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Abstract 

  
Chlorinated paraffins (CPs) are ubiquitous environmental 
contaminants. They fulfill all of the criteria (persistent, toxic, and 
subject to long-range transport) for persistent organic pollutants 
(POPs) according to the United Nations Economic Commission for 
Europe (UNECE). CPs are also under consideration for inclusion in the 
Stockholm Convention on POPs. Their presence has been shown in 
various environmental matrices in the industrialized parts of the 
world, as well as in remote regions such as the Arctic.  

The aim of this thesis was to increase the limited knowledge of the 
presence of CPs in the environment, their sources to the environment, 
and the resulting human exposure. An analytical procedure for the 
determination of CPs in environmental samples based on gas 
chromatography coupled to electron capture detection (GC-ECD) has 
been developed. GC-ECD is a relatively inexpensive instrument that is 
fast and easy to operate. These advantages open up the possibility for 
a comprehensive screening of the occurrence of CPs in the 
environment, including developing countries. 

Furthermore, the occurrence of CPs in ambient air and in indoor air 
and dust was studied. Elevated CP concentrations in indoor air (<5-
210 ng/m3) were observed compared to ambient air (0.7-33 ng/m3), 
which is indicative of the presence of indoor emission sources. Indoor 
air and dust concentrations were used to estimate the human 
exposure to CPs via the indoor environment. Comparison of the 
estimates to available dietary intake estimates indicated that the 
indoor exposure pathways are not negligible. 

CP concentrations in ambient air from urban Stockholm were higher 
than in rural Aspvreten, Sweden. This indicates the presence of 
additional (emission) sources in urban areas compared to rural sites. 
Additionally, a seasonal variation of air concentrations was observed 
at both locations, suggesting temperature dependent emission 
sources for CPs. These observations were supported by a substance 
flow analysis of CPs performed for Stockholm. This study estimated 
the major emission sources of CPs to the Stockholm environment to 
be emissions from painted surfaces and in-place sealants. 
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Sammanfattning

Klorparaffiner (förkortas CPs på engelska) är en grupp kemikalier som 
tillverkas i stora mängder och används inom ett stort antal olika 
områden i vårt samhälle. När de väl har avgetts till miljön sker 
nedbrytningen mycket långsamt. Detta leder till att de kan anrikas och 
att sedan transporteras över hela världen. Förekomst av klorparaffiner 
har visats i allt från sediment, till fisk och däggdjur i såväl 
indistrialserade delar av världen som i avlägsna regioner som Arktis. 

Syftet med denna avhandling var att öka kunskaperna om förekomsten 
av klorparaffiner i miljön, deras källor till spridning till miljön och den 
följande exponeringen av klorparaffiner till människa. En analysmetod 
för bestämning av mängden klorparaffiner i miljöprover har utvecklats. 
Metoden använder sig av ett analysinstrument (gas kromatograf 
kopplad till en electron capture detektor, GC-ECD), som är relativt billigt, 
snabbt och enkelt att använda. Denna metod möjliggör en mer 
omfattande analys av förekomsten av klorparaffiner i miljön, även i 
utvecklingsländer. 

Vidare har förekomsten av klorparaffiner studerats i utomhusluft samt i 
inomhusluft och damm. Förhöjda halter av klorparaffiner observerades i 
inomhusluft jämfört med utomhusluft, vilket indikerar att klorparaffiner 
även avges (emitteras) till miljön via källor inomhus. De uppmätta 
klorparaffinhalterna i inomhusluft och damm användes sedan för att 
skatta i vilken utsträckning människor exponeras för klorparaffiner via 
inomhusmiljön. Vid jämförelse av exponeringen via inomhusluft och 
damm med tidigare skattade exponeringar via föda indikerar att 
inomhusexponeringen inte är försumbar. 

De uppmätta klorparaffinkoncentrationer i utomhusluft var högre i  luft 
från Stockholm än i luft från fältsstationen Aspvreten utanför Nyköping. 
Detta tyder på att det finns fler (emissions-) källor till klorparaffiner i 
städer än på landsbygden. Vidare observerades högre koncentrationer i 
luft under sommaren än under vintern, vilket tyder på att 
emissionskällorna är temperturberoende. Dessa observationer stärktes 
av den substansflödesanalys som gjordes för klorparaffiner för 
Stockholm. Enligt substanflödesanalysen var de viktigaste 
emissionskällorna för klorparaffiner till Stockholm emissioner från 
klorparaffiner i målade ytor och fogmassor. 
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Thesis objectives 

The overall aim of this thesis was to increase the limited knowledge of 
the presence of chlorinated paraffins (CPs) in the environment, their 
sources to the environment, and the resulting human exposure. The 
following more specific objectives were pursued: 

 Develop a cost efficient and relatively uncomplicated analytical 
procedure that is suitable for the screening of CPs in environmental 
samples (paper I).  

 Investigate the occurrence of CPs in ambient air (paper II) and in the 
indoor environment (paper III) in Sweden. 

 Evaluate whether the indoor environment is an important exposure 
pathway for humans (paper III).  

 Estimate the release of CPs to the environment of Stockholm, Sweden 
(paper IV). 
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1 Introduction to chlorinated paraffins  

Chlorinated paraffins (CPs) or polychlorinated n-alkanes are complex 
technical mixtures consisting of C10 to C30 n-alkanes with chlorine 
content from 30 to 70% by mass. They belong to the last large group of 
high molecular weight chlorinated hydrocarbons in commercial use in 
terms of quantities produced (Muir et al., 2000), and are used for a 
variety of industrial purposes.  

CPs are chlorinated straight chain n-alkanes with the general formula 
CnH2n+2-zClz (Figure 1). These mixtures are generally produced industry-
ally by free radical chlorination of normal paraffin feed stocks obtained 
from petroleum distillation containing a mixture of homologues (Tomy 
et al., 1998; World Health Organization, 1996; Zitko, 1980). As a result, 
CPs are extremely complex mixtures with different chain lengths, degree 
of chlorination, and distribution of chlorine atoms along the chain 
(Tomy et al., 1998; World Health Organization, 1996; Zitko, 1980). 

Commercial CP mixtures are divided 
into different categories depending on 
their carbon chain length: short chain 
CPs (C10-13, SCCPs), medium chain CPs 
(C14-17, MCCPs) and long chain CPs (C18-

30, LCCPs). These mixtures are further 
subdivided according to their chlorine 
content: low (<50% Cl) and high (>50% 
Cl) (World Health Organization, 1996). 
The number of theoretical possible 
congeners is large (>5000) and explains 
the complexity of the technical 
products. 

        

1.1 Composition and complexity of CPs 

Commercial CP mixtures contain an enormous number of individual 
congeners. When analyzed by high-resolution gas chromatography (HR-
GC) or liquid chromatography (LC), CPs elute over a wide retention time 
range with no baseline resolution of the individual components. Figure 2 
shows a typical gas chromatogram of a commercial SCCP product.  

Tomy et al. (1997) have calculated the theoretical number of positional 
isomers possible for CPs having no more than one chlorine atom bound 
to any carbon atom. As an example, C12H20Cl6 contains 472 and C13H22Cl6 
868 possible positional isomers. For a C10-13 mixture containing 60% 
chlorine, the total number of positional isomers will be 6304. The 

Figure 1. Structures of two 
possible chlorinated paraffin 
congeners. Above: a short chain 
CP with 10 carbon atoms and 5 
chlorine atoms (Cl) (C10Cl5), and 
below: a medium chain CP with 
14 carbon atoms and 7 chlorine 
atoms (C14Cl7). 
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complexity is assumed to be at least 
one order of magnitude greater than 
these numbers indicate, since second-
ary chlorine substitution usually 
produces a chiral atom so that 
enantiomers and diastereomers are 
generated (Tomy et al., 1997). This 
complexity makes their analysis very 
challenging, and an individual 
quantification of each congener is 
currently impossible. 

1.2 Chemical and physical properties 

Several properties are important for describing the environmental fate 
of a chemical. A chemical’s tendency to volatilize from water and wet 
soils is dependent on the ratio of vapour pressure (VP) and the water 
solubility (SW), i.e. its Henry’s law constant (H). The octanol-water 
partition coefficient (KOW) provides an estimate of the compound’s 
hydrophobicity, or the partitioning tendency of the compound from 
water to organic media, i.e. lipid tissue and soil organic matter.  

The physical and chemical properties of CPs vary with the carbon chain 
length and the chlorine content as well as by the position of the chlorine 
atoms. Table 1 summarizes the physical and chemical properties of 
some CPs. 

CPs are highly soluble in solvents, e.g. chlorinated solvents, aromatic 
hydrocarbons, and esters; and moderately soluble in aliphatic 
hydrocarbons, but poorly soluble in water (ECB 2000; World Health 
Organization 1996). The experimentally determined SW vary between 
22.4 and 975 µg/L for SCCPs, depending on carbon chain length, 
chlorine content, and chlorine substitution pattern (Drouillard et al., 
1998a).  

CPs have low Vps, e.g. 2.8x10-7 to 0.028 Pa (POPRC, 2009), similar to 
other organochlorines (OCs) of the same molecular weight range such as 
polychlorinated biphenyls (PCBs) and Toxaphene. Drouillard et al. 
(1998b) experimentally determined the sub cooled-liquid VP for some 
individual chlorinated n-alkanes. VPs tended to decrease with increasing 
carbon chain length and chlorination degree. Additionally, decreasing 
Henry’s law constants (H) were observed with increasing chlorination 
degree (Drouillard et al., 1998b). 

 

Retention time 

Figure 2. Chromatogram of a 
commercial short chain 
chlorinated paraffin mixture 
(Cereclor 63L, C10-13, 63% 
chlorine) using GC-Electron 
Capture Detector. 

