatography Fou-
rier transform ion cyclotron resonance mass spectrometry (GC-FT-ICR-MS, 
Varian, Palo Alto, CA, USA) (Paper IV) for the analysis of non-polar to mid-
polar compounds, both for target and nontarget analysis. Mid-polar to po-
lar compounds were analysed using liquid-chromatography coupled to a 
triple quadrupole mass spectrometer (Xevo TQ-S, Waters Corporation, 
Milford, USA) for target analysis in Paper III, coupled to a quadrupole time-
of-flight mass spectrometer (qToF, Xevo Synapt, Waters) for nontarget 
analysis in paper III, and to a quadrupole time-of-flight mass spectrometer 
(qToF, G2-XS-QToF, Waters) for chemical analysis in Papers I and II. 

In paper III, total organic fluorine (TOF) was calculated by subtracting 
inorganic fluoride (IF) determined using an ion selective electrode (ISE, 
Metrohm, Switzerland) from total fluorine (TF) determined by combustion 
ion chromatography (CIC, Metrohm, Switzerland) (i.e. TOF = TF – IF). A 
mass balance was conducted by comparing TOF concentration with tar-
geted per- and polyfluorinated substances (∑17 PFASs) concentrations (i.e. 
mass balance (%) = ∑17 PFASs *100 / TOF). The difference between the 
TOF and the targeted PFASs would be the unknown fraction that is not 
accounted for by the target analysis. An attempt to identify the unknown 
fraction as well as other important ingredients in the foams was done by 
NTA. General overview of the AFFFs analysis workflow is summarized in 
the Figure 3. This workflow was applied both for organofluorine containing 
foams and organofluorine-free foams. 

Further information about instrumental parameters are provided in the 
corresponding papers. 
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Figure 3: General overview of the firefighting foam analysis workflow (Reprinted 
with permission from Paper III. Copyright (2020) American Chemical Society). 
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2.4 Data processing 
Target analysis data processing was performed using the vendor software 
(MassLynx, UNIFI, XCalibur/TraceFinder EFS or Omega software accord-
ing to the corresponding paper). (Semi-)Quantitative analysis of target and 
suspect compounds was performed either by isotope dilution quantification 
or by one-point external standard quantification, using authentic standards 
when available or structurally similar standards otherwise. 

Various software or platforms were initially tested for data processing in 
the NTA workflow (R, MatLab, XCMS, MZMine2, ENVIPY, enviMass, 
vendor software) with the aim to select a suitable protocol in terms of ease 
of use, calculation speed and available statistical tools. The tested software 
have different advantages and drawbacks and can be used for various pur-
poses. In this thesis, XCMS online (Smith et al., 2006) was selected since (i) 
dataset can be uploaded to an external server and thus can be run faster and 
independently from computer settings, (ii) the software with graphical user 
interface is easy to use and (iii) statistical tools as HCA with heatmap and 
dendrograms as visualizing tools are included and useful for projects pre-
sented in this thesis. However, it is important to mention that other software 
could also be suitable depending on the aim of the project and that a com-
prehensive comparison between the different platforms was not performed. 
LC-HRMS data were converted to a standardized format (mzXML) using 
MSConvert (Chambers et al., 2012) before being uploaded to XCMS 
online, while the raw file format from GC-HRMS was directly used. The 
main statistical tool used in this thesis was HCA with heatmap and dendro-
gram as visualizing tools (Paper II, III and IV). The aim of the statistical 
analysis is to detect outliers (features that are separated from the other fea-
tures following statistical processing) based on the Z-score. Moreover, MD 
plot analysis were used for the identification of homologous series in the 
data sets. To do so, various scales were applied to the dataset as; (i) the CH2 
(mass scale = 14/14.0157) and C4H2 (mass scale = 50/50.0157) scales for 
the investigation of aliphatic and aromatic hydrocarbons, (ii) Cl-H/Br-H 
(mass scale = 34/33.96102 or 78/77.91051) for the investigation of chlorin-
ated and brominated compounds, (iii) CF2 (mass scale = 50/49.9968) and 
HF (mass scale = 20/20.0062) for the detection of fully fluorinated and par-
tially fluorinated compounds, respectively and (iv) CH2-CH2-O (mass scale 
= 44/44.0262) for the identification of polyethylene glycols (PEGs).  

Following the selection of outliers and homologous series, the aim was 
to tentatively identify the formula and the structure of the compounds. 
Here, a list of possible elemental compositions was determined from the 
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vendor software within a predefined mass error. To further narrow down 
the list of possible formulae, experimental isotope patterns and other mass 
spectral information were compared to theoretical values or experimental 
databases. Main databases used were the National Institute of Standards 
and Technology (NIST) library for GC-MS mass spectra and MassBank of 
North America (MoNA) for LC-MS data. Various other libraries and data-
bases (human metabolome database, NORMAN database system, chemis-
try dashboard, chemspider, pubchem, massbank, metfrag, and more) can 
also be used to further facilitate the tentative identification of the selected 
compounds. 

2.5 Quality Assurance/ Quality Control (QA/QC) 
In order to evaluate the quality and robustness of the whole workflow and 
thus to minimize bias in the data interpretation, various control measures 
were included throughout the analytical process.  

Blank samples (reagent blank or extraction of an inert material) were 
prepared together with the samples. These blank samples aim at monitoring 
any contamination due to laboratory or cross-over contaminations. Some 
samples were prepared in replicates (most often in triplicates) to estimate 
the reproducibility of the sample preparation. In order to evaluate the re-
covery of the targeted analytes as well as the matrix effect, some samples 
were spiked before sample preparation. When possible, a QC sample was 
used to control reproducibility, accuracy of the sample preparation, and in-
strumental analysis.  

Samples were randomized to prevent bias from instability in the analyti-
cal system e.g. signal intensity changes and retention time shifts over a se-
quence of many injections. 

In the NTA workflow, blanks, QC, and standard injections were pro-
cessed together with the investigated samples in order to detect influences 
from blank contamination and to confirm the identification of known com-
pounds. 
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3 Results and discussion 

3.1 Sample preparation 
As previously mentioned, sample preparation is a crucial step in the NTA 
since an inappropriate sample preparation can bias the results by being 
more or less selective towards some classes of compounds. The aim of the 
NTA workflow is thus to include an extraction method that is as non-dis-
criminatory as possible. Paper I aims at determining the most suitable ex-
traction method for screening of non-polar to mid-polar compounds in fish 
muscle while paper II was aiming at confirming the robustness of a sample 
preparation for NTA of a wide polarity range of compounds in indoor dust.  

