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ABSTRACT 

Human exposure to elevated levels of polycyclic aromatic hydrocarbons (PAHs) and trace 

organic compounds (e.g. PCB, OCP, PBDE) can be related to negative health effects. This 

raises demands of exposure measurements to be performed. Passive air samplers (PAS) are 

simple and cheap sampling options that may be useful tools for exposure screening of large 

populations. They can also enable frequent monitoring. The aim of this thesis was to evaluate 

and increase the understanding of PAS methods to sample and monitor PAHs and some trace 

organic compounds in occupational and residential air. 

 A polyurethane foam (PUF) based PAS was considered having the best potential and was 

chosen for the evaluation. Two designs of this PUF-PAS were evaluated: one for stationary 

sampling shaped as a disk and one for personal sampling shaped as a cylinder (“mini-PUF”). 

 The results presented show that PUF-PAS disks and mini-PUFs provide detectable levels 

for most of the studied compounds under typical occupational and residential air 

concentrations. They also showed potential to detect spatial differences in concentrations 

between and within sampling sites as well as inside and outside homes. The novel use of the 

mini-PUF was successful both as stationary and personal sampler. Moreover, the precision of 

gas phase PAHs in replicates of PUF-PAS disks and mini-PUFs were comparable to precision 

for active samplers while particle-associated PAHs showed more variable results. Results 

from personally deployed mini-PUFs were significantly correlated to personal active samplers 

for the studied compounds and the accuracy was high for most compounds.  

 Sampling rates (RS) for 16 individual PAHs ranged from 1 to 10 m
3
 day

-1
 (0.7-7 L min

-1
) 

in PUF-PAS disks, from 0.4 to 3.3 m
3
 day

-1
 (0.3-2.3 L min

-1
) in mini-PUFs deployed for two 

weeks as well as 8 h. No significant differences in RS were found for PAHs in the gas phase 

and PAHs associated to particles. The RS was higher for the mini-PUF compared to the PUF-

PAS disk when correcting for their surface areas indicating a more efficient uptake in the 

mini-PUF design. Somewhat higher RS was also found for gas phase PAHs for the 8 h 

exposure compared to two weeks exposure. 

 In conclusion, this thesis demonstrates that PUF-PAS disks can be a useful tool for 

screening of PAH concentrations in occupational environments. The mini-PUF has a good 

potential to be used as a personal sampler for PAHs in occupational environments but requires 

further validation. 

Key words: passive air sampler, PUF, PAH, POP, occupational environment, residential 

environment, evaluation, exposure, stationary sampling, personal sampling 
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1. Introduction 
Air pollution comprises a wide range of pollutants, ranging from gases to particulate matter (PM), 

which are harmful for humans and the environment. Air pollutants exist around humans in all 

types of environments: outdoors, indoors (e.g. residential and public), and in workplaces. There is 

evidence that air pollution can have adverse health effects on humans 
1-5

. However, some air 

pollutants are considered more harmful to human health than others, e.g. PM (smaller than 2.5 

µm), and some organic compounds 
6-9

.  

Air pollutants may either be emitted directly into air from specific sources (primary air 

pollutants) or be formed in the atmosphere by chemical reactions (secondary air pollutants). 

Primary air pollutants can have both natural and anthropogenic sources but the anthropogenic 

sources (e.g. energy production and transportation) make the largest contributions. Most sources 

are found outdoors and in workplaces but indoor residential environments may also contain 

specific sources and may as well be affected by infiltration of outdoor air. Due to the negative 

effects of air pollutants it is important to study the distribution of specific substances in different 

environments and around humans. This requires monitoring of air concentrations which in turn 

requires suitable and user-friendly air samplers. 

 The main purpose of this thesis is to increase the knowledge regarding possibilities to sample 

and monitor polycyclic aromatic hydrocarbons (PAHs) and some trace organic compounds in 

occupational and residential air with a passive sampling technique. In the works described in this 

thesis, the use of polyurethane foam (PUF) as a passive air sampler (PAS) was evaluated with the 

important objective of developing a personal PAS to provide an alternative personal sampling 

technique to the conventionally used active volume samplers for personal exposure assessments.  

 Paper I is an extensive review of existing PAS which identifies the needs, requirements and 

potential applications of a PAS for use in occupational and indoor environments. Paper II 

describes studies to test the hypothesis that PUF-PAS disks can be a tool to detect spatial 

differences in concentrations and detect hot spots for PAHs and some trace organic compounds 

(e.g. PCB, PBDE, and OCP) in residential air. Paper III extended this approach to PAHs in an 

occupational environment and with a shorter exposure time than has previously been used for this 

type of PAS. The influence of air flow on sampling rates in this environment was studied using 

different protective chambers and depuration compounds for the PUF-PAS disks. Paper IV 

tested a new smaller design of the PUF-PAS (i.e. mini-PUF) as a personal sampler under 

exposure times of 2 weeks and 8 hours. PUF-PAS was compared to conventional active samplers 

in Paper III and IV and sampling rates for individual PAHs in the two PUF-PAS designs were 

determined in the two papers. 
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2. Importance of monitoring air pollutants 

2.1 Human exposure  

Humans come into contact with air pollutants during everyday basic activities such as breathing, 

drinking, eating, touching etc. The contact between a person and a pollutant is defined as 

exposure 
10-12

. Humans are exposed to different kinds and amounts of air pollutants when they 

move from place to place during their daily life. Usually an exposure does not cause any severe 

effect on human’s health but it may also be associated with a risk of negative health effects, 

especially on sensitive groups such as the elderly, children and humans with certain diseases, 

depending on the concentration in each environments and the time they spend there 
12, 13

. The 

uptake in humans caused by exposure to a pollutant is influenced by:  

 the route of exposure – does exposure occur through inhalation, ingestion or skin contact? 

 the magnitude of exposure – what is the concentration of the pollutant? 

 the duration of exposure – for how long does the exposure occur? 

 the frequency of exposure – how often does the exposure occur? 

The route of exposure may differ depending on the specific air pollutant and where the exposure 

occurs (e.g. occupational, residential or outdoor environment). Inhalation as a route of exposure 

has traditionally been the main focus in occupational and environmental medicine. The inhaled 

pollutants can either stay in the lungs or be absorbed through the lungs into the systemic 

circulation and can produce both acute and chronic effects locally in the lungs or in other parts of 

the body.  

 Since exposure can occur in all environments it is common to separate the exposure 

conditions into occupational exposure and environmental exposure (including both indoor 

(residential) and outdoor environments). Exposure to pollutants at work can be much higher than 

that experienced in non-working (environmental) conditions and links between occupational 

exposure and negative health effects are known. The duration of environmental exposures is, 

however, usually much greater than occupational exposure. An example is indoor residential 

environments where the air concentrations may be lower than in other environments but since 

most humans spend the majority of their lives indoors (>80%) this can still contribute to an 

important part of the total exposure 
14, 15

. Despite this, the knowledge of health risks associated to 

lifelong exposure to indoor air pollutants is still limited. The importance of indoor residential 

environments are highlighted by a recent European project aiming at indentifying and monitor 

specific indoor-originated air pollutants, assessing health risks of indoor air pollutants at current 

air concentrations in Europe, and providing suggestions on potential exposure limits 
16

. 
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2.2 Exposure assessment 

Exposure assessment is the process involved in estimating/measuring exposure, i.e. identifying 

and quantifying the exposure that may cause health effects. Important for exposure assessments is 

also identifying sources emitting harmful pollutants, estimating the numbers of persons exposed, 

identifying high-risk groups (highly exposed or more susceptible to effects), and highlighting 

where control priorities should be placed. It is therefore important to obtain exposure data to 

evaluate present exposure levels and to detect populations with exposure to high concentrations 

of air pollutants. This may be done by performing measurements of the actual air concentrations 

by air samplings or by using computer modelling scenarios. The best way, however, is still to 

measure the exposure in terms of magnitude by conducting air sampling. This can be done with i) 

microenvironmental samplers (e.g. samplers in residences, workplaces or outdoor environments); 

ii) personal samplers (e.g. samplers worn by); or iii) biological measurements in human tissues 

(e.g. blood, urine, hair etc) 
11, 13

. This kind of exposure measurements in workplaces and homes 

are important tools for occupational and environmental hygienists. Development of simple and 

cost-effective sampling tools can contribute to enable more and better measurements to be 

conducted as well as making the work of occupational and environmental hygienists easier and 

more practical.  

 To protect workers from exposure to high levels of pollutants in occupational environments 

and the associated risks, threshold limit values (occupational exposure limits (OEL)) are set for 

hazardous pollutants 
17, 18

. Simple sampling tools can facilitate frequent monitoring of the levels 

in a workplace in compliance with the OEL. Moreover, air quality guidelines are set to protect the 

general population from high exposure to air pollutants in outdoor environments 
15

. 
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3. Air pollutants studied  
There is a wide range of air pollutants but the work underlying this thesis is focused on organic 

aromatic compounds: mainly polycyclic aromatic hydrocarbons (PAHs), but also trace organic 

compounds like polychlorinated biphenyls (PCBs), organochlorine pesticides (OCPs), and 

brominated diphenyl ethers (PBDEs). They are all persistent and widely distributed in the 

environment, accumulated in humans and other organisms, and have known or potential health 

effects on humans. 

3.1 Polycyclic aromatic hydrocarbons (PAHs)  

Polycyclic aromatic hydrocarbons (PAHs) are a large group of organic compounds that are 

emitted to the atmosphere as by-products from incomplete combustion of organic materials. It 

consists of hundreds of individual substances with different physico-chemical properties. The 

United States Environmental Protection Agency (US EPA) has classified 16 of these as priority 

PAHs (Table 1) to be targeted in for example air monitoring. The molecular structure of 

individual PAHs consists of different numbers of benzene rings (generally two to six rings) which 

are fused together in different arrangements (linear, angular or cluster) (Figure 1).  

 

Figure 1. Molecular structure of a selection of PAH compounds with 3-5 rings. 

 PAHs are ubiquitous in the environment and emission sources are found both in indoor, 

outdoor, and occupational environments. Natural sources of PAHs include spontaneous forest 

fires and volcanic activity but the global PAH emissions are dominated by anthropogenic 

activities (around 90%). The anthropogenic sources are mainly associated with combustion of 

organic materials for energy supply (e.g. coal, oil, gas, wood) in traffic, industrial applications, 

residential heating and power generation, and with combustion for waste disposal (e.g. waste 

incineration) 
15, 19

. Sources for emissions in residential air are smoking, cooking, and heating. 