 



Ulrika E. Fridén  

12 

Table 1. Chemical and physical properties of some chlorinated paraffins 

CP % Cl VP a 
(mPa) 

SW 
(µg/L) 

H 
(Pa*m3/mol) 

Log KOW Log KOA 

C10H18Cl4 50 28 1 328 2 17.7 1 5.93 4  

C10H17Cl5 56 4-5.4 1 692-975 2 2.62-4.92 1 6.04-6.2 4 8.9-9.0 6 

C10H16Cl6 61 1.1-2.2 1 - - 6.61 4  

C11H20Cl4 48 10 1 575 2 6.32 1 5.93 5 8.5 6 

C11H19Cl5 54 1.3-2 1 546-962 2 0.68-1.46 1 6.4 4 9.6-9.8 6 

C12H24Cl2 30 6.8 1 22.4 2 648 1 -  

C12H21Cl5 51 0.7-1.5 1 - - -  

C12H20Cl6 56 - - - 6.61-6.77 4  

C12H19Cl7 59 - - - 7.0 4  

C13H21Cl5 49 - - - 6.14 4 9.4 6 

C15 51  5-27 3 - -  

C25 43 - 5-6.4 3 - -  

C25 70 - 5-5.9 3 - -  

1) Drouillard et al., 1998b, 2) Drouillard et al., 1998a, 3) World Health 
Organization, 1996, 4) Sijm and Sinnige, 1995, 5) Muir et al., 2000, 6) Fiedler, 
2010 (calculated), a) sub-cooled liquid vapour pressure. 

Sijm and Sinnige (1995) experimentally determined log KOW for a series 
of CPs from a commercial mixture (Cereclor 60L; C10-13, 60% Cl). Log KOW 
values indicated strong hydrophobicity, and ranged from 5.85 to 7.14, 
with increasing log KOW with increasing carbon chain length and 
chlorine content.  

The chemical and physical properties of CPs indicate that they are 
potential environmental pollutants, and underline the importance of 
increased knowledge about the fate of CPs in the environment. Their 
comparatively high KOW and Henry’s law constants, similar to other well-
known pollutants, suggest a strong potential for bioaccumulation and 
long-range atmospheric transport. This has indeed been demonstrated 
in experiments and field studies, and will be further discussed in 
chapter 1.4. 

1.3  Applications and usage  

By proper combination of carbon chain length and degree of 
chlorination, the viscosity of CPs can be varied over a large range, which 
makes them suitable for a great number of applications (Tomy et al., 
1998). Common applications are high-temperature lubricants, 
plasticizers, flame retardants, and additives in adhesives, paints, rubber, 
coatings, and sealants to improve resistance to water and chemicals 
(Muir et al., 2000; Tomy et al., 1998; Zitko, 1980). The use of CPs as 
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plasticizers has the advantage of both increasing the flexibility of the 
material as well as increasing its flame retardancy (World Health 
Organization, 1996).  

Because of their viscous nature, compatibility with oils and ability to 
form metal chlorides on metal surfaces, CPs are also used as extreme 
temperature additives in metal working fluids (World Health 
Organization, 1996). These fluids find use in a variety of engineering 
and metalworking operations such as drilling, machining/cutting, and 
drawing (Muir et al., 2000; Tomy et al., 1998; World Health 
Organization, 1996; Zitko, 1980). The use of SCCPs in metal working 
fluids has, however, been restricted within the EU since 2002 (European 
Parliament and Council, 2002).  

CPs have been high volume chemicals for a long time. The first usage of 
CPs was reported during World War I, and the large scale production of 
CPs began around 1930 (Muir et al., 2000; Tomy et al., 1998; Zitko, 
1980). During World War II, the U.S. annual production was about 23 
ktonnes/year. The world CP consumption in 1977 was estimated to be 
230 ktonnes/year (Campbell and McConnell, 1980; Hollies et al., 1979), 
and in 1985 it had increased to 300 ktonnes (World Health 
Organization, 1996). Recently, increasing production volumes of CPs in 
China were reported. In the early 1980s, the annual production was only 
a few thousand tonnes/year, in 2004 about 100 ktonnes/year, and in 
2007 about 600 ktonnes/year, with the plastic industry as the assumed 
main user (Fiedler, 2010). The estimated CP production is high 
compared to the estimated total PCB production between 1929 and 
1980 of 1500 ktonnes (de Voogt and Brinkman, 1989).  

The focus of this thesis is the sources and the occurrence of CPs in the 
Swedish environment, and in particular in the city of Stockholm. CPs are 
not produced in Sweden. About 1500 tonnes of the commercial CP 
products were imported in 1995. By the early 2000s Swedish imports 
had decreased about 80%, and in 2003 353 tonnes were imported 
(Swedish Chemicals Agency, 2006a). The import of CPs via non-chemical 
products and goods is, however, unknown and not included in these 
import figures. Although CP usage has decreased in western Europe, the 
recently reported increasing production volumes in China (Fiedler, 
2010) might imply that the unquantified import of CPs via products and 
goods (e.g. PVC products and leather shoes) from this part of the world 
might be increasing. 

The release of CPs into the environment can occur during production, 
storage, transportation, and use of manufactured products. Release can 
also occur from plastics, paints, and sealants containing CPs, and 
leaching, runoff, or volatilization from landfills, sewage sludge-amended 
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soils, or other waste disposal sites (ECB, 2000; Environment Canada, 
1993; Muir et al., 2000; Ospar Commission, 2001; Tomy et al., 1998; 
World Health Organization, 1996). The high usage of CPs in combination 
with the great variety of applications, most of which are open, implies 
that it is inevitable that large amounts of CPs will be released to the 
environment. More knowledge about the release mechanisms would 
improve the emission estimates and give information about the relative 
importance of different sources, which would help in prioritizing 
measures to reduce the emissions of CPs to the environment. This will 
be discussed in more detail in chapter 5.  

1.4 Fate and effects 

CPs are considered to be persistent in water and sediment. Abiotic 
degradation is believed to be insignificant at ambient temperatures 
(Environment Canada, 1993; UNECE Expert Group on POPs, 2003). 
Biodegradation of SCCPs in the natural environment is slow (ECB 2000; 
World Health Organization, 1996). It has been found to be inversely 
correlated to carbon chain length, and chlorine content (Fisk et al., 
1998a; Fisk et al., 2000; Madeley and Birtley, 1980), and log KOW (Fisk et 
al., 1998a; Fisk et al., 2000).  

CPs sorb strongly to sediment. However, they were readily bioavailable 
to oligochaetes when associated with sediments (Fisk et al., 1998b). In 
water and air, CPs are believed to be transported sorbed to suspended 
particles and airborne particles, respectively (ECB, 2000; World Health 
Organization, 1996), but to date there are no measurements that clearly 
demonstrate this. The atmospheric half-lives have been estimated to be 
greater than two days for a large number of CP isomers (ECB, 2000; 
UNECE Expert Group on POPs, 2003).  

Based on their low VPs, estimated long atmospheric half-lives, and data 
from air, sediment, and biota samples from the Canadian Arctic and 
other locations in the northern hemisphere, SCCPs have been judged to 
meet the United Nations Economic Commission for Europe (UNECE) 
criteria for potential long-range transboundary atmospheric transport, 
and in 2010 they were included as a new POP in the UNECE Convention 
on Long-Range Transboundary Air Pollution (CLRTAP) (UNECE Expert 
Group on POPs, 2003; United Nations, 2010). 

CPs have low acute toxicity to mammals (Madeley and Birtley, 1980), 
but SCCPs are acutely toxic to freshwater and marine invertebrates and 
may cause adverse effects in the aquatic environment (ECB, 2000; Ospar 
Commission, 2001; World Health Organization, 1996). Toxicity studies 
with aquatic invertebrates and fish have shown SCCPs to be toxic at the 
µg/L level, while toxicity to benthic invertebrates has been predicted at 
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the µg/g level. CP toxicity appears to be inversely related to carbon 
chain length, but little can be said about the influence of the degree of 
chlorination (Cooley et al., 2001; Farrar, 2000). Furthermore, 
International Agency for Research on Cancer (IARC) has classified 
higher chlorinated SCCPs as carcinogenic to experimental animals and 
possibly carcinogenic to humans (Group 2B) (IARC, 1989; IARC, 2005). 
SCCPs are thought to be more acutely toxic, and possible carcinogenic 
compared to MCCPs and LCCPs. This CP product class has therefore 
been addressed a higher concern. 

CPs have been shown to bioaccumulate in aquatic ecosystems. The 
bioconcentration factors (BCFs) range from 7 to 7155 for fish and from 
233 to nearly 1.4x105 in mussels (World Health Organization, 1996). 
Moreover, the biomagnification factors (BMFs) have been shown to be 
greater than one, indicating that CPs have biomagnifying potential in 
aquatic food chains (Fisk et al., 1996; Fisk et al., 1998a; Fisk et al., 2000). 
The elimination half-lives and BMFs of CPs are positively correlated to 
carbon chain length, chlorine content and KOW (Fisk et al., 1996; Fisk et 
al., 1998a; Fisk et al., 2000). Elimination half-lives in rainbow trout 
ranged from 7 to 91 days and are similar to the half-lives of other OCs 
with comparable log KOW (Fisk et al., 1996; Fisk et al., 1998a; Fisk et al., 
2000). Based on their high bioconcentration factors and high KOW, SCCPs 
are considered to be bioaccumulating according to the criteria in UNECE 
POPs Protocol (UNECE Expert Group on POPs, 2003).  