3.1.1 Fish 
In paper I several extraction and clean-up methods were tested with aim to 
remove matrix while recovering both semi-polar and non-polar compounds 
from fish muscle. Chemical analysis was conducted using GC-HRMS. It was 
determined that tested methods based on bead mixer homogenization ex-
traction, previously used for polar to semi-polar compounds (Dürig et al., 
2020), were not efficient for the extraction of most of the targeted 60 semi-
polar/non-polar compounds, even after solvent exchange for GC-MS anal-
ysis. The incompatibility to extract non-polar compounds could be due to 
sorption on the plastic extraction tubes used in the bead homogenizers, or 
that co-extracted chemicals suppressed the target signals. It was further con-
cluded that between the three other methods (ASE, open-column and soni-
cation extraction), ASE resulted in lower recoveries especially for com-
pounds in the higher range of the Kow scale (Figure 4). None of the methods 
were suitable for extraction of OPFRs. Since OPFRs can also be analysed 
using LC-HRMS (Hao et al., 2018; Santín et al., 2016), the best compro-
mise in order to achieve a NTA sample preparation for non-polar to mid-
polar compounds would be to remove the OPFRs from the GC suspect list. 
Sonication extraction showed promising results and it also complied with 
the 12 principles of green chemistry (Gałuszka et al., 2013) since it was time 
efficient and consumed less solvents compared to the other methods. It was 
therefore selected as extraction method for the following clean-up tests. 
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Figure 4: Spiked fresh fish recoveries for 45 compounds (log Kow indicated) for 
the extraction method tests using deactivated silica clean-up (OPFRs and 9 com-
pounds detected in the non-spiked fish samples were removed). Duplicate or tripli-
cate tests are shown as individual results. * indicates estimated log Kow. The green 
line indicates the optimal recovery. 
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Tests were then conducted for clean-up methods comparing deactivated sil-
ica, multilayer silica and Florisil. It was determined that deactivated silica 
was providing acceptable recoveries for the spiked blank and fresh fish 
while recoveries using Florisil were lower for the studied polarity range. 
Even if multilayer silica recoveries were acceptable for most part of the stud-
ied polarity range, it was also concluded that some compounds (mostly pes-
ticides) were degraded under the acidic conditions during clean-up. Multi-
layer silica clean-up might therefore introduce bias in the NTA workflow. 
Deactivated silica resulted in satisfactory recoveries for the studied log Kow 
range and acceptable matrix effects for fresh fish. However, the recoveries 
for the freeze-dried samples were close to 0% because of high supressing 
matrix effects. Since the sonication extraction was used for fresh fish with 
satisfactory results, the main hypothesis was that higher amount of matrix 
was extracted from the dry fish which could not be removed by the deac-
tivated silica clean-up. Florisil clean-up was a suitable method to remove 
the matrix, both for fresh and freeze-dried fish samples. However, recover-
ies of the analytes were low compared to the other clean-up methods, par-
ticularly for compounds with a high log Kow value (> 7.2). Further evalua-
tion of the different methods was performed by combining the target anal-
ysis of 60 selected compounds with a NTA workflow, including (i) compar-
ison of the full-scan total ion chromatograms (TICs) to confirm the 
method´s capacity to remove matrix, (ii) comparison of the total number of 
features that were detected after XCMS data processing and (iii) filtering 
out the number of detected chlorinated/brominated compounds using Cl-
H/Br-H MD plot (Table 3) and (iv) quantification of the nine compounds 
detected in the non-spiked fish sample (hexachlorobenzene, PCB 28, PCB 
52, p,p’-dichlorodiphenyldichloroethylene (DDE), o,p-dichlorodiphenyltri-
chloroethane (DDT), p,p-dichlorodiphenyldichloroethane (DDD), PCB 
153, p,p’-DDT and PCB 180) to estimate which extraction/clean-up method 
resulted in the highest concentrations. Table 3 shows that there is a rela-
tionship between the number of detected features and halogenated com-
pounds, except for ASE combined with deactivated silica clean-up that 
showed relatively low detected halogenated compounds compared with the 
high number of detected features. The highest identification numbers were 
seen for sonication extraction and multilayer silica clean-up, followed by 
sonication with deactivated silica. The overall NTA process further con-
firmed the efficiency of the sonication extraction/deactivated silica clean-up 
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method for the fresh fish while suggesting that ASE could be equally suitable 
for screening purposes. 

Table 3: Number of total detected features in spiked fresh fish muscle from XCMS 
and halogenated compounds from the target list (marked with a X in the table if 
detected in at least one replicate) detected using Cl-H/Br-H mass defect plot on the 
dataset extracted from XCMS, analysed using different extraction and clean-up 
methods. 

Test 

Open-Col-
umn 

Deactivated 
silica 

ASE 
Deactivated 

silica 

Sonication 
Deactivated 

silica 

Soni-
cation 

No 
clean-up 

Sonication 
Multilayer 

silica 

Soni-
cation 
Florisil  

1 g 

Soni-
cation 
Florisil  

5 g 
Detected features 

from XCMS 6318 7343 6626 2622 7752 5152 4016 

Gamma-HCH X X 
Beta-HCH X 

Alpha-HCH X 
Heptachlor epoxide X X X 

HCB X X X X X X X 
PCB 52 X X X X 

o,p-DDD X 
Bromocyclen X X X 

PCB 28 X X X X X 
o,p-DDE X X X X 
p,p' DDD X 

Heptachlor X X X X X 
Cis-chlordane X X 

Trans-chlordane X X X X 
PCB 101 X X X X X 

2,3,4,7,8-PeCDF X X 
p,p'-DDE X X X X X X 

2,3,7,8-TCDF X X X 
1,2,3,7,8-PeCDD X X X X 

o,p-DDT X 
BDE 47 X 
Mirex X X X X 

PCB 153 X X X X X X 
1,2,3,7,8-PeCDF X X X 

1,2,3,4,7,8-HxCDF X X X X 
1,2,3,6,7,8-HxCDF X X X X 

BDE 66 X 
1,2,3,7,8,9-HxCDF X X X 
2,3,4,6,7,8-HxCDF X X X X 

BDE 100 X X X 
BDE 99 X X X 
PCB 180 X X X X X X 
BDE 85 X 

1,2,3,4,6,7,8-HpCDF X X X X 
1,2,3,4,7,8,9-HpCDF X X X X 
1,2,3,4,7,8-HxCDD X X X X 
1,2,3,6,7,8-HxCDD X X X X 

BDE 154 X 
1,2,3,7,8,9-HxCDD X X 

1,2,3,4,6,7,8-HpCDD X X X 
OCDF X X X 
OCDD X X 
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3.1.2 Dust 
In paper II, indoor dust samples were extracted using a previously published 
method (Moschet et al., 2018) using acetone and hexane followed by filtra-
tion through PTFE filter. Extracts were then split in half for both LC- and 
GC-HRMS. Recoveries on spiked sodium sulfate were satisfactory around 
60% for almost all compounds except for toluene diisocyanate (TDI), diel-
drin, 2,3,7,8-tetrachlorodibenzodioxin (TCDD) and BDE 183 which 
showed lower recoveries (range 0-5%). However, high supressing matrix 
effects (between 50 and 100% of target compound ion suppression) affected 
the accuracy of the calculated concentrations. External quantification was 
performed on the NIST SRM and results were compared to the certified 
values (NIST, 2018) (Table 4). Because of high suppressing matrix effects 
and from using external standard quantification, calculated concentrations 
were much underestimated compared with reported values. However, the 
method used detected many organic contaminants in the indoor dust refer-
ence material. These results raise the main issue of matrix effects when try-
ing to combine a fully comprehensive NTA method and targeted analysis. 
However, performing a clean-up of the dust samples, in order to remove the 
matrix, would also have an effect on the NTA and bias results.  