Occupational sources are found in industrial sites (e.g. iron, coke/coal, aluminium and alloy 

factories) and in traffic associated workplaces (e.g. transportation, paving). The levels of PAHs in 

occupational environments with PAH sources (e.g. ng-µg m
-3

) can be one to three orders of 

magnitude higher than in indoor and outdoor environments (e.g. pg-ng m
-3

).  

Phenanthrene Fluoranthene Benzo(a)pyrene
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 PAHs are semivolatile compounds which mean that they partition between the gas and 

particle phases in air. This partitioning is dependent on the number of benzene rings in the 

molecular structure, which in turn is an important factor for the range of volatility among the 

individual PAHs. In general, the fewer rings the more volatile is the PAH compounds. “Small” 

PAHs (2 to 3 rings) are almost exclusively found in the gas phase (>90%) in ambient air while 

PAHs with 5 or more rings are less volatile and mainly or entirely found associated to particles in 

air (Table 4, page 18). On a mass basis, most of the PAHs are present in the gas phase (typically 

>80%). This partitioning is also influenced by temperature, relative humidity, and concentrations 

of the PAHs, total suspended particles and the chemical composition of the particles in the air 

(e.g. black carbon, soot). The partitioning influences the PAHs’ behaviour in air (e.g. motion, 

settling etc) as well as the collection in active and passive sampling techniques.  

Table 1. Basic information of 16 PAHs classified as priority pollutants by US EPA. 

Full name Abbreviation Amount of 

benzene rings 

IARC classification 

on carcinogenicity* 

Naphthalene Nap 2 Group 2B 

Acenaphthylene Acy 3 Not classified 

Acenaphthene Ace 3 Group 3 

Fluorene Flu 3 Group 3 

Phenanthrene Phe 3 Group 3 

Anthracene Ant 3 Group 3 

Fluoranthene Fla 4 Group 3 

Pyrene Pyr 4 Group 3 

Benzo[a]anthracene BaA 4 Group 2B 

Chrysene Chr 4 Group 2B 

Benzo[b]fluoranthene BbF 5 Group 2B 

Benzo[k]fluoranthene BkF 5 Group 2B 

Benzo[a]pyrene B(a)P 5 Group 1 

Indeno[1,2,3-c,d]pyrene Ind 6 Group 2B 

Dibenz[a,h]anthracene DaA 6 Group 2A 

Benzo[g,h,i]perylene BgP 6 Group 3 

* The IARC classification: Group 1: carcinogenic, Group 2A: probably carcinogenic, Group 2B: 

possibly carcinogenic, Group 3: noncarcinogenic 
22

. 

 A high exposure to PAHs is associated with an increased risk of developing cancer in the 

lungs, urinary tract and skin 
6, 7, 20, 21

. Individual PAHs (i.e. benzo(a)pyrene (B(a)P)) and specific 

PAH mixtures have been classified as carcinogenic to humans by the International Agency for 

Research on Cancer (IARC) (Table 1) 
22

. B(a)P is the most carcinogenic and commonly studied 

PAH compound. PAHs tend to act as carcinogens at the site where they enter the body due to 

slow absorption through most epithelia. However, they do not bioaccumulate to the same extent 
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as other hydrophobic/lipophilic organic compounds, (e.g. PCBs) since they more easily are 

transformed to more hydrophilic compounds and thereby excreted from the body. In addition to 

their potential carcinogenic effects, all PAHs may also be associated with noncarcinogenic 

effects, e.g. related to pulmonary, gastrointestinal, renal, and dermatological systems 
15

.   

3.2 Persistent organic pollutants (POPs) 

Some of the trace organic compounds studied in this thesis are classified as persistent organic 

pollutants (POPs) and are included in the Stockholm Convention on POPs (Table 2) while others 

are considered as potential POPs. A POP shows, by definition, four specific properties 
23

: 

 persistence in the environment; 

 long-range atmospheric transport (LRAT) potential; 

 accumulation in fatty tissues of living organisms including humans; 

 toxicity to both humans and wildlife. 

The classified compounds generally also show low solubility in water (hydrophobic), high 

solubility in fat (lipophilic), and semivolatile characteristics. Due to these properties, POPs are 

widely distributed over large regions around the globe (including those where POPs have never 

been used) and present in all environmental compartments 
24

. Humans are exposed to POPs 

through diet or inhalation and inhalation may occur in both occupational, indoor residential and 

outdoor environments. Exposure to POPs, either acute or chronic, can be associated with a range 

of adverse health effects, including impaired reproduction, endocrine and immune dysfunction, 

and neurobehavioral impairment. Many of the substances are considered as possible human 

carcinogens by the IARC 
25-27

. 

 There is an obvious need to monitor POP compounds just due to their properties but this 

need is also enforced by the Stockholm Convention on POPs (2001). This international treaty is 

designed at restricting, controlling and ultimately eliminating the production, use, release and 

storage of chemicals classified as POPs in order to protect human health and the environment. It 

entered into force and became international law in May 2004. Initially twelve compounds were 

classified as POPs (“the dirty dozen”, Table 2) 
23

. Additionally nine compounds were added as 

POPs to the list in 2009 and will come into force in 2010 (Table 2) 
23

.  
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Table 2. Pollutants classified as POPs by Stockholm Convention on POPs and their respective 

action of treaty 
23

. 

 

Currently, over 160 countries around the world have signed to adopt the Stockholm Convention 

on POPs. Each country have to take measures to prohibit production, use, import and export of 

the POPs in Annex A; restrict production and use of POPs in Annex B; and reduce the release of 

unintentionally produced POPs in Annex C (Table 2). Moreover, the countries must also conduct 

a monitoring programme to identify the sources, measure continuous levels of POPs and 

demonstrate the reduction of POPs. However, it is problematic to fully implement the Stockholm 

Convention in all the signatory countries. The problems are due to difficulties in controlling and 

eliminating old stocks and in some cases difficulties in finding and introducing substitute 

products.  

3.2.1. Polychlorinated biphenyls (PCBs)  

Polychlorinated biphenyls (PCBs) are industrially produced organohalogen compounds that 

comprise 209 possible congeners. The industrial products were manufactured as a number of 

Initial 12 POPs, 2001 Additional POPs, 2009-2010 

Name Action (Annex) Name Action (Annex) 

Aldrin Elimination (A) α-Hexachlorocyclohexane 

(α-HCH) 

Elimination (A) 

Chlordane Elimination (A) β-Hexachlorocyclohexane 

(β -HCH) 

Elimination (A) 

Dieldrin Elimination (A) Chlordecone Elimination (A) 

Endrin Elimination (A) Hexabromobiphenyl Elimination (A) 

Heptachlor Elimination (A) Hexabromodiphenyl ether 

heptabromodiphenyl ether 

Elimination (A) 

Hexachlorobenzene 

(HCB) 

Elimination (A),  

Reduction of 

unintentional releases (C) 

Lindane (γ-HCH) Elimination (A) 

Mirex Elimination (A) Pentachlorobenzene Elimination (A) 

Toxaphene Elimination (A) Tetrabromodiphenyl ether 

pentabromodiphenyl ether 

Elimination (A) 

Polychlorinated 

biphenyls (PCBs) 

Elimination (A),  

Reduction of 

unintentional releases (C) 

Perfluorooctanesulfonic 

acid (PFOS) 

perfluorooctanesulfonyl 

fluoride (PFOSF) 

Restriction (B) 

DDT Restriction (B)   

Dioxins Reduction of 

unintentional releases (C) 
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commercial mixtures, each differing in the relative abundance (pattern) of specific PCB 

congeners. Although, 209 different PCB congeners are possible, only about half of this number 

has been found in the commercial mixtures. The molecular structure consists of a biphenyl (two 

connected benzene rings) and 1 to 10 chlorine atoms attached to the biphenyl in various numbers 

and positions creating the different individual congeners (Figure 2). 

 

 Figure 2. Molecular structure of PCBs. The number of chlorine can vary between 1 and 10. 

  The industrial production of PCBs started in 1929. The commercial PCB mixtures were used 

in large quantities in a diverse range of industrial and indoor (e.g. residential and offices) 

applications including; i) open applications such as insulator, softener, flame retardant, 

plasticizer, and lubricant in materials and products, sealants, paints, inks and coatings, and ii) 

closed applications such as insulation fluids in electrical transformers, capacitors, and electrical 

motors. Production was banned in the end of 1970s but despite this PCBs still remain in many 

products and materials (especially in open applications) that were produced before the ban but 

have not yet been removed 
28

. During the years of production, PCBs entered the environment and 

exposure occurred during manufacturing and use. Important sources today are found in indoor 

environments where most of the applications that were used still remain. PCBs are emitted to the 

indoor air through volatilization from the materials and products (primary source). This may 

cause elevated concentrations in indoor environments (ng-µg m
-3

) compared to background/rural 

outdoor concentrations (pg m
-3

) (Paper II) 
29-33

. Occupational exposure today is mainly 

associated with the removal of PCBs from existing applications such as sealants in windows. 

Emissions to outdoor air are mainly due to evaporation from secondary sources such as 

previously emitted PCBs residues in sinks (e.g. soils or water bodies), or point sources like old 

industrial areas and ventilation of contaminated indoor air to the outside. Outdoor air 

concentrations decrease with distance from highly populated areas (gradient urban to rural) 

(Paper II) 
34-36

. 

 PCBs show the four typical properties of POPs. The properties which are favoured in 

applications – persistent (chemically and thermally stable, low degree of reactivity), non-

flammable, lipophilic, and a high boiling point, low water solubility, and poor conduction of heat 

Polychlorinated biphenyl (PCB)
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and electricity – are at the same time the ones that cause greatest environmental and health risks. 

PCBs are semivolatile but are mainly found in the gas phase (typically > 95%). The more 

chlorine atoms on the biphenyl the more stable and resistant, the more lipophilic, the higher the 

flash point and thereby the less combustible is the congener.  

The toxicity of a PCB congener depends on the number and positions of the chlorine atoms. 

