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Abstract 
 
Dawei Geng (2016): Gas Chromatography-Atmospheric Pressure Chemical 
Ionization-Tandem Mass Spectrometry Methods for the Determination of 
Environmental Contaminants. Örebro Studies in Chemistry 17. 
 
The recent developments and improvements of instrumental methods for 
the analyses of the environmental contaminants, especially the persistent 
organic pollutants (POPs), have made it possible to detect and quantify 
these at very low concentrations in environmental and biotic matrices. 

The main objective of this thesis is to demonstrate the capability of the 
atmospheric pressure chemical ionization technique (APCI), using gas chro-
matography coupled to tandem mass spectrometry for the determination of 
a wide range of environmental contaminants, including the POPs regulated 
by Stockholm Convention, such as polychlorinated dibenzo-p-dioxins and 
dibenzofurans (PCDD/Fs), polychlorinated biphenyls (PCBs), polybromin-
ated diphenyl ethers (PBDEs), but also the derivates of PBDEs and novel 
brominated flame retardants (NBFRs). 

The APCI was operated in charge transfer condition, preferably produc-
ing molecular ions. Multiple reaction monitoring (MRM) experiments were 
optimized by adjusting cone voltage, collision energy and dwell time. Opti-
mization of source parameters, such as gas flows and temperatures was also 
performed. Low concentration standards were analyzed, achieving a visible 
chromatographic peak for 2 fg 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) demonstrating the excellent sensitivity of the system. Adequate lin-
earity and repeatability were observed for all the studied compounds. The 
performance of APCI methods was validated against the conventional meth-
ods using gas chromatography coupled to high resolution mass spectrome-
try for chlorinated compounds in a wide range of matrices including envi-
ronmental, air, human and food matrices. 

The GC-APCI-MS/MS method was successfully applied to a set of 75 
human serum samples to study the circulating levels of POPs in epidemio-
logic studies. Moreover the method was utilized to establish temporal trends 
of POPs in osprey eggs samples collected during the past five decades. 
 
Keywords: PCDD/Fs, PCBs, OCPs, PBDEs, NBFRs, APCI, MS/MS, 
HRMS, human serum, osprey egg. 
 
Dawei Geng, School of Science and Technology, Örebro University,  
SE-701 82 Örebro, Sweden, dawei.geng@oru.se 
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Abbreviations 

APCI  atmospheric pressure chemical ionization  
APGC Atmospheric Pressure Gas Chromatography® 
BFRs brominated flame retardants 
CE  collision energy 
CI  chemical ionization  
CID  collision induced dissociation  
CO2 carbon dioxide 
ECNI negative electron capture chemical ionization 
EI  electron ionization  
EPA Environmental Protection Agency 
FT-ICR fourier transformation ion cyclotron resonance  
FWHM  full width at half-maximum  
GC  gas chromatography  
GC-MS  gas chromatography-mass spectrometry  
GC-MS/MS  gas chromatography-tandem mass spectrometry  
GCxGC  two-dimensional gas chromatography  
GMP Global Monitoring Programme 
HRMS  high resolution mass spectrometry 
IDLs  instrument detection limits  
LC liquid chromatography 
LOD limit of detection 
LOQ limit of quantification 
m/z  mass-to-charge ratio  
MRM  multiple reaction monitoring  
MS  mass spectrometer  
NBFRs novel brominated flame retardants 
OCPs organochlorine pesticides 
PBDD polybrominated dibenzo-p-dioxin 
PBDE polybrominated diphenyl ether 
PBDF polybrominated dibenzofuran 
PCB polychlorinated biphenyl 
PCDD  polychlorinated dibenzo-p-dioxins  
PCDF polychlorinated dibenzofurans  
QA quality assurance 
QC quality control 
qTOF  quadrupole-time of flight  
RSD relative standard deviation 
SC  Stockholm Convention  
SFC supercritical fluid chromatography 
SIM  selective ion monitoring  
S/N signal to noise ratio 
SPE solid phase extraction 



 

 

SRM  selective reaction monitoring  
TCDD  tetrachlorinated dibenzo-p-dioxin  
TEF  toxic equivalency factors  
TEQ  toxic equivalency quantity  
TIC  total ion chromatography  
TOF  time-of-flight  
UNEP  United Nations Environment Programme 
µECD electron-capture microdetection 

 
Abbreviations of chlorinated and brominated compounds are listed in  
Table 1, 2, 3 and 4. 
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1 Introduction 
Persistent organic pollutants (POPs) are a group of environmental contam-
inants, typically halogenated compounds. Due to their unique properties, 
these chemicals have been widely applied in agriculture, industry and other 
commercial applications [1-4]. They can also be by-products of industrial 
processes [5]. However, as of high lipophilicity, persistence, bioaccumula-
tion [6] and long-range transport potential in the environment [7], they have 
been found giving toxic effects to human health and the environment [8-
12]. Due to this, a global concern has been raised over many decades. To 
protect human health and the environment from POPs, on May 22, 2001 
the United Nations Environment Programme (UNEP) decided to pave the 
path for the Stockholm Convention in Stockholm, and in 2004 the Stock-
holm Convention entered into force with a list of 12 POPs (“dirty dozen”) 
regulated [8]. The purpose of the Stockholm Convention is to eliminate or 
restrict the production and use of POPs. A total of 21 groups of POPs were 
added to Stockholm Convention by the parties by the time April–May 2013. 
As of March 2016, 180 parties (179 countries and the European Union) 
have signed the Stockholm Convention [13]. All the countries that ratify the 
Stockholm Convention are obliged to submit data on a variety of POPs. 

Because of the large volumes of POPs used and their very long environ-
mental half-lives, it has become a global concern [6]. Most POPs show abil-
ities for long-range transport to the remote regions, including the Polar Re-
gions [7, 14-16], high altitudes such as Tibet area [17, 18], and affect the 
human and wildlife [8-12]. They can accumulate and pass from one species 
to the next through the food chain [6]. However, measuring the concentra-
tions of these chemicals in the environment can be analytically challenging. 
POPs are present in the environment at ultra-trace amounts, especially in 
water, air and in humans. What makes the determination even more diffi-
cult is the limited amount of samples available for large epidemiological or 
retrospective human studies [19, 20] which could provide information on 
POPs exposure and long-term effect in human populations. During the past 
20 years, analytical methods have improved significantly by improving the 
extraction and cleanup methods in order to reduce the amount of matrix 
and interfering compounds [21-23]. Aside from challenges in sample prep-
aration, the instrumental techniques used to determine POPs are of high 
importance as well. Hence, the work presented in this thesis is mostly aimed 
at developing and validating instrumental methods for the analysis of a wide 
range of POPs in human serum and environmental biotic matrices. 
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1.1 Persistent Organic Pollutants 
Since the early 1970s, the number of environmental pollutants has signifi-
cantly increased according to the list of POPs on the Stockholm Convention 
and the Global Monitoring Programme (GMP) recommendations. The 
GMP is a program collecting and comparing monitoring data of POPs from 
all regions of the world to assess the effectiveness of the Stockholm Con-
vention in minimizing human and environmental exposure to POPs. Cur-
rently 21 compounds are proposed to be monitored in air, water and human 
fluids. This work includes the three classes of chlorinated compounds as 
well as a broad range of brominated compounds, so-called legacy bromin-
ated flame retardants (PBDEs) and their replacement or other novel alter-
native products, the novel brominated flame retardants (NBFRs). A further 
selection was performed based on the analytical trends for the chlorinated 
compounds and the legacy NBFRs. The POPs selected in this thesis are cat-
egorized into two groups according to their physico-chemical properties, as 
illustrated in Table 1 to 4. The abbreviations were used according to Inter-
national Union of Pure and Applied Chemistry (IUPAC) or generally ac-
cepted proposal [24].  

1.1.1 Chlorinated compounds 

1.1.1.1 Polychlorinated dibenzo-p-dioxins and furans 
Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzo-
furans (PCDFs) are unintentionally generated compounds from many in-
dustrial processes such as waste incineration, chlorinated chemicals manu-
facturing and pulp and paper bleaching [5, 25-27], but also from incomplete 
combustion (forest fires, backyard burning, etc.). PCDD/Fs include com-
pounds considered to be some of the most toxic substances affecting human 
health. PCDDs consist of 75 mono- to octachlorinated congeners and 
PCDFs consist of 135 congeners. But only 17 of the 210 PCDD/Fs are re-
ported as part of standard PCDD/F analysis using US Environmental Pro-
tection Agency (EPA) method 1613. These 17 congeners have the presence 
of chlorine in the 2, 3, 7, and 8 positions and are considered significantly 
toxic according to the evaluation of the toxic equivalency factors (TEF) by 
the World Health Organization (WHO) [28] (listed in Table 1). Among the 
17 congeners, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the most 
toxic compound. Historically, 2,3,7,8-TCDD was found to be a part of 
Agent Orange, a herbicide used in the Vietnam War in the 1960s [29]. 
PCDD/Fs also caught plenty of attention in rice oil poisoning incidents in 
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Japan in 1968 (Yusho) and an almost identical event in Taiwan in 1979 
(Yucheng). 

PCDD/Fs have been extensively monitored by the GMP under the Stock-
holm Convention on POPs to minimize human and environmental exposure 
to POPs [30, 31]. PCDD/Fs have been detected with high concentrations in 
a wide range of environmental matrices, such as soil, sediment and food 
(meat, fish and shellfish) [32-34] and relatively low concentrations in plants, 
water and air. Food consumption is the main source (>90%) for human 
exposure to PCDD/Fs, primarily from animal fat [35]. Since 1970, a several-
fold reduction in exposures and body burdens of PCDD/Fs was reported, 
based on the data available in environmental and food matrices [36]. Octa-
chlorodibenzo-p-dioxin (OCDD) is the most frequently detected PCDD/Fs 
congener. Typically having the highest proportion in the 17 toxic PCDD/F 
congeners, OCDD has been reported to be the major contributor to the total 
PCDD/Fs body burden [37, 38]. 

Table 1 IUPAC names of PCDD/Fs and their individual toxic equivalent factor. 

PCDD/Fs IUPAC name TEF  
(WHO 2005) 

2,3,7,8-tetrachlorodibenzo-p-dioxin 2,3,7,8-TCDD 1 

1,2,3,7,8-pentachlorodibenzo-p-dioxin 1,2,3,7,8-PeCDD 1 

1,2,3,4,7,8-hexachlorodibenzo-p-dioxin 1,2,3,4,7,8-HxCDD 0.1 

1,2,3,6,7,8-hexachlorodibenzo-p-dioxin 1,2,3,6,7,8-HxCDD 0.1 

1,2,3,7,8,9-hexachlorodibenzo-p-dioxin 1,2,3,7,8,9-HxCDD 0.1 

1,2,3,4,6,7,8-heptachlorodibenzo-p-dioxin 1,2,3,4,6,7,8-HpCDD 0.01 

Octachlorodibenzo-p-dioxin OCDD 0.0003 

2,3,7,8-tetrachlorodibenzo-p-furan 2,3,7,8-TCDF 0.1 

1,2,3,7,8-pentachlorodibenzo-p-furan 1,2,3,7,8-PnCDF 0.03 

2,3,4,7,8-pentachlorodibenzo-p-furan 2,3,4,7,8-PnCDF 0.3 

1,2,3,4,7,8-hexachlorodibenzo-p-furan 1,2,3,4,7,8-HxCDF 0.1 

1,2,3,6,7,8-hexachlorodibenzo-p-furan 1,2,3,6,7,8-HxCDF 0.1 

1,2,3,7,8,9-hexachlorodibenzo-p-furan 1,2,3,7,8,9-HxCDF 0.1 

2,3,4,6,7,8-hexachlorodibenzo-p-furan 2,3,4,6,7,8-HxCDF 0.1 

1,2,3,4,6,7,8-heptachlorodibenzo-p-furan 1,2,3,4,6,7,8-HpCDF 0.01 

1,2,3,4,7,8,9-heptachlorodibenzo-p-furan 1,2,3,4,7,8,9-HpCDF 0.01 

Octachlorodibenzo-p-furan OCDF 0.0003 
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1.1.1.2 Polychlorinated biphenyls and organochlorine pesticides 
Polychlorinated biphenyls (PCBs) are mixtures of manmade chlorinated 
compounds, up to 209 congeners with 1 to 10 chlorine atoms, of which 
about 130 can be found in commercial products. Many commercial PCB 
mixtures are well known in the U.S. by the trade name Aroclor [39]. PCBs 
were extensively used as plasticizers, in electrical transformers and as addi-
tives to paints and lubricants since the 1930s to the mid-1970s [40]. PCBs 
have been found to have different toxic effects depending on position of 
chlorine substitution. PCBs can be categorized into two groups, coplanar 
(non-ortho-substituted) and noncoplanar (or ortho-substituted) congeners. 
The coplanar PCBs have similar structure to PCDD/Fs, which means they 
are considered as contributors to overall dioxin toxicity and termed as di-
oxin like PCBs (dl-PCBs) [5, 28, 41]. Due to the environmental toxicity, 
PCBs production was banned by the U.S in 1979 [42] and listed on the 
Stockholm Convention on POPs in 2001. The PCBs congeners studied in 
this thesis include seven dl-PCBs, which have been assigned TEFs by WHO 
[28], and 17 other non dl-PCBs (See Table 2). 