Table 4: Comparison between calculated and reported concentrations (in µg/kg) 
for the NIST SRM 2585 

Compound This study 
NIST SRM 

2585 
Compound This study 

NIST SRM 
2585 

Tributylphosphate 10.8 276 Dieldrin <LOQ 88 
TCEP 723 925 p-p’-DDT 60.7 111 
TCIPP 347 1220 TPHP 441 1190 

Gamma HCH <LOQ 4.06 PCB 180 <LOQ 18.4 
PCB 28 11.8 13.4 BDE 47 232 497 

Heptachlor 96.5 166 BDE 66 6.5 29.5 
PCB 52 4.3 21.8 Mirex <LOQ 6.89 

Heptachlor epoxide <LOQ 11.3 BDE 100 63.6 145 
Trans-Chlordane 200 277 BDE 99 413 892 

PCB 101 11.6 29.8 BDE 85 <LOQ 43.8 
Cis-chlordane 111.7 174 BDE 154 <LOQ 83.5 

p-p’-DDE 91.8 261 BDE 183 <LOQ 43 

Various other QA/QC tests were performed together with extracting the 
samples. Firstly, recoveries and matrix effects were calculated by spiking 
sodium sulfate and NIST SRM with seven deuterated OPFR internal stand-
ards (ISs) added before sample preparation and a 13C-labeled recovery 
standard (RS) added before injection. Average recoveries were between 75-
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160% in blank spiked sample and 45-170% in spiked NIST SRM 2585. 
Then, blank samples and randomized injections showed that none of the 
targeted compounds were detected in blanks and confirmed the stability of 
the analytical system.  

3.2 Data processing 
NTA data processing was conducted in papers II, III and IV. Moreover, 
target analysis (paper II and III) and SSA (paper II and IV) were also per-
formed to support and confirm results obtained conducting NTA.  

Both HCA and MD plot analysis were used for the detection of com-
pounds of interest using NTA in papers II, III and IV. Selected outliers re-
ported from HCA are features with the highest Z-scores (marked in red in 
the heatmap) and the lowest p-value (<0.05). 

3.2.1 Dust 
In paper II, quantification was conducted for a target list of 86 compounds, 
and 25 compounds were detected in at least one of the indoor dust samples 
(NIST SRM excluded) using LC-MS (both positive and negative ESI) and 
GC-MS (EI). The highest detection frequencies (df) were for OPFRs (df; 92-
100%) with concentrations up to 59 µg/g. Moreover, TDI (df; 100%), liq-
uid crystal monomers (LCMs) (df; 11-70%), PCBs (df; 7-59%), PBDEs (df; 
11-26%), DDE (df; 7%), bisphenols (df; 7-33%) and tributyl citrate (TBC)
(df; 7%) were detected in dust samples. Concentrations were between 4 and
2500 µg/g and the detection of these compounds in dust were previously
reported in the literature (Abb et al., 2010; Allen et al., 2008; Persson et al.,
2018; Su et al., 2019).

Moreover, SSA was performed after data processing with XCMS online 
using the NORMAN “Indoor environment substances from 2016 collabo-
rative trial” suspect list, which included the chemical formula and the m/z 
of molecular ions (NORMAN netwok, 2019).  

As GC analysis was performed with electron ionization source, molecular 
ions are often not stable or have very low intensities, restricting its use for 
this suspect screening. The SSA was therefore performed for LC positive 
and LC negative electrospray ionization mode. Since thousands of features 
are detected while performing the full-scan method and hundreds of com-
pounds are reported in the suspect list, it was not feasible to discuss indi-
vidual detected compounds. Thus, classification was performed on the ten-
tatively detected suspects using Classyfire (Feunang et al., 2016), as a means 
to characterize the chemical composition based on compound groups in the 
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dust samples. Classyfire performs automated structural classification of 
chemicals based on their structural similarities into a chemical taxonomy 
consisting up to 11 levels (Kingdom, Superclass, class, subclass, Classyfire 
level (CFL) 5, CFL 6, etc). A total of 376 tentatively identified suspects from 
both positive and negative ionization mode could be classified at the CFL 5 
and are shown in Figure 5. A majority of the tentatively detected suspects 
were classified into the “dialkyl ethers” group. Upon examination, these 
were mostly polyethylene glycols (PEGs) that are produced in different for-
mulations with very large commercial and industrial uses (Fruijtier-Pölloth, 
2005; Hutanu et al., 2014). Presence of PEGs was further confirmed by 
analysing data using CH2-CH2-O scaled MD plot. 

The second most abundant level 5 group was “benzoic acid esters” which 
includes phthalates and parabens, already previously reported in dust sam-
ples (Tran et al., 2016). Other detected classes of compounds are aryl and 
alkyl phosphate classes for which OPFRs belong to. 

Figure 5: Classification of suspects in dust identified by LC-MS and the NORMAN 
indoor environment substances from 2016 collaborative trial database. A total of 
69 groups were detected, the white faded part corresponds to all groups that are 
detected with a low count (N<2). Numbers corresponds to the detected counts for 
each CFL 5 group. 

HCA was thereafter conducted on the entire dataset from EI, positive ESI 
and negative ESI after XCMS processing to identify relevant compounds. 
The NTA workflow was used on the whole dataset to confirm that (i) sam-
ple preparation replicates and injection replicates were grouped together, 
(ii) spiked dust samples were grouped with the corresponding non-spiked 
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samples since variation generated by the eight spiked compounds is negligi-
ble in comparison with the thousands detected features, (iii) field blanks and 
extraction blanks were separated from the dust samples to confirm low con-
tamination during sampling and sample preparation, (iv) diluted extracts 
were separated from the original extracts and grouped closer to the blanks. 
The latter was expected to occur since sample dilution decreases compound 
intensities and also the influence from matrix. Robustness of the analysis 
workflow was thus confirmed for the three ionization methods. 