PCBs with 6 chlorine atoms attach to its structure show a higher degree of bioaccumulation than 

PCBs with both less and more chlorines. Congeners with the chlorine atoms positioned in a way 

that PCBs can adopt a planar or flat configuration shows a higher toxicity than a non-flat 

configuration. PCBs can cause a number of serious non-carcinogenic health effects on the 

reproductive, endocrine, immune, and nervous systems 
37

. IARC has classified them as probably 

carcinogenic to humans (Group 2A) 
25

. Acute effects due to occupational exposure are chloracne, 

headaches, and dizziness.  

 3.2.2. Organochlorine pesticides (OCPs)  

Organochlorine pesticides (OCPs) comprise a large group of industrially produced chemicals 

which have been widely used in both rural and urban areas. They have mostly been used as 

insecticides to protect crops, wood and/or humans from unwanted insects and pests. Insecticides 

are applied by aerial spraying by hand-held or vehicle-mounted air sprayers and power dusters. 

They can be released to the atmosphere during application, by volatilization from soil and 

vegetation after application or by revolatilization from secondary residues in soil. Occupational 

exposure occurs in the mixing and loading of equipment and in the spraying and application of 

the insecticides. Important exposure routes are also production and near-field exposure during 

application as well as indoor exposure after application in residences. Nowadays, most of the 

OCPs are banned in industrialized countries but some are still in use in tropical and sub-tropical 

countries. All of the OCPs are semivolatile but are mainly found in the gas phase in air (>90%). 

They contain chlorine and generally the higher the number of chlorine atoms, the more resistant 

they are to breakdown. Exposure during spraying and application of nonarsenical insecticides are 

classified as probably carcinogenic to humans (Group 2A) (IARC) 
26

. They are also associated 

with other negative health effects (e.g. neurotoxicity).  

 This thesis considers a selection of the OCPs i.e. chlordanes (CHLs), 

hexachlorocyclohexanes (HCHs), dichlorodiphenyltrichloroethane (DDTs), and 

hexachlorobenzenes (HCBs).  
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3.2.2.1 Chlordanes 

Chlordanes are industrially produced as a technical chlordane mixture which contains ~140 

components. The major components of the mixture are trans-chlordane (t-CHL, 13%) and cis-

chlordane (c-CHL, 11%). t-CHL and c-CHL have two chlorine atoms on ring 1 (Figure 3). The 

chlordane mixture was used as a broad spectrum insecticide from 1940s to 1960s with mainly 

non-agricultural use (e.g. in residential environments to control termites). Human exposure 

mainly occurs indoors during and after application for termite control and the concentrations are 

generally higher in indoor than outdoor air (Paper II) 
38-40

. t-CHL degrade faster than c-CHL in 

the environment and the ratio of t-CHL and c-CHL can be used to indicate the age of 

contamination; generally a ratio smaller than 1 indicate an aged chlordane source. 

  

Figure 3. Molecular structure of cis- and trans-chlordane. 

 Chlordane is classified as possibly carcinogen to humans (Group 2B) by IARC 
26, 27

. 

Exposure may also cause endocrine effects to humans as well as birth defects and mutations. 

3.2.2.2 Hexachlorocyclohexanes (HCHs) 

Hexachlorocyclohexanes (HCHs) are industrially produced as technical-grade HCH mixtures 

which mainly consist of five HCH-isomers: α-HCH (60-70%), β-HCH (5-12%), γ-HCH (10-

15%), δ-HCH (6-10%), and ε-HCH (3-4%). The HCH molecule consists of a cyclohexane ring 

with 6 chlorine atoms. The isomers differ in the direction of the chlorine atoms (Figure 4). The γ-

HCH isomer exhibits the strongest insecticidal properties and a purified form of the technical 

HCH mixture (Lindane) with >99% γ-HCH is therefore also commonly produced. The HCH-

mixture and Lindane have been used as insecticides for agricultural use and as a pharmaceutical 

treatment of lice and scabies on humans. The technical mixture has been banned in many 

countries since 1970-1980s while Lindane has been used until recently when banned and 

restricted.  

cis-chlordane trans-chlordane
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Figure 4. Molecular structure of the two most common HCH isomers. 

 Most exposure situations are related to the agricultural use, e.g. chronically occupational 

exposure of farmers. γ-HCH volatilizes from sites of applications and may be transformed to α-

HCH in the atmosphere. The ratio of α-HCH and γ-HCH can therefore be used as an indication of 

the age of the contaminant or a long-range atmospheric transport. A low α-HCH /γ-HCH ratio 

indicates fresh use of Lindane 
41, 42

. 

α-HCH exhibits highest carcinogenic activity and has been classified together with technical-

grade HCH as possibly carcinogenic to humans (Group 2B) 
43

. Chronic exposure to HCHs is also 

linked to immunosuppression and neurological problems.  

3.2.2.3 Dichlorodiphenyltrichloroethane (DDT)  

Dichlorodiphenyltrichloroethane (DDT) is industrially produced as a technical-grade DDT 

mixture containing two major active ingredients: p,p’-DDT (70%) and o,p’-DDT (15%) (Figure 

5) of which p,p’-DDT has the main insecticidal property. The mixture was widely used as an 

insecticide for agricultural and public health purpose to control harmful insects, e.g. malaria 

control, from 1940s to 1970s. Human exposure may occur during its production and application, 

by working in occupational settings or living in proximity to DDT manufacturing and application 

sites, or as a result of persistent residual levels in food, surface water and sediments. Its use is 

banned in most countries but continuous applications occur in several African, Asian and 

Latin/South American countries. It is an exception in the Stockholm Convention and is allowed 

for continuous use in disease vector control provided that no locally safe, effective, and 

affordable alternatives are available 
23

. DDT is both chemically and biochemically stable but is 

degraded in animals, insects, microorganisms and plants to DDE and/or DDD. The ratio of p,p’-

DDT and p,p’-DDE can be used as an indicator of fresh or old sources where p,p’-DDT/p,p’-

DDE <1 indicate aged DDT while p,p’-DDT/p,p’-DDE >1 indicate fresh inputs. DDT is 

classified as possibly carcinogenic to humans (Group 2B) 
26

. High exposure may impair 

reproduction and/or development in animals. A high exposure and elevated body burden of DDT 

α-HCH γ-HCH
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and/or DDE is also associated with the prevalence of diabetes, adversely affected fertility and 

modulated human immune response 
37, 44, 45

. 

      

Figure 5. Molecular structure of DDT and the degrading substances DDE and DDD. 

3.2.2.4 Hexachlorobenzene (HCB) 

Hexachlorobenzene (HCB) is industrially produced as a fungicide and wood-preserving agent. It 

is also produced by incomplete combustion in municipal waste incinerators and as an undesired 

by-product and contaminant in several chemical processes. Its molecular structure is similar to 

HCHs but it consists of a benzene ring instead of a cyclohexane ring which makes the structure 

more stable (Figure 6). Only one isomer exists. HCBs produced as fungicides were used for 

agricultural use from the 1930s until it was banned in most countries from the 1970s. The main 

sources of HCBs are now combustion processes but current emissions are 70-95% lower than the 

emissions in 1970s 
46

. HCB is persistent in the environment but does not accumulate to the same 

extent as other POPs due to a higher volatility. Thus, HCB move more easily around the 

environment.  

HCBs are classified as possibly carcinogenic to humans by IARC (Group 2B) 
43

. 

 

Figure 6. Molecular structure of HCB. 

3.2.3. Polybrominated diphenyl ethers (PBDEs)  

Polybrominated diphenyl ethers (PBDEs) are a group of industrially produced organohalogen 

compounds that theoretically comprises 209 congeners. The PBDEs have been manufactured as 

three commercial mixtures called Penta-BDE, Octa-BDE and Deca-BDE. Each mixture has 

different degrees of bromination (Table 3). The molecular structure of PBDEs is similar to that of 

PCBs but consists of two benzene rings which are bound together by an oxygen atom and 1 to 10 

DDT DDD DDE

http://en.wikipedia.org/wiki/File:Hexachlorobenzene.png
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bromine atoms attached to the rings in various numbers and positions creating the individual 

congeners (Figure 7) 
47, 48

.  

 

 

Figure 7. Molecular structure of PBDEs. 

 PBDEs have been manufactured and used since the 1970s as flame retardants in various 

domestic and industrial materials to reduce the risk of fire. The main uses are indoors – in homes, 

workplaces, and vehicle interiors – for a range of applications like plastic, textile and 

polyurethane foam materials in furniture, electronics, carpets, curtains, wire insulation etc. The 

production and use of Penta- and Octa-BDE have been banned in most industrialized countries 

during the last decade while deca-BDE has not been subject to the same restrictions. The Deca-

BDE mixture is therefore nowadays the most produced flame retardant accounting for >80% of 

the global market. Despite the ban on production, PBDEs will remain in many indoor products 

and materials for many years 
47, 48

. They can enter the environment through emissions during 

manufacture, disposal, and recycling processes but the main sources today are generally found in 

indoor environments including both residential and occupational (workplace/offices). The PBDEs 

are emitted to indoor air through volatilization or formation of particles from the treated materials 

during use. As a consequence, the concentrations of PBDEs are generally higher indoors than 

outdoors (pg m
-3

) (Paper II) but the highest levels are associated with some specific occupational 

environments (ng m
-3

)
49-52

. Concentrations generally follow an urban-rural gradient due to 

sources associated with industrial and urban centres (Paper II) 
35, 53, 54

. PBDEs are semivolatile 

and are found both in the gas phase and associated to particles in air depending on individual 

congeners’ physico-chemical properties. The volatility decrease with increasing bromine number 

and consequently tri-BDEs are almost exclusively found in the gas phase (96-98%) while deca-

BDEs mainly are associated to particles (>99%). They are similar in their physico-chemical 

properties such as hydrophobicity, lipophilicity, thermal stability, persistence, and 

bioaccumulation to PCBs. They are therefore found widespread in the global environment and the 

tetra- to hepta-BDEs are classified as POP compounds and added to the Stockholm convention 

list in 2009/2010 (Table 2) 
23

.  