Organochlorine pesticides (OCPs) are man-made chlorinated hydrocar-
bons used extensively to control malaria and in agriculture since 1940s [43]. 
OCPs constitute ten of the original “dirty dozen” defined under the Stock-
holm Convention on POPs: aldrin, chlordane, dichlorodiphenyltrichloro-
ethane (DDT), dieldrin, endrin, heptachlor, mirex, toxaphene, hexachloro-
benzene (HCB). The selected OCPs included in this thesis are listed in Table 
2. 

DDT is one of the most recognized OCPs. Technical-grade DDT is a mix-
ture of p,p’-DDT (85%), o,p-DDT (15%) [43], and may also contain their 
breakdown products, DDE (1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene) 
and DDD (1,1-dichloro-2,2-bis(p-chlorophenyl)ethane). DDD was also 
used as pesticides. The use of DDT was banned in Sweden, the U.S. and 
other countries in the 1970s [44, 45]. However, DDT is still manufactured 
and used in some parts of the world [18, 46]. Besides to control malaria 
carrying mosquitoes, DDT is still requested exemption from the ban in a 
few African countries [47, 48]. DDT can easily lose hydrogen chloride and 
breakdown to DDE. DDE is particularly persistent and has been detected 
with the highest concentrations in the environment and human bodies in 
comparison to other POPs [49-51]. 

HCB is another organochlorine pesticide, used as seed treatment agent 
and agricultural fungicide, but also in other industrial applications [52]. 
HCB has not been commercially produced since the late 1970s, however it 
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is also unintended product of combustion. Chlordane is a complex mixture 
of over 120 compounds [53], such as cis- or trans-chlordane, cis- or trans-
Nonachlor, heptachlor and other isomers. Chlordanes were used as pesti-
cides since 1948, but the use of chlordanes was banned in 1988 in the U.S 
[54, 55]. The concentrations of HCB and chlordane are not as high as 
DDE/DDT in the environment [43, 52]. 

Table 2. IUPAC name of selected PCBs and OCPs 

Names IUPAC name 
PCBs 

2,4,4'-Trichlorobiphenyl PCB#28 
2,2',5,5'-Tetrachlorobiphenyl PCB#52 
2,3',4,4'-Tetrachlorobiphenyl PCB#66 
2,4,4',5-Tetrachlorobiphenyl PCB#74 
2,2',4,4',5-Pentachlorobiphenyl PCB#99 
2,2',4,5,5'-Pentachlorobiphenyl PCB#101 
2,3,3',4,4'-Pentachlorobiphenyl PCB#105* 
2,3,3',4',6-Pentachlorobiphenyl PCB#110 
2,3',4,4',5-Pentachlorobiphenyl PCB#118* 
3,3',4,4',5-Pentachlorobiphenyl PCB#126** 
2,2',3,3',4,4'-Hexachlorobiphenyl PCB#128 
2,2',3,4,4',5'-Hexachlorobiphenyl PCB#138 
2,2',4,4',5,5'-Hexachlorobiphenyl PCB#153 
2,3,3',4,4',5-Hexachlorobiphenyl PCB#156* 
2,3,3',4,4',5'-Hexachlorobiphenyl PCB#157* 
2,3',4,4',5,5'-Hexachlorobiphenyl PCB#167* 
3,3',4,4',5,5'-Hexachlorobiphenyl PCB#169** 
2,2',3,3',4,4',5-Heptachlorobiphenyl PCB#170 
2,2',3,4,4',5,5'-Heptachlorobiphenyl PCB#180 
2,2',3,4',5,5',6-Heptachlorobiphenyl PCB#187 
2,3,3',4,4',5,5'-Heptachlorobiphenyl PCB#189* 
2,2',3,3',4,4',5,5'-Octachlorobiphenyl PCB#194 
2,2',3,3',4,4',5,5',6-Nonachlorobiphenyl PCB#206 
Decachlorobiphenyl PCB#209 

OCPs 
Hexachlorobenzene HCB 
trans-Nonachlor  
cis-Heptachlorepoxide  
trans-chlordane  
cis-chlordane  
o,p-dichlorodiphenyldichloroethylene o,p-DDE 
p,p’- dichlorodiphenyldichloroethylene p,p’-DDE 
p,p’- dichlorodiphenyldichloroethane p,p’-DDD 
p,p’-dichlorodiphenyltrichloroethane p,p’-DDT 

Note: *Mono-ortho substituted PCB; **Non-ortho substituted PCB  
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1.1.2 Brominated flame retardants  
Polybrominated diphenyl ethers (PBDEs) are a class of brominated flame 
retardants (BFRs). They became favored in use during 1960s as non-cova-
lently bound flame retardant additives in a wide range of applications in-
cluding building materials, electronics, plastics, textiles, polyurethane foams 
(furniture padding) and motor vehicles. Worldwide use resulted in rapid 
increase of concentrations in the environment and biological matrices [56, 
57]. High concentrations of some congeners of PBDEs gave rise to adverse 
effects on both human and wildlife [58, 59] and global concern for the en-
vironment and human health was raised. The production of PBDE was 
forced to be reduced under a stringent environmental labeling law [60]. 
UNEP decided to regulate PBDEs under the SC on POPs in 2009. Commer-
cial PBDE mixtures contain three major components, deca-BDEs (mostly 
deca-BDE with some nona- and octa-BDE congeners), octa-BDEs (mostly 
hepta- and octa-BDE congeners), and penta-BDEs (mostly penta- and tetra-
BDE congeners). Deca-BDE is the major product, accounting for 75% of 
the PBDE production [13]. The PBDE congeners included in this thesis are 
listed in Table 3. 

Table 3 IUPAC name of selected PBDEs 

PBDEs IUPAC name 

2-Bromodiphenyl ether BDE#1 
3-Bromodiphenyl ether BDE#2 
4-Bromodiphenyl ether BDE#3 
2,6-Dibromodiphenyl ether BDE#10 
2,4-Dibromodiphenyl ether BDE#7 
4,4'-Dibromodiphenyl ether BDE#15 
2,4,6-Tribromodiphenyl ether BDE#30 
2,2',4-Tribromodiphenyl ether BDE#17 

2,4,4'-Tribromodiphenyl ether  BDE#28 
2,2',4,5'-Tetrabromodiphenyl ether BDE#49 
2,3',4',6-Tetrabromodiphenyl ether BDE#71 
2,2',4,4'-Tetrabromodiphenyl ether BDE#47 
2,3',4,4'-Tetrabromodiphenyl ether BDE#66 
3,3',4,4'-Tetrabromodiphenyl ether BDE#77 
2,2',4,4',6-Pentabromodiphenyl ether BDE#100 
2,3',4,4',6-Pentabromodiphenyl ether BDE#119 
2,2',4,4',5-Pentabromodiphenyl ether BDE#99 
2,2',3,4,4'-Pentabromodiphenyl ether BDE#85 
3,3',4,4',5-Pentabromodiphenyl ether BDE#126 
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2,2',4,4',5,6'-Hexabromodiphenyl ether BDE#154 
2,2',4,4',5,5'-Hexabromodiphenyl ether BDE#153 
2,2',3,4,4',6-Hexabromodiphenyl ether BDE#139 

2,2',3,4,4',6'-Hexabromodiphenyl ether  BDE#140 
2,2',3,4,4',5'-Hexabromodiphenyl ether BDE#138 
2,3,3',4,4',5-Hexabromodiphenyl ether BDE#156 
3,3',4,4',5,5'-Hexabromodiphenyl ether BDE#169 

2,2',3,4,4',6,6'-Heptabromodiphenyl ether  BDE#184 

2,2',3,4,4',5',6-Heptabromodiphenyl ether  BDE#183 

2,3,3',4,4',5',6-Heptabromodiphenyl ether  BDE#191 

2,2',3,4,4',5,5'-Heptabromodiphenyl ether  BDE#180 

2,2',3,3',4,4',6-Heptabromodiphenyl ether  BDE#171 

2,2',3,3',4,5',6,6'-Octabromodiphenyl ether  BDE#201 
2,2',3,4,4',5,6,6'-Octabromodiphenyl ether BDE#204 
2,2',3,3',4,4',6,6'-Octabromodiphenyl ether BDE#197 

2,2',3,4,4',5,5',6-Octabromodiphenyl ether  BDE#203 

2,2',3,3',4,4',5,6'-Octabromodiphenyl ether  BDE#196 

2,3,3',4,4',5,5',6-Octabromodiphenyl ether  BDE#205 

2,2',3,3',4,5,5',6,6'-Nonabromodiphenyl ether  BDE#208 

2,2',3,3',4,4',5,6,6'-Nonabromodiphenyl ether  BDE#207 

2,2',3,3',4,4',5,5',6-Nonabromodiphenyl ether  BDE#206 
Decabromodiphenyl ether BDE#209 

 
However, due to the phase out of PBDEs, polybrominated biphenyls (PBBs), 
tetrabromobisphenol A (TBBPA) and its derivates, and hexabromocyclodo-
decane (HBCDD), a few replacement products, so-called “novel” bromin-
ated flame retardants (NBFRs), started to be introduced to the market to 
maintain compliance with consumer product and building materials flam-
mability standards [61]. Compounds such as decabromodiphenyl ethane 
(DBDPE) and 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE) are com-
pounds considered as replacement of deca-BDE and octa-BDEs, while 2-
ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB) and bis(2-ethylhexyl)-
3,4,5,6-tetrabromo-phthalate (BEH-TBP) are two out of four components 
of Firemaster 550®, which is the replacement product for penta-BDEs. A 
wide range of these NBFRs have been detected in the environment [62-65]. 
Human exposure assessment to the NBFRs was also performed by analyz-
ing the indoor dust as one of the main pathways of exposure [64, 66-68]. 
The common trade names of NBFRs are listed in Table 4, together with 
their abbreviations and formulas. 
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Methoxylated PBDEs (MeO-PBDEs) are structural analogues to PBDEs 
(listed in Table 4). Two main congeners 2,2',4,4'-tetrabromo-6-methoxydi-
phenyl ether (6-MeO-BDE47) and 2,3',4,5'-tetrabromo-2-methoxydiphe-
nyl ether (2'-MeO-BDE68) have been found in a variety of aquatic animals. 
The use of 14C isotope analysis for these two compounds, isolated from 
North Atlantic True's beaked whales  (Mesoplodon mirus), indicated they 
were likely naturally produced [69]. The potential sources of MeO-PBDEs 
are from algae, sponges or bacteria [70]. MeO-PBDEs are therefore consid-
ered mostly a marine problem. However, the occurrence of MeO-PBDEs in 
Artic marine food web may also come from metabolic transformation of 
PBDEs or bioaccumulation of PBDE degradation products [71]. MeO-
PBDEs were also detected in soils and plants [72, 73], as well as in human 
samples including plasma and milk [74-76]. 

Table 4. Novel brominated flame retardants and their abbreviations 

Common and trade names Abbreviations Formula 
NBFRs 

Hexachlorocyclopentenyl-dibromocycloocatane DBHCTD 
(HCDBCO) C13H12Br2Cl6 

2-Ethylhexyl 2,3,4,5-tetrabromobenzoate EH-TBB (EHTBB) C15H18Br4O2 
Octabromotrimethylphenyl indane OBTMPI (OBIND) C18H12Br8 
Tetrabromo-p-xylene TBX (pTBX) C8H6Br4 
Pentabromoethylbenzene PBEB C8H5Br5 
Pentabromotoluene PBT C7H3Br5 
Pentabromobenzyl acrylate PBB-Acr (PBBA) C10H5Br5O2 
1,2,5,6-Tetrabromocyclooctane α-/β-TBCO C8H12Br4 
4-(1,2-Dibromoethyl)-1,2-dibromocyclohexane 1-
(1,2-Dibromoethyl)-3,4-dibromocyclohexane 

DBE-DBCH 
(α-/β-/γ-/δ-TBECH) C8H12Br4 

Bis(2-ethylhexyl) tetrabromophthalate BEH-TBP (BEHTBP) C24H34Br4O4 
1,2,3,4,5-Pentabromobenzene PBBZ C6HBr5 
1,2-Bis(2,4,6-tribromophenoxy)ethane BTBPE C14H8Br6O2 
2,4,6-Tribromophenyl 2,3-dibromopropyl ether TBP-DBPE (DPTE) C9H7Br5O 
Hexabromobenzene HBB C6Br6 
Methyl 2,3,4,5-tetrabromobenzoate MeTBBA C8H4Br4O2 
Decabromodiphenyl ethane DBDPE C14H4Br10 

MeO-PBDEs 
2,3',4,5'-Tetrabromo-2-methoxydiphenyl ether 2’-MeO-BDE#68 C13H8Br4O2 
2,2',4,4'-Tetrabromo-6-methoxydiphenyl ether 6-MeO-BDE#47 C13H8Br4O2 
2,2',4,4'-Tetrabromo-5-methoxydiphenyl ether 5-MeO-BDE#47 C13H8Br4O2 
2,2',4,5'-Tetrabromo-4-methoxydiphenyl ether 4’-MeO-MBDE#49 C13H8Br4O2 
2,2',4,4',6’-Pentabromo-5-methoxydiphenyl ether 5’-MeO-BDE#100 C13H7Br5O2 
2,2',4’,5,6’-Pentabromo-4-methoxydiphenyl ether 4’-MeO-BDE#103 C13H7Br5O2 
2,2',4,4',5-Pentabromo-5’-methoxydiphenyl ether 5’-MeO-BDE#99 C13H7Br5O2 
2,2',4,5,5’-Pentabromo-4’-methoxydiphenyl ether 4’-MeO-BDE#101 C13H7Br5O2 
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1.2 Recent instrumental developments for analyzing environmen-
tal contaminants 
The instrumental analysis of POPs in complex environmental matrices is 
challenging, especially in human and several abiotic samples, even though 
it has improved significantly during the last 40 years. Currently, the use of 
isotope-labeled analytical standards and gas chromatography coupled to 
high resolution mass spectrometry (GC/HRMS) is the most recognized 
method for the routine analysis of chlorinated and brominated POPs [21, 
31, 77, 78]. This technique is based on electron ionization (EI) and magnetic 
sector instruments as analyzer. In the recent development of PCDD/Fs anal-
ysis, the GC-HRMS has made an impression in the sensitivity with addi-
tional GC separation, reaching attogram (ag) level [79]. For the analysis of 
another class of POPs, per- and polyfluoralkyl substances (PFASs), methods 
combing liquid chromatography and tandem mass spectrometry (LC-
MS/MS) have been more prevalent during the past few years [22, 80-82] 
compared to methods applying liquid chromatography coupled to mass 
spectrometry (LC- MS) as during earlier stage method development [19]. 