To conclude, SCCPs appear to meet all of the UNECE POPs criteria 
(persistent, bioaccumulative, toxic, and subject to long-range transport) 
and are under consideration for inclusion in the Stockholm Convention 
of Persistent Organic Pollutants (POPRC, 2009). SCCPs are also included 
in the list of substances for priority action of the Convention for the 
Protection of the Marine Environment of the North-East Atlantic (Ospar 
Commission, 2001), and are on the list of selected substances for 
immediate priority action of the Helsinki Commission (Helsinki 
Commission, 2002). Furthermore, they were included in the list of 
priority substances of the European Water Framework Directive 
(European Parliament and Council, 2001). These regulatory initiatives 
will require measures to reduce human and environmental exposure to 
CPs as well as increased monitoring of the CPs in the environment. This 
thesis contributes to these needs by developing and applying new 
methods for the analysis of CPs in the environment, identifying major 
sources of CP emissions, and assessing the relative importance of 
different exposure vectors to humans. 



Ulrika E. Fridén  

16 

2 Analytical methods for the determination of CPs 
in the environment 

2.1 Introduction 

Compared to other OCs with similar properties the knowledge of the 
environmental fate of CPs is limited. The lack of simple, appropriate and 
accurate analytical methods is probably the most important reason for 
this. Only a small number of laboratories worldwide have the necessary 
expertise to perform CP analyses (UNECE Expert Group on POPs, 2003). 
The numerous difficulties associated with determination of CP 
concentrations in environmental samples have been discussed in the 
literature (Bayen et al., 2006; Tomy, 2010; Eljarrat and Barceló, 2006; 
Pellizzato et al., 2007; Reth and Oehme, 2004; Santos et al., 2006; Tomy 
et al., 1997; Zencak et al., 2005; Zencak and Oehme, 2006). One of the 
main problems in CP analysis is the complexity of CP mixtures, resulting 
in e.g. challenges in isolating CPs from other environmental pollutants 
present in the samples that will interfere with the CPs in the analysis. 
Due to the large variety in chemical and physical properties of CPs, 
many different groups of chemicals will interfere with the CP analysis.  

Available methods for CP analysis are, therefore, time consuming, and 
costly. Today, the standard method for the instrumental analysis of CPs 
is gas chromatography (GC) coupled to electron capture negative 
ionization mass spectrometry (ECNI-MS) after an appropriate sample 
clean-up. Preferably, high resolution mass spectrometry (HRMS) 
instruments are applied; however, these are not available in many 
laboratories. Operating the MS instrument and performing the 
quantification procedure for CPs is, furthermore, difficult and very time 
consuming and requires skilled personnel.  

In order to be able to investigate the occurrence of CPs in the 
environment, an attempt was made to meet the demand for a more 
robust, simpler, and cheaper analytical method for routine and 
screening purposes (paper I). The extensive clean-up procedure 
presented in paper I & II enables the use of GC coupled to Electron 
Capture Detector (ECD) for the detection of CPs, a more affordable and 
easily operated instrument. The instrumental analysis in paper III was 
performed using electron ionization tandem MS (EI-MS/MS) for a fast 
screening of all samples, and ECNI-MS for a detailed analysis of the CP 
congener group patterns. 

The analytical procedure for CPs in environmental samples is normally 
divided into extraction, clean-up, isolation of the analytes, and 
instrumental analysis. This chapter will briefly describe the analytical 
methodologies used for CP analysis, with focus on the two most 
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challenging parts of the analysis of CPs, namely i) the isolation of CPs 
from all interfering substances present in the extract after removal of 
the matrix, and ii) the final determination of the concentration of CPs. 
For both parts, a large number of different methodologies have been 
tested alone or in different combinations, with varying success, in the 
search for a suitable procedure for the analysis of CPs. 

2.2 Extraction and matrix removal 

The extraction of CPs from environmental samples and the subsequent 
clean-up of the extracts from the matrix (e.g. fat and proteins) are 
performed using similar methods as for other persistent OCs, and are 
not considered problematic. The choice of method is mainly dependent 
on the sample matrix, e.g. sewage sludge, air, and biota, which all 
require different extraction and clean-up methods. 

In paper I, the solvent extraction of CPs from biota was performed 
according to Jensen et al. (1983) with some adjustments, followed by 
matrix removal using liquid/liquid partitioning, and sulphuric acid 
treatment. Extraction of air samples in paper II was performed using 
Soxhlet and liquid/liquid extraction, followed by sulphuric acid 
treatment. A simpler extraction method, ultrasound assisted extraction, 
was applied to air and dust samples in paper III. Compared to Soxhlet, 
the ultrasound assisted extraction is an easy, fast, and solvent-saving 
extraction method that enables the simultaneous extraction of a large 
number of samples. 

2.3 Isolation of CPs 

As mentioned before, isolation of CPs from all other interfering 
contaminants present in environmental samples, i.e. from OCs such as 
Toxaphene, PCBs, and chlordane, is a demanding task. The selection of 
the isolation procedure is strongly dependent on the choice of the 
instrumental analysis (see chapter 2.4). Currently, the most frequently 
used method for the isolation of CPs from interfering substances is 
adsorption chromatography using a large number of different 
adsorbents, e.g. alumina (Rieger and Ballschmiter, 1995; Parera et al., 
2004; Zitko, 1973), silica (Coelhan, 1999; Coelhan et al., 2000; Korytár et 
al., 2005b; Rieger and Ballschmiter, 1995), and florisil (Parera et al., 
2002; Parera et al., 2004; Tomy et al., 1997). Additionally, GPC has been 
applied for the separation of CPs from a large number of interferences 
(Coelhan, 1999; Coelhan et al., 2000; Jansson et al., 1991; Jansson et al., 
1993; Lahaniatis et al., 2000). However, problems with the 
reproducibility were reported, especially in more polluted samples, 
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probably due to further interferences that the method failed to 
eliminate (Jansson et al., 1991; Jansson et al., 1993). 

The use of ECD for the instrumental analysis in paper I & II required the 
removal of basically all semivolatile halogenated organic compounds. 
The isolation of CPs from interfering compounds in the extract was 
performed with photolytic clean-up and GPC.  

Friedman and Lombardo (1975) were the first to describe a 
photochemical method for the selective elimination of aromatic and 
unsaturated chlorinated interferences in the analysis of CPs. The 
procedure takes advantage of the fact that CPs are poor absorbers of 
ultraviolet (UV) radiation and, as a consequence, do not undergo 
photochemical decomposition (recovery >94%, paper I). At the same 
time, many of the interfering aromatic OCs are degraded by irradiation 
with high intensity UV light. The amount of hexachlorobenzene (HCB), 
DDT, PBDEs, and PCBs was significantly reduced through irradiation.  

The chromatographic patterns of CPs and some interferences, before 
and after photolytic clean-up, are shown in Figure 3. Toxaphene and 
chlordane were only partially degraded by photolytic clean-up (Figure 3 
C-F) and further clean-up was therefore necessary. The isolation of CPs 
from remaining chlordane and Toxaphene was performed using four 
serial-coupled high resolution (HR) GPC columns (paper I), or using a 
low resolution (LR) GPC column (paper II). Although isolation of the 
CPs was achieved on the LR-GPC system, this method significantly 
increased the solvent consumption, and HR-GPC is therefore preferred. 

In paper III the more selective detection methods EI-MS/MS and ECNI 
coupled to low resolution mass spectrometry (LRMS) were applied. This 
enabled the use of a simpler clean-up procedure based on a sulphuric 
acid treated silica column (SiO2:H2SO4).  

2.4 Instrumental analysis 

2.4.1 Chromatographic separation 

The determination of CPs is usually performed using high resolution GC 
(hereafter referred to as GC) coupled to a detector (e.g. ECD, ECNI-MS). 
A complete separation of all individual congeners is not possible using 
GC. CPs elute over a wide retention time range, and the gas 
chromatogram shows a characteristic “roller-coaster” pattern, 
consisting of several thousands of partly coeluting isomers (Figure 2 
and 3 G-H). The broad CP signal also results in relatively high detection 
limits, which makes measurements of CPs at low concentrations even 
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more challenging. For example, HCB can be eluted as a narrow and high 
signal within a few seconds, while a CP mixture elutes during several 
minutes under the same chromatographic conditions. This results in 
approximately 500 times higher detection limits for a SCCP mixture 
(63% Cl) than for HCB (Coelhan, 1999).  

Short column-GC (0.65-5 m) has been used to determine sumCPs. This 
resulted in shorter retention time and increased sensitivity (Coelhan, 
1999; Coelhan et al., 2000) compared to the use of classical GC column 
lengths. In paper I, GC separation was performed on a short and thin 
fused silica capillary column (DB1, 10 m x 0.18 mm i.d., 0.18 µm), while 
in paper II-III the GC analysis was performed with a more traditionally 
sized GC column (DB5MS, 15 m x 0.25 mm i.d., 0.25 m). 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 

 
 
 

 
 

 
 
 

 
 

Figure 3. GC-ECD chromatograms of different organochlorine standards with 
internal standards (IS) added, before and after photolytic clean-up. Aroclor 1254 
before (A), and after (B), chlordane before (C), and after (D), Toxaphene before (E), 
and after (F), and SCCP mixture (Cereclor 63L) before (G), and after (H) (paper I).  
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Another approach for the analysis of CPs is to further enhance the 
resolution of the separation by using comprehensive two-dimensional 
gas chromatography (GCxGC, Korytár et al., 2005a; Korytár et al., 2005b; 
Korytar et al., 2006). This promising method introduces the possibility 
to chromatographically distinguish between different CP congener 
groups, and to separate CPs from other organohalogen compounds (e.g. 
PBDEs and Toxaphene). GCxGC–ECNI-TOF-MS instruments are, 
however, not available in many laboratories. Additionally, the large 
number of reference standards required, and the enormous datasets 
produced, make the quantification procedure tedious and time 
consuming. Hence, GCxGC is currently not suitable for routine screening 
and monitoring of CPs. 