Polybrominated diphenyl ether (PBDE)
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 Elevated levels of PBDEs have been found in human tissues (including breast milk). They 

seem to show less toxicity than PCBs and their effects on human health are not yet clear. Animal 

studies suggest effects on reproduction/development, neurotoxicity, behavioural disturbances, 

liver effects and endocrine disruptors. Some studies have also linked them with effects on 

humans: endocrine disruptors with the potential to impact development systems in the body, alter 

hormone levels in men, reproductive and neurological risks at higher concentrations 
55-58

.  

 Table 3. Commercial mixtures of PBDEs with their congener content in %. 

Commercial 

mixture 

Congener BDE % 

Tetra* Penta* Hexa* Hepta* Octa Nona Deca 

Penta-BDE 24-38 50-60 4-8     

Octa-BDE   10-12 44 31-35 10-11 <1 

Deca-BDE      <3 97-98 

*Classified as POPs and a part of the Stockholm convention. 

 

3.3 Physico-chemical properties of PAHs and POPs 

The physico-chemical properties of an air pollutant influence its behaviour and thereby its: 

 distribution and fate in the environment; 

 exposure scenarios and potential health effects to humans;  

 how they are sampled/collected by an active or passive sampling medium.  

Key properties are solubility in water, vapour pressure/volatility, octanol-water and octanol-air 

partition coefficient (KOW and KOA), and persistence (e.g. susceptibility for degradation or 

transformation). Important properties for passive sampling in air are vapour pressure/volatility, 

octanol-air equilibrium partition coefficient (KOA), and gas/particle distribution. Published 

information on the physico-chemical properties for PAHs, and trace organic compounds is 

limited but Table 4 summarize the existing knowledge 
59-66

. 

 Vapour pressure is related to the volatility of a pollutant and influences the gas/particle 

partition for pollutants. This partitioning is important for passive sampling of the pollutant. KOA 

gives an estimate of the hydrophobicity, or the tendency of a pollutant to accumulate from air into 

an organic (octanol) compartment and is defined as:  

 
𝐾𝑂𝐴 =

𝐶𝑂,𝑒𝑞

𝐶𝐴,𝑒𝑞
 Eq. 1 
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where CO,eq and CA,eq are the concentrations of a pollutant in the n-octanol and air phases, 

respectively, when they are in equilibrium. The KOA of a pollutant is high (i.e. 10
6
-10

16
) when the 

pollutant “prefers” to dissolve or to be in the organic phase compared to the surrounding air. The 

n-octanol can often be compared to a general organic phase such as lipids, passive sampling 

media (e.g. polyurethane foam), urban aerosol particles, plant cuticle, and soil. The usefulness of 

KOA is based on the assumption that the interaction between the pollutants and the organic phases 

resembles the interaction between the pollutants and n-octanol. It is a useful descriptor of a 

chemical’s mobility in the atmospheric environment and thought to be the key descriptor of the 

absorptive partitioning of semivolatile organic compounds between the atmosphere and an 

organic phase. It is also useful for passive air sampling where a hydrophobic material similar to 

octanol is used as receiving phase. The physico-chemical properties are strongly dependent on 

environmental conditions. For example, temperature strongly affects vapour pressure and KOA. In 

general log KOA varies linearly with inverse absolute temperature (e.g. by a factor of ~2.5 to ~3.5 

for every 10ºC decrease in temperature) 
67

. It means that at colder temperatures semivolatile 

compounds will partition more strongly to soil, aerosols and organic phases such as a passive 

sampler. 
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Table 4. Summary of published data of key physico-chemical properties relevant for passive air 

sampling 
59-66

.  

 Log KOA Vapour pressure  

(Pa, 25ºC) 

Typical distribution  in the 

gas phase (%, (25ºC) 

3-ring PAH 6.8-7.9 0.078-4.1 >95 

4-ring PAH 8.8-8.9 0.0001-0.012 50-90 

5-ring PAH 10 4.1x10
-6

-2.3x10
-5

 <30 

6-ring PAH 12 9.2x10
-8

-2.3x10
-5

 <10 

Tri-PCB 7.0-8.1 0.003-0.22 >99 

Tetra-PCB 7.9-9.7 0.002 >99 

Penta-PCB 9.0-10 0.0023-0.051 >90 

Hexa-PCB 9.8-10.8 0.0007-0.012 70-90 

Hepta-PCB 10.3-10.7 0.00025 70-90 

Octa-PCB  0.0006 30-50 

HCB 7 0.029 >99 

p,p’-DDT 10.3 0,00013 >90 

p,p’-DDE 10.2 0,0037 >95 

p,p’-DDD 9.9 0,00069 >90 

t-CHL 9.4 0,0031 >99 

c-CHL 9.5 0,0026 >99 

α-HCH 7.9 0,10 >99 

γ-HCH 8.2 0.027 >99 

di-PBDE 8.2-8.8 0.009-0.026 >95 

Tri-PBDE 9.0-9.8 0.001-0.004 >95 

Tetra-PBDE 10.0-10.7 0.0001-0.0004 50-70 

Penta-PBDE 10.7-11.6 0.00002-0.00005 10-40 

Hexa-PBDE 11.7-12.6 0.000006 10-20 

Hepta-PBDE 12.8-13.3 0.0000006 10 

Octa-PBDE 13.5-14.2  <10 

Nona-PBDE 14.5-15.0  <10 

Deca-PBDE 15.7  <1 
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4. Sampling techniques 

4.1 Active sampling  

The standard methods to measure PAHs and POPs in ambient air are active samplers. Active 

sampling is also the most common method, often considered as the “gold standard”, within 

occupational hygiene to measure and monitor human exposure to PAHs in workplaces and 

homes. These samplers have a sampling module which often consists of two compartments; a 

filter and a solid adsorbent to collect the particle-associated and the gas phase pollutants, 

respectively. The filter, often teflon, glass or quartz fibre (GFF or QFF), is placed in the inlet of 

the sampler. The solid adsorbent normally consists of a polyurethane foam (PUF) plug or a 

sorbent tube with XAD-2 or Tenax depending on the target pollutants and the capacity required, 

and is located downstream from the filter. Importantly, the adsorbent also retain pollutants that 

volatilize from the particles on the filter during sampling. A pump is used to draw the air into the 

sampler, through the filter and the following adsorbent. The pump in occupational and residential 

applications normally operates at low to medium volume flow rates (Rp) of 1.0-10 L min
-1

 (1.4-

14 m
3
 day

-1
) depending on the environment, the requirements of the collection unit and the air 

concentrations. The Rp is controlled by a flow meter. The pump requires power by electricity or 

battery (Figure 8). Since the volume of air drawn through the sampler is controlled by the flow 

meter, the active sampler enables precise quantitative measurements of air concentrations to be 

performed. The bulk concentration in the sampled air (Cair) can be determined by: 

 
𝐶𝑎𝑖𝑟 =

𝑀𝑡 − 𝑀0

𝑅𝑝𝑡
=

𝑀𝑡 − 𝑀0

𝑉
 Eq. 2 

 

Where Mt is the amount of the pollutant in the filter + adsorbent or separately after the sampling 

period (t), M0 is the amount before sampling (i.e. blank values), and V is the volume of air drawn 

through the sampler. 

 An alternative active sampling device is the denuder sampler. This works opposite to 

conventional active samplers by collecting the gas phase prior to the particle phase. It is 

considered to reduce the risk of volatilization of pollutants from the particles and avoids 

adsorption of gas phase compounds on the filter. It thereby provides a more correct picture of the 

gas/particle distribution 
68

. However, it is not used to the same extent as traditional 

filter/adsorbent active sampler due to higher costs.  
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Figure 8. Stationary and personal active samplers used to sample PAHs and PM. 

4.2 Passive air sampling 

Passive air sampling (PAS) techniques are, in contrast to active samplers, not in need of a pump 

and electricity to collect pollutants. Instead the collection is based on a free flow of pollutants 

from the sampled medium (i.e. air) to the collecting medium (i.e. the PAS). The collecting 

medium has a high retention capacity for the target pollutants, i.e. the pollutants “prefer” to 

dissolve in the PAS medium rather than staying in the surrounding medium (i.e. air). The amount 

of pollutant adsorbed per time unit is determined by the geometry of the PAS (sampler design), 

the physico-chemical properties of the pollutants, the diffusive coefficient of the pollutant (D), 

the concentration in the air, the exposure time, and the environmental conditions around the PAS. 

The flow of pollutants from air to the PAS is a result of different chemical potentials of the 

pollutant between the air and the PAS. A driving force for the flow into the PAS (the 

accumulation) is the tendency of equalizing differences in potential and achieving equilibrium 

which all natural systems have. Thus, the net flow into the PAS continues until equilibrium is 

established between the two media. The time to reach equilibrium is dependent on the geometry 

and material property of the PAS and the physico-chemical properties (partitioning properties) of 

the target pollutants, and it may therefore vary widely from one compound to another. The 

accumulation can also be terminated before equilibrium is reached by retrieving the sampler from 

the deployment environment. When equilibrium is not obtained the amount of pollutants in the 

PAS depends on the concentration in the air, the exposure time and the sampling rate.  

 Passive sampling was introduced in 1927 as a qualitative (semi-quantitative) method to 

determine CO in occupational environments 
69

. A more quantitative passive sampler was not 
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introduced until 1973 
70

. PAS are mainly used for pollutants in the gas phase and a wide variety 

of PAS for gas phase pollutants (e.g. VOC, NOx, SOx, ozone) have been described during the last 

decades 
71-76

. Despite the relatively long history, PAS techniques are still under development. In 

addition, PAS for particle-associated compounds or particulate matter are on a much lower 

developing stage. Even though PAS for gas phase pollutants have been widely used, studied and 

recognized as a valuable tool in environmental monitoring, the reliability of the PAS under 

varying environmental conditions is always a subject of controversy. However, recent advances 

in the design of PAS, application of strict sampling protocols, and use of validation studies 

comparing PAS to conventional active methods, have improved the performance of PAS and the 

level of acceptance. Thereby, properly validated, PAS may be able to replace the expensive and 

complicated active samplers.  

 The main purposes of PAS are to be less labour intensive and less costly than active 

samplers, thus providing possibilities of doing more measurements and carrying out larger spatial 

and temporal sampling campaigns for the same cost. The PAS should be easy and inexpensive to 

manufacture, easy to deploy (even by an untrained person), small enough to be acceptable by the 

person to wear it and easily transported to and from (potentially remote) sampling locations, 

sensitive to the pollutants to be analyzed and insensitive to interfering matrix components.  