 
HCA was then performed only including the collected indoor dust samples. 
The most frequent detected outlier from the GC analysis was C8H5O3

+ (m/z 
149.0233, -3.5 ppm) which is a specific fragment ion for phthalates. 
Phthalates were expected to be detected in the dust samples since they are 
ubiquitous in personal care products (Guo and Kannan, 2013) and are 
abundantly present in dust samples (Abb et al., 2009). Other detected ions 
were C5H7

+ (m/z 67.0542; -0.4 ppm) and C6H9
+ (m/z 81.0690; -10.8 ppm), 

both equivalent to fragments of aliphatic compounds, and C4H7O2
+ (m/z 

87.0440; -0.7 ppm) and C6H11O2
+ (m/z 115.0745; -7.4 ppm) which are frag-

ments originating from carboxylic acid or ester compounds. From the LC 
analysis using positive ionization, it appeared that most of the detected out-
liers were CxHyOz compounds. Some of them, such as [C31H56O9+H]+ (m/z 
573.3997; 0.0 ppm), [C75H102O5+H]+ (m/z 1083.7775; -1.6 ppm) and 
[C54H104O17+H]+ (m/z 1025.7361; 1.1 ppm), correspond to PEGs com-
pounds, mostly identified by the CH2-CH2-O pattern (m/z 44.0262) or by 
the difference of m/z 4.9555 for some ions. This further confirms the results 
from the suspect list, and PEGs have also been reported to be present in dust 
samples (Gong et al., 2014; Thurman et al., 2017). The other outliers con-
sisting of CxHyOz were likely not PEGs because of absence of previously 
mentioned patterns. Further identification of these compounds was how-
ever not possible due to the lack of fragment ions in the mass spectra and 
the high number of possible isomers for the reported formulae. Outliers for 
negative mode also consisted of CxHyOz compounds, even if some sul-
fonated compounds were detected as well. Moreover, perfluorooctane- and 
perfluorodecane sulfonic acid (PFOS and PFDS) isomers were also detected 
as outliers in the NIST SRM, and their presence could be verified by the 
SRM 2585 certificate of analysis (NIST, 2018). MD plot analysis was per-
formed using Cl-H/Br-H scale and tentatively identified 11 compounds 
from GC analysis, 3 compounds from LC positive mode and 11 compounds 
from LC negative mode. In order to increase the confidence level of the 
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identified compounds to level 1, pure standards were injected to compare 
the retention times as well as the mass spectra. Injection of pure standards 
thus enabled to confirm the presence of triclocarban (Chen et al., 2018), 
diclofenac (Rostkowski et al., 2019), 3,5,6-trichloro-2-pyridinol (TCPy) 
(metabolite of chlorpyrifos) detected in NIST SRM (Lioy et al., 2000) and 
tetrabromobisphenol A (TBBPA) (Di Napoli-Davis and Owens, 2013) at the 
highest confidence level in the dust samples. A peak in the dust samples 
suspected to be isoconazole matched the mass spectra of the standard but 
retention time was different (-0.67 min difference both for solvent spiked 
and NIST SRM spiked), and thus it could be an isomer of isoconazole. The 
combination of SSA and NTA enabled the detection of halogenated com-
pounds, PEGs and phthalates in dust, however it was not possible to estab-
lish a correlation between the detected compounds and characteristics of the 
buildings (e.g. type and age) from which the dust samples originated, except 
for OPFRs which were detected in higher concentrations in buildings built 
before year 2000. 

Applying NTA for the dust samples confirmed the presence of PEGs, 
phthalates, OPFRs, BFRs as well as triclocarban, diclofenac and TCPy, 
which was supported as well by the SSA for PEGs, phthalates and OPFRs. 
Despite the high supressing matrix effects, target analysis enabled the detec-
tion of compounds which were not prioritized in the NTA workflow such 
as LCMs, PCBs, PBDEs, bisphenols, TDI and TBC while confirming the 
detection of OPFRs. The combination of target analysis, SSA and NTA thus 
resulted in a comprehensive overview of the chemical content of indoor dust 
which could be used in later studies to better understand the human expo-
sure from indoor dust.  

3.2.2 AFFFs 
In paper III, target analysis showed that the sum of 17 PFASs (∑17PFASs) 
ranged between 0.4 and 41.2 mg/L for the organofluorine containing foams 
and between <LOD and 0.02 mg/L for the foams marketed as organofluo-
rine-free. Among the organofluorine containing foams, 6:2 fluorotelomer 
sulfonic acid (6:2 FTSA) showed a high relative contribution to the 
Σ17PFASs (24-100%). Moreover, the total fluorine concentrations were be-
tween 2 000 and 24 800 mg/L for the organofluorine containing foams 
while organofluorine-free foams contained negligible amounts of total flu-
orine (about one to three order of magnitude lower than foams marketed as 
organofluorine containing foams). Finally, the inorganic fluoride concen-
trations in the foams determined using ISE ranged between 0.9 and 42 mg/L. 
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Thus, the fluorine mass balance showed that only between 0.003 and 1% 
of the total fluorine concentration could be explained by the target analysis 
of Σ17PFASs for the fluorine containing foams. It was therefore important 
to investigate the identity of the organofluorine fraction that was unac-
counted for, as well as to identify surfactants in the fluorine-free foams, 
using a non-targeted approach.  

Following target analysis, NTA was conducted for both organofluorine 
containing foams and foams marketed as organofluorine-free foams. Anal-
ysis was first conducted using HCA and selected outliers are reported in 
Figure 6. In negative ESI mode, organofluorine surfactants showed an im-
portant impact on the HCA since most of the fluorine containing foams 
(marked in bold in the dendrograms) were grouped together. Based on the 
accurate mass, three important markers with sulfonic groups were tenta-
tively identified in the fluorine containing foams as DPOSA 
[C13H17F13N2O3S-H]- (m/z 527.0692; 3.4 ppm), 6:2 fluorotelomermercap-
toalkylamido sulfonate (6:2 FTSAS) [C15H18F13NO4S2-H]- (m/z 586.0435; 
7.5 ppm) and N-HOEAmP-FHxSAPS [C16H23F13N2O6S2-H]- (649.0752; 6.2 
ppm). Previous reports have already detected these sulfonated fluorosurfac-
tants in AFFFs (Barzen-Hanson et al., 2017) and this study further confirms 
the presence of these precursor compounds. 