2.4.2 Detection 

The most widely applied detector for CP determinations is ECNI-MS. 
Determination of sumCPs has been performed by monitoring the non-
specific ions [Cl2]-, and [HCl2]- (Castells et al., 2004; Jansson et al., 1991; 
Jansson et al., 1993). The most commonly monitored ions are, however, 
the fragment ions [M-Cl]- and [M-HCl]-, enabling congener and 
homologue specific analysis (Coelhan, 1999; Müller and Schmid, 1984; 
Reth and Oehme, 2004; Rieger and Ballschmiter, 1995; Schmid and 
Müller, 1985; Tomy et al., 1997; Tomy and Stern., 2000). The large 
differences in chemical and physical properties between CP congeners 
imply that a congener and homologue specific analysis is important for 
understanding the fate of CPs in the environment. ECNI-MS is currently 
the only available method for this purpose, and this method was used 
for determining the congener group patterns in paper III; however, it 
often requires multiple injections of each sample or standard, due to the 
large number of ions that need to be monitored. 

Other drawbacks of the ECNI-MS method are the tedious quantification 
procedure (see below) and interferences from other OCs having similar 
GC retention times and molecular masses, even though the risk for 
interferences is lower compared to analysis using the non-specific ions 
([Cl2]- and [HCl2]-), or less specific detectors (e.g. ECD). Additionally, the 
ECNI response factors strongly depend on the degree of chlorination 
(Coelhan et al., 2000; Tomy and Stern, 1999; Zencak et al., 2005), 
making the choice of a representative reference standard for 
quantification crucial. 

The determination using ECNI-LRMS is further complicated by two 
interference phenomena. i) So-called self-interferences, i.e. CP congen-
ers with the same nominal masses, which cannot be separated by LRMS 
and interfere with each other, e.g. C11H1737Cl35Cl6 and C16H2935Cl5 have a 



Sources, emissions, and occurrence of chlorinated paraffins in Stockholm, Sweden 

21 

mass to charge ratio (m/z) of 395.9 and m/z 396.1, respectively. ii) Mass 
overlaps between simultaneously formed fragments and adduct ions, 
with different Cl-isotope patterns, e.g. [M+Cl]- of C11H20Cl4 and [M-Cl]- of 
C11H18Cl6, both have m/z 327 (Tomy et al., 1997; Reth and Oehme,. 
2004). Interferences from other OCs, and from CPs themselves are 
easier to avoid when using the more selective ECNI-HRMS (Tomy et al., 
1997).  

The determination of CPs has also been described using carbon skeleton 
capillary GC coupled to a flame ionization detector (Cooke and Roberts, 
1980; Roberts et al., 1981; Sistovaris and Donges, 1987) and later to a 
MS detector (Pellizzato et al., 2009a; Pellizzato et al., 2009b). This 
method basically uses the same approach as short column-GC; i.e. to 
enhance the sensitivity by decreasing the chromatographic separations 
to a minimum. In addition, the carbon skeleton method has the 
advantages of fewer ions to monitor, and an easier and less crucial 
choice of representative reference standards, due to the lack of 
dependency on chlorination degree. The quantification procedure is 
thus faster and less complicated compared to ECNI-MS. Information 
about the carbon structure is gained, but not about the chlorine content. 
Using this instrumental method, however, results in other demands on 
the clean-up, since the removal of all non-halogenated hydrocarbons is 
needed. Clean reference standards (without non-halogenated 
hydrocarbon impurities) are also needed (Pellizzato et al., 2009a). 
Carbon skeleton-GC, however, is a promising tool for screening and 
monitoring purposes, where no congener pattern information on the 
basis of degree of chlorination is required. 

Other detection techniques have been evaluated to overcome the 
disadvantages of ECNI-MS, e.g. EI-LRMS (Castells et al., 2004; Junk and 
Meisch, 1993), positive chemical ionization (PCI)-LRMS (Castells et al., 
2004), metastable atom bombardment ionization-HRMS (Moore et al., 
2004), negative ion chemical ionization (NICI)–LRMS with different 
reagent gases (Zencak et al., 2003; Zencak et al., 2005). These (rather 
unusual) techniques will not be further discussed in this thesis.  

Zencak et al. (2004) introduced a fast screening method for the 
determination of the sumCP concentration using EI-MS/MS. 
Combinations of precursor and product ion m/z ratios common to most 
CPs have been identified and the selectivity was increased compared to 
EI-LRMS. EI-MS/MS was used in paper III for the determination of the 
sumCP concentrations in all samples. This method has the advantages of 
being relatively fast, showing high sensitivity (250-500 pg injected), and 
the response factors show a low dependency on the degree of 
chlorination (Zencak et al., 2005). Hence, this technique is well-suited 
for screening and monitoring purposes where congener pattern 
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information is not needed. One drawback of this method is that the 
chosen product ions have low m/z ratios and are not directly specific for 
CPs.  

In paper I & II ECD was used for the determination of sumCPs. This 
detector is inexpensive, available in most laboratories, fast, and easy to 
operate. It is sensitive for halogenated compounds, however, not very 
selective, and an extensive clean-up is required to remove all possible 
halogenated interferences before determination. Furthermore, like in 
EI-MS/MS, it is not possible to obtain information on the congener 
pattern or to distinguish between SCCPs, MCCPs, and LCCPs.  

Although determination using ECD or EI-MS/MS only gives the sumCP 
concentration, the chromatographic patterns provide a possibility to 
obtain some information on the CP composition. Differences between 
samples can be found by visual inspection of the chromatographic CP 
patterns, providing a rough estimate of the composition of CPs in the 
sample. This approach was used in paper II & III to characterize the CP 
patterns in samples compared to different CP standards and to other 
samples (see chapter 3.4). 

2.4.3 Quantification and method performance 

The quantification of CPs in environmental samples is far from 
standardized. There have only been two interlaboratory studies to 
assess the variability associated with the analytical methods used for 
the determination of SCCPs (Pellizzato et al., 2009b; Tomy and Stern, 
1999). Data comparability between laboratories was within a factor of 
two at best and within a factor of 6 at worst in the first study (Tomy and 
Stern, 1999). The agreement betweeen four laboratories was better in 
the second study, however, one outlier was about four times higher than 
the mean of the other labaoratories (Pellizzato et al., 2009b). Some of 
the variability may not have been related to the instrumental method 
alone. It may also have been due to the different reference standards 
used. Furthermore, there are no available certified reference materials 
for method validation (Pallizzato et al., 2007). 

When using ECD or ECNI-MS as detector, the selection of a proper 
reference standard is crucial, since the response factors of different 
congeners vary considerably. Deviations in calculated CP concentration 
of up to >100% have been shown for ECNI-MS when the chlorine 
content of the standard and of the sample were not matched (Coelhan et 
al., 2000; Zencak et al., 2005). The matching of standard and sample is 
often difficult since environmental samples, except in the case of local 
contaminations, contain a combination of CPs from mixtures with 
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different degrees of chlorination and carbon chain lengths, and with 
different degree of degradation. Reth et al. (2004) proposed a 
quantification procedure that compensates for the influence of different 
response factors depending on the chlorine content. This procedure, 
however, is demanding and time consuming and, hence, not ideal for 
fast screening and monitoring purposes. 

The influence of different reference standards on quantification using 
ECD was studied in paper II, and the calculated CP concentration in one 
sample varied between 0.9 and 10 ng/m3 for the five different reference 
standards used. However, these deviations are lower than previously 
reported for ECNI-MS (Coelhan et al., 2000; Zencak et al., 2005). These 
results indicate that the ECD response factors might not vary as much as 
the ECNI-MS response factors. The use of EI-MS/MS has the advantage 
of making the choice of reference standard less critical, since the 
response factors do not vary to the same extent as in ECNI-MS or ECD 
(Zencak, 2004; Zencak et al., 2004).  

The limit of detection (LOD) of the overall method for biological samples 
in paper I was 20 ng/g lipid weight (lw), which allowed the detection of 
CPs in more contaminated biota. However, concentrations of CPs in 
biota from background areas (e.g. in moose liver samples) were below 
LOD. ECD was also applied in screening of air (in low ng/m3 levels), 
sediment (< LOD of 8 ng/g dry weight (dw)), fish (< LOD of 2 ng/g wet 
weight (ww)), and sewage sludge (in low µg/g dw levels) from Sweden 
(paper II; Järnberg et al., 2005). The LOD using EI-MS/MS in paper III 
was around 10 ng/m3 for air, and typically in the low g/g range for 
dust. Comparison between LODs from different studies is, however, 
difficult and hampered by e.g. different sample amounts extracted. 

2.5 Summary of analytical methods applied in this thesis 

The combination of isolation procedures described and used in paper I 
& II (photolytic clean-up and HR-GPC or LR-GPC) effectively separated 
CPs from many known interferences. The photolytic clean-up efficiently 
and quickly removed the aromatic halogenated interferences. 
Furthermore, a short analysis time was achieved since a large number of 
samples could be treated simultaneously. The HR-GPC step further 
isolated the SCCPs from alicyclic interferences. The effectiveness of this 
isolation procedure made it possible to use GC-ECD for detection, which 
is preferred over MS detection when performing screening or 
monitoring. 

There is, however, room for improvement of the method. The isolation 
of CPs using HR-GPC is a rather lengthy step. A possible improvement 
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could be to try other LC techniques, e.g. florisil chromatography, to 
further reduce the analysis time. It might also be possible to skip the 
HR-GPC step, for example when monitoring matrices with low 
chlordane and Toxaphene levels. Approaches to further enhance the 
sensitivity could be increasing the sample amounts extracted, increasing 
the sample fraction injected (e.g. by the use of large volume injection), 
or application of short column-GC. 