As for targeted analysis of POPs, no doubt the concentration of legacy 
POPs in environmental and human samples is showing decreasing trends 
after the phase out. However, more novel compounds will potentially be 
introduced to the market and be discovered in the environment. Generally 
this “traditional” targeted technique provides very good sensitivity and re-
liable identification and quantification of the target compounds. Neverthe-
less, numerous compounds will “slip through” when selecting compounds 
from the start of the analyses. These unknown compounds may behave sim-
ilarly as the targeted environmental contaminants, be present at high con-
centrations or even give severe toxic effects, which means they also should 
to be identified and studied. Hence to study the health effects and concen-
trations of the POPs in human or in the environment, highly selective and 
sensitive instrumental methods with capacity of detecting a wide range of 
compounds and processing large amount of matrices are required. In this 
section, a few selected advanced instrumental techniques commercially 
available will be briefly introduced with the focus on chlorinated and bro-
minated POPs.  

1.2.1 Separation techniques 
Usually most of the separation techniques have their advantages and draw-
backs. They either suffer from losing the resolution if allowing the simulta-
neous transmission of all ions, or vice versa. For some cases, in order to 
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achieve higher performance, the development of the instruments may have 
more complexity and cost. A main solution of overcoming the drawbacks 
of the instruments is to combine different separation techniques to enhance 
the flexibility and multiple experiments. The most commonly used tech-
niques are two dimensional chromatography and supercritical fluid chro-
matography. 

1.2.1.1 Two dimensional chromatography 
Multidimensional chromatography (MD) techniques nowadays have been 
established for the analysis of complex matrices in the environmental, 
metabolomics, petroleomics, proteomics and other fields. Two dimensional 
(2D) techniques are here discussed for its potential uses. 2D can be applied 
in either gas chromatography (such as GC×GC, or 2D GC) or liquid chro-
matography (such as LC×LC, or 2D LC). This is accomplished by using two 
columns with different stationary phases. The two columns are coupled or-
thogonally, which means that fractions from the first column can be selec-
tively transferred to the second column for additional separation. This ena-
bles separation of complex mixtures that cannot be separated using a single 
column. Usually the second-dimension column with a thin stationary phase 
has to be short to obtain separation much faster than the first-dimension 
column [83, 84].  
The privilege of 2D GC is the capacity of separating more than 1000 of 
compounds in one single 30 min run, while traditional 1-dimensional GC 
have the capacity to separate up to 100 of different compounds. The appli-
cations of 2D GC are coupled with electron-capture microdetection (µECD) 
for analysis of POPs since 2000s [85-87]. A comprehensive fast screening 
analysis of eight classes of POPs (including PCDD/Fs, PCBs, OCPs and 
PBDEs) in food and marine fat matrices was reported by Bordajandi et al.  
using a 2D GC-µECD system and tested in total nine column combinations 
to optimize the separation [86]. The same technique was used to evaluate 
the separation of 125 PBDE congeners in combination with six different 
columns [88]. 

1.2.1.2 Supercritical fluid chromatography 
Supercritical fluid chromatography (SFC) is used for the analysis and puri-
fication of different molecular weight compounds [89]. SFC can also sepa-
rate chiral compounds [89]. Typically carbon dioxide (CO2) is pressurized 
to reach supercritical state so as to be used as the mobile phase. Due to the 
supercritical phase properties similar to both a liquid and a gas, SFC is also 
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described as convergence chromatography (CC). SFC is a process having 
combined properties of the power of a liquid to dissolve a matrix, with the 
chromatographic interactions and kinetics of a gas. SFC can potentially 
screen samples with properties enabling them either to be analyzed by LC 
or for other compounds by GC. However SFC may generate different elu-
tion profiles of the analytes as compared to both GC and LC. SFC was suc-
cessfully utilized to separate the three predominant diastereomers of the 
BFR hexabromocyclododecane (HBCDD) in three minutes in combination 
with a tandem MS [90]. A method using a packed column supercritical fluid 
chromatography (pSFC) for the analysis of PCDD/Fs and PCBs has recently 
been reported by Riddell et al. [91], and the separation achieved was com-
parable with the high resolution gas chromatography (HRGC) separation.  

1.2.2 Mass analyzer/spectrometry 

1.2.2.1 Time-of-flight mass spectrometry 
Since time-of-flight (TOF) analyzers were commercially available for appli-
cations, TOF mass spectrometry (TOF-MS) have been known to have 
higher instrumental limits of detection (LODs) comparing with the conven-
tional high resolution mass spectrometry (HRMS). TOF-MS can be oper-
ated in fast GC mode to improve the LODs for the analysis of PCBs This 
might however result in co-elution issue for the analysis of PCDD/Fs [92]. 
This issue was disentangled by coupling with the 2D GC (2D GC-TOF-MS) 
resulting in better sensitivity and no loss in chromatographic resolution. 
This technique was successfully applied to the analysis of POPs in environ-
mental matrices [93-95], food [96] and human samples [97]. Recently, 2D 
GC-TOF-MS has also been used for non-target screening for the unknown 
potential POPs in sediments [98] and other matrices [99-101]. Another so-
lution to improve the LOD of TOF-MS is the combination of quadrupole 
and TOF mass spectrometry (Q-TOF-MS). The determination of perfuoro-
alkyl substances in drinking water using high performance liquid chroma-
tography (HPLC) coupled to Q-TOF-MS was discussed by Ullah et al. 
[102].  

1.2.2.2 Ion-trap mass spectrometry 
In early developmental stage of Ion-trap mass spectrometers (ITMS), the 
acquisition of an entire mass spectrum using an ion trap was a complex and 
time-consuming process. With the modification, ions can be stored in an 
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oscillating electric field. The trapped ions are sequentially ejected from the 
trapping volume towards an external detector in increasing m/z ratio order. 

The most common use of ITMS is the combination with GC, which pro-
vides good sensitivity, high mass range, the ability to control ions during 
storage, low cost and smaller size. However the drawback of ITMS is that 
the response in real matrices is affected by the ion qualities in the trap, which 
means additional calibration or clean-up procedures have to be performed. 
This technique has been successfully applied to a few environmental cases, 
such as PCDD/Fs in food and feed [103, 104]. 

1.2.2.3 FT-ICRMS and Orbitrap mass spectrometry 
Fourier transform ion cyclotron resonance mass spectrometer (FT-ICRMS) 
[105, 106] determines the (m/z) of ions based on the cyclotron frequency of 
the ions in a fixed magnetic field. The ions are detected by passing near 
detection plates and the masses are resolved by the ICR frequency that each 
ion produces as it rotates in the magnetic field. The instrument GC-tandem 
quadrupole-Fourier transform ion cyclotron resonance mass spectrometer 
(GC-MS/MS-FTICRMS) demonstrated the feasibility of performing ultra-
trace analysis in the ultrahigh resolving power range (50,000 to 100,000 
full width at half maximum (FWHM)) on the capillary gas chromatographic 
time scale [107]. With such a powerful capability the possibilities of analyz-
ing PCDD/Fs and mixed halogenated dioxins/furans (HxDDs/HxDFs) was 
investigated in the GC-FTICRMS mode and 1 pg of TCDD as well as 5 pg 
of 2-bromo-3,7,8-trichlorodibenzo-p-dioxin (BTrCDD) could be detected 
[107]. 

The Orbitrap [108, 109] is an electrostatic ion trap which uses fourier 
transform to obtain mass spectra to confine and to analyze injected ions, 
which is similar to FT-ICRMS. Both Orbitrap and FT-ICRMS allow all ions 
to be detected simultaneously over a certain period of time. Besides, resolu-
tion can be improved by increasing the strength of the field by increasing 
the detection duration. The differences is that the Orbitrap does not use a 
magnetic field which means resolving power decreases significantly when 
m/z increases. Orbitrap coupling with GC (GC-Orbitrap MS) was used to 
evaluate the pharmaceutical precursors and impurities [110]. So far, Or-
bitrap instruments have been mostly coupled to LC (LC-Orbitrap MS) for 
the application in proteomics [108, 111], pharmaceutical metabolites [112] 
and food safety analysis [113]. GC-Orbitrap MS was reported for the de-
termination of PCDD/Fs in environmental samples and profiling of primary 
metabolites in plant (Arabidopsis thaliana) extracts [114]. More recently, 
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the use of GC-Orbitrap MS for the analyses of PCBs, PBDEs and PCDD/Fs 
was discussed by Cojocariu et al. using high resolving power of 60 000 to 
detect and identify the halogenated isomers at 1 mg/L level in different ma-
trices [115].  

1.2.3 Atmospheric pressure chemical ionization 
Atmospheric pressure chemical ionization (APCI) was initially developed in 
1970s [116], as a soft (low-energy) ionization technique in the gas phase 
using a corona needle for ionization; resulting in less fragmentation. Due to 
the abundance of molecular or quasi-molecular ions formed during the ion-
ization, both sensitivity and selectivity of MS/MS methods subsequently in-
crease [117]. Commonly APCI was used for LC-MS methods [81, 82, 118, 
119]. More recently APCI has been considered as an alternative to both EI 
and negative electron capture chemical ionization (ECNI), thereby offering 
another ionization for GC coupled to MS (GC-MS) methods [120].  

The APCI was used to separate the POPs including PCBs, OCPs and 
PCDD/Fs from the interfering compounds in 1980s even performed on a 
low resolution mass spectrometry [121]. The APCI source became available 
since 2008 to be used in LC/MS conditions in order to develop a multipur-
pose combined ion source [120]. The use of the APCI technique for GC-MS 
has been available since 2010 in the term of atmospheric pressure gas chro-
matography (APGC) [117] or GC-APCI. This technique promises good ion-
ization efficiency and low fragmentation without the need to use modifier, 
which should result in good instrument sensitivity and robustness combined 
with less demanding maintenance. APCI allows two reaction processes dur-
ing the ionization: charge transfer (under dry conditions) and proton trans-
fer (in the presence of a protic solvent - water, methanol etc.) [122-127]. 
The APGC source coupled with tandem quadruple mass spectrometry has 
provided successful applications for BFRs [122], PCDD/Fs [123, 128] (Pa-
per II), PCBs [129, 130] (Paper I), dl-PCBs, and mixed polyhalogenated and 
polybrominated dibenzo-p-dioxins and dibenzofurans (PXDD/Fs, 
PBDD/Fs) [131] for their determination in different complex samples, in-
cluding human plasma, marine samples, milk, feed and animal fat, air, fire 
debris samples and certified reference materials. The APGC source has been 
mostly operated in the positive ion (APCI+) mode for these groups of com-
pounds, but the use of negative ion conditions (APCI-) was also discussed 
for determination of halogen substitution as a result of fragmentation using 
a gas chromatograph-quadrupole time-of-flight (GC-QTOF) mass spec-
trometer [132]. 
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1.3 Aim of this thesis 
The main objective of this thesis is to demonstrate the capability of atmos-
pheric pressure chemical ionization using gas chromatography coupled to 
tandem mass spectrometry for the determination of a wide range of envi-
ronmental contaminants including chlorinated and brominated POPs regu-
lated by Stockholm Convention, the derivates of PBDEs as well as novel 
BFRs. 

Specific aim of papers included in this thesis: 
Paper I: Method development and validation of a method to analyze 

PCBs and OCPs in small amount of human serum samples using APCI ion-
ization on tandem mass spectrometry. 

Paper II: Demonstration of the capabilities of tandem mass spectrometry 
using an APCI based ion source for the determination of dioxins in environ-
mental, air, human and food extracts matrices. 

Paper III: Method development and validation a tandem mass spectrom-
etry method using APCI for the determination of new BFRs, PBDEs and 
MeO-PBDEs in several environmental samples, including fish, osprey egg 
and ringed seal. 

Paper IV: Using the methodology developed in Paper I, II and III for the 
comparison with GC-HRMS determination of PBDEs and GC-MS determi-
nation of PCBs and OCPs in environmental samples. The results were used 
to establish time trends of several POPs in historical samples.  
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2. Methods 

2.1 Ionization optimization 
The ionization optimization was performed on the APGC source in positive 
APCI mode using high concentrations of standard solutions in toluene. The 
nominal mass of precursor ion was chosen based on which ion gave the 
highest signal response in the mass spectrum in full scan mode to obtain the 
MS spectra, as discussed below. The ionization experiments were performed 
using charge transfer condition (nitrogen) without modifier (water, metha-
nol). This allows the corona discharge needle create the nitrogen plasma 
(N2

+ and N4
+) where ionization of compounds exiting the GC column oc-

curs. In this way, the molecular ion M•+ will be yielded with high abun-
dance, which is not usually the case with a stronger ionization technique 
such as EI. Significant fragmentation can still be produced even when using 
lower ionization energies (~35eV) reducing the intensity of the molecular 
ion (M•+) as shown in Figure 1. All the product and precursor ion transitions 
of the environmental contaminants included in this study (Paper I, II, III) 
are listed in Table 5. 