4.3 Advantages versus disadvantages of passive and active samplers  

Active sampling has advantages in their accuracy in determining air concentrations as well as the 

ability to obtain detectable levels by varying the flow rate and exposure time (i.e. the volume). 

This is in contrast one of the biggest limits with PAS which currently is considered to be semi-

quantitative to quantitative and thereby not valid for providing the requested accuracy of the data. 

However, the applications of active samplers in monitoring studies also encounter limitations and 

disadvantages (Table 5). These are all dependent on the need of a pump, electricity or battery, 

and maintenance. In occupational environments this affects the sampling by being obtrusive for 

the workers e.g. heavy to carry for longer periods and interfering with their working duties; 

equipment being sensitive to polluted environments as well as in places where there is a risk for 

explosion. In residential environments the limits are mainly based on disturbance from the noise 

of the pump as well as the obtrusiveness for people. For ambient environments the limitation is 

mainly the need of electricity. This limits the possibility for monitoring in remote areas where 

energy supplies may be lacking and where also long-term monitoring is needed and the use of 

batteries is therefore not an alternative. The need of pump also limits the amount of samples to be 

taken concurrently in all types of environments since pumps are costly, labour intensive and time-
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consuming. These are reasons for low temporal and spatial resolution in many monitoring 

networks. Moreover, other possible artefacts of active samplers are breakthrough of pollutants 

and degassing of pollutants from particles on the filter which both affect the quality of the 

measurement (e.g. under- or overestimating concentration). Passive sampling eliminates power 

requirements, and simplifies the sampling and sample preparation steps. Thereby facilitating 

multiple concurrent time-integrated samplings in locations where active samplers would not be 

practical (e.g. in homes). The ease of implementation: no pump, absence of inherent safety-

related problems, light weight, silent, unobtrusiveness, and the opportunity of applying 

widespread sampling strategies involving a large number of subjects or sampling sites are strong 

advantages for PAS (Table 5).  

Table 5. Advantages and disadvantages related to sampling with active and passive sampling 

techniques.  

 Advantage Disadvantage 

Active Air Sampling Accurate/Quantitative Need of electrical supply 

 Gas+Particle phase Intrusive 

  
Complicated to use (require 

qualified personnel) 

  Expensive 

  Sensitive to extreme situations 

  
Require maintenance 

 

Passive Air Sampling No need of electrical supply Semi-quantitative 

 Unobtrusive Mainly gas phase 

 Easy to handle Low sampling rate 

 High spatial resolution Effects of environmental factors 

 Cheap  

 Unattended operation  

 

4.4 Passive sampling theory 

It is useful to explain the theory behind accumulation of pollutants in a passive sampler through 

mathematically models. The basic theory and mathematical models for passive sampling depends 

on the type of media the sampling will be performed in (e.g. air, water) and the type of sampler 

used for the sampling (e.g. diffusion, permeation). Palmes and Gunnison introduced 

mathematical models and a first description of quantitative passive sampling in 1973 
70

. Since 

then, many different passive samplers for different media (e.g. air, water) and different pollutants 
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(e.g. organic, nonorganic, hydrophilic, hydrophobic) have been described and the theoretical 

basis for passive sampling is now well established 
77-79

.  

 Models and theory for accumulation of hydrophobic pollutants (e.g. PAH and POPs) by 

PAS, especially polyurethane foam (PUF) containing PAS are described by Shoeib and Harner, 

Bartkow et al., and Hazrati and Harrad  
67, 80, 81

. The PAS medium (in this thesis PUF) is 

considered to be a uniform and porous compartment into which pollutants can penetrate and be 

accumulated. The extent to which the pollutants are enriched relative to air at the partitioning 

equilibrium is dependent on PUF-air partition coefficient, KPUF-A, which is a property describing 

the solubility of a pollutant in the PUF compared to air:  

 
𝐾𝑃𝑈𝐹−𝐴 =

𝐶𝑃𝑈𝐹 ,𝑒𝑞

𝐶𝐴,𝑒𝑞
 Eq. 3 

 

CPUF,eq is the concentration the pollutant in the PUF-PAS and CA,eq is the concentration of the 

pollutant in the air when the two phases are in equilibrium and CPUF,eq and CA,eq have the same 

units (e.g. mol/volume). PAS like PUF, SPMD etc with a hydrophobic sampling medium have a 

high concentration capacity for hydrophobic organic pollutants like PAHs and POPs. This means 

that the pollutants are found to a much higher extent in the PAS than the air, at equilibrium. 

CPUF,eq is therefore several orders of magnitude larger than CA,eq, and KPUF-A is in orders of 10
6
-

10
16

 for PAHs and trace organic compounds. The KPUF-A is correlated to the more easily derived 

and thereby more available octanol-air partition coefficient (KOA). KOA is therefore commonly 

used as a surrogate when modelling the uptake of PAS.  

 The accumulation of pollutants in a PAS (e.g. PUF-PAS) is a balance between uptake and 

release processes. The exchange of pollutants between the PAS and the air can be described as a 

first order kinetic with three consecutive stages: linear, curvilinear and equilibrium (Figure 9). 

PAS sampling can be performed either in the linear or equilibrium phases depending on the 

exposure time, the type of sampling medium and target pollutants. For example, the time to reach 

equilibrium for most PAHs and POPs in a PUF-PAS range from weeks to several months/years 

while the same pollutants reach equilibrium after days in a PAS consisting of polymer coated 

glass (POG) 
67, 82

. The amount of pollutants in the PAS at equilibrium does not change with time 

provided that the concentration of the pollutant in the air does not fluctuate and temperature is 

constant. This consistency does rarely occur and the masses presented by equilibrium samplers 

may thereby provide a momentarily concentration which also is affected by fluctuations in 

temperature. Sampling in the linear phase, instead, provides time-weighted average 

concentrations of the pollutants for the exposure time and the results are less influenced by 
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fluctuations in temperature. Typically and ideally the PUF-PAS is therefore used in the linear 

region when deployed in field. 

 The mass transfer of pollutants from the air to the PUF-PAS is described by individual 

transport processes over several boundary layers depending on if the PUF-PAS is deployed 

without or with protective chambers. Without protective chamber the individual transport 

processes are i) from ambient air around the PUF-PAS to the interface between the air and the 

PAS (air-side boundary layer); and ii) from the air-side boundary layer into the PAS. If a 

protective chamber is used around the PAS (Paper II-III) the transport processes are:  i) from 

ambient air to the air volume inside the chamber; ii) from the air around the PAS (e.g. inside the 

chamber) to the interface between the air and the PAS (air-side boundary layer); and iii) from the 

interface (air-side boundary layer) into the PAS. The velocity of the pollutant over each boundary 

layer is described by a mass transfer coefficient (k, m day
-1

). The air-side mass transfer velocity 

(kA) is equivalent to the gas phase deposition velocities of the pollutants in the PUF-PAS. The 

overall mass transfer coefficient (kO) for all the boundary layers and therefore the overall 

resistance for transport (1/kO) is given by: 

 1

𝑘𝑂
=
1

𝑘𝐴
+

1

𝑘𝑃𝑈𝐹𝐾𝑃𝑈𝐹−𝐴
+

1

(𝑄 𝐴𝑃𝑈𝐹 )
 Eq. 4 

 

Where kA is the mass transfer in the air-side boundary layer, kPUF the mass transfer in the sampler 

boundary layer, Q (m
3
 d

-1
) is the flow of air into the chamber and APUF (m

3
) is the surface area of 

the sampling medium (PUF). 1/kA represent the resistance in the air-side boundary layer, 

(1/(kPUFKPUF-A)) the resistance in the sampler boundary layer, and (Q/APUF) the resistance in 

entering the protective chamber. As described earlier, the KPUF-A or KOA for PAHs and POPs is 

typically >10
7
, therefore the resistance of the sampler boundary layer (1/(kPUFKPUF-A)) is 

insignificant. APUF is small relative to Q and 1/(Q/APUF) can also be considered as insignificant. 

Mass transfer of pollutants to the PUF-PAS is therefore controlled by air-side resistance (i.e. kO ≈ 

kA). The theory described below is based on air-side controlled uptake. A slightly different 

approach can be used for a PAS where sampler-side resistance is the limiting factor. 

 The accumulation rate of pollutants by the PUF-PAS is equivalent to the rate of uptake 

minus the rate of loss (Eq 5). 

 
𝑉𝑃𝑈𝐹  

𝑑𝐶𝑃𝑈𝐹

𝑑𝑡
 = 𝑘𝐴𝐴𝑃𝑈𝐹  𝐶𝐴 −  

𝐶𝑃𝑈𝐹

𝐾𝑃𝑈𝐹−𝐴
   Eq. 5 
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Where VPUF is the volume of the PUF-PAS (cm
3
), CA is the concentration (pg cm

-3
) of the 

pollutant in the sampled air, and CPUF is the concentration of pollutant in the PUF-PAS (pg cm
-3

). 

When CA is constant and the environmental conditions (i.e. wind speed, T) are constant Eq. 5 can 

be integrated and the accumulation can be analytically described as: 

 𝐶𝑃𝑈𝐹 = 𝐾𝑃𝑈𝐹−𝐴𝐶𝐴 1− 𝑒𝑥𝑝 −   𝐴𝑃𝑈𝐹 𝑉𝑃𝑈𝐹  𝑘𝐴 𝐾𝑃𝑈𝐹−𝐴  𝑡  Eq. 6 

 

Eq. 6 describes the accumulation phases in Figure 9 in an analytical way. At the beginning of the 

accumulation when the value of CPUF/KPUF-A is small (due to small CPUF), only uptake occurs 

while elimination is negligible and the accumulation trend can be approximated to a linear trend 

as a function of kA, APUF and CA (Figure 9a): 

 𝑉𝑃𝑈𝐹𝐶𝑃𝑈𝐹

∆𝑡
= 𝑘𝐴𝐴𝑃𝑈𝐹𝐶𝐴 Eq. 7 

 

The mass of pollutant sequestered by the PUF-PAS (MPUF, pg) within the linear deployment 

period (t) is: 

 𝑀𝑃𝑈𝐹 = 𝑘𝐴𝐴𝑃𝑈𝐹𝐶𝐴∆𝑡 Eq. 8 

 

The term kAAPUF represent the PUF-PAS’s sampling rate (RS), i.e. the effective volume of air 

passed through the PUF-PAS per time (L min
-1

, or m
3
 day

-1
). It is equivalent to the flow rate in 

conventional active air samplers.  