The instrumental handling of the ECD (used in paper I & II) is much 
easier and ECD detectors are more often available in laboratories than 
MS instruments. This is of particular importance for the applicability of 
the method in developing countries. The quantification procedure for 
sumCPs obtained with ECD and EI-MS/MS (used for quantification in 
paper III) was much less complicated and time consuming than for 
ECNI-MS (used for CP congener group patterns in paper III). 
Furthermore, uncertainties due to varying response factors are lower 
for EI-MS/MS (Zencak, 2004; Zencak et al., 2004), and possibly also for 
ECD (paper II) compared to ECNI-MS. Additionally, multiple injections 
are not necessary, and overestimations due to self-interferences when 
using ECNI-LRMS do not occur. The main disadvantage of the ECD and 
EI-MS/MS methods is that no congener specific CP analysis is possible. 
Despite the drawbacks of the ECNI-MS method, this method is currently 
the only choice when detailed information about the congener group 
pattern is needed. For the extensive screening and monitoring of 
sumCPs needed in the near future, however, ECD and EI-MS/MS are 
more suitable.  
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3 Measurements of CPs in the environment 

3.1 Environmental levels 

Information about environmental levels of CPs is still very limited. 
Furthermore, the variation among the reported environmental levels of 
CPs is large, and comparison between reported data is hampered by the 
analytical challenges discussed in chapter 2. An overview of reported CP 
levels is presented in Table 2. For example, sediment levels range from 
<0.3 ng/g dw to 65 µg/g dw (more than 5 orders of magnitude) from 
both background and industrial regions (see Table 2). The presence of 
CPs has been reported in a variety of abiotic matrices as well as in biota 
samples from different parts of the (predominantly marine) food web. 
The reported concentrations of MCCPs are higher than those of SCCPs in 
both sediments (Hüttig and Oehme, 2005; Pribylová et al., 2006) and air 
(Barber et al., 2005). However, similar levels of SCCPs and MCCPs have 
been observed in fish (Reth et al., 2005b). 

CPs have also been detected in human adipose samples (Schmid and 
Müller, 1985), and in human milk (Reth et al., 2005a; Thomas et al., 
2006) at levels similar to those of total PCBs (Reth et al., 2005a). Some 
information is also available about CP concentrations in human 
foodstuffs from Japan (Iino et al., 2005). 

Environmental CP levels were often reported to be higher than levels for 
other persistent OCs, e.g. in air samples from the northern U.K. and Bear 
Island, Norway (Barber et al., 2005; Borgen et al., 2002), and in sewage 
sludge samples from different parts of Europe (Rieger and Ballschmiter, 
1995; Schmid and Müller, 1985; Sternbeck et al., 2003). In Sweden CPs 
were detected in eleven different animal species representing different 
ecosystems and trophic levels (e.g. moose, rabbit, white fish, herring, 
and ringed seal) (Jansson et al., 1993). The distribution of CPs between 
species was different from that of other OCs, with relatively high 
concentrations in the terrestrial mammals, even exceeding those of 
PCBs (Jansson et al., 1993). However, generally lower CP concentrations 
were found in fish (Jansson et al., 1993) and in marine mammals 
compared to other OCs (Jansson et al., 1993; Tomy et al., 2000). 

As can be seen in Table 2, CPs have been detected in different places all 
over the world, in samples from industrialized areas as well as from 
remote regions like the Arctic. This shows that CPs are widespread in 
the environment, and are being subject to long-range transport, 
probably also in the atmosphere. To verify this hypothesis, 
measurements of CPs in ambient air are of particular interest. 
  



Ulrika E. Fridén  

26 

Table 2. Overview of reported concentrations of CPs in the environment  

Sample Location CP Concentration Ref. 
Water Lake Ontario, Canada 

Lake Ontario, Canada 
Japan 
U.K. 

SCCPs 
MCCPs 
SCCPs 
CPs 

<100-1200 pg/L 
< 20 pg/L 
7.6-31 ng/L 
<0.1-1.7 µg/L 

Muir et al., 2003  

Muir et al., 2003  

Iino et al., 2005 

Nicholls et al., 2001 

WTP a) 
effluents 

Lake Ontario, Canada 
Japan 

SCCPs 
SCCPs 

60-448 ng/L 
16-360 ng/L 

Muir et al., 1999 

Iino et al., 2005 

Soil Switzerland CPs 7-199 ng/g b) Iozza et al., 2009 

Sediments North and Baltic Sea 
Norway 
Norway 
Sweden 
U.K. 
Czech Republic 
Czech Republic 
Lake Ontario, Canada 
Canadian arctic 
Canada 
Japan 
Switzerland 

CPs 
SCCPs 
MCCPs 
SCCPs 
CPs 
SCCPs 
MCCPs 
SCCPs 
SCCPs 
SCCPs 
SCCPs 
CPs 

5-499 ng/g b) 
0.33-19.4 µg/g c) 
2.7, 11.4 µg/g c) 
<0.3-3300 ng/g b) 
<0.2-65.1 µg/g b) 
4-347 ng/g b) 
18-5575 ng/g b) 
49 ng/g b,d) 

17.6 ng/g b) 
4.5-135 ng/g b)  
4.9-484 ng/g c) 
5-58 ng/g b) 

Hüttig and Oehme, 2005 

Borgen et al., 2003 

Borgen et al., 2003 

Sternbeck et al., 2003 

Nicholls et al., 2001 

Pribylová et al., 2006 

Pribylová et al., 2006 

Marwin et al., 2003 

Stern et al., 2005 

Tomy et al., 1999 

Iino et al., 2005 

Iozza et al., 2008 

Sewage 
sludge 

Germany 
U.K. 
U.K. 
U.K. 
Sweden 

CPs 
CPs  
SCCPs 
MCCPs 
SCCPs 

47 µg/g b) 
1.8-93.1 µg/g b)  
7-200 µg/g 
37-9700 µg/g 
2275 ng/g b,d) 

Rieger and Ballschmiter, 1995 

Nicholls et al., 2001 

Stevens et al., 2003 

Stevens et al., 2003 

Sternbeck et al., 2003 

Air Egbert, Canada 
Lancaster, U.K. 
Lancaster, U.K. 
Lancaster, U.K. 
Bear Island, Norway 

SCCPs 
SCCPs 
SCCPs 
MCCPs 
SCCPs 

65-924 pg/m3 
320 pg/m3 d) 
1130 pg/m3 d) 
3040 pg/m3 d) 
1.8-10.6 ng/m3 

Muir et al., 1999 

Peters et al., 2000 

Barber et al., 2005 

Barber et al., 2005 

Borgen et al., 2002 

Fish Norway 
Norway 
Sweden 
Lake Ontario, Canada 
U.K. 
North and Baltic Sea 
North and Baltic Sea 
North and Baltic Sea 
Northwest Europe 
Northwest Europe 

SCCPs 
SCCPs 
CPs 
SCCPs 
CPs 
CPs 
SCCPs 
MCCPs 
SCCPs 
MCCPs 

108-3700 ng/g e) 
23-750 ng/g c) 
570-1600 ng/g e) 
59-2630 ng/g c) 
<0.1-5.2 µg/g c) 
 88-607 ng/g c) 
 19-286 ng/g c) 
 25-260 ng/g c) 
 7-70 ng/g c) 
 7-47 ng/g c) 

Borgen et al., 2001 

Borgen et al., 2003 

Jansson et al., 1993 

Muir et al., 1999 

Nicholls et al., 2001 

Zencak et al., 2004 

Reth et al., 2005b 

Reth et al., 2005b 

Reth et al., 2006 

Reth et al., 2006 

Sea bird Bear Island, Norway 
Bear Island, Norway 

SCCPs 
MCCPs 

5-88 ng/g c) 
5-371 ng/g c) 

Reth et al., 2006 

Reth et al., 2006 

Marine 
mammals 

Canada 
Sweden 

SCCPs 
CPs 

110-1360 ng/g e) 
130-530 ng/g e) 

Tomy et al., 2000 

Jansson et al., 1993 

Terr. biota  Sweden CPs 140-4400 ng/g e) Jansson et al., 1993 

Human 
milk 

Germany 
U.K.  
U.K. 

CPs 
SCCPs 
MCCPs 

52-275 ng/g e) 
49-820 ng/g e) 
6.2-320 ng/g e) 

Reth et al., 2005a 

Thomas et al., 2006 

Thomas et al., 2006 
a) WTP: waste water treatment plant, b) dry weight (dw), c) wet weight (ww),  
d) mean value, e) lipid weight (lw) 
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3.2 CP levels in urban and rural ambient air 

The knowledge about the occurrence of CPs in ambient air is so far 
limited to concentrations in air from semi-rural, rural, and Arctic 
regions. Air concentrations from semi-rural Lancaster, United Kingdom 
(UK) have been reported between 0.005-1.1 ng SCCP/m3 (Peters et al., 
2000), <0.18-3.4 ng SCCP/m3 (Barber et al., 2005) and <0.81-14 ng 
MCCP/m3 (Barber et al., 2005). Gas phase concentrations between 
0.065-0.92 ng SCCP/m3 have been reported from rural Egbert, Canada 
(Muir et al., 1999). Borgen and coworkers studied the occurrence of CPs 
in the Norwegian Arctic and reported air concentrations between 0.009-
0.057 ng SCCP/m3 on Svalbard (Borgen et al., 2000) and 1.8-10.6 ng 
SCCP/m3 on Bear Island (Borgen et al., 2002). Most studies to date thus 
only reported the SCCP concentrations, and did not include MCCPs and 
LCCPs. 

A spatial study of ambient air using passive sampling was performed in 
both urban and rural locations in Northern England (Barber et al., 
2005). This study reported higher amounts per sample of both SCCPs 
and MCCPs at urban/industrial sites than at rural sites.  