Markers for non-fluorinated sulfonated surfactants were also tentatively 
identified as octyl hydrogen sulfate [C8H18O4S-H]- (209.0853; 2.4 ppm) and 
decyl hydrogen sulfate [C10H22O4S-H]- (237.1170; 3.8 ppm); these surfac-
tants are marketed as sodium alkyl sulfates in various foam compositions 
(Swedish Chemicals Agency, 2015) and are used to decrease surface tension 
and thus improve the foam efficiency. Another tentatively identified com-
pound was a stabilizer [C21H42N2O5-H]- (401.2980; -8.7 ppm), belonging to 
betaine surfactants used to prevent foam degradation during increasing tem-
perature. The results from the heatmaps showed that some important mark-
ers are preferentially ionized in positive ionization mode. These were mainly 
fragment ions tentatively identified as betaine compounds including 
[C11H21NO+H]+ (m/z 184.1691; -5.4 ppm) which is a product ion of 
caprylamidopropyl betaine and [C21H39NO+H]+ (m/z 322.3154; 13.7 ppm) 
which is a product ion of oleamidopropyl betaine. Unlike the detected 
PFASs, these zwitterions have a good ionization potential in positive ioni-
zation mode. Betaine substances are used as replacements for PFASs in 
foams in order to reduce the water surface tension and thus to increase the 
foam efficiency (Thames, 1999).  
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Figure 6: Selected dendrograms and heatmaps for AFFFs analysis using negative ion-
ization (top) and positive ionization (bottom) ESI mode. The dendrograms show the 
sample clustering, while the heatmaps show the outliers. Labels (1), (2) and (3) be-
fore the foam ID are referring to the analytical injection replicate number (for sam-
ples F4, F8, F9, AR4, AR6) or to the sample preparation replicate number (for sam-
ple AR7). Samples marked in bold are marketed as organofluorine containing foams 
(Reprinted with permission from Paper III. Copyright (2020) American Chemical 
Society). 

To find additional organofluorine surfactants in the foams, MD plot was 
applied to the detected feature lists using two scales; CF2 (mass scale = 
50/49.9968) was used to align perfluorinated substances (Barzen-Hanson et 
al., 2017) and HF (mass scale = 20/20.0062) was used to also discover 
polyfluorinated substances. Both HF and CF2 scaled MD plots resulted in 
the detection of the same five organofluorine substances. Figure 7 shows the 
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filtered HF scaled MD plot between m/z 400 and 675, the range where the 
organofluorine substances were detected. 

Figure 7: Filtered HF mass defect plot between m/z 400 and m/z 675. Five homolo-
gous series in which ions are separated by the loss of HF (m/z 20) were identified, 
represented by different colours (Reprinted with permission from Paper III. Copy-
right (2020) American Chemical Society). 

  
One fluorinated surfactant tentatively identified as DPOSA was also present 
in the HCA as an outlier, and is commercialized as an AFFF surfactant un-
der the name CapstoneTM 1183 (Chemours, 2018). This surfactant was as 
well reported as 6:2 FTNO after its detection in soil following a railway 
accident contamination (Mejia-Avendaño et al., 2017). However, this 
fluorosurfactant formula and structure were not identified in previously 
published firefighting foam studies. Tentatively identified compounds in 
MD were 6:2 fluorotelomer sulfonamide alkylbetaine (6:2 FTAB; 
[C15H19F13N2O4S-H]-; m/z 569.0750; -5.3 ppm), commercialized as Fora-
fac®1157 (Moe et al., 2012), and 6:2 FTSAS, the latter was also an outlier 
in HCA. Both were identified in a previous report on AFFFs from Europe 
(Swedish Chemicals Agency, 2014). Another fluorosurfactant tentatively 
identified as N-HOEAmP-FHxSAPS both in MD and HCA was also previ-
ously reported as a foam ingredient (Barzen-Hanson et al., 2017). The last 



FLORIAN DUBOCQ Optimizing nontarget workflows for identification of organic contaminants 43 

detected organofluorine surfactant was tentatively identified with a confi-
dence level of four ([C15H21F11N2O7S-H]-; m/z 581.0806; -1.7 ppm). Semi-
quantification was conducted on the four fluorinated compounds detected 
with a confidence level higher than three using 6:2 FTSA standard to esti-
mate their concentration in the AFFFs. Estimated concentrations were be-
tween <LOQ and 2800 mg/L. A new fluorine mass balance analysis was 
thereafter conduced with both the targeted and semi-quantified concentra-
tions, but the explanation degree remained relatively low (below 5% for 
most of the foams). This low degree could be explained (i) by the selected 
m/z acquisition range (50-1200) which could miss high mass fluorinated 
compounds, (ii) by high ion suppression caused by the matrix and/or (iii) 
high parent ion fragmentation in the ion source that could lead to underes-
timation of the calculated concentrations. HCA and literature data could 
confirm the MD plot results (DPOSA, 6:2 FTSAS and N-HOEAmP-FHx-
SAPS) however 6:2 FTAB and [C15H21F11N2O7S-H]- were detected by MD 
plots but not by HCA. Moreover, NTA also tentatively identified non-fluor-
inated surfactants and confirmed that the foams marketed as organofluo-
rine-free did not contain detectable amount of fluorinated compounds. 

3.2.3 Fire emissions 
In paper IV, gas and soot sampled during fire extinguishing using four dif-
ferent extinguishing techniques (T1-T4) were analysed. Features detected 
from gas and soot samples were compared with a suspect list of eleven or-
ganophosphate antioxidants (OPAs) from literature (Liu and Mabury, 
2019). From this list, tris(2,4-di-tert-butylphenyl)phosphate (TDTBPP) was 
detected in all soot samples and in two of the five gas samples. None of the 
other compounds from the suspect list were detected in any of the samples. 
It was hypothesized that TDTBPP was formed from the thermal breakdown 
of tris(2,4-di-tert-butylphenyl)phosphite (TDTBPPO) due to the fire as this 
has been previously reported in literature (Liu and Mabury, 2019; Simoneit 
et al., 2005). TDTBPPO could possibly also have been oxidized into 
TDTBPP before the fire since TDTBPP has also been detected in child car 
seats (Wu et al., 2018).  

HCA was then conducted both for gas and soot data. For gas samples, 
polycyclic aromatic hydrocarbons (PAHs) were the main outliers identified. 
These aromatic compounds were detected with a maximum of three rings, 
most often with one or several methylated groups. As previously mentioned 
in the literature, PAHs can be detected both in gas and soot phases (Jenkins 
et al., 1996).  



44 FLORIAN DUBOCQ  Optimizing nontarget workflows for identification of organic contaminants 

For the soot samples, two groups could be differentiated in the dendrogram 
with the first being T3/T4a and the other one T1/T2/T4b. Figure 8A shows 
the outliers with a high Z-score for group T3/T4a, whereas Figure 8B shows 
the outliers with a high Z-score for group T1/T2/T4b. In Figure 8A, outliers 
were determined to be brominated compounds and tentatively identified as 
dibromophenol C6H4Br2O+. (m/z 249.8625; -1.5 ppm), tribromophenol 
C6H3Br3O+. (m/z 327.7731; -0.86 ppm) and one fragment ion of dibromo-
bisphenol A (DBBPA) C14H11Br81BrO2

+ (m/z 370.9099; -1.6 ppm). In Figure 
8B, outliers were determined to be PAHs or fragment ions of aliphatic com-
pounds tentatively identified as C14H13