In cases where traces of water vapor are present in the source, the proto-
nated molecule [M+H]+ can also be present in the spectrum, especially in 
the few initial analyses after opening the source housing. This competing 
mechanism can also reduce the intensity of the molecular ion. This became 
evident during the ionization optimization of PCDD/Fs solutions in Paper 
II, under proton-transfer conditions by introducing water as a modifier in 
the APGC source (an uncapped vial with water was placed in a specially 
designed holder placed in the source door). The tetra- to octa-chlorinated 
dioxins or furans showed very little protonation. However, when ionization 
was carried out using charge transfer and by eliminating the water, the re-
sponse was greatly improved. Figure 1 shows the ionization behavior of 
OCDD with and without water added in the source. It can clearly be seen 
that ionization which is carried out only under charge transfer is more ef-
fective in terms of response. The m/z 444 precursor ion resulted in higher 
spectral abundance when the water was eliminated thereby reducing proton 
transfer. Thus we continued to use charge transfer conditions for the re-
maining of the method development. A simple check to see if protonation 
occurs is the analysis of phenanthrene and compare the abundance of m/z 
178 (charge transfer) and m/z 179 (protonation). For this relatively easily 
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protonated compound, the abundance of the protonated ion should be be-
low 30%. Paper I reports details of the ionization optimization of 19 com-
pounds including PCBs and OCPs using this methodology. The molecular 
ions were used as the precursor ions for all 19 compounds. 

Commonly a method’s potential relies on the successful analysis of the 
compounds with high bromination level such as DBDPE and BDE#209. 
Hence, in Paper III the ionization optimization for these compounds also 
demands specific attention using the APCI method. In this present work, 
molecular ions [M+4]+ and [M+6]+ of DBDPE, BDE#209, BTBPE as well as 

Figure 1. Mass spectra of PCB#180 molecular ion and fragments using EI and 
APCI (a and b, from Paper I). Comparison of the ionization characteristics of 
OCDD in the APGC source with (enhancing protonation) and without water 
(enhancing charge transfer) in the source (c and d, from Paper II).  
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OBTMPI were observed and selected as precursor ions for quantification. 
When the method used in this study is compared with the method reported 
previously by Portolés et al. using the same technique [122], the protonated 
molecule ions [M+H]+ of DBDPE and BDE#209 were both observed under 
charge transfer condition in the APCI source. However, in Portolés’s work 
the molecular ion of DBDPE was not observed, instead, fragment ion 
[C8H4Br5]+ was chosen as the precursor mass. Similar work was carried out 
by Barón et al. [133], but molecular ions of DBDPE were not detected using 
EI ionization. In fact fragment ions [M-6Br]+ and [M-8Br-5H]+ were chosen 
as parent ions, which gave [M-7Br]+ and [M-10Br-5H]+ as product ions. For 
the ionization of BDE#209 using APCI in this work, the molecular ion was 
observed as the most prominent ion, and the octa-BDE fragment ions at 
relatively low abundance. This can be explained by the softer ionization 
process of APCI which was illustrated using EI as comparison [122] and in 
this present study. The same transitions for BDE#209 were applied in simi-
lar studies using GC-EI-MS/MS [133, 134]. 

In Paper III molecular ions were discovered to be the most abundant for 
the ionization for BTBPE. However, a mixture of the isotopic patterns cor-
responding to M•+ and [M + H]+ was detected in Portole ́s et al. [122] which 
might be caused by moisture presence in the source. Analysis of BTBPE us-
ing GC-HRMS in EI mode has also been conducted [135], with [M + 4]+ 
and [M + 6]+ selected as the quantitation ions. Another important consider-
ation discussed in Paper III was the ionization optimization for the one 
benzene ring brominated compounds, PBBZ (C6HBr5) and HBB (C6Br6). An 
interference from corresponding 13C-labeled molecular ions of PBBZ 
(13C6HBr5) and HBB (13C6Br6) was found when using isotope dilution quan-
tification. As shown in Paper III, Figure 2, some m/z ratios may overlap 
therefore the most abundant m/z should not be used. The quantification m/z 
ratios for native PBBZ and HBB were both carefully selected as [M+2]+ and 
[M+4]+, while [M+6]+ and [M+8]+ were selected for 13C-labeled PBBZ and 
[M+8]+ together with [M+10]+ for 13C-labeled HBB. In EI conditions, the 
fragment ion [M-Br]+ has been used as the precursor ion [133]. 

The abundances of molecular ions of PBDEs noticeably decreases as the 
bromination level increases. As the properties of the brominated com-
pounds group varies due to different structures. For Br3-9 PBDEs, MeO-
PBDEs, NBFRs including TBX, PBT, PBEB, TBP-DBPE, DBHCTD, MeT-
BBA and OBTMPI, the molecular ions were used as precursor ions for fur-
ther method development. While for some more polar compounds such as 
TBCO/DBE-DBCH (-HBr2), TBP-DBPE (-C3H4Br2), EH-TBB (-C2H6Br), 
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PBB-Acr (-Br) and BEH-TBP (-C16H33O), the fragment ions were used as 
precursor ions for quantification (Table 5). For the ionization of MeO-
PBDEs, the most abundant transitions were selected for quantification pur-
poses, and the product ions were selected according to the loss of two bro-
mine atoms. 

Table 5. Experimental MRM conditions of the MS/MS parameters for environmental 
contaminants. Compiled from Paper I-III. 

compound 
Precursor 
Ion 
(m/z) 

Product 
Ion 
(m/z) 

Precursor 
Ion 
(m/z) 

Product 
ion 
(m/z) 

CE 
(eV) 

CV 
(V) * 

PCDD/Fs 
TCDF 304 241 306 243 40 30/70 
13C TCDF 316 252 318 254 40 30/70 
TCDD 320 257 322 259 30 30/70 
13C TCDD 332 268 334 270 30 30/70 
PCDF 338 275 340 277 40 30/70 
13C PCDF 350 286 352 288 40 30/70 
PCDD 354 291 356 293 30 30/70 
13C PCDD 366 302 368 304 30 30/70 
HxCDF 374 311 376 313 40 30/70 
13C HxCDF 386 322 388 324 40 30/70 
HxCDD 390 327 392 329 30 30/70 
13C HxCDD 402 338 404 340 30 30/70 
HpCDF 408 345 410 347 40 30/70 
13C HpCDF 420 356 422 358 40 30/70 
HpCDD 424 361 426 363 30 30/70 
13C HpCDD 436 372 438 374 30 30/70 
OCDF 442 379 444 381 40 30/70 
13C OCDD 470 406 472 408 30 30/70 
OCDD 458 395 460 397 30 30/70 

PCBs 
TeCB 292 222 290 220 25 70 
13C-TeCB 304 234   25 70 
PeCB 326 258 326 256 35 70 
13C-PeCB 338 268   35 70 
HxCB 360 290 362 292 35 70 
13C-HxCB 372 302   35 70 
HpCB 394 324 396 326 35 70 
13C-HpCB 408 336   35 70 
OcCB 427.7 357.8 429.7 359.8 35 70 
13C-OcCB 441.8 371.8   35 70 
NoCB 463.7 393.8 461.7 391.8 35 70 
13C-NoCB 475.8 405. 8   35 70 
DeCB 497.7 427.8 499.7 429.8 35 70 
13C-DeCB 509.7 439.8   35 70 

OCPs 
HCB 284 249 286 251 30 70 
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DDE 316 246 318 248 30 70 
Chlordane 373 266 375 268 30 70 
Trans-Nonachlor 407 300 409 302 15 70 

PBDEs 
Mono-BDE 248   141.2 250   141.2 19 30 
Di-BDE 329.9   168.1 327.9   168.1 20 30 
Tri-BDE 405.8   246 407.8   248 24 5 
Tetra-BDE 485.6   325.8 483.7   325.8 26 15 
Penta-BDE 565.5   405.7 563.5   403.7 27 5 
Hexa-BDE 643.5   483.7 643.5   481.7 28 30 
Hepta-BDE 721.4   561.6 721.4   563.6 35 40 
Octa-BDE 801.1   641.3 799.1   639.5 29 40 
Nona-BDE 879   719.2 881   721.1 25 40 
Deca-BDE 959.2   799.3 957.2 797.3 24  

NBFRs 
TBCO/DBE-DBCH 266.9 105 268.9 105 15 35 
TBX (pTBX) 419.7 340.8 421.7 342.8 20 15 
MeTBBA 449.6 418.5 451.8 420.5 17 15 
PBBZ 469.6 390.6 471.6 392.7 31 31 
PBT 485.6 406.7 487.6 408.7 24 20 
PBEB 499.6 484.6 501.6 486.6 21 25 
TBP-DBPE (DPTE) 329.8 247.9 331.8 249.9 25 30 
HBB 547.5 468.6 549.5 470.6 30 35 
EH-TBB (EHTBB) 438.5 315.8 438.5 420.6 20 10 
PBB-Acr (PBBA) 476.6 369.6 478.5 369.6 19 10 
DBHCTD 
(HCDBCO) 539.7 105.3 541.7 105.3 15 35 

BEH-TBP 
(BEHTBP) 462.5 378.5 464.5 340.6 38 15 

BTBPE     685.6 356.8 687.6 358.8         15 15 
OBTMPI (OBIND) 865.4 850.4 867.4 852.4 20 25 
DBDPE 969.2 484.6 971.2 486.6 25 30 

MeO-BDEs 
5-MeO-BDE#47/ 
4’-MeOBDE#49 513.7 355.9 515.7 355.9 32 35 

2’-MeO-BDE#68/ 
6-MeO-BDE#47 513.7 419.8 515.7 421.8 22 35 

MeO-Penta-BDE 593.6 433.8 595.6 435.8 26 35 

CE: Collision energy; CV: Collision voltage; *: CV for PCDD/Fs, 70V was used in MTM, 
30 V was used the other three laboratories. 

 
Previous studies have often analyzed TBX, PBT, PBEB, TBP-DBPE in 

ECNI mode [62, 136-138]. The ionization and chromatographic separation 
of DBE-DBCH isomers were studied using EI HRMS instrumentation [139, 
140]. The quantification was carried out using ions with a loss of -HBr2. 
The γ- and δ- isomers were not chromatographically resolved even though 
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various column lengths were used. DBE-DBCH and TBCO chromato-
graphic separations were investigated using liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) by comparing three different ionization 
techniques: ESI, APCI and APPI [119]. Arsenault et al. also tested partial 
separation for the four DBE-DBCH isomers on a LC-ESI-MS instrument 
[140]. However, APCI conditions do not allow to detect the molecular ion 
for the DBE-DBCH isomers. For other NBFRs, the study of EH-TBB and 
BEH-TBP using ECNI mode was recently reported [63]. PBB-Acr was iden-
tified by the loss of Br when using EI on HRMS [141]. DBHCTD and OB-
TMPI were studied using EI on HRMS [142] but no details regarding the 
quantification ions used were provided. Kolic et al. analyzed DBE-DBCH, 
TBCO, TBP-DBPE, DBHCTD, BEH-TBP, EH-TBB and OBTMPI using EI 
on a HRMS [135]. Molecular ions were detected and used as semi-quanti-
fication due to the lack of labeled standards. The molecular ion of MeTBBA 
was identified using both ECNI and EI methods [143]. However when in-
vestigating the metabolite (TBBA, 2,3,4,5-tetrabromobenzoic acid) of EH-
TBB in rat samples, the molecular ion was more abundant when EI was 
used. The ionization of MeO-PBDEs was also investigated recently using 
GC-EI-MS/MS [133], and using ion trap mass spectrometry (GC-ITMS-MS) 
[144]. A full range of MeO-PBDE isomers were also analyzed using GC-MS 
in EI mode to predict the unknown PBDE metabolites in the environment 
[145]. The fragmentation patterns were in agreement with our study.  

2.2 Optimization of MRM method  

2.2.1 Cone voltage 
The cone voltage was optimized for each compound by varying the voltage 
between 5 and 70 V. In Paper II, the intensity of each PCDD/F compound 
showed no significant differences among the values, but slightly higher re-
sponse factors were obtained at 30 V comparing with the value at 70 V. 
Thus a cone voltage of 30 V or 70 V was selected in the different laborato-
ries participating in the study. The same approach was carried out for the 
analysis of PCBs and OCPs as described in Paper I. In Paper III, the re-
sponse factors for PBDEs, MeO-PBDEs and NBFRs differed significantly 
based on the different cone voltage. A range of cone voltage between 5-40V 
were selected for PBDEs, 35 V was used for MeO-BDEs and 10-35 V were 
used for NBFRs. For the more polar compounds, the lower cone voltage 
was selected (See Table 5). 
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2.2.2 Collision energy 
To continue with the optimization of the MRM method, the product ions 
obtained from the loss of the 1-3 chlorine or bromine atoms in the collision 
cell were monitored. For the MRM method the two most abundant MS/MS 
transitions were selected for quantification and qualification of the com-
pounds (Table 5) except for PBBZ and HBB. The selection of the transitions 
for the MRM method was made as a compromise of sensitivity and selec-
tivity (i.e., background noise), at the different collision energies tested. The 
fragmentation pattern of the precursor ions was studied through product 
ion scan experiments at different collision energies (10-50 eV). In Paper II, 
the collision energy of 30 eV was chosen for all the PCDDs and 40 eV for 
the PCDFs. In Paper I, a collision energy of 35 eV was used for most of the 
PCBs except for TeCB (25 eV), while 30eV was used for most of the OCPs 
except trans-Nonachlor (15 eV). In Paper III, collision energies were se-
lected between 12 and 38 eV for all the brominated compounds. Lower 
energies resulted in lower amount of product ions while too high energies 
led to a dramatic reduction in sensitivity and extensive fragmentation of the 
molecular ions. At low collision energies the product ion spectra of 
PCDD/Fs are dominated by the 35Cl loss, but at the final optimum collision 
energies the transitions selected corresponded to the loss of [CO35Cl] (Paper 
II, Figure 2). Also, the daughter ions of MeO-TeBDE are dominated by 
[C13H8Br3O]+, losing -BrO at the collision energy of 22 eV, while 
[C13H8Br2O2]+ is the most abundant ion, with the loss of  -Br2 at collision 
energy of 32 eV (Table 5). 