CP concentrations in air from other urban areas have, to date, not been 
reported. The occurrence of sumCPs in ambient air in Stockholm 
(urban) and Aspvreten (rural) was studied during April 2003-January 
2004 using the GC-ECD method described in paper I. The median 
sumCP concentrations in the combined gas and particle phase in 
Stockholm were 16 ng/m3, and in Aspvreten 5.9 ng/m3 (Table 1, in 
paper II). The median concentrations from the two locations were 
statistically significantly different from each other. This could indicate 
the presence of local sources of CPs in Stockholm (see also paper IV).  

The sumCP air concentrations in Stockholm and Aspvreten in paper II 
are higher than previously reported SCCP or SCCP+MCCP 
concentrations in the UK and Arctic ambient air (see above). Differences 
in the analytical methodologies, quantification procedures, and 
calibration standards, however, add uncertainty to this comparison 
between the studies (see chapter 2). Previous reports presented data 
only for SCCPs or SCCPs+MCCPs, while this study included all CPs 
(SCCPs, MCCPs, and LCCPs). The chromatographic CP patterns, however, 
indicated that the sumCPs in air in Stockholm consisted mostly of SCCPs 
(see chapter 3.4). Hence, the presence of MCCPs and LCCPs in paper II 
cannot explain the higher CP air concentrations in urban Stockholm 
compared to e.g. semi-rural Lancaster. This is another indication for 
urban emissions being important sources to CPs in ambient air.  
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SumCP concentrations (0.7-33 ng/m3) in ambient air collected in 
Aspvreten and Stockholm are, furthermore, three orders of magnitude 
higher than PCB concentrations observed in ambient air at the same 
sampling locations. This is consistent with previous observations in 
both ambient air from Norway and Northern UK (Barber et al., 2005; 
Borgen et al., 2002). 

3.3 CP levels in the indoor environment 

The knowledge of the occurrence of CPs in the indoor environment is 
even more limited than for ambient air. Their presence has been 
demonstrated in indoor air collected using passive sampling techniques 
in Lancaster, UK (Barber et al., 2005). SumCP amounts in samples 
ranged from 670 ng (residential house) to 36 µg (mechanical 
workshop), suggesting a large variation in indoor air concentrations. 
The only available concentration data of CPs from the indoor 
environment is from dust collected from 65 apartments in Hamburg, 
Germany, where the observed 95th percentile of the SCCP concentration 
was 180 µg/g (Kersten and Reich, 2003). Compared to outdoor air 
concentrations elevated indoor air concentrations have been observed 
for e.g. PCBs and PBDEs (Harrad et al., 2006; Harrad et al., 2010). These 
compound classes have similar properties and (in the case of PCBs) 
were used in similar applications as CPs. Hence, elevated concentrations 
in the indoor environment were also expected for CPs.  

The median sumCP concentration in indoor air from apartments in 
Stockholm was 65 ng/m3 (range <5-210 ng/m3) as quantified with EI-
MS/MS (Figure 1, and Table S1, in paper III). These indoor air 
concentrations from Stockholm are higher than previously reported 
data for ambient air in the UK (up to 14 ng/m3 for MCCPs, see section 
3.2), and higher than the ambient air concentrations from Stockholm 
and Aspvreten (0.7-33 ng/m3; paper II).  

Variations were observed between different buildings as well as 
between apartments within the same building (Figure 1 in paper III). 
Differences between buildings could reflect the use of different 
construction materials in the buildings (e.g. joints sealants with or 
without CPs), while the differences between apartments could reflect 
the use of different (CP containing) household goods or indoor 
constructions material (e.g. floor mats) in the apartments. 

SumCPs were quantified in all six dust samples, ranging between 3.2 and 
18 g/g (Table 1 in paper III). The 95th percentile sumCP concentration 
in dust (18 g/g) was 10 times lower than previously reported data for 
indoor dust from Hamburg, Germany (Kersten and Reich, 2003). There 
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is no simple explanation for this difference. It could be differences 
between analytical methods (as discussed before), different sources in 
Hamburg and Stockholm, or a combination of both. 

The median CP concentration in indoor air (paper III) was 1000 times 
higher than reported median PBDE concentrations in the same air 
samples (de Wit et al., 2008). Compared to air, the difference between 
CP and PBDE concentrations in the dust samples was much lower 
(about 5 times higher concentrations for CPs) (de Wit et al., 2008). This 
reflects the different partitioning behavior of CPs (mainly SCCPs) and 
PBDEs (mainly highly brominated congeners).  

3.4 CP patterns and congener group analysis in air 

Even though determination using GC-ECD and GC-EI-MS/MS does not 
enable quantitative data for the relative proportions of different CP 
congener groups (e.g. C10Cl5, and C10Cl6) or CP categories (i.e. SCCPs, 
MCCPs, and LCCPs), the chromatographic patterns reveal some 
information about the CP composition in the samples (see also section 
2.4.2). In paper II & III, visual comparison of chromatograms from 
samples and different CP mixtures was used as indication of the relative 
contribution of different CP categories to sumCP concentrations.  

The chromatographic CP patterns in individually analyzed gas and 
particle phase of ambient air in paper II indicated that the particle 
phase contained a larger proportion of the less volatile CPs with longer 
carbon chain/higher degrees of chlorination (Figure 4A). This is 
consistent with the expected gas/particle partitioning behavior. 

The chromatographic CP patterns in indoor air and dust additionally 
revealed a higher content of CPs with longer carbon chains and/or a 
higher degrees of chlorination in the dust samples compared to indoor 
air (Figure 2, in paper III). Considering dust to be the indoor air 
“particles”, this is consistent with the observed difference between the 
gas phase and the particle phase in ambient air (Figure 4A). 

The comparison of the chromatographic CP patterns in ambient air from 
Stockholm (paper II) and in indoor air from Stockholm (paper III) to 
commercial CP products suggested a predominance of SCCPs in air 
(Figure 4, and Figure 2 in paper III). A higher abundance of MCCPs 
compared to SCCPs was, in contrast, observed in ambient air from semi-
rural Lancaster, UK (Barber et al., 2005).  

The chromatographic patterns additionally indicated differences 
betweenthe CP composition in ambient air from Stockholm and 
Aspvreten (paper II and Figure 4B). A slightly higher abundance of less 
volatile CPs with longer carbon chain length and/or higher chlorination 
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degree was observed in ambient air from Aspvreten compared to urban 
Stockholm. This could imply different sources of CPs at the two 
locations. Alternatively, environmental partitioning and possibly 
degradation may alter the congener group profile between air samples 
near sources and samples from rural or remote sites.  

In paper III, additional congener group analysis was performed for 
selected indoor air samples using GC-ECNI-LRMS. A predominance of 
the shortest SCCPs, i.e. homologues with 10 and 11 carbon atoms was 
found (Figure 5). Furthermore, higher relative abundances of congener  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The chromatographic pattern of A) the gas phase (blue) 
and particle phase (red) in air samples from Stockholm (April, 
2003),; B) the combined gas and particle phase from Stockholm 
(June, 2003, blue), and from Aspvreten (June, 2003, red),: and C) 
the technical mixtures Cereclor 50LV (C10-13, 49% Cl, blue), and 
Cereclor S45 (C14-17, 45 % Cl, red), analyzed using GC-ECD. 
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Figure 5. Congener group patterns obtained by GC-ECNI-LRMS. A) SCCP standard 
(C10-13, 55.5% Cl), B) MCCP standard (C14-17, 42% Cl), C) indoor air sample from 
building 12, apartment 1 (12:1), and D) indoor air sample 16:2 (paper III). 
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groups with only 4 or 5 chlorine atoms were observed in the indoor air 
samples from Stockholm compared to commercial CP mixtures. These 
results confirmed the observations from comparison of the 
chromatographic patterns from EI-MS/MS; a predominance of more 
volatile CPs (see above). These congener patterns are, however, in 
contrast to previously reported congener patterns from ambient air 
from Lancaster, UK (Peters et al., 2000), where homologue groups with 
12 carbons were predominant, and in contrast to reports from other 
environmental matrices, where often congener groups with 6 to 8 
chlorine atoms dominated (Iino et al., 2005; Reth et al., 2005b; Reth et 
al., 2006; Tomy et al., 1999; Tomy et al., 2000). 

3.5 Seasonal variation of CP concentrations in ambient air 

In paper II, ambient air CP concentrations from both Stockholm and 
Aspvreten showed a seasonal trend. The CP concentration in ambient 
air was positively correlated to the ambient temperature (paper II). 
This is consistent with observed positive correlations between ambient 
air temperature and air concentrations of other semivolatile organic 
compounds (SVOCs, e.g. PCBs), for which air concentrations have been 
suggested to primarily be a result of temperature dependent air-surface 
partitioning (e.g. Gouin et al., 2002; Lee et al.; 1998, Lee and Jones, 
1999). Similar surface/air behavior for CPs and PCBs is expected, due to 
similar vapor pressures and KOA values (Drouillard et al., 1998b; Li et al., 
2003). In air collected from Lancaster, UK, however, no evidence of 
seasonal variability was observed (Peters et al., 2000). Lancaster 
receives air from both the North Atlantic and from densely populated 
areas in England. This large variation in air mass origin may have 
overshadowed the seasonal variation in this study. 

The seasonal trend observed in paper II indicates that CP 
concentrations in ambient air from both Stockholm and Aspvreten are 
highly dependent on the ambient air temperature. This implies that the 
major emission sources of CPs to air primarily were temperature 
dependent. This insight into the nature and properties of the major 
emission sources to air supports the conclusion from paper IV; that the 
CP emissions to Stockholm primarily origin from painted surfaces and 
in-place sealants (see chapter 5).  
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4 Estimations of the human exposure to CPs 

To date, investigations of the pathways of human exposure to CPs have 
been limited to an assessment of the dietary exposure in Japan (Iino et 
al., 2005; Tsunemi, 2010). In this market basket study, the median 
dietary exposure to SCCPs was estimated to be about 0.12 and 0.37 
g/kg body weight/day for a 25 year old, and a one year old, 
respectively. Other pathways for the human exposure to CPs, such as 
inhalation and dust ingestion, however, have not been studied yet.  