 
𝑅𝑆 =

𝑀𝑃𝑈𝐹

𝐶𝐴∆𝑡
 Eq. 9 

 

This is one of the most important terms in PAS since it is used to determine air concentrations 

(CA): 

 
𝐶𝐴 =

𝑀𝑃𝑈𝐹

𝑅𝑆∆𝑡
 Eq. 10 

 

The PAS can be calibrated to obtain RS for individual pollutants in specific environments and 

then used in PAS campaigns to provide air concentrations.  

 If accumulation continues the concentration of pollutants in PUF-PAS (CPUF) increases and 

consequently the value of CPUF/KPUF-A also increases tending to equalize the CA. The uptake is 
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thereby reduced by an increased elimination and the sampling enters the curvilinear phase. A 

prolonged accumulation results in an equilibrium between CPUF and CA (Eq. 3) and thereby 

uptake and elimination rates are the same (Figure 9b). 

 

Figure 9. Accumulation stages in a PUF-PAS, starting with linear phase (a) and ending with 

equilibrium phase (b). 

 The time to reach equilibrium (teq) is influenced by the sampler design and physico-chemical 

properties of the pollutant and can be calculated as follows 
80

:  

 
𝑡𝑒𝑞 =

4.605𝑉𝑃𝑈𝐹

𝐴𝑃𝑈𝐹𝑘𝑣
𝐾𝑃𝑈𝐹−𝐴 Eq. 11 

 

Increasing the surface area (APUF) to volume (VPUF) ratio (i.e. decreasing VPUF/APUF) of the PUF-

PAS decreases the time taken to approach equilibrium. A compound with higher KPUF-A or KOA 

reaches equilibrium later than one with a smaller KPUF-Aor KOA. It is important to control teq for 

the target pollutants in the PUF-PAS of interest in order to be sure that sampling is held within 

the linear phase. The most volatile PAHs and PCBs are shown to reach equilibrium in PUF-PAS 

standard configurations after 2-3 weeks while the ones with higher KOA stay in the linear phase 

for months 
67, 83

. 

Linear

Exposure time

MPUF

1

Uptake (  ) >>
Elimination (  )

CPUF << CA

Exposure time

MPUF

Equilibrium

Uptake (  ) =
Elimination (  )

CPUF >> CA
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4.5 PAS techniques 

As described in Paper I, there are several PAS developed and frequently in use for exposure 

assessment of volatile organic compounds (VOC), inorganic compounds (NOx, SOx, ozone) etc 

75, 84-87
. Despite this, only a few PAS for PAHs and trace organic compounds (e.g. POPs) are 

developed. These are mainly used for ambient air monitoring and in a few studies in indoor 

environments 
88-92

. No PAS has so far been used for exposure assessments of PAHs and POPs in 

occupational environments. Most of the existing PAS for semivolatile organic compounds are 

based on high capacity integrating sampling (linear sampling), deployed for long-terms (weeks, 

months) and stationary sampling. Examples mentioned in Paper I are polyurethane foam (PUF) 

disks, semi-permeable membrane devices (SPMDs), XAD-resin based samplers, membrane 

samplers. Recently a few adsorbent based techniques, similar to the PAS for VOCs, are also 

published. In addition, a few low capacity samplers are also used (e.g. polymer coated glass 

(POG), solid phase micro extraction (SPME)).  

4.5.1 Polyurethane foam (PUF)-PAS 

Shoeib and Harner introduced PUF as a PAS in 2002 
67

. Prior to this, the PUF medium was well 

used as a sorbent in active air samplers to collect gas phase pollutants. It was an attractive option 

for passive air sampling due to its well proven characteristics from a routine deployment in 

conventional active samplers. The PUF is a very hydrophobic medium and the use in active 

sampling has shown a high retention capacity for collecting a variety of organic pollutants in the 

gas phase (particularly semivolatile organic pollutants). As a PAS it is cheap to manufacture, easy 

to deploy, and it require the same analytical treatment as when used in active samplers. It has also 

been shown to trap particle-associated pollutants to a relatively good extent 
93

. All this together is 

reasons to why PUF is the most commonly used PAS for POPs in environmental science studies 

in air. It was introduced as and has been used in the shape of a disk with a surface area of ~370 

cm
2
. Many research groups have used the PUF-PAS disk to monitor POPs in ambient air where it 

is also the chosen PAS for several global monitoring networks 
54, 89, 94-97

. It has also been used for 

PCBs and PBDEs in indoor air 
81, 92, 98

 and recently also for PAHs and some OCPs (Paper II).  

4.5.2 Semipermeable membrane device (SPMD)  

SPMD was originally introduced as a passive sampler for the dissolved fraction of hydrophobic 

pollutants in water 
99, 100

. The original aim was to study the bioavailability of organic pollutants to 

aquatic organisms by imitate diffusion through a cell membrane and accumulation in a lipid 
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tissue. Its application has since then been expanded to study organic pollutants (PAHs and POPs) 

in air, sediment, and soil 
101-104

.  

 The SPMD consists of a non-porous low-density polyethylene (LDPE) membrane (91.4 cm 

long, 2.5 cm wide and 75-90 µm thick) filled with 1 mL of triolein, a neutral lipid phase. The 

total mass is 4.55 g and it has a surface area of ~450 cm
2
. Sampling occurs both in the membrane 

and in the triolein phase by physical adsorption in the membrane and diffusion through the 

membrane with a resulting adsorption in the triolein. The SPMD is commonly deployed for days 

to weeks in a metal chamber that protects them from environmental influences (wind, rain, 

sunlight, particle deposition). Compared to PUF-PAS, SPMD is more expensive to manufacture, 

more complicated to deploy and requires more extensive sampler clean-up procedures. 

Additionally, the accumulation in the membrane and the triolein results in a somewhat more 

complex uptake kinetics which complicates data interpretation, the capacity and uptake by the 

membrane are greatly influenced by temperature, and the SPMD’s possibility to collect particle-

associated compounds is also more limited than for the PUF-PAS.  

4.5.3 Polymer-coated glass (POG) 

Polymer-coated glass (POG) sampler was introduced by Wilcockson and Gobas 
105

 to measure 

chemical fugacities in fish tissues and other solid substrates and then further studied as an air 

sampler by Harner et al. 
106

 and Farrar et al. 
82, 107

. It consists of a thin film of ethylene vinyl 

acetate (EVA) coated onto the inside and outside surfaces of a hollow glass cylinder. The design 

commonly used is 60 mm tall and 70 mm in i.d. with a surface area of ~300 cm
2
. It has a high 

surface to volume ratio which enables rapid equilibrium (hours/days) and it is therefore mostly 

used as an equilibrium sampler. The time to equilibrium can be adjusted by altering the thickness 

of the EVA layer. The thicker the layer, the longer the linear phase since the capacity of the 

sampler then increases. Pollutants are dissolved in the entire EVA matrix and not only onto the 

outer surface. This PAS has many interesting properties which potentially could be exploited for 

8 h sampling in workplaces: the size can be small and the EVA can be put on any kind of design, 

it shows detectable levels after 4 h exposure, the presented design reaches equilibrium for PCBs 

in 2 days to 2 weeks, and have RS of ~3 m
3
 day

-1
 for the first 48 h for PCBs 

82
. Problems are 

related to complications in achieving a reproducible thickness of the EVA layer which is needed 

for accurate sampling and the unknown ability to accumulate particle-associated compounds. 
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4.5.4 Adsorbent based techniques  

4.5.4.1 XAD-resin 

XAD (mainly XAD-2) is an adsorbent commonly used in active air samplers for PAHs and POPs 

in occupational, residential and ambient environments. It is hydrophobic, and available in the 

shape of microspheres which offer high surface to volume ratio. As a consequence, it has a very 

high capacity for POPs compared to many other sampling media and the time to reach 

equilibrium is therefore much longer than for other PAS. Accumulation is based on physical 

adsorption of gas phase pollutants onto the adsorbent. Its application as a PAS is mainly focused 

on long-term ambient measurements (months-years). The PAS design consists of a XAD-filled 

container placed in a protective metal chamber with an opening at the bottom. The size of the 

whole sampler is about 30 cm in height and 16 cm in diameter 
108

. It is complicated to prepare, 

extract and clean-up. The RS are fairly low (0.5-1.5 m
3
 day

-1
) compared to PUF-PAS despite the 

big size of the sampler. Its capacity for particle associated compounds is not studied. 

4.5.4.2 Fan-Lioy passive PAH sampler 

The Fan-Lioy passive PAH sampler was introduced in 2006 by Fan et al. 
109

. It showed promising 

results for gas phase PAHs but since this publication, nothing else has been published concerning 

this PAS. Its structure consists of two components: a sampler holder and four adsorption units. 

Each adsorption unit is constructed by 80 sections of 1-cm long gas chromatography (GC) 

capillary columns. PAHs are physically adsorbed on the stationary phase on the inner side of the 

columns. Sampling occurs through both ends of the columns. The sampler is analyzed directly by 

thermal desorption without any extraction or clean-up. This makes it less labour intensive 

compared to PUF-PAS that need solvent extraction. It is only tested for PAHs in the gas phase 

(Nap to Pyr) and has a limited ability to provide data for particle-associated PAHs due to thermal 

desorption. The RS for volatile PAHs are a factor of 20-40 lower than PUF-PAS; ~50 ml min
-1

 

(0.05 L min
-1

, 0.07 m
3
 day

-1
). The current design requires exposure time of 24 h or longer to get 

detectable levels. 

4.5.4.3 Other adsorbents 

Other adsorbents that may be used to sample PAHs are Tenax and polydimethylsiloxane 

(PDMS). These are however not studied to any extent. 

  



30 
 

4.6 Requirements for PAS 

Basic requirements for a PAS are to be inexpensive and simple to use in order to simplify 

sampling procedures. In addition, the result has to be accurate and precise enough to be trustable 

and useable for data interpretation, conclusions and correct actions. The PAS must therefore be 

validated in the specific environment where it is supposed to be used. However, specific 

requirements of the PAS may differ and are dependent on where the air monitoring is done and 

for what purpose.  