2.2.3 Dwell time 
Dwell times were set as 40, 60, and 80 ms, in the different time windows 
according to the number of ions or transitions in the respective time window 
for PCBs and OCPs in Paper I. For the case of PCDD/Fs in Paper II, to 
obtain at least 15 data points per peak, automatic dwell time (values be-
tween 58 ms and 79 ms) and a fixed dwell time of 100 ms were tested on 
different instruments. The chromatographic peak shape was considered ad-
equate for both cases. In Paper III, the method was optimized using the 
automatic dwell time. 

2.3 Optimization of gas flows and temperatures 
Optimum gas flow conditions for creating a stable plasma for ionization is 
dependent on all gases diverted into the source in the atmospheric pressure 
region. Cone gas flow and auxiliary gas flow are the most important gas 
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flows in the source as illustrated in Figure 2. Cone gas flow is nitrogen gas 
introduced between the sample cone and the ionization chamber. Auxiliary 
gas flow is nitrogen gas supplied to the source environment to stabilize the 
beam. In Paper II, cone gas flow was set between 170-225 L/h and the aux-
iliary gas flow was set between 100-200 L/h in order to process a surface 
diagram (Paper II, Figure 2). It was observed that both flows influenced the 
corona plasma and ionization of the analyte. Too high auxiliary gas flow 
values caused turbulence within the ion source which resulted in lower re-
sponse for the target compounds. Lower auxiliary gas flows provided better 
relative response compared to directing the auxiliary to the waste outlet via 
a narrow tube, illustrating the complexity of the optimization of the differ-
ent gas flows in the source. 

 
For Paper III, a new interface between the GC and the MS was used 

requiring re-optimization of all gas flows. Similarly a series of test on the 
brominated compounds was carried out on the cone gas flows between 160 
and 240 L/h, showing the highest responses of compounds at the flows of 
170 L/h and 230 L/h, with a slightly higher value at 230L/h. A range of 
auxiliary gas flows from 100 to 400 L/h was tested and a gas flow of 220 
L/h was chosen for the remaining experiments as it showed the highest re-
sponses. 

The make up gas (N2) is delivered though the GC transfer line interior 
and meets the helium (He) the carrier gas flow at the column at the column 
outlet in the source, also meeting the GC analytes. The make up gas flow 
gives a momentum of flow directing the analytes into the ionization region 
of the ion source. Make up flows between 50 and 400 mL/min were tested 
for the optimum sensitivity for all the compounds, and the highest responses 
were discovered close to 350 mL/min for chlorinated compounds, and the 

Figure 2. Schematic of APGC source chamber showing gas flows 



DAWEI GENG  The use of GC-APCI-MS/MS  for POPs analysis   35 
  

value of 370 mL/min was selected for the final settings (Paper I and II). For 
the brominated compounds, the highest responses were obtained in the 
range of 190 and 220 mL/min, and ultimately 210 mL/min was selected 
(Paper III) due to the different GC transfer line used. Hence the large vari-
ation of gas flows. The makeup flow for analysing brominated compounds 
was set as 300 mL/min previously by Portole ́s et al. [122]. This indicates the 
fact that gas flows need to be optimized for each instrument and each GC 
transfer line. Further, the temperature for the GC transfer line is also vital, 
especially for the later eluting compounds BDE#209 and DBDPE, as shown 
in Figure 3. 

Figure 3. Effect of transfer line temperature on BDE#209 chroma-
tography. Figure courtesy from Rhys Jones, Waters Corporation. 
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3. Analytical parameters 
Typically the analytical performance of an instrument is characterized by 
method linearity, repeatability, reproducibility and the detection limit. 

Instrument sensitivity was tested by analyzing standards consisting of 
PCDD/Fs described in Paper II. Most of the parameters (linearity, repeata-
bility, etc.) for the analysis of PCDD/Fs used in this study were compared 
to the results performed by GC-HRMS system (used for analysis of 
PCDD/Fs using method EPA1613 or EN 16215) in four different laborato-
ries. The GC-HRMS system requires a signal to noise ratio (S/N) value >100 
on the solution of 100 fg/µL 2,3,7,8-TeCDD. In order to test the sensitivity 
of our method, a dilution of the lowest calibration point solution (500 fg/ 
µL to 10 fg/µL) was analyzed after initial set up and tuning of GC-APCI-
MS/MS. S/N values of >50 (peak-to-peak) were achieved shown in Figure 
4. Similar results were achieved using toluene or tetradecane as the injection 
solvent. Concentrations of 2, 5, 10, 25, 50, and 100 fg/µL solutions (TF-
TCDD-MXB, Wellington Laboratories) were injected to evaluate the mini-
mum amount of TCDD that could be detected. As can be seen from Figure 
5, the lowest value which is visible just above noise level is 2 fg. The sensi-
tivity for the other tetra- to octa- substituted PCDD/Fs was also carried out 
on the dilutions of calibration solution CSL at 10, 50 and 100 fg/µL for 
TeCDD/F, PeCDD/F, HxCDD/F, HpCDD/F and OCDD/F respectively. 
This is illustrated in Paper II, Figure 5, where the different MRM channels 

Figure 4. Injection of 1 µL of a 10 fg/µL solution of 2,3,7,8-TCDD on a BPX-
5 30m × 0.25 mm, 0.25 µm column using the GC-APCI-MS/MS conditions. 
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are given for this solution. These results show significantly increased instru-
ment sensitivity when compared to the results obtained from routine 
GC/HRMS analysis.  

3.1 Linearity 
Target analytes were quantified using isotope dilution with 13C-labeled 
standards. In Paper II, the method linearity was tested by analyzing a six 
point PCDD/F calibration curve (ranging from 0.5 to 2000 pg/µL) in tripli-
cates in the four different systems in four different laboratories. The linear-
ity was with the correlation coefficients (r2) >0.998. The relative standard 
deviation (RSD) of the relative response factors (RRFs) were all below 15% 
as specified in EPA 1613 or EU 1948 method. 

In Paper I, the method linearity was determined by evaluating the re-
sponses obtained from PCBs (PCB#52, #101, #138, #153, #180) and OCPs 
(HCB, o,p –DDE, p,p’-DDE, cis-chlordane, trans-chlordane) when a six-
point calibration solution in toluene (prepared “in house”) in the range 
from 0.04 to 300 pg/μL was analyzed. The RRF for each compound was 
calculated by normalization to the corresponding internal standard. To en-

Figure 5. Sensitivity test after injection of 1 µL of a test solution containing 
2-100 fg/µL TeCDD on a 60 m DB-5MS column (0.25 mm id × 0.25 um). 
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sure that the analytes response was consistent over time, the standard devi-
ation of the RRF was calculated for each compound. The RSD of RRFs 
were all below 18%, and the coefficients of determination (r2) were all 
>0.99 over the whole calibration range indicating adequate method linearity 
(Paper I, Table 3). For trans-chlordane the RRF for the low level standard 
(40 fg/µL) showed an unexpected low response resulting in a large average 
RSD. If this point is omitted the RSD of the average RRFs drops to as low 
as 3%. This is in agreement with standard methods for GC-HRMS (EPA 
1668b) allowing RSDs of 15% for five-point calibration curves. 

In Paper III, the linearity of mono- to nona-BDEs was investigated sepa-
rately from BDE#209 on a seven-point calibration solution ranging from 
0.625 – 6.25 pg/µL to 40 – 400 pg/µL. The RSD for their RRFs varied from 
2.1% to 11% for mono- to hepta-BDEs and r2 values were all >0.9954. Due 
to the lack of corresponding 13C-labeled standards for octa- and nona- 
BDEs, the quantification of these compounds was performed relative to the 
response of 13C-BDE#183. This resulted in somewhat higher RSD values, 
below 27% (BDE#206 had the highest value). For the rest of the brominated 
compounds including BDE#209, the linearity was evaluated using eight 
point calibration solutions (prepared “in house”), ranging from 0.075 to 
150 pg/µL for TBCO, DBE-DBCH, PBEB, TBX, MeTBBA, PBBZ, PBT, 
TBP-DBPE, HBB, DBHCTD, EH-TBB, PBB-Acr, BEH-TBP, and from 0.1 
to 200 pg/µL for the remaining compounds, as illustrated in Paper III, Table 
4. The RSD for these compounds RRF ranged from 2.4 to 16% and the r2 
value for all the compounds were >0.9912. Due to elevated background, 
the lowest two points of the calibration curve were excluded for the quan-
tification of α-, γ-, δ-DBE-DBCH, α-TBCO, PBBZ, HBB, DBHCTD, EH-
TBB, PBB-Acr, BTBPE and BDE#209. For β-DBE-DBCH, β-TBCO, 
DBDPE. For BEH-TBP the highest point of calibration curve (150 pg/µL) 
was also excluded due to saturation of the detector. 

3.2 Repeatability 
In Paper II, the repeatability for all PCDD/DFs was determined by calculat-
ing the area repeatability or RRF repeatability on the four systems. The RSD 
was below 15% for the injections of 10 fg (n=3-10) based on area, and 
within 10% of the CSL standard based on RRF. 

For PCBs and OCPs in Paper I, the repeatability was determined by in-
jecting two calibration solutions CS 2 (0.4 pg/μL) and CS 3 (4 pg/μL) (n=9). 
The repeatability was determined by calculating the RSD of RRFs for each 
analyte at 4 pg/μL and 0.4 pg/uL. The RSD was between 3.5% and 5.4% 



DAWEI GENG  The use of GC-APCI-MS/MS  for POPs analysis   39 
  

when the analyte concentration was 4 pg/uL and between 3.3% and 9.4 % 
when the concentration was 0.4 pg/μL. The method repeatability was also 
assessed based on the areas of each analyte at both concentrations.  The 
RSD between the areas was below 15% for all analytes when both stand-
ards were tested. 

In Paper III, repeatability for the lowest point of the calibration standard 
(0.625–6.25 pg/µL) for mono- to nona-BDEs was carried out with 10 con-
sequent injections. The RSD for RRFs of mono- to hepta-BDEs were below 
13% (i.e. BDE#2, 183, 191, 171) and for octa- and nona-BDEs were below 
34% (i.e. BDE#207). As for the remaining brominated compounds (NBFRs, 
BDE#209 and MeO-PBDEs) the test for repeatability was carried out by ten 
consecutive injections on two different concentration calibration standards, 
0.75–1 pg/µL and 75–100 pg/µL. The RSDs for RRF of each compound 
were below 16% (i.e. PBB-Acr) for standards at concentrations between 
0.75–1 pg/µL and below 8.9% (i.e. γ -, δ -TBECH) for standards at 75–100 
pg/µL. RSDs of the areas of the analytes were less than 18% (i.e. PBB-Acr) 
for standard at level between 0.75-1 pg/µL and less than 16% (i.e. α-TBCO) 
for standards at a concentration ranged from 75–100 pg/µL. Due to the low 
response of α-TBECH at the concentration of 0.75 pg/µL, which was close 
to the instrument detection limits (IDL), it was excluded during the evalua-
tion (Paper III, Table 5). 

3.3 QA/QC 
For identification of the PCDD/F congeners, it is important to measure the 
ion abundance ratio between the two monitored product ions produced 
from two different precursor ions. The ion abundance ratios can be com-
pared with calculated or measured values. The calculated ratio depends on 
the relative abundance of the two selected precursor ions of the molecular 
ion M•+ and the formation of each product ion. It is only comparable with 
the measured ratios if identical collision energy and collision gas pressure is 
applied for both transitions. In this present work, the measured ion abun-
dance ratios in calibration standards and sample extracts matched the cal-
culated values within the QC limits of ± 15 %, as required by the EPA 1613 
method for GC-HRMS. 

3.3.1 Limit of detection and quantification 
To estimate the performance of the instrument on the low concentration 
level, the limit of quantification (LOQ) was calculated based on the use of 
S/N together with the RRF. Based on maximum deviations of ±15 % of the 
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calculated value for ion abundance ratios and deviations of ≤30 % of the 
RRF of the mean value, LOQs for 2,3,7,8-TCDD and 2,3,7,8-TCDF were 
obtained in the range of 10–30 fg on column for calibration standards. 

In many cases, GC-APCI-MS/MS system does not record consistent 
noise, and sometimes no noise at all, resulting in an elevated peak-to-peak 
S/N. To avoid the effect of signal drop out in chromatograms, a 10 time 
dilution of the lowest calibration standard was processed. Therefore, the 
IDL for all the compounds was 4 fg/µL except for HCB (40 fg/µL without 
diluting) with 1 µL injected in Paper I. For a recent study using the same 
technique [130], a comparable IDL was obtained (2.5 fg/µL). In Paper III, 
for the brominated compounds, the lowest calibration standards were used 
as IDL, using calibration solutions ranging from 0.625–6.25 pg/µL for 
mono- to hepta-BDEs as well as 0.075–0.1 pg/µL for NBFRs, BDE#209 and 
MeO-PBDEs. However, from the results achieved for some compounds fur-
ther dilutions could have resulted in even lower detections limits. This is 
comparable with the study reported previously using three times the S/N for 
determining IDLs of PBDEs in the range of one to ten fg/µL [46]. 