Humans in highly industrialized countries spend most of their time in 
the indoor environment, especially those living in higher latitudes, 
making the indoor environment a potentially important source of 
human exposure to pollutants. Furthermore, leakage of persistent 
organic pollutants from products can cause increased indoor air 
concentrations. Compared to ambient air, elevated indoor air 
concentrations have been demonstrated for PCBs and PBDEs (Harrad et 
al., 2006; Harrad et al., 2010). The significance of the indoor 
environment as an exposure medium for humans has been shown for 
PCBs and PBDEs, and the dust ingestion pathway was suggested to be 
more relevant than inhalation, particularly for toddlers (Harrad et al., 
2006; Harrad et al., 2010). 

To assess the potential importance of indoor air and dust as vectors for 
human exposure to sumCPs, various exposure scenarios via inhalation 
and dust ingestions were defined for an adult (25 year old male) and a 
toddler (1-2 year old) living in the sampled buildings in Stockholm 
(paper III). Table 3 shows the exposure assessments for the different 
exposure scenarios using the median and the 95th percentile 
concentrations in indoor air and dust reported in paper III.  

The median indoor exposure scenario indicates that for adults, 
inhalation was the dominant indoor exposure pathway (1 g/day), 
accounting for 98 or 76% of the indoor exposure depending on the dust 
intake rate. Comparison of the median indoor sumCPs exposure to the 
estimated median exposure scenario via the diet (6 g SCCPs/day, Iino 
et al., 2005) indicates that the diet accounts for ~85 % of the median 
exposure, inhalation ~15%, and that the contribution from dust 
ingestion is negligible. Despite the large uncertainties associated with 
this comparison between dietary and indoor exposure, this is the first 
indication of the order of magnitude of their relative contribution to the 
human exposure. 
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The worst-case scenario for exposure via dust for adults (1 g/day, 
obtained from the 95th percentile of the CP concentration in air and the 
high dust intake rate) was, however, comparable to the estimated 
median exposure via inhalation, and ~50% of the median exposure. This 
could imply that inhalation and dust ingestion might be significant 
exposure pathways for individual adults with high exposure via the 
indoor environment. 

For toddlers, the estimated median indoor exposure was more equally 
distributed between exposure via inhalation and dust ingestion (0.5 
g/day and 0.6 g/day, respectively). The relative contribution of 
exposure via the diet (3.6 g/day) and inhalation was more similar for 
toddlers, compared to adults. The contribution via dust ingestion, 
however, was more important, accounting for ~15 % of the median 
exposure.  

The worst-case exposure scenario for exposure of toddlers via dust (3.6 
g/day) was, furthermore, almost 7 times higher than the median 
exposure via inhalation, and comparable to the median dietary 
exposure. This indicated a greater importance of dust ingestion as an 
exposure pathway for toddlers compared to adults, as previously shown 
for PBDEs and PCBs (Harrad et al., 2006, Harrad et al., 2010). The 
exposure scenario, furthermore, suggested that for individual toddlers, 
dust ingestion could be the dominant indoor exposure pathway for 
sumCPs.  

Summing up the worst-case exposure scenarios (4.9 g/day for toddlers 
and 3.4 g/day for adults) using an assumed body weight of 10 kg and 
60 kg, respectively, results in a much higher body weight normalized 
indoor exposure estimate for toddlers (0.49 g/day/kg) than for adults 
(0.06 g/day/kg).  

The estimated median exposure of CPs via inhalation (1 g/day for 
adults, and 0.5 g/day for toddlers) was 15-50 times higher than the 
estimated median exposure via inhalation of PCBs (0.06 g/day for 
adults, and 0.011 g/day for toddlers), and three orders of magnitude 
higher than for inhalation of PBDEs (0.82 ng/day for adults, and 0.16 
ng/day for toddlers) (Harrad et al., 2006). The almost two orders of 
magnitude higher median exposure via dust ingestion to CPs (0.02 
g/day for adults, and 0.6 g/day for toddlers) compared to for PBDEs 
(0.36 ng/day for adults, and 4.8 ng/day for toddlers) (Harrad et al., 
2006) further supports the picture of CPs being a major halogenated 
contaminant in the indoor environment.  
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The exposure scenarios in this thesis have a relatively large level of 
uncertainty. Firstly, there are rather large uncertainties associated with 
the analytical methods for CPs as outlined in chapter 2. Results from this 
study and from previous studies (Barber et al., 2005; Kersten and Reich, 
2003) indicated large variations of CP levels in the indoor environment. 
Hence, the exposure scenarios in paper III that are based on measured 
CP concentrations in air from 44 selected apartments can, at the best, be 
assumed representative for the exposure from inhalation for people 
living in Stockholm. A probably even higher uncertainty is associated 
with the estimation of dust exposure due to the limited number of dust 
samples. Nevertheless, despite these limitations, the estimates 
presented in this thesis give a first picture of the order of magnitude of 
the indoor exposure of humans to CPs.  
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5 Estimations of emissions of contaminants to the 
environment 

5.1 Approaches to study the emissions of contaminants  

Different approaches have been used to estimate the release (emissions) 
of contaminants to the environment. One approach is to monitor the 
environmental levels in waste streams such as effluent water from 
waste water treatment plants (WTPs), sewage sludge, stack gases, or 
refuse by analytical measurements. This provides information about the 
concentration of pollutants in the waste streams as a result of emissions 
from the sum of all existing emission sources. Combining this 
concentration in the specific waste stream with knowledge of the size of 
the waste stream provides information about the loads of contaminants 
in the specific waste stream. This approach does not yield knowledge 
about the identity of the emission sources or their relative distribution. 

Another approach is to trace the flow of contaminants from production 
and usage, through the technosphere, and into the environment. 
Substance flow analysis (SFA) is a structured approach for estimating 
flows of a single substance or substance group in a defined geographical 
area. SFA is primarily useful for more complex scenarios, e.g. metals 
with a large number of different sources, both dependent and 
independent from each other (Hedbrant, 2001). 

Following this approach, the inventory of emissions of contaminants 
can, for example, be estimated by combining data of production and/or 
usage volumes with estimated emission factors. The emission factors 
describe to what extent the contaminants are being emitted from the 
product or application to the environment. This approach has been used 
for both intentionally produced (e.g. PCBs), and for unintentionally or 
accidentally formed contaminants (e.g. dioxins). For example, time 
trends of historical emissions of PCBs were modeled on a regional and 
global scale using data on production and usage volumes of PCBs and a 
dynamic mass balance model, which also considered secondary 
emissions from the environment (Breivik et al., 2002; Breivik et al., 
2007).   

In this thesis a combination of approaches was used to study the 
emissions of CPs to Stockholm. The emission scenarios for CPs are 
complex, with different applications, used in a large variety of both 
industrial and consumer oriented branches. In order to identify the 
major emission sources, SFA was used to estimate the emissions of CPs 
to air and water from a number of different specific applications of CPs 
(papers IV). However, the limited availability of production and usage 
data hampered the emission estimates. Measured environmental 
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concentrations were therefore used to produce independent emissions 
estimates for Stockholm in order to evaluate the consistency of the total 
emission estimates derived by the SFA (paper IV).  

5.2 Emission estimates using literature data 

The literature-derived estimates of CP inflow, stock, and emissions to air 
and water, as well as their relative distribution between different 
applications are summarized in Figure 6 (see paper IV for details). The 
estimated emissions to air and water were about 0.5 tonnes of 
sumCPs/year in 2004, with sealants and paints being the major 
emission sources. This study indicates that the emissions are primarily 
dependent on the stock of CPs present in construction materials, i.e. in-
place sealants and painted surfaces (paper IV).  

The estimated outflow of CPs as solid waste (80 tonnes) was five times 
greater than the inflow of CPs to Stockholm. This solid waste thus 
represents a large potential source of environmental CP contamination. 
It is possible that some fraction of the CPs in solid waste may not be 
effectively transported to and isolated in solid waste disposal sites. The 
sources examined in this study emit a total of 0.46 tonnes of CPs into the 
environment per year; it would only take the emission of 0.5 % of the 
annual CP flow to solid waste to double the total quantities of CP 
emitted. The unknown amount of CPs in stock at solid waste disposal 
sites is, furthermore, a large possible emission source that is not 
included in this SFA. Hence, further investigations of the stock and flux 
of CPs to waste, and its resulting emissions are important. 

The emission estimates for Stockholm are considerably lower than the 
emission estimates for Japan (Tsunemi, 2010). SFA was used to estimate 
the sources of SCCP emissions to water and air to the Kanto region, a 
region with high usage of CP containing metal working lubricants (2.6 
ktonnes sumCPs/year, Tsunemi, 2010). The emission of SCCPs to 
surface water and sludge was estimated to be 3.8 tonnes SCCPs/year, 
about 10 times higher than the estimated emissions of CPs to water in 
Stockholm (0.33 tonnes CPs/year). However, the comparison is 
hampered by the fact that the Kanto region is larger than Stockholm, 
both in terms of inhabitants (about 40 million in Kanto versus 1 million 
in Stockholm), and in terms of CP usage. 