4.6.1 Occupational environment – exposure assessments 

Occupational environments may be rough and the PAS’s equipment has to endure and not be 

influenced by temperatures (extreme and variations), high concentrations, variation in 

concentrations, and high amount of particles during deployment. The air movement in most 

indoor occupational environments is generally low compared to outdoor conditions. It is therefore 

important to allow sufficient air flow around the PAS (i.e. high value of Q) by reducing the level 

of protection with a chamber that will restrict the uptake. Moreover, exposure assessments and 

the potential users (e.g. occupational hygienists) require a personal sampler (to be worn by the 

worker); exposure times in compliance with OELs (i.e. 8 h); accurate and stable RS; and 

quantitative results. The personal PAS should be acceptable by the worker, i.e. small, 

unobtrusive, and not cause any inconvenience during working operations, in order to minimize 

sampling artefacts. It should also be designed to minimize the risk for workers to interfere with 

the PAS (e.g. touching and fiddling with it). It is important that the reliability of the results are 

high since they: have to be acceptable as proof of compliance with occupational exposure limits 

(OELs); may indicate the need for investment in expensive control measures; and may be 

required as evidence in legal actions (possibly retrospective) 
17, 18

.  

Additionally, the PAS should work reliably at levels below the current OEL since: the OELs are 

set at high concentrations; air concentrations in workplaces may fluctuate many orders of 

magnitude above and below the mean concentration; and to provide valid data for statistical 

analysis. OELs may also be lowered and past exposure data will be needed to assess the impact of 

new lower OELs. These factors must be borne in mind when assessing any new method. 

4.6.2 Residential environments – exposure assessments and site monitoring  

Sampling of PAHs and trace organic compounds in residential air is mainly done to in order to 

assess exposure from the residential air, understand elevated exposure situations and sources 

(detection), or compare the levels indoors to the outdoor air (Paper II)
110-113

. Depending on the 
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aim of the monitoring either stationary or personal samplers could be used. The levels in homes 

are often low to medium high while air movements are even lower than in occupational 

environments. Sampling is normally conducted for 24 h or up to a week. An important aspect for 

residential sampling is to cause minimal disturbance for the occupant during the relatively long 

sampling period and a non-disturbing sampler is preferable. Studies in residential air generally 

require the same reliability and accuracy of the PAS as in occupational environments.  

4.6.3 Ambient environments – environmental air monitoring 

Important for ambient sampling (especially in rural and remote locations) is the relatively low air 

concentrations compared to many occupational environments. In addition, long-term time 

weighted average concentrations are often more important than momentarily concentrations and 

air sampling is therefore preferably done over long periods (weeks to months). Environmental 

monitoring networks are often conducted at specific locations and stationary samplers are 

preferred. A semi-quantitative approach of the PAS for PAHs and POPs can often be enough in 

environmental ambient monitoring where relative comparisons are made and an accuracy of a 

factor of two is seen as acceptable. However, measurements for risk assessment in ambient air 

still require the same accuracy as in occupational and indoor environments. A driving force for 

PAS in ambient air monitoring is the lack of power supply at many outdoor sites and the long-

term sampling which does not enable use of batteries or plugs. A problem in outdoor sampling is 

also the risk of vandalism and theft and it is important to minimize the risk. Generally, the 

simpler the PAS the smaller is the risk.  
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5. Evaluation of a new PAS 
Due to requirements for and influences of PAS, the PAS technique needs to be 

evaluated/validated before it can be used in exposure or monitoring studies. A proper validation 

of the PAS’s performance including calibration of its RS for target pollutants is essential for 

credibility and acceptance among potential users. The analytical results including the quality 

assurance from a PAS require an appropriate calibration method for quantification. Accurate RS 

are essential for application of the PAS as a quantitative tool. These must be valid for the 

environment of interest. It is therefore recommended to obtain RS or to validate RS obtained in 

chamber studies in a number of various types of environments. It is also important to study and 

understand the PAS’s capacity and behaviour under different environmental influences, e.g.:  

 the effects of temperature, humidity, wind speed, air concentrations, exposure time; 

 storage stability – for how long can it be stored before analysis?; 

 reverse diffusion (back diffusion) – what happens if the air concentration fluctuates? 

5.1 Chamber and field evaluation 

Calibration of the PAS to obtain RS can be done either in field or in the laboratory. The 

laboratory evaluation implies a controlled dynamic chamber in which an atmosphere of the target 

pollutants (standard atmosphere) is produced and kept under fixed concentration and in which 

environmental conditions can be controlled. PAS are deployed in the chamber together with a 

reference method (active) which monitors the actual concentration in the chamber. Field 

evaluation is done in selected sites under the existing field conditions. Preferably a range of air 

concentrations and environmental conditions should be covered by the field evaluation. The PAS 

should be compared to an independent reference (active) method deployed concurrently next to 

the PAS, and the environmental conditions (e.g. T, RH, and wind speed) should be measured 

alongside the sampling. 

 Evaluation in laboratory (dynamic chamber) is a requirement in European standards for 

diffusive sampling from Committee for European Standardization (CEN) 
114-116

. It is also often 

chosen when the influences of environmental conditions will be controlled. This may also be 

done in field evaluations if stable conditions of air concentrations and environmental factors can 

be found. The advantage with chamber evaluations is that each factor can be changed 

individually while the others are kept constant. This is more problematic to achieve in field 

studies. Chamber studies are very important but it is not a sufficient validation in itself for a PAS. 

A full validation also requires field evaluation or confirmation of the chamber results in field 

sites. Criticism to chamber evaluations include that they are not able to resemble and simulate 
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field conditions and does thereby not give a full picture of how the PAS works under real 

environmental conditions in the field. Environmental conditions are substantially different from 

the controlled conditions in the laboratory (rarely as uniform as in the atmosphere dynamic 

chambers), especially in terms of more fluctuating concentrations and environmental conditions. 

This is particularly evident when the PAS will be used as a personal sampler since the worker 

might move between different duties. This creates a different pattern of air movements around the 

PAS than a stationary sampler, and thereby influences the accumulation pattern. Differences 

between dynamic chamber and field evaluations may therefore often be greater when validating 

personal samplers than stationary samplers. It may also be a problem to keep a stable atmosphere 

in the chamber for the target exposure time (i.e. 8 h or more). Performing dynamic chamber 

studies may further be costly, complicated and time-consuming. Field evaluation is important in 

order to detect problems which are specific to the actual occupational environment. 

 Many evaluations of diffusive samplers for VOCs include controlled laboratory studies to 

obtain RS followed by field verifications of the obtained RS 
117, 118

. The order of this may be 

discussed but to start with an initial field evaluation of a new PAS for a specific compound or a 

used PAS in a new environment is valuable to understand its potential before initiating a dynamic 

chamber evaluation.  

 Validating a PAS method include the assessment of precision by means of observations of 

variance of replicates, and accuracy by observing the deviation of the PAS derived concentration 

(obtained from estimated RS) from the “true” or ”known” concentration obtained from the active 

reference method (i.e. accuracy). Precision can be estimated through the coefficient of variation 

(CV) or %RSD of replicate samples as in Paper III and IV: 

 𝐶𝑉 =
𝑠

𝑋
× 100 Eq. 11 

 

Where s is the standard deviation of replicates and X is mean of replicates. The accuracy (A) of 

obtained RS can be estimated by comparing differences between the results from the PAS (CPAS) 

and those from the reference active method (Cact,ref). For example: 

 
𝐴 =

𝐶𝑃𝐴𝑆 − 𝐶𝑎𝑐𝑡 ,𝑟𝑒𝑓

𝐶𝑎𝑐𝑡 ,𝑟𝑒𝑓
× 100 Eq. 12 

 

Where CPAS is the mean concentration of PAS estimated using the obtained RS (Eq. 9) and Cact,ref 

is the known concentration at the site obtained by the active sampler. Both CV and A should be 

as small as possible in order for the PAS to perform on the same level as the active sampler. The 
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US National Institute of Safety and Health (NIOSH) has therefore defined an internal guideline 

that sampling and analytical methods should meet a minimum requirement of ±25% accuracy 
119

. 

This is not a generally accepted definition but can be seen as a guideline when validating PAS.  

 Field comparisons of passive and active personal samplers should be done by deploying both 

samplers in pairs, simultaneously as close together as possible on a worker during working hours. 

If possible, a minimum of 20 independent pairs should be included and cover a wide range of 

concentrations around the OEL but without putting workers into unnecessary risks. The passive 

results are then plotted against the active results and a linear regression analysis provides the 

relationship and correlation between the two sampling methods. Ideally, if the PAS perform 

consistently with the active samplers then it is expected that the intercept of the obtained curve 

tends to 0 and the slope to 1.  
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6. Specific aims of thesis 
This thesis studies the possibility to measure PAHs and some trace organic compounds in 

occupational and residential air using a PAS technique consisting of polyurethane foam (PUF).  

 

The specific aims were to evaluate the PUF-PAS in field and to assess: 

 the PUF-PAS’s performance concerning detectability, recovery, and consistency; 

 if the PUF-PAS fulfil some key requirements for sampling in these environments; 

 sampling rates (RS) in occupational environments; 

 if performance can be affected by chamber design and monitored through depuration 

compounds (DCs) under these conditions; 

 accuracy of PUF-PAS personal sampling compared to active personal sampling. 
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7. Working with PUF-PAS (materials and methods) 
The design of the PAS (i.e. PUF-PAS), the sampling preparation and sampling procedures used 

in the work underlying this thesis is presented in detail below. In addition, the clean-up and 

chemical analysis of the PUF-PAS, the analytical techniques and the quality assurance and 

quality control are described as well as sampling strategies in the three experimental paper 

(Paper II-IV).  

7.1 PAS selection and PUF-PAS background 

PUF-PAS was chosen as a PAS for the PhD project due to advantages mentioned in section 4.5. 

This sampler has been evaluated to a small extent for PAHs in outdoor environments 
95, 120, 121

 but 

it is more generally studied and evaluated concerning the trace organic compounds 
67, 83, 122-124

. A 

few publications report applications in indoor residential environments concerning PCBs and 

PBDEs 
81, 92, 98

 but the use for PAHs and OCPs indoors were lacking at the start of this PhD 

project. Moreover, no PAS technique appears to have been used for monitoring or exposure 

assessments of PAHs nor to sample particle-associated compounds like B(a)P in occupational 

environments.  