Typically the limits of detection (LOD) and LOQ of the analytical 
method are defined as 3 times and 10 times S/N of the method blank, re-
spectively. However, in Paper I, considering the signal drop out on the GC-
APCI-MS/MS system and potential of laboratory contamination due to the 
limited amount of sample, the method detection limits (MDL) (0.14 to 1.6 
pg/µL) were used as LOD for PCBs and OCPs by calculating the average 
concentrations in 10 blank samples. This range is considerably competitive 
when compared with the GC-HRMS method in this present study and is in 
agreement with the other PCBs and OCPs studies on human blood sample 
(Paper I, Table S1). 

Paper III and IV. To evaluate the sample preparation, five multiple in-
jections of blank samples and blank samples spiked with native compounds 
were processed and the MDL was calculated as three times the RSDs of the 
blank level, then divided by 25 µL (the final volume of the sample in GC 
vial) (Paper III, Table 4). However, due to MeTBBA, EH-TBB, PBB-Acr 
and BEH-TBP not eluting from the silica column during the clean-up, these 
four compounds were not quantified in the samples. 

3.3.2 Quality control samples 
In Paper I reference blood serum used as quality control (QC) was acquired 
from the Örebro University Hospital, Sweden. In Paper II a broad range of 
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environmental and human samples were included. Certified reference mate-
rials (CRM) BCR-607 (natural milk powder), BCR-677 (sewage sludge), 
BCR-490 and BCR-615 (fly ash) were acquired from the Institute for Ref-
erence Materials and Measurements (IRMM), European Commission-Joint 
Research Centre (Geel, Belgium). Internal reference materials (spiked feed 
samples, human blood and naturally contaminated food and feed samples) 
for routine quality assurance/quality control (QA/QC) in the laboratories 
and different matrices from international inter-laboratory comparison stud-
ies (fish sample from the Interlaboratory Comparison on POPs in Food 
2012 (13th Round), Norwegian Institute of Public Health (Oslo, Norway) 
and PT test samples from proficiency tests organized by the EU-RL for Di-
oxins and PCBs in Feed and Food) were also used to compare the results on 
different instruments. A CRM (WMF-01), freeze-dried Chinook salmon 
(Oncorhynchus tshawytscha) was purchased from Wellington Laboratories 
(Ontario, Canada). It was used in Paper III and IV. A homogenized Arctic 
char fish (Salvelinus alpinus) collected in a Swedish lake was used as an in-
house QC sample for biotic matrices (Paper III and IV).  

The isotope dilution method was used for quantification of all samples. 
In Paper I, 12 13C-labeled PCBs (#70, #101, #105, #118, #138, #153, #156, 
#170, #180, #194, #206 and #209), were used as internal standards for 
quantification. In Paper II, EPA-1613ISS 13C-labeled PCDD/F were used as 
internal standards. In Paper III, 13C-labeled BDE#28, #47, #99, #100, 
#153, #154, #183 and #209, PBBZ, HBB, BTBPE, DBDPE, as well as MeO-
BDE#47 and MeO-BDE#100 were used as internal standards. In Paper IV, 
the internal standards were used the same as in Paper I for PCBs and Paper 
III for PBDEs. In Paper I, among the 19 detectable pollutants measured, 
three OCPs (HCB, trans-chlordane, and cis-chlordane) showed a detection 
rate of <10%.  The recoveries for the 13C-labeled internal standards exclud-
ing PCB# 209 ranged from 33% to 108% for the 75 human plasma samples 
with RSD <17%, while for 13C-labeled PCB#209 the recoveries varied from 
29 % to 65% (RSD <18%)(Paper I, Table S2). In Paper III, recoveries of 
13C-labeled internal standards for all the brominated compounds were all 
between 44% and 131%, except for 13C-labeled DBDPE, BDE#28 and 
BDE#209 ranging from 24% to 111%. In Paper IV, recoveries of the 13C-
labeled PCB#170 were between 21% and 104%, while for the rest of 13C-
labeled PCB congeners, the recoveries were between 37% and 131%. Re-
coveries of 13C-labeled PBDE standards were between 27% and 139%. 

Paper III and IV. The two different CRM samples and “in house” QC 
fish samples were used for method performance evaluation for PCBs, OCPs 
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and tri- to hepta PBDEs (BDE#28, 47, 99, 100, 153, 154 and 183) shown 
in Table 6. The results showed comparable values on both PCBs, OCPs and 
PBDEs. In each batch of samples, one QC sample was incorporated and 
treated identical to the seal and osprey samples during the entire study giv-
ing a RSD value <24% (n=3).  

3.3.3 Software tools 
In Paper I, II and IV, the calculations were performed using QuanLynx 
(Waters Corporation, USA), while in Paper III, it was carried out by Tar-
getLynx (Waters Corporation, USA).  In Paper IV, SIMCA-P+ version 12.0 
(Umetrics, MKS Instruments, MA, USA) was used to perform principal 
component analysis (PCA). Statistical analysis was performed in Stata ver-
sion 13 (StataCorp LP, Texas, USA).  
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Table 6. Concentrations of PCBs, OCPs and PBDEs in CRM and QC samples. 

Name 
CF  LP  CF LP QC 

1 
QC 
2 

QC 
3 

RSD 
% WMF-01 CARP-2 

PCBs  (ng/g) 
PCB#28/31  10 34±7.2 76 0.31 0.34 0.36 7.4 
PCB#52/43  29 138±43 183 0.32 0.41 0.33 14 
PCB#101  115 145±48 160 1.6 1.6 1.8 5.4 
PCB#118 130±33 143 148±33 175 2.4 2.4 2.7 5.9 
PCB#105 49±14 51 53±16 65 0.69 0.70 0.70 1.5 
PCB#153  297 105±22 127 11 11 12 5.9 
PCB#138  208 103±30 110 8.2 8.6 9.3 6.5 
PCB#156 15±5.0 13  10 0.60 0.59 0.59 0.47 
PCB#157 3.5±0.87 4  2 0.15 0.12 0.16 16 
PCB#180  169 53±13 68 4.8 5.0 5.0 2.2 
PCB#170  61 21±2.9 28 2.5 2.6 2.8 4.9 
PCB#189 2.0±0.61 2  1 0.11 0.11 0.11 2.5 
PCB#194  28 11±3.1 13 0.67 0.65 0.66 1.6 
PCB#206  6 4.4±1.1 2 0.11 0.10 0.14 17 
PCB#209  9 4.6±2.0 5 0.16 0.15 0.17 5.2 

OCPs (ng/g) 

HCB    5 0.9 0.8 0.9 2.2 
trans-Nonachlor   11±0.9 14 0.8 0.8 0.8 4 
cis-Nonachlor    3 0.14 0.18 0.18 14 

trans-chlordane   4.5±0.7 3 0.16 0.16 0.17 1.6 
cis-chlordane    3 0.29 0.34 0.32 9.3 

o,p-DDE   2.9±0.5 1     
p,p’-DDE   158±14 86 23 24 26 5.9 
o,p-DDD   22±0.7 24 0.10 0.12 0.10 9.3 
p,p’-DDD   90±8.5 77 1.0 1.1 1.1 6.2 
p,p’-DDT     3.2 3.3 3.6 6.5 

PBDEs 
 (ng/g)     (pg/g) 

BDE#28 3.1±0.29 2.5   9.5 10 10 2.9 
BDE#47 123±25 110   849 853 918 4.4 

BDE#100 36±15 35   343 331 369 5.6 
BDE#99 37.5±4.2 38   86 89 96 5.7 

BDE#154 20±3.0 19   335 346 362 3.9 
BDE#153 17±8 14   68 70 75 5.1 
BDE#183 0.53±0.4 0.35   2.2 2.2 2.0 5.4 

CF: Certified value; LP: Lab proficiency value 
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4. Comparison of different instrumental analysis 
The GC-APCI-MS/MS methods developed and presented in this work are 
sensitive and robust for analyzing the environmental contaminants in dif-
ferent environmental matrices. As mentioned earlier, the GC-APCI-MS/MS 
system is highly sensitive and selective with a wide dynamic range. Instru-
ment preparations such as tuning the system and MS calibration are less 
arduous compared to other systems. Thus, experimental methods can more 
easily be developed. When changing from LC mode to the GC conditions, 
the APCI source may need some ‘conditioning’, this is easily done by per-
forming a few solvent injections to achieve absolute sensitivity and stability. 
For sensitive applications, the system is conditioned for a few hours by turn-
ing on the auxiliary gas flow in the source in order to minimize the traces 
of water. However, maintenance is rather more time consuming for the con-
ventional GC-EI/ECNI-MS system, compared with the GC-APCI-MS/MS. 
For example, the conventional GC-EI/ECNI-MS system has to be vented 
when switching the columns for different substance’s analysis or ion source 
cleaning required frequently if ‘dirty’ or samples containing high amounts 
of matrix are injected on the instrument. Furthermore, sensitivity or selec-
tivity of the GC-MS are not comparable with GC-APCI-MS/MS. While GC-
HRMS is considered the gold standard for analyzing PCDD/Fs, PCBs and 
other compounds, it has noticeable drawbacks. For example, routine 
maintenance and analysis requires highly skilled technicians. Also instru-
ment down time for chromatographic and ion source maintenance is con-
siderably longer than for the GC-APCI-MS/MS system, which are other fac-
tors favoring the use of the GC-APCI-MS/MS making it more available in 
developing countries [30]. 

The comparison of the GC-HRMS and GC-APCI-MS/MS methods for 
the analysis of PCBs and OCPs in human serum samples is presented in 
Paper I and PBDEs in osprey egg samples for Paper IV. Results were also 
compared between PCBs and OCPs analyzed by both GC-MS and GC-
APCI-MS/MS methods for Paper IV. 

4.1 Comparison on reference materials 
The extraction and clean-up procedure for all the QA/QC samples was car-
ried out in similar way for either human serum samples or other environ-
mental samples were to be tested. In order to validate and investigate the 
capabilities of the GC-APCI-MS/MS method for the analysis of PCDD/Fs 
(Paper II), a few samples were selected and injected on the GC-APCI-
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MS/MS systems in three different laboratories, the EU Reference Laborato-
ries (EURL) for Dioxins and PCBs in Germany, Spanish National Research 
Council (CSIC) and University Institute of Pesticides and Water Resources 
(IUPA) in Spain and MTM in Sweden. These “certified” samples have been 
previously analyzed using GC-HRMS system for several applications in dif-
ferent laboratories. The results of a variety of different samples from differ-
ent laboratories with a wide concentration range were compared based on 
the toxic equivalency factor (TEQ) of PCDD/Fs, shown in Paper II, Figure 
6. In order to verify the correlation between the results obtained from the 
GC-APCI-MS/MS and GC-HRMS analyses, the relative difference (XGC-APCI-

MS/MS -XGC-HRMS)/XGC-HRMS was calculated for each analyte and shown in Ta-
ble 7. All relative differences were less than 7%, which confirmed that the 
results obtained from the GC-APCI-MS/MS and GC-HRMS analyses were 
similar. 

Table 7. Comparison of results obtained for a variety of samples 
analyzed both by GC-APCI-/MS/MS and GC-HRMS. Data are 
given as WHO-PCDD/F TEQ per sample. 

Laboratory GC-APCI-MS/MS GC-HRMS Difference 

EURL 0.85 0.83 2% 
(pg/g lipids) 0.69 0.72 -3% 
 1.24 1.31 -6% 
 1.07 1.14 -7% 
 1.86 1.89 -2% 
 3.46 3.39 2% 

MTM 6.1 5.8 5% 
(pg/PUF) 13.9 14.0 -1% 
 45.6 47.7 -5% 
 63.8 62.0 3% 
 172 168 3% 
 17.3 16.2 7% 

CSIC/IUPA 2.19 2.12 3% 
(pg/g) 0.40 0.41 -2% 

 0.62 0.59 4% 
 238 228 4% 
 3640 3470 5% 
 96.2 89.4 7% 
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It is important to note that poor chromatography was discovered in a 
few occasions and this might affect the results for individual isomers. More-
over, when switching to the short 30m BPX5 column (SGE, Australia) for 
the analysis of some samples, an overestimation of 1,2,3,7,8,9-HxCDF was 
detected. However, this can also be the case when a GC-HRMS system is 
used [146]. Nevertheless, similar concentrations of the individual congeners 
were obtained from both instruments even though the concentrations were 
just above the LOD. Since the contribution of these isomers to the total 
TEQ was very small, although the relative difference could be >25%, this 
was not reflected in the total TEQ. Thus the GC-APCI-MS/MS and GC-
HRMS from different laboratories are in good agreement in terms of TEQ. 