 

5.3 Emission estimates using measured environmental data 

Independent estimates of the emissions were performed using available 
measured environmental data (paper IV). SumCP concentrations in air 
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(paper II) and SCCP concentrations in sludge from waste water 
treatment plants (Sternbeck et al., 2003) were used for the estimations. 
The measurement-derived estimates of the total emissions to the 
environment were in reasonable agreement with literature-derived 
estimates (0.79 and 0.46 tonnes/year, respectively, see Figure 6). 
Considering the uncertainties in both methodologies, this was a good 
result. 

The distribution between emissions to air and water did, however, 
differ; the measurement-derived emissions to air (0.75 tonnes CP/year) 
are five times higher than the literature-derived (0.15 tonnes CP/year); 
while the measurement-derived emissions to water (0.036 tonnes 
SCCP/year) are 10 times lower than the literature-derived (0.31 tonnes 
CP/year). The comparison between the estimates of emissions to water 
are, however, hampered by the fact that the measurements only 
included SCCPs, while literature estimates are for the sumCPs. 
Considering that MCCPs are the major CP category used in Sweden, the 
two estimates are likely not as different as they appear.  

 

Figure 6. Estimated flows of chlorinated paraffins in Stockholm in 2004. The 
pie charts for each flow show the proportion of the flow associated with each 
application. Usage data refers to estimates based on usage data obtained 
from the literature. Env. data refers to estimates based on measured levels of 
CPs in air and sewage sludge in Stockholm. 

5.4 Methodological problems and uncertainties 

The SFA in paper IV is based on information from the Swedish 
Chemicals Agency’s Products Register (Swedish Chemicals Agency, 
2006). Data can be extracted from the Products Register in different 
ways (henceforth referred to as different data sources). Even though the 
data collection is performed from the same registry, the outcome varies 
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considerably between the different data sources (paper IV). The results 
from the SFA are highly dependent on which data source is assumed 

most reliable.  

The reliability of the different data sources is, however, difficult to judge, 
due to limited transparency of how the data is extracted from the 
registry. The limited transparency is partly a result of the secrecy 
legislation, different definitions used for the data extractions (e.g. 
different deviations of trades and applications for the data sources), and 
uncertainties in whether export is included or excluded. 

There is a lot of data available within the Products Register, but there is 
inconsistency in the way data is reported to the registry, e.g. many 
different and overlapping CAS numbers, trades, and applications to 
choose between. Information about chemicals in products and goods 
that are not classified as chemical products and goods (e.g. plastic and 
rubber products) is, furthermore, not included within the registry. The 
gathering of representative usage data for substances in “non-chemical” 
products and goods is, therefore, even more difficult. When performing 
SFAs for substances with high usage in “non-chemical” products and 
goods, e.g. CPs and PBDEs, this is an important uncertainty (paper IV; 
Thuresson, 2007). 

Inflow volumes extracted from the Products Register represent inflow 
to Sweden; extrapolation to Stockholm was performed by rescaling 
according to population. This extrapolation is, however, probably less 
suitable for applications that are not distributed according to 
population, but rather geographically. In paper IV this was the case for 
the metal working lubricants that primarily are used within large metal 
industries, often located outside of areas with higher population density. 

Another limitation with the SFA approach is the high dependency on the 
emission factors used. The knowledge about CP emission rates from the 
applications’ different life-stages is very limited. In paper IV the use of 
general emission factors with a “worst-case scenario” (ECB, 2005) 
introduced a risk for overestimation of the emissions.  

The uncertainties in monitoring of the environmental concentrations of 
a substance are mainly associated with uncertainties within the 
analytical method. The uncertainties in the analytical methods for CPs 
are substantially larger compared to other environmental pollutants 
(see chapters 2 & 3). The extrapolation of measured atmospheric CP 
concentrations to estimated emissions to air is, furthermore associated 
with uncertainties (paper IV). Estimates of emissions with this 
approach have more commonly been performed by measurements of 
flows rather than measurements of concentrations. Another limitation 
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of this approach is, furthermore, the fact that no information about the 
identity of the emission sources can be obtained. 

5.5 Summary of emissions of CPs to the environment 

The different approaches used in this thesis to study the emissions of 
CPs to the environment all have their advantages and disadvantages, 
and they are applied to give answers to somewhat different questions. 
The emission factor-based approach is useful when trying to identify 
important emission sources, which is valuable information for decision-
making and management. The uncertainties are, however, large and the 
results are dependent on extensive data on usage volumes of 
contaminants over time, data that are often not available.  

Measurements of the environmental concentrations, on the other hand, 
give more accurate results on the actual concentration of the release to 
the environment (if the samples can be considered representative, and 
the analytical methods are reliable), but often less information about the 
sources of these environmental concentrations. The combination of the 
two approaches used in this thesis was found useful, where the 
measurements can be used to evaluate the consistency of the emission 
estimates from the SFA, which is essential when usage data are limited.  

The results from paper IV indicate that the environmental 
concentrations of sumCPs in Stockholm, a city without any known 
specific industrial usage of these chemicals, are dependent on many 
small diffusive sources based on air-surface partitioning, rather than a 
few large emission sources. These diffusive sources in turn are a result 
of years of heavy usage that has built up a large stock of CPs, primarily 
in construction materials. The indicated major sources, paints and 
sealants (primarily designed for outdoor usage), could explain the 
difference in ambient air concentrations between urban Stockholm and 
the rural Aspvreten observed in paper II. The temperature dependency 
observed in paper II, furthermore, supports the hypothesis from paper 
IV that air-surface partitioning mainly drives the emissions to the 
atmosphere.  

On the other hand, the predominance of outdoor sources hypothesized 
above is inconsistent with the elevated CP concentrations in indoor air 
(paper III) compared to ambient air (paper II). This inconsistency 
could be explained by the lack of data for “non-chemical” products and 
goods (applications often used indoors) in the SFA estimates. 

Increased knowledge of the amounts of CPs incorporated in “non-
chemical” products and goods is necessary. The world wide open 
market, however, makes the tracing of products difficult, and new 
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information channels and/or registration obligations from producers 
are necessary to increase the traceability of chemicals in products and 
goods. To get a better picture of the fate of CPs and similar chemicals in 
the society of today, increased knowledge in this area is essential.  

The possibility to gain more knowledge about the usage of chemicals 
within “non-chemical” products and goods has increased since the 
implementation of the new European chemicals policy, REACH, in 2007. 
The regulations are, however, still far more extensive for chemical 
products and goods than for the “non-chemicals”. 

Many different diffusive emission sources are harder to treat than a few 
large emission sources. Even if the usage of CPs in new products would 
cease, large quantities of CPs that are already in the technosphere will 
remain there for a long time, and their emissions are likely to continue 
for decades. A large part of today’s stock will, in the future, end up as 
waste. Proper handling of these construction wastes will be important 
to reduce the future emissions to the environment.  
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6 Concluding remarks 

The overall aim of this thesis was to increase the limited knowledge of 
the sources of CPs to the environment, their presence in the 
environment, in particular in ambient air and in the indoor 
environment, and the resulting human exposure.  

The identities of the emission sources to the city of Stockholm were 
studied using substance flow analysis (paper IV). The estimated major 
sources to air and water were emissions from the large stock of CPs 
present in in-place sealants and paints. Further progress in estimating 
emissions of CPs to the environment requires more efforts to measure 
CP concentrations in important chemical flow streams such as sewage 
sludge, air, urban soil, waste and waste site leachate.  

The presence of CPs in ambient air and in the indoor environment in 
Stockholm, Sweden was studied. Elevated sumCP concentrations 
compared to PCBs (ambient air, paper II), and to PBDEs (indoor air, 
paper III) were observed in this thesis. These observations support the 
picture of CPs being an environmental pollutant present in very high 
concentrations compared to other persistent organic pollutants. Due to 
the high bioaccumulation potential and low biotransformation rates of 
CPs, there is a need for a qualified risk assessment of this chemical 
group. Increased knowledge about CP concentrations in the 
environmental media, to which humans and other biota are exposed, is 
therefore needed.  

The human exposure to CPs via the indoor environment (indoor air and 
dust) was, furthermore, studied (paper III). Comparison of the 
exposure estimates to available dietary intake estimates indicates that 
the indoor exposure pathways are not negligible. To better assess the 
human exposure to CPs, the dietary exposure pathway needs to be 
better characterized, considering both the variability in contamination 
levels and the influence of dietary preferences. Increased knowledge of 
the occurrence of CPs in indoor air and dust, including other countries is 
also required to be able to draw conclusions regarding the overall 
human exposure to CPs.  

All future studies aiming at increasing our knowledge of the sources, 
concentrations, fate, and effects of CPs in the environment require 
improvements in the quality of CP analytical methods. There is a need 
for reliable reference materials and reference standards in order to be 
able to compare measured environmental data from different studies. 
The inclusion of CPs in the European regulatory programs, e.g. the 
Water Framework Directive (European Parliament and Council, 2001), 
furthermore, greatly increases the demand for both reliable and 
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affordable environmental analysis of CPs. Further development of new 
and fast analytical methods suitable for screening and monitoring of CPs 
(e.g. carbon skeleton-GCMS and EI-MS/MS) would increase the 
possibilities to enhance our knowledge of the occurrence of CPs in 
different environmental compartments. GCxGC-ECNI-TOF-MS opens up 
the possibility to study the congener group patterns in environmental 
samples in more detail than has previously been possible.  

At the same time as the demand for large amounts of reliable 
monitoring data on CPs is high, the demand for knowledge of the 
congener group patterns also is high. The large variation in chemical 
and physical properties between different CP congeners implies that the 
environmental fate between the different congener groups may vary as 
well. Hence, to be able to draw conclusions about the fate and effects of 
CPs, the possibility to study congener group patterns is important. 
Additionally, current regulations only include SCCPs, and thus data with 
specified SCCP concentrations is preferred from the authorities’ 
perspective. Hence methods that can quantify CP congener groups or at 
least CP product classes separately will be important in the future.  
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