+ (m/z 181.1011; -3.5 ppm), phenan-
threne C14H10

+. (m/z 178.0775; -4.2 ppm), C14H14
+. (m/z 182.1091; -2.5 

ppm), C14H15
+ (m/z 183.1170; -2.0 ppm), C14H11

+ (m/z 179.0857; -2.1 ppm) 
and C13H11

+ (m/z 167.0855; -3.4 ppm). It was determined that the duplicate 
tests using the same firefighting technique (T4a and T4b) were separated in 
the dendrogram, which also showed that the fire tests were not reproduci-
ble. Factors that could influence the formation of emissions included air 
supply and fire intensity (Urbanski, 2014), since the fuel type was controlled 
and identical for each test. The temperature curves recorded for the fire 
phase showed that tests T3 and T4a had the fastest course of fire while tests 
T1, T2 and T4b showed much slower, but a similar pace. This coincided 
with the dendrogram groups in Figure 8. The temperature curve for the ex-
tinguishing phase was more homogenous, for example T4a and T4b had 
almost identical curves and thus it could be hypothesized that the fire phase 
had a larger impact on the formation of chemical emissions compared to 
the fire extinguishing method. 
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Figure 8: Dendrogram and selected heatmap for; A: T3 and T4a soot sample outliers 
and B: T1, T2 and T4b soot sample outliers. The dendrogram shows the sample 
clustering, while the heatmap shows the outliers. Blue color represents a highly neg-
ative Z-score, white color represents a low absolute value Z-score, red color repre-
sents a highly positive Z-score (reprinted from Paper IV). 

HCA was thus conducted separately for T3/T4a and T1/T2/T4b to study 
the impact of the firefighting technique while removing the impact caused 
by the fire phase temperature curve. The outliers separating T3 and T4a 
were found to be brominated flame retardants (BFRs) and some PAHs. The 
outliers separating T1, T2, and T4b were PAHs and OPAHs. T1, extin-
guished using low pressure water spray, resulted in higher intensities of 
PAHs compared to T2 and T4b, that both used high pressure water mist. 
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For some OPAHs and PAHs, T2 resulted in higher signals compared to T4b, 
with the only difference being that T4b used an additive in the water mist. 
The NTA approach could show, despite confounding factors in term of fire 
intensity, that water mist with additive (X-Fire, 2018) could be separated 
from foam extinguishing by the presence of less BFRs in the soot. The anal-
ysis also showed that water mist without additive resulted in more OPAHs 
and PAHs compared to mist with additive, and that water spray in turn 
resulted in more PAHs compared to the water mist method. 

MD plot analysis was conducted for soot samples using various scales 
such as CF2 (mass scale = 50/49.9968) and HF (mass scale = 20/20.0062) 
for the detection of fluorinated compounds, Cl-H/Br-H (mass scale = 
34/33.9610 or 78/77.9105) for the detection of chlorinated and brominated 
compounds, and CH2 (mass scale = 14/14.0157) and C4H2 (mass scale = 
50/50.0157) for the detection of linear hydrocarbons and PAHs, respec-
tively. Since the applied firefighting techniques did not contain organofluo-
rine compounds, no fluorinated compound was detected in the CF2 and HF 
scaled MD plot. More halogenated compounds were detected for fire tests 
reaching the flash-over point temperature in a short time. On the opposite, 
more PAHs were detected at higher intensity during a slow and incomplete 
combustion (tests T1, T2 and T4b) compared with tests that have a more 
complete combustion (tests T3 and T4a), which has been widely reported 
in the literature (Altarawneh et al., 2007; Mansurov, 2011; Richter and 
Howard, 2000).  

From the Cl-H/Br-H MD plot (Figure 9, showing soot T3), three homol-
ogous series were detected with parent ions tentatively identified as 2,4-di-
bromophenyl ether (ADE) C9H8Br2O+. (m/z 289.8930; -2.1 ppm), tribromo-
phenol (TBP) C6H3Br3O+. (m/z 327.7735; 0.3 ppm) and TBBPA 
C15H12Br4O2

+. (m/z 539.7582; 1.4 ppm). During the tentative identification 
of 2,4-ADE, another coeluting halogenated compound was tentatively iden-
tify as 2,4,6-tribromoaniline (TBA) C6H4Br3N+. (m/z 326.7880; -2.5 ppm). 
BFRs is one of the main classes of FRs and they have been widely used since 
the 1960s and are thus expected to be found in soot from fire events (Gao 
et al., 2019). Semi-quantification was performed on the detected BFRs using 
TBBPA standard to estimate the quantity of BFRs that could be released 
during a controlled fire event. Calculated concentrations were between 
<LOQ and 441 µg/m² with highest concentrations calculated for TBP. 

From the C4H2 MD plot (Figure 10, showing soot T1), various homolo-
gous series of PAHs and OPAHs were detected, with higher intensity ob-
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served for two and three ring compounds. Because of possible isomer struc-
tures for aromatic compounds, most of the PAHs confidence levels were set 
at four using mass defect plot. To increase the confidence level of PAHs, 
quantification was proceeded for the 16 PAHs that were considered as pri-
ority pollutant by the U.S. environmental protection agency (U.S. EPA). 
This quantification enabled to increase the confidence level to one for the 
16 PAHs, with calculated concentrations between <LOQ and 6.1 µg/m² 
with highest concentrations calculated for anthracene and fluoranthene. De-
tected homologous series from the CH2 scaled mass defect plot corre-
sponded to formulae between C12H21

+ (homologous series with the lowest 
DBE) and C27H18

+.
 (homologous series with the highest DBE). Since the low-

est analysed m/z using GC-FT-ICR-MS was set at 150, further evidence from 
low mass ions could not be made to elucidate the structure of the C12H21 
ion, which has a DBE of two. Combined CH2 and C4H2 scaled MD plot 
further confirmed that more hydrocarbons were detected at higher intensity 
during a slow and incomplete combustion. Detection of BFRs and hydro-
carbons was thus performed both by HCA and MD plot analysis. HCA 
provided more information on the relative intensity of the outliers with the 
highest variation between samples. Moreover, MD plot enabled the detec-
tion of some relevant compounds which were not detected as outliers such 
as 2,4-ADE, TBA and some PAHs. Semi-quantification of the BFRs and 
quantification of the 16 PAHs further increased the identification confi-
dence level to one for TBBBPA and for the 16 PAHs. 
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Figure 9: Chlorinated/brominated mass defect plot for soot T3 between m/z 150 and 
m/z 600 and between mass defect 0.1 and 0.45, the range where all chlorinated and 
brominated compounds were detected (reprinted from Paper IV). 

Figure 10: PAH mass defect plot for soot T1 between m/z 125 and m/z 350 and 
between mass defect 0.9 and 1. Red dots belong to C12H8 (Acenaphthylene) homol-
ogous series, yellow dots to C13H10 (Fluorene) homologous series, grey dots to 
C12H10O (unconfirmed) homologous series, green dots to C14H10 (Anthracene/Phe-
nanthrene) homologous series, brown dots to C13H10O (unconfirmed) homologous 
series, purple dots to C15H10 (4H-cyclopenta[def]phenanthrene/6H-cyclo-
penta[d]acenaphthylene) homologous series and light blue dots to C14H10O (uncon-
firmed) homologous series (reprinted from Paper IV). 
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3.3 Optimization of the nontarget workflows 
In this thesis, optimization of the workflow was performed on sample prep-
aration, chemical analysis and data processing steps for fish, dust, fire-
fighting foam, and fire emissions, each study with different purposes but 
with the common objective to extract relevant information from the sam-
ples. Even if NTA is a comprehensive tool, a standardized method which 
can analyse the whole chemical content of a sample does not exist. Thus, it 
is needed to prioritize or select specific chemical properties, such as polarity, 
functional groups, heteroatoms, or other molecular features, when choosing 
the methodology.  