In Paper I, the eight serum QC samples were analyzed on both the GC-
HRMS and GC-APCI-MS/MS to verify the accuracy of the results analyzed 
by GC-APCI-MS/MS system. The RSD was calculated to determine method 
reproducibility. A 26% RSD was obtained on GC-HRMS system and 24% 
with the GC-APCI-MS/MS system for all target compounds except HCB, 
cis-chlordane, trans-chlordane, which were all present below the LOD in 
the QA/QC samples. The difference between both instrument’s performance 
was determined by comparing the average concentrations of the target com-
pounds. If the analyte’s concentrations were within a 95% confidence in-
terval of each other, then the instrument performance was considered to be 
similar. The results are illustrated in Paper I, Figure 2. PCB#138 is known 
to co-elute with several other hexa-PCB congeners for example PCB#164, 
PCB#163 and PCB#158 on 5% phenyl phases or similar stationary phase 
columns [97, 147]. Peak tailing was observed using GC-APCI-MS/MS due 
to a large amount of matrix being injected on the chromatographic column. 
This can possibly explain why PCB#138 showed higher concentrations (rel-
ative difference 14%) than the GC-HRMS compared to other compounds. 
Additional experiments were performed using the same GC column phase 
and dimensions but co-elution was still seen. This might have resulted in an 
overestimation of this compound. A recognizable improvement for the 
chromatography was carried out after installation of a new prototype GC 
transfer line. The peak tailing was no longer observed, resulting in main-
tained separation of hexa-PCB congeners, and the concentration of 
PCB#138 was corrected. 

4.2 Comparison on human serum samples 
The instrumental analysis using GC-APCI-MS/MS is a relatively soft ioni-
zation technique compared with the electron ionization used in GC-HRMS 
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methods. The advantage of the APCI source is its ability to extensively pre-
serve the molecular ions for the target compounds. However, some com-
pounds, such as p,p’-DDE, in general show prominently higher abundance 
than the other counterparts (Paper I, Figure 3). Using the APCI source might 
easily cause saturation for MRM scans and additional injections of diluted 
extracts for these compounds. But this was not needed to this present study 
in Paper I, since the concentration levels of these compounds are relatively 
low compared with the other environmental samples. 

 
The chromatographic performance for the instrumental method using 

GC-APCI-MS/MS worsened considerably after injecting a large number of 
matrices. Hence a 6-8 cm tip of the column to the MS side had to be 

Figure 6. Comparison of total ion chromatogram using two dif-
ferent GC transfer line on GC-APCI-MS/MS for injection of a 
human serum sample of PCB and OCPs. 
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trimmed to avoid peak tailing and obtain better peak shapes. As described 
in Paper I, a major focus was placed on chromatographic improvement due 
to technical issues in the GC transfer line prior to the comparison of human 
serum samples. But significant improvement in peak shapes was discovered 
after a high temperature tolerable retention gap column (Rxi guard column, 
Restek Corporation, USA) was installed in the GC transfer line. Note that 
other Siltek-treated fused silica columns or stainless steel column (Restek 
Corporation, USA) can also be alternative options of high temperature tol-
erable columns in this case. The chromatographic issues might have been 
caused by an uneven temperature distribution in the GC transfer line, re-
sulting in ‘cold spot’. During the analysis the inert column in the interface 
had to be changed or trimmed frequently to maintain good peak shape. 
Charring of the coating of the column could be seen in some cases. To ad-
dress this issue, a new prototype GC transfer line (commercially not yet 
available) was installed, with the analytical column directly through the GC 
transfer line. The results of the detected compounds were compared on the 
very same sample using the two different GC transfer line setups. As can be 
seen from Figure 6, the peak tailing was observed for all peaks with the old 
transfer line. After installation of the new prototype GC transfer line, a sig-
nificant improvement in the chromatographic separation was obtained, and 
the peak tailing issue was resolved. 

Further, the instrumental response of GC-APCI-MS/MS and GC-HRMS 
was compared by studying the linear relationships of the concentrations of 
16 detected compounds including PCB#74, #99, #105, #118, #138, #153, 
#156, #157,#170, #180, #189, #194, # 206, #209, trans-Nonachlor and 
p,p’-DDE in 75 blood plasma samples analyzed both on GC-APCI-MS/MS 
and the reference system GC-HRMS. Two regression lines were plotted us-
ing a diagonal black line with slope of 1 and the relationship between the 
two methods is represented by the red dotted line. Each blue circle corre-
sponds to individual raw data points which the comparison is based on. The 
linear relationships provided a r2 value from 0.7550 for PCB#189 to 0.9976 
for p,p’-DDE. Over the wide concentration range in the serum samples, the 
results for PCB#74, #105, #118, #180, #194 and p,p’-DDE are well com-
parable, shown in Figure 7. The linearity still remains even though one or 
two samples with highest concentrations were removed from the figures for 
PCB#105, #118 and p,p’-DDE with the purpose of better visibility. The re-
sults for some of the other PCBs, including PCB#156, #157, #206 and #209 
show larger deviation, especially at higher concentrations. One possible ex-
planation was due to the peak tailing for the higher chlorinated, later eluting 
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compounds (as shown in Figure 6 above), which may have produced over-
estimated concentrations using the GC-APCI-MS/MS. The concentration of 
PCB#156 and PCB#157 obtained from GC-APCI-MS/MS are slightly lower 
than from GC-HRMS, while PCB#206 and PCB#209 show higher concen-
trations from GC-APCI-MS/MS. Despite these deviations, the variation be-
tween the GC-APCI-MS/MS and the GC-HRMS results of the 75 human 
serum sample was in all cases within 20%. 

Figure 7. Comparative relationships between the analysis of the 
detected six compounds on 75 human plasma samples that per-
formed on GC-APCI-MS/MS and GC-HRMS. 
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4.3 Comparison on osprey egg samples 
To further validate the method congruence, a subset of 30 osprey eggs ex-
tracts were injected on both the GC-APCI-MS/MS and the GC-HRMS sys-
tems for the analysis of PBDEs. The same calculation mentioned in section 
4.1, relative difference (XGC-APCI-MS/MS -XGC-HRMS)/XGC-HRMS was used to verify 
the correlation between both systems. BDE#28, #47, #100, #99, #85, #154, 
#153 and #183 were used for the comparison herein. In total, 47% and 
43% of samples were shown to have a relative difference higher than 30% 
for BDE#28 and BDE#99, respectively. While for the remaining congeners, 
10–20% of the samples were found to have a relative difference above 30%. 
The detection rate for BDE#183 was 20%, thus it was excluded from com-
parison. The same set of osprey eggs were injected on both GC-APCI-
MS/MS and a GC-MS system (5975C Series GC/MSD, Agilent Technolo-
gies, USA) for the analysis of PCBs. Likewise relative difference (XGC-APCI-

MS/MS -XGC-MS)/XGC-MS was used to verify the correlation between GC-APCI-
MS/MS and GC-MS systems. The seven indicator PCBs (PCB#28, #52, 
#101, #105, #118, #153, #180) were selected for the comparison. In 20% 
of the samples PCB#28 and PCB#52 were shown to have a relative differ-
ence above 30%. This can be explained by co-elution from PCB#28 and 
PCB#31, as well as PCB#52 and PCB#43 on DB-5MS columns, respectively 
[148]. For the other five congeners, 7% of the samples had a relative differ-
ence above 30%. For PCB#118 all samples were detected with a relative 
difference below 30%. 

In cases where the relative difference was above 30%, the concentrations 
of PBDEs and PCBs analyzed by GC-APCI-MS/MS method showed lower 
concentrations. However, for PCB#138, two samples showed positive rela-
tive difference of about 34%, this might partly be caused by peak tailing 
and consequently no separation from the other hexa- interference congeners 
on the GC-APCI-MS/MS system. Furthermore, for PBDEs in the samples 
with poor relative difference, poor chromatography was discovered indicat-
ing significant matrix effects. The separation for the PBDEs in these samples 
was more difficult compared to the GC-HRMS due to the poor chromato-
graphic separation issue using GC-APCI-MS/MS mentioned in section 4.1. 
However, this issue was overcome by improving the chromatography using 
the updated GC transfer line, making the GC-APCI-MS/MS method suita-
ble for analysis of PBDEs.  
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5. Application to environmental samples 

5.1 Sample Collection 
As mentioned above, both legacy and emerging environmental contami-
nants have shown potential of toxic effects not only to humans but also to 
the environment. These chemicals can be found at ppm and ppb concentra-
tions depending on the matrix. Thus it is important to develop sensitive 
analytical methods for determination of the concentrations of these sub-
stances and apply the methods to different matrices in order to investigate 
exposure to humans and the environment. In this present work, various 
types of samples were selected as described below. 

5.1.2 Human serum 
The human serum samples used for the validation of the instrumental 
method in Paper I were pooled from two cross-sectional cohort studies of 
non-diabetic overweight and obese postmenopausal women living in the 
Montreal (Quebec, Canada) metropolitan area which were collected from 
2003 to 2007.  

5.1.3 Osprey egg 
In Paper III and IV, unhatched (lifeless) eggs from ospreys have been col-
lected in Sweden since 1966 until July 2013 (Figure 8). Among the 60 eggs, 
21 eggs were collected from Lake Åsnen between 1993 and 2013, 11 sam-
ples were collected from Lake Helgasjön and 7 samples were collected from 
Lake Vättern in the year of 1978, 2008 and 2013. 

5.1.3 Ringed seal 
In Paper III, a subset of a total of eight ringed seal (Pusa hispida baltica) 
samples from the Baltic Sea, were collected from the year 1974 to 2015. 
Two to five individual blubber samples from 77 individual juvenile ringed 
seals were pooled from each year included for investigating the temporal 
trends in the study. 



52  DAWEI GENG The use of GC-APCI-MS/MS for POPs analysis 
 

5.2 Sample preparation and instrumental analysis 
In principle, environmental contaminants have to be extracted from the 
samples matrix prior to the instrumental analysis. In the present work, the 
samples are generally sorted into two groups: human serum and environ-
mental samples.  

5.2.1 Human serum sample preparation 
In Paper I, the human serum samples were first treated with formic acid 
followed by an extraction of the target analytes using solid phase extraction 
(SPE) on a hydrophilic-lipophilic-balanced Oasis® HLB SPE (Waters, Mil-
ford, MA, USA) disposable cartridge. The SPE was conditioned with several 
of the elution solvents. A destructive clean-up was performed using a small 
multilayer silica gel (neutral, acidic and basic activated) column to remove 

Figure 8. Sampling sites of Osprey eggs in Sweden. To understand the sample pat-
terns, the samples were divided into five regions: N (north, S1, in black); E (east, 
S2-7, in red); SW (southwest, S8-S11 in green); SM (south most, S12-15, in brown); 
SE (south east, S16-19, in yellow). In addition, according to the latitude of the 
sampling location, the samples are divided to two groups (A and B). 
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interfering compounds and lipids remaining after the SPE. The sample was 
transferred to a GC vial spiked with the 13C-labeled recovery standard be-
fore instrumental analysis. Additional details of the clean-up procedure are 
described in Salihovic et al. [21].  

5.2.2 Environmental samples preparation 
In Paper II, the extraction of the reference materials was performed using 
soxhlet extraction or liquid-liquid extraction (remove the compounds from 
condensed water from the flue gas emission samples). This was carried out 
in the other three laboratories mentioned in Paper II. After sample extrac-
tion, lipophilic and polar interfering substances were removed by treating 
the n-hexane extracts with multilayer silica gel or gel permeation chroma-
tography. For the analysis of PCDD/Fs in different environmental matrices 
in Paper II, the samples were pre-treated following previously developed 
and validated extraction and clean-up methods [149], US. EPA method 
1613 [150] or analytical criteria of Commission Regulations (EU) No. 
252/2012 and 152/2009 for the official control of food and feed [151]. Fur-
ther sample purification and fractionation (if needed) was performed by an 
automated system (Power Prep™, FMS Inc., Waltham, MA, USA) (carried 
out in EURL), or manual clean-up using an alumina oxide column eluted 
with hexane and a hexane/dichloromethane mixture, or n-heptane and tol-
uene were used as elution solvents on a florisil column followed by a carbon 
column eluted using hexane and toluene. The final extracts were spiked with 
25 μL of 13C-labeled recovery standards and the final volume was set to 25 
μL prior to instrumental analysis (carried out at MTM). 

5.2.3 Instrumental analysis 
The instrumental analysis for PCDD/Fs in Paper II as well as PCBs and 
OCPs in Paper I were performed on both the GC-APCI-MS/MS and the 
GC-HRMS system. In Paper II, four different GC-APCI-MS/MS systems 
were used in four different laboratories including Waters Corporation in 
Manchester, UK; IUPA in Castellon, Spain; EURL for Dioxins and PCBs in 
Freiburg, Germany and MTM in Örebro, Sweden. The basic set up of the 
instrument was similar in all laboratories. In Paper III, PBDEs and other 
brominated compounds were only analyzed using the GC-APCI-MS/MS 
system. In Paper IV, PBDEs were analyzed on both the GC-APCI-MS/MS 
and the GC-HRMS system, while the analysis of PCBs and OCPs were pro-
cessed using the GC-APCI-MS/MS and the GC-MS system in EI mode. 
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On the GC-APCI-MS/MS system, quantitative analysis was performed in 
the multiple reaction monitoring mode (MRM) by monitoring two transi-
tions for each of the native congeners and their corresponding 13C-labeled 
analogues. While for the EI instruments, the measurements were performed 
in the selective ion monitoring (SIM) mode. 

5.3 Human serum analysis 
POPs are known to cause various types of health effects [152, 153]. In the 
daily life, humans are exposed to POPs mainly through dietary exposure 
[154-156]. However, other factors, such as age [157], sex [158], body size 
[159] and occupation [160], can also influence the concentrations in hu-
mans. 

In Paper I, the GC-APCI-MS/MS method was used to analyze the circu-
lating levels of POPs in a cross-sectional study of 75 nondiabetic obese 
(women). In total 19 POPs were analyzed and 16 target compounds includ-
ing all PCBs, trans-Nonachlor and p,p’-DDE were detected in 100% of the 
study participants. HCB, cis- and trans-chlordane were detected in <5 % of 
the individuals at very low levels or at similar levels as the laboratory blank 
control sample (<10%). The MDL and concentrations are listed in Table 8. 
Among the detected compounds, p,p’-DDE presented the highest concen-
trations between 150 and 51 000 pg/mL. For PCBs, PCB#153 was the most 
dominant congener, with concentrations ranging from 15 to 1 300 pg/mL, 
followed by PCB#180 in the range of 17–690 pg/mL. The results revealed 
POPs showed different congener profiles in metabolically healthy but obese 
(MHO) phenotype compared to the metabolically abnormal obese pheno-
type [161]. 

The concentrations of all the compounds in Paper I is compared with 
another cohorts study, Prospective Investigation of the Vasculature in Upp-
sala Seniors (PIVUS) cohort, which included 1016 70-years old individuals 
all 70 years of age who lived in Uppsala, Sweden, and sampled between 
2001 and 2004 [162]. As can be seen from Table 8, overall the PIVUS par-
ticipants have much higher concentrations of POPs compared to this present 
study, especially the higher substituted PCBs (Cl>4) such as PCB#153, #180 
and #138. The difference can be explained by age, as this is an important 
exposure factor to human body burden [157]. The concentrations of PCBs 
and p,p’-DDE were also analyzed in Swedish male construction workers 
(n=36 Abetment workers, n=33 control) sampled around 2002 [163]. PCBs 
in control group showed considerable decreasing trend compared to the oc-
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cupationally PCB-exposed group [163]. The concentrations of PCBs in Pa-
per I where comparable to the control group. However, the concentrations 
of p,p’-DDE were significantly higher than for the group with PCB expo-
sure, indicating different exposure sources to these two cohort participants. 
Typically POPs especially p,p’-DDE in humans in North America showed 
elevated concentrations compared to European cohorts [158, 164-166]. 

Table 8 Distribution of concentrations of POPs in the cohort study (n=75) 
(pg/mL) 

Name MDL 

Median 

(Present 

work) 

Median 

(PIVUS) 

[21] 

Geometric Mean [163] 

Abatement 

n=36 

Control 

n=33 

PCB#74 1.9 55 91 96 12 

PCB#99 2.5 35 91 53 18 

PCB#118 9.2 72 201 11 33 

PCB#105 4.6 12 232 34 0.6 

PCB#153 9.4 222 1427 510 290 

PCB#138 11 150 819 460 210 

PCB#156 1.9 35 154   

PCB#157 0.5 8.6 25   

PCB#180 3.4 188 1165 350 240 

PCB#170 1.8 65 632   

PCB#189 0.1 2.2 19   

PCB#194 0.2 29 119   

PCB#206 0.1 10 27   

PCB#209 0.3 5.3 26   

HCB 160 230 253   

cis-chlordane 0.6 0.3 <MDL   

trans-chlordane 0.5 1.0 <MDL   

trans-Nonachlor 0.1 96 140   

p,p’- DDE 6.6 1673 1860 960 540 

5.4 Osprey egg analysis 
The entire set of 60 osprey eggs were analyzed by GC-HRMS for the deter-
mination of PBDEs and by GC-MS for the analysis of PCBs and OCPs. The 



56  DAWEI GENG The use of GC-APCI-MS/MS for POPs analysis 
 

subset analysis was performed to further validate the analysis of POPs in 
osprey eggs by GC-APCI-MS/MS. Temporal trends of the POPs in osprey 
eggs were carefully investigated in Paper IV. Furthermore, evaluation of the 
connection between the stable isotope values of δ13C and δ15N and the com-
pounds were performed. 

5.4.1 Concentrations of POPs in osprey eggs 
For the compounds analyzed in Paper IV, all compounds were detected in 
the samples, except for cis-Heptachlor epoxide, p,p’-DDT and BDE#183 
with a detection rate of approximately 50%. In detail, cis-Heptachlor epox-
ide was mostly detected in samples obtained before the year 2002, while 
BDE#183 was more frequently detected in samples obtained from 1990s 
and onwards. This can be explained by the fact that the use of the parent 
isomer heptachlor was stopped in 1988 and the breakdown isomer hepta-
chlor epoxide is more persistent in the environment than heptachlor [54]. 
For BDE#183, one of the predominant congeners in commercial octa-BDE 
mixtures, it was introduced into market after 1980s and the use ceased in 
2004 [13]. 

The high detection rates demonstrate the properties of long-term accu-
mulation and persistence of the POPs. PCB#153 and #180, p,p’-DDE and 
BDE#47 were the most abundant compounds within the PCBs, OCPs and 
PBDEs, respectively. PCB#153 consisted of 28-43% of ∑7PCB, followed by 
PCB#180, 15-39% of ∑7PCB. Trans-chlordane composed up to 24-47% of 
∑4chlordane. While p,p’-DDE contributed to more than 91% of ∑4DDX. 
The proportions of the most abundant congener among the PBDEs, 
BDE#47 ranged from 50-82% of ∑7BDE. The highest concentrations of 
PCBs were found in southern Sweden between 1966 (lower substituted, 
Cl<5) and 1978 for higher substituted PCBs. The median concentrations of 
POPs is shown in Paper IV, Table S1. As can be seen, the highest concen-
trations of ∑7PCB, HCB, ∑4chlordane, ∑4DDX and ∑7BDE were 100 000 
ng/g lipid weight (lw) in 1978, 390 ng/g lw in 1966, 190 ng/g lw in 1966, 
170 000 ng/g lw in 1966 and 1 300 ng/g lw in 2002, respectively. 

5.4.2 Temporal trends of concentrations 
As expected, the sampling year presented a strong parameter influencing the 
concentrations of the compounds indicating a strong temporal trends of the 
POPs. The PCA confirmed that the highest concentrations of OCPs and 
lower substituted PCBs (Cl<5), were detected in 1966 and the highest con-
centrations of higher substituted PCBs (Cl>5) were found in 1978. Box plots 
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were created to illustrate the temporal trends for some of the individual 
compounds and the sum of the different compound groups presented in Fig-
ure 9. The patterns are in agreement with the PCA loading scatter plot 
(Paper IV, Figure 2(a)). 

 The chlorinated compounds generally showed statistically decreasing 
trends over the five decades, while PBDEs presented an ascending trends 
before the year 2002, but a significant decrease since then. Specifically, the 
lower substituted PCBs and OCPs showed decreasing trends already since 
the start of the sampling in year 1966. However, the higher substituted 
PCBs increased from year 1966 to 1978 and then decreased. This could be 
explained by the fact that PCBs use ceased after 1980s. The sharp decrease 
was observed for DDX after the ban of DDT in the 1970s. PCBs and DDT 
are two of the most widely studied chlorinated compounds groups, espe-
cially before the 1990s. Chlordanes slightly increased concentrations at the 
year 1988 and 2002, which differs from the PCBs decreasing trend. This 
may be due to the ban of chlordanes in the year 1988 in the USA [55] and 

Figure 9. Temporal trends of concentrations of selected PCBs, OCP, PBDEs 
and sum of each group of POPs in osprey eggs from Sweden. 
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regulated by the Stockholm Convention since 2001 [167]. The decreasing 
trends of PCBs and OCPs have been reported in a variety of bird species in 
the Baltic Sea [168], Iceland [169], Canada [170] and northern Norway be-
tween 1970s–1990s [171]. 

PBDEs significantly increased before year 2002, especially between 1966 
and 1978, when the PBDEs started to be introduced on the market in the 
USA [172]. Significant declines for PBDEs were also observed since 2002 
when the regulation entered into force for octa-BDE and penta-BDE in the 
USA in 2004 [173]. However, a slight increase was found from the year 
2008 to 2013. Similarly, the increasing trend and subsequent decline was 
also reported in American kestrels (Falco sparverius) [174], herring gull 
[175], tawny owls (Strix aluco) [176] and guillemot [177] and other sea-
birds [178] for PBDEs. 

Halving times or doubling times (𝑡𝑡1/2) of all compounds were calculated 
to study the temporal trends (See section 3.2.2 in Paper IV). PCBs, HCB, 
chlordanes and DDX have decreased exponentially with halving times of 
13±4.4, 12, 9.4±2.6 and 7.7±1.3 years, respectively. The regression of halv-
ing times of PCB#28 and HCB are illustrated in Figure 10. Doubling times 
for PBDEs between 1978 and 2002 were calculated using the same method, 
giving results of 10±5.7 years. OCPs and the lower substituted PCBs usually 
show shorter halving times than the higher substituted PCBs, while the 
lower substituted PBDEs have longer doubling times than the higher substi-
tuted PBDEs. This is due to the faster elimination rate of compounds with 

Figure 10. Regression of halving times of PCB#28 and HCB in osprey eggs from 
Sweden. 
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smaller mass [179, 180]. Further, compounds with ortho substituted posi-
tions bioaccumulate more easily in biotic systems [181]. 

5.4.3 Temporal trends of congener profiles 
Strong temporal trends for congener profiles were found for PBDEs, but not 
for the chlorinated compounds, as shown in Paper IV, Figure 5. A PCA 
score scatter plot was formed to confirm the PBDE profile distribution of 
the samples grouped by the sampling year in Figure 11. The values of the 
two first components were added up to 70% of the total variance. The pro-
portions of higher brominated compounds (BDE#100, #153 and #154) 
showed increasing trend. PCBs were reported without time trend patterns 
in peregrine falcons (Falco peregrinus) eggs indicating a potential equilib-
rium in the environment. The proportions of BDE#153 were reported to 
increase as the birds got older [182]. This is probably due to the longer half-
life of BDE#153 or from debromination of the higher-substituted PBDEs 
[183]. 

5.4.4 Stable isotope and latitudinal distribution of POPs 
It is widely accepted that the variability of POPs contaminations in the en-
vironment is often affected by the spatial variation. It may also be pointed 
towards the trophic levels and food consumptions, making it important to 
evaluate the connections of stable isotope δ13C and δ15N values and POPs. 
Typically the values of δ13C and δ15N are more likely to be higher in marine 
than in terrestrial ecosystems [184] partly due to marine ecosystems consist-
ing of higher numbers of trophic levels than terrestrial ecosystems [185]. 
The results in Paper IV followed the same pattern as described in Paper IV, 
Figure 6. Briefly, stable isotopes were found to be positively related to the 
PBDEs, but negatively connected to the chlorinated compounds. In general, 
the samples collected from the southwest Sweden showed higher concentra-
tions of all compounds. 
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Figure 11. PCA score scatter plot of PBDE profiles in osprey egg sam-
ples from Sweden of different years grouped in different colours. 
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6. Conclusions 
The analytical methodology presented in this thesis of using APCI for the 
determination of PCBs and OCPs was validated in human serum samples. 
The methodology was also validated in a wide range of environmental ma-
trices for PCDD/Fs. Further validation for the analyses of brominated com-
pounds including PBDEs, NBFRs and MeO-PBDEs in a selected number of 
biotic matrices was also performed. 

The instrumental detection limits were assessed for the GC-APCI-MS/MS 
method, obtaining a visible peak for 2 fg TCCD standard solution. Linearity 
of all compounds based on five to eight point calibration curves resulted in 
relative standard deviation (RSD) values of relative response factor (RRF) 
below 16%. Repeatability was tested at two different concentration levels 
for PCBs, OCPs and NBFRs, as well as a low concentration level of standard 
solution for PCDD/Fs and PBDEs. All showed RSD values below 15%. Peak 
tailings for highly substituted compounds were specially addressed, modi-
fied, and improved by using a new prototype GC transfer line. Good agree-
ment was observed for measuring certified reference materials for PCDD/Fs, 
PCBs, OCPs and PBDEs. The performance of GC-APCI-MS/MS methods 
were compared to GC-HRMS methods for the compounds mentioned 
above. Both analytical methodologies gave the same results on the analyses 
of PCDD/Fs, PCBs, and OCPs among the environmental matrices including 
air, human and food extracts. 

The methodology was applied to a set of osprey eggs to access the tem-
poral trends of the POPs over five decades. Significant declines in concen-
trations were well observed for PCBs and OCPs since 1966 or 1978. How-
ever, PBDEs were found with significant increasing concentrations before 
the ban of PBDEs in early 2000s, as well as significantly dropping after that. 
PBDEs concentrations showed strong temporal trends on congener profiles 
but not the other compounds. The concentrations of POPs in osprey eggs 
were found higher in southwest Sweden than in northeast. 

Overall the GC-APCI-MS/MS analytical methodology, as an alternative 
to the conventional GC-HRMS methods, showed the capacity of analyzing 
a variety of halogenated organic environmental contaminants, especially the 
difficult NBFRs. 
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7. Future perspective 
From the point of APCI technique, POPs analyses using GC-MS method 
does not require modification during ionization, especially for PCDD/Fs 
and dioxin like compounds. However, for other groups of compounds such 
as pesticides or the novel BFRs with more complexed structures, it is very 
interesting to test the different modes of the technique (ionization modifica-
tion by protonation or APCI in negative mode) in order to broaden the 
range of the compounds on this single platform. 

Even though the POPs analysis has reached the ultra-trace level in the 
recent years, the current techniques may still have their limits of perfor-
mance. Thus it is necessary to explore the breaking of the limit by develop-
ing more sensitive instruments in this field. However, by studying and test-
ing the specificity of the techniques aiming for non-target screening is also 
an important approach for the study of these environmental contaminants.  
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