Comparison of various sample preparation methods for screening of pol-
lutants in fish was performed since comprehensive comparison of several 
extraction and clean-up methods was not found in the literature for NTA 
covering mid- to non-polar compounds. This study shows the importance 
of optimizing the process for the purpose of the study since unsuitable ex-
traction and clean-up methods can lead to (i) degradation, (ii) negligible 
extraction or (iii) loss of some relevant compounds during the sample prep-
aration steps. One of the main concerns when preparing a sample for NTA 
is the matrix which could lead to high supressing matrix effects. It is thus 
important to know if matrix components disturb the analysis and need to 
be removed prior analysis. A large difference in the results were seen for 
fresh and dry fish, and clean-up was essential for fish muscle, while dust 
samples could be analysed without clean-up. 

Chemical analysis was performed by selecting the appropriate analytical 
method (GC and/or LC) for the selected polarity range. Various parameters 
connected to the separation and detection in NTA could be optimized in 
order to increase the chromatographic separation, improve the chemical 
ionization or reduce the fragmentation of the parent ion. However in this 
thesis, previously established methods were used with minor modifications 
and found acceptable. Analysing indoor dust samples using both LC and 
GC confirmed the complementarity application of these two analytical 
methods by the detection of bisphenols, TDI and TBC using LC and PCBs, 
LCMs and PBDEs using GC. However, the detection of the same com-
pounds in both LC and GC, such as some OPFRs and TBBPA, confirmed 
also that both methods are partly overlapping and that compounds that are 
in mid-polar range can be detected using both methods. 

NTA data (pre-)processing was performed using XCMS online on the 
four analysed matrices, aiming at conducting peak-picking, deconvolution, 
alignment, filtering and statistical analysis. The filtering steps should be as 
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non-discriminatory as possible to extract maximum chemical information 
from the analysed matrix. Thus only few filtering parameters were applied, 
as for example the signal-to-noise threshold set to nine (S/N > 9) which re-
moved all compounds that were detected below this threshold. It was also 
controlled that all reported compounds were not present in the solvent in-
jections or blanks. Moreover, a NTA workflow needs to include one or sev-
eral prioritization or selection tools since the amount of raw data points 
obtained from non-specific analysis is too large to interpret on an individual 
basis. The optimization of the data processing was thus the selection of ap-
propriate statistical tools performed for each matrix.  

One of the selected tool was HCA. This technique prioritizes features and 
was a valuable tool in reducing the number of chemicals to tentatively iden-
tify features with a low p-value (p<0.05). HCA prioritized the detection of 
phthalates and PEGs in indoor dust, organofluorine and organofluorine-
free surfactants in the AFFFs and managed to differentiate extinguishing 
techniques based on detected hydrocarbons and BFRs in the fire emission.  
MD plot was also used for the four matrices, and the optimization was con-
ducted by applying different mass scales. Even if NTA aims at analysing a 
sample without having a prior knowledge of its chemical composition, it is 
however difficult to run a fully comprehensive NTA. Thus, MD plot scales 
were sometimes selected depending on the compound classes reported in the 
literature or previously detected from HCA. For instance, since most of the 
outliers were tentatively identified as PEGs in the HCA for indoor dust, a 
CH2-CH2-O MD plot was conducted to confirm the presence of these com-
pounds. Moreover, the Cl-H/Br-H scaled MD plot was conducted on fish, 
dust and fire gas and soot samples to detect halogenated compounds by 
investigating their homologous series and isotopic pattern. Previous studies 
also reported the presence of fluorinated surfactants in AFFFs, and hydro-
carbons in samples from fire events and thus it was chosen to perform CF2 
and HF scaled MD plot on AFFFs and C4H2 and CH2 scaled MD plot on 
gas and soot samples, respectively. MD plot thus enabled to confirm the 
presence of some chemicals also detected using HCA. However, some of the 
compounds were detected in only one of the two methods since HCA aims 
at sorting compounds depending on their intensity variation between sam-
ples and MD plot aims at sorting compounds depending on their functional 
groups (represented by the mass defect). Even if NTA is a comprehensive 
workflow, it currently cannot detect everything and thus some relevant 
compounds can be missed. For example, even after applying NTA to the 
AFFFs, the fluorine mass balance reached only 5% for some of the foams. 
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This could be due to bias in the LC-MS analysis caused by sorption, ionisa-
tion or mass range limitations, as well as excluding compounds with un-
known and unexpected structures from the data filtration. This illustrates 
the importance of optimizing each step to minimize the risk of missing rel-
evant compounds. Following the data processing step, prioritized features 
are then subject to further identification using MS/MS information. Table 
5 shows an overview of tentatively identified relevant compounds by NTA 
in this thesis reported with a confidence level of at least three. 

Target analysis and SSA were also applied in this thesis and proved useful 
in targeting relevant compounds (i) that were present at low concentrations 
and thus were filtered out in the (pre-)processing, or (ii) that were not pri-
oritized because of similar intensities in all samples or (iii) that possess struc-
tures not covered by the MD plots. Although not prioritized using the NTA 
workflow, these compounds were still relevant for the aims of the studies 
because of their toxicity, widespread occurrence or environmental persis-
tency. It was demonstrated for both fish and indoor dust that the matrix 
could greatly affect the quantification of some compounds due to ion sup-
pression effects. It can thus be difficult to perform both NTA and target 
analysis efficiently in the same analysis. Despite the matrix suppression, rel-
evant information such as detection of OPFRs, LCMs, bisphenols, TDI and 
TBC was obtained using target analysis of the dust. Target analysis was also 
used to confirm the structures suggested by MS/MS data in NTA, although 
standards were not always available. Semi-quantification could be per-
formed using a structurally similar standard, as conducted for AFFFs and 
fire emissions. Semi-quantification gives an approximation of the concen-
tration of the identified compound but it could also introduce bias in the 
results due to difference in ionization and fragmentation between the tar-
geted compound and the substitute standard. 

Additional details about the main strengths and potential limitations for 
the nontarget workflows applied for the four papers are available in Table 6. 
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Table 5: Tentative identification of relevant compounds reported with a confidence 
level higher or equal to three detected using SSA and NTA. 

Paper m/z Ion formula 
Delta 
(ppm) Identification 

Detection tech-
nique 

Confi-
dence level 

II (GC EI 
ionization) 

179.9296 C6H3Cl3+. 0.83 Trichlorobenzene MD plot 2 
160.9794 C6H2Cl2N+. 0.30 Dichloroaniline MD plot 2 
194.9404 C6H4Cl3N+. 0.10 Trichloroaniline MD plot 2 
263.8464 C6H5ClO+. -0.19 Pentachlorophenol MD plot 2 
248.9847 C6H12Cl2O4P+. 0.88 TCEP MD plot 1 
370.8282 C10H6Cl7+. -0.46 Trans-chlordane MD plot 1 
378.8991 C8H13Cl5O4P+. 0.63 TDCIPP MD plot 1 
524.7335 C14H9Br4O2

+. 0.84 TBBPA MD plot 1 
298.7700 C5H2Br3

+. -0.37 BTBPE MD plot 2 
480.6064 C7H2Br5

+. -0.81 Pentabromotoluene MD plot 2 
II (LC ESI 

positive 
ionization) 

414.9930 [C18H14Cl4N2O+H]+ -2.2 Isoconazole MD plot 3 

314.9851 [C13H9Cl3N2O+H]+ -2.5 Triclocarban MD plot 1 

II (LC ESI 
negative 

ionization) 

195.9127 [C5H2NOCl3-H]- 1.5 TCPy MD plot 1 
294.0096 [C14H11Cl2NO2-H]- 2.5 Diclofenac MD plot 1 
538.7501 [C15H12Br4O2-H]- 1.6 TBBPA MD plot 1 

III (LC 
ESI posi-
tive ioni-
zation) 

287.2338 [C15H30N2O3+H]+ 1.0 Caprylamidopropyl 
betaine HCA 2 

315.2666 [C17H34N2O3+H]+ 5.7 Capramidopropyl 
betaine HCA 2 

343.3038 [C19H38N2O3+H]+ 11.7 Cocamidopropyl 
betaine HCA 2 

371.3289 [C21H42N2O3+H]+ -6.7 Myristamidopropyl 
betaine HCA 2 

285.2897 [C17H36N2O+H]+ -3.2 Cocamidopropyl 
dimethylamine HCA 2 

425.3772 [C25H48N2O3+H]+ 6.8 Oleamidopropyl 
betaine HCA 2 

III (LC 
ESI nega-
tive ioni-
zation) 

209.0853 [C8H18O4S-H]- 2.4 Octyl hydrogen 
sulfate HCA 2 

237.1170 [C10H22O4S-H]- 3.8 Decyl hydrogen 
sulfate HCA 2 

569.0798 [C15H19F13N2O4S-H]- 3.2 6:2 FTAB HCA/MD plot 2 
527.0692 [C13H17F13N2O3S-H]- 3.4 DPOSA HCA/MD plot 2 
586.0435 [C15H18F13NO4S2-H]- 7.5 6:2 FTSAS HCA/MD plot 2 

649.0752 [C16H23F13N2O6S2-H]- 6.2 N-HOEAmP-FHx-
SAPS HCA/MD plot 2 

IV (GC EI 
ionization) 

249.8625 C6H4Br2O+. -1.6 2,4-DBP HCA/MD plot 2 
178.0775 C14H10

+. -1.1 Phenanthrene HCA/MD plot 1 
178.0775 C14H10

+. -1.1 Anthracene HCA/MD plot 1 
327.7735 C6H3Br3O+. 0.3 TBP HCA/MD plot 2 
289.8930 C9H8Br2O+. -2.1 2,4-ADE MD plot 3 
326.7880 C6H4Br3N+. -2.46 2,4,6-TBA MD plot 2 
383.9347 C15H14Br2O2

+. -2.1 DBBPA MD plot 2 
539.7582 C15H12Br4O2

+. 1.4 TBBPA MD plot 1 
62.4450 C42H63O4P+. -1.3 TDTBPP SSA 2 
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Table 6: Main strengths (√) and potential limitations (X) in this thesis 
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4 Conclusions 
This thesis demonstrated the need to combine target analysis, SSA and NTA 
to perform a comprehensive analysis of various environmentally relevant 
matrices. Moreover, it is important to optimize sample preparation, chemi-
cal analysis and data processing steps to minimize bias and increase analyt-
ical efficiency. It is also necessary to include quality assurance and quality 
control measures through all steps to confirm method efficiency and robustness. 
The major findings in this thesis were: 

• Taking into consideration recovery and matrix effect for 60 tar-
get compounds, it was determined that a combination of soni-
cation extraction followed by deactivated silica clean-up was
suitable for screening of mid- to non-polar compounds in fresh
fish (Paper I) but further optimization is necessary for freeze-
dried fish.

• A sample preparation method for dust was evaluated by calcu-
lating recoveries and matrix effects for 78 compounds. Despite
the suppressing matrix effect, concentrations could be estimated
for some environmentally relevant compounds such as organo-
phosphate and halogenated flame retardants (Paper II).

• Combination of target, SSA and NTA enabled the detection and
the tentative identification of OPFRs, TDI, PCBs, PBDEs, LCMs,
pesticides, bisphenols, TBC, PEGs, phthalates, some BFRs such
as TBBPA and BTBPE, triclocarban, diclofenac, isoconazole and
TCPy in indoor dust (Paper II)

• Combination of target analysis and NTA on AFFFs enabled the
detection and tentative identification of five organofluorine sur-
factants and betaine organofluorine-free surfactants. Mass bal-
ance estimation could be conducted from targeted PFAS analysis
and total fluorine analysis (Paper III).

• Investigation of gas and soot from fire emissions using SSA and
NTA confirmed the presence of linear and aromatic hydrocar-
bons, BFRs (ADE, TBA, TBP, TBBPA) and one OPA (TDTBPP).
The extinguishing techniques could be differentiated by NTA of
the fire emissions (Paper IV).
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5 Outlook 
The results of this thesis demonstrated the importance of sample prepara-
tion, chemical analysis and data processing steps for the analysis of various 
environmentally relevant matrices using target analysis, SSA and NTA. To 
further improve nontarget workflows for various environmentally relevant 
matrices, future studies could focus on the following aspects: 

• Improvement of NTA data processing to detect and identify
more efficiently relevant compounds and decrease the time
needed for tentative identification

• One of the main challenging part of this study was the high sup-
pressing effect when conducting a NTA sample preparation. Fur-
ther studies should be conducted to improve quantification of
relevant compounds while performing non-target sample prepa-
ration.

• Nontarget methods could be improved for detection of relevant
compounds that cannot be detected using statistical analysis such
as ANOVA, and MD plots by applying other statistical tools and
prioritization methods to the dataset (e.g. principal component
analysis, partial least squares regression, non-parametric statisti-
cal analysis).

• Since some prioritization steps were needed to perform NTA in
this thesis, developments should be performed to increase the
comprehensiveness and generalisation of the whole NTA work-
flow.
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