7.2 PUF-PAS design 

The PUF-PAS used in Paper II and III is purchased from Klaus Ziemer GmbH in Germany. It is 

shaped as a disk with 14 cm in diameter, 1.2-1.3 cm thickness and a total surface area (TSA) of 

360-370 cm
2
 (Figure 10). The mass is 4-7 g, the volume 185-200 cm

3
, and the density 0.021-

0.035 g cm
-3

. Small differences in characteristics depend on the supplier. The performance of low 

density (0.021 g cm
-3

) and high density (0.035 g cm
-3

) PUF-PAS disks do not differ significantly 

for gas phase compounds (e.g. PCBs) but the lower density may accumulate somewhat higher 

amounts of particles than the high density PUF-PAS disk 
93, 122

. This knowledge was not 

available until recently and the high density PUF-PAS disk was chosen in the works for this 

thesis due to availability within department. The disk design is the only used design of the PUF-

PAS until now and the PUF-PAS disk has only been used as stationary sampler due to its big 

size. Paper IV introduced a smaller design of the PUF-PAS to be used as a personal sampler. 

This design is referred to as a “mini-PUF”. The mini-PUF (Klaus Ziemer GmbH) is shaped as a 

cylinder: 2 cm in diameter, 10 cm long and TSA ~75 cm
2
 (Figure 11). Specified details about the 

two PUF-PAS designs used in the work for this thesis are presented in Table 6. 
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Table 6. Details about PUF-PAS designs used in Paper II-IV. 

 
PUF-PAS disk  

(Paper II-III) 

Mini-PUF  

(Paper IV) 

Shape Disk Cylinder 

Diameter 14 cm 2.2 cm 

Thickness 1.3 cm 10 cm 

Surface area (SA) 365 cm
2
  77 cm

2
 

Volume (V) 200 cm
3
 38 cm

3
 

SA/V 1.83 cm
-1

 2.02 cm
-1

 

V/SA 0.55 cm 0.49 cm 

Density 0.030 g cm
-3

 0.030 g cm
-3

 

Weight 6 g 1 g 

 

 The PUF-PAS disk is normally deployed in one of two chamber designs to reduce influences 

of environmental factors (Paper II and III): one for indoor applications (Chamber A) and one for 

outdoor applications (Chamber B) (Figure 10). Chamber A (dome design or single bowl sampler) 

consists of a single stainless steel bowl deployed on top of the PUF-PAS disk (Figure 10). It is 

considered to protect the PUF-PAS disk from gravitational deposition of coarse particles but it is 

open on the sides to allow for air to circulate around the PUF-PAS disk. The last is important in 

environments with low air flow such as homes and indoor workplaces. Chamber B (bowl 

chamber or flying saucer) consists of two stainless steel bowls which enclose the PUF-PAS disk 

above and underneath (Figure 10). Importantly, the two bowls should be deployed with spacing 

between them to allow for air to flow in and out from the chamber. There are also holes on the 

bottom bowl to permit air exchange between external and internal air. Chamber B is used to 

protect and control the PUF-PAS disks from gravitational deposition of coarse particles as well as 

reduce environmental influences like elevated wind speeds, precipitation, and photo degradation 

from UV-light. The PUF-PAS disk is supported on a metal rod in a central position in the 

chambers. The position of the PUF-PAS disks should be constant to obtain an optimal and 

consistent accumulation pattern. Chamber A can be either hung or placed on legs while Chamber 

B is always deployed in a hanging position (Figure 10). The inclination of Chamber B against the 

wind speed (due to a fixed or flexible deployment) can influence its ability to dampen wind speed 

effects and it is recommended to keep Chamber B flexible in order to achieve maximum 

dampening effects 
93, 125

. This is of course most important in situations with high wind speeds and 

thereby not in most occupational and indoor environments where wind speeds are low. 



38 
 

 

Figure 10. Deployment of PUF-PAS disks in Chamber A and Chamber B. The arrows indicate 

airflows. 

No chambers were available for the mini-PUFs since they were introduced as a PAS in Paper IV. 

Stationary mini-PUFs were therefore deployed in smaller but the same type of chambers as 

Chamber A to allow for air to circulate around the mini-PUF and not restricting its uptake. Mini-

PUFs deployed on workers (personal mini-PUFs) were not covered by any chamber. They were 

deployed on holders to keep them fixed during working duties (Figure 11). 

 

Chamber A (indoor model)

Chamber B (outdoor model)
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Figure 11. Deployment of mini-PUF for stationary and personal sampling. 

7.3 Sampling procedure with PUF-PAS 

In the work underlying this thesis, all PUF-PAS (i.e. disks and mini-PUFs) were pre-cleaned 

before deployment. This was done by Soxhlet extraction in dichloromethane (DCM) for ~24 h. 

The DCM was changed one time, after ~8-9 h, during the pre-cleaning in order to improve the 

cleaning and blank values. The PUF-PAS were then dried under vacuum in desiccators before 

being packed and stored in double layers of solvent rinsed foil and air-tight polyethylene zipped 

bags. The chambers and holders were also cleaned with solvent before use. 

 All PUF-PAS (Paper II-IV) were assembled on site in their respective chambers/holders just 

before deployment in proximity to the specific sampling points. Stationary samplers were 

deployed on 1-2 m heights and personal samplers were deployed on the collar and the helmet of 

workers (Figure 11). After exposure each PUF-PAS were re-packed in solvent rinsed foil and air 

tight bags, brought back to the laboratory and stored in freezer until extraction. For long distance 

transportation (Paper II+IV), PUF-PAS were transported in cooling boxes. 

  

Stationary mini-PUF

Personal mini-PUF
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7.3.1 Depuration compounds 

Depuration compounds (DC) were used in Paper III. These were added to pre-cleaned and dried 

PUF-PAS disks, just before packaging. A mixture of 16 deuterated US EPA PAHs (0.6 ng µL
-1

) 

were chosen as DC in order to cover as wide range of PAH properties as possible and to study the 

applicability of individual PAHs as DCs for future applications. The DCs (30 µL) were diluted in 

pentane (~25 mL) and then spread evenly over the PUF-PAS disk surface with a Pasteur pipette. 

Pentane was chosen as dilution solvent due to its fast evaporation. This minimized the PUF-

PAS’s exposure to the laboratory air before being packed in foil and bags. 

7.3.2 Extraction, clean-up and analysis 

All samples were extracted in DCM over night (~16 h), and underwent two different clean-up 

steps depending on the target pollutants. Since the PUF-PAS trap more compounds than the 

target pollutants as well as dust and other particular materials, these may also be transferred to the 

DCM during extraction and interact with target pollutants and create interference during the 

analytical step. The extract therefore needs to undergo some clean-up steps before analysis. 

Analysis of PAHs requires the extract to be cleaned with an aluminium-silica column with 

hexane:DCM (1:1) as eluent. This removes polar compounds (more polar than the target 

pollutants) as well as residues from the PUF material and dust in the extract. The other pollutants 

in this thesis are found at lower concentrations and therefore require additional clean-up steps, i.e. 

acid treatment and gel permeation chromatography (GPC) 
95, 124

. These steps remove non-polar 

compounds like lipids. The cleaned extracts were then solvent exchanged into hexane for PAH 

analysis and dodecane for analysis of the other pollutants. The final volume before injection and 

analysis was ~25 µL for gas chromatography/mass spectrometry (GC/MS) and ~250 µL for high 

performance liquid chromatography (HPLC). 

 The analytical instrumentation is described in Paper II and III. PAHs (n=32) in Paper III 

and IV and PCBs (n=43) and most OCPs except HCHs (n=9) in Paper II were analysed with 

GC/MS using splitless injection and the MS operating in positive electron ionisation impact mode 

(PEI) using selected ion monitoring (SIM). PBDEs (n=22) and α+γ-HCH (n=2) in Paper II were 

analysed with GC/MS using splitless injection but the MS operating in negative chemical 

ionisation mode (NCI) with ammonia as reagent gas (Table 7). The PAHs in Paper II were 

analysed using HPLC with fluorescent detector since no PAH method was available for GC/MS. 

This only allowed for quantification of 13 PAHs compared to 32 PAHs with GC/MS in Paper III 

and IV (Table 7). 
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Table 7. Analytical information for individual papers (II-IV). 

 Paper II Paper III Paper IV 

Analysed 

compounds 

13 PAHs,  

43 PCBs,  

11 OCPs,  

22 PBDEs 

32 PAHs 32 PAHs 

Internal 

standard (IS) 

13
C-labelled PCB 28, 52, 

101, 138, 153, 180, 209; 

PBDE 51, 128, and 190; 

PAH (DaA) 

16 deuterated/
13

C-

labelled US EPA 

PAHs 

16 deuterated US EPA 

PAHs 

Recovery 

standard (RS) 

PCB 30; 
13

C-labelled PCB 

141, 208 

Octachloronaphthalene Octachloronaphthalene 

Analytical 

method 

PAH: HPLC,  

PCB+OCP: GC/MS PEI-

SIM,  

HCH+PBDE: GC/MS 

NCI-SIM 

PAH: GC/MS PEI-

SIM 

PAH: GC/MS PEI-

SIM 

Depuration 

compounds 

- 16 deuterated US EPA 

PAHs 

- 

 

7.3.3 Quality assurance and quality control (QA/QC)  

Pollutants analysed with GC/MS were quantified using an internal standard (IS) method. A 

suitable IS has chemical and physical properties similar to the target pollutants and thus behave in 

a similar way in the analytical procedure. The IS should not be present in the environment, or 

interfere with the detection of the target pollutants. Labelled compounds (e.g. deuterated or 
13

C) 

are commonly used as IS for GC/MS analysis. The IS controls the analytical method performance 

and allows for correction of any loss during the extraction, clean-up and analytical steps. The use 

of IS is based on the theory that whatever happens to the target pollutants also happen to the IS 

and a constant ratio (i.e. target pollutant/IS pollutant) is kept through all the steps. 

 The IS was added to the PUF-PAS in the initial step (extraction) while a recovery standard 

(RS) was added to the final extract before the analytical step. The opposite terminology is used in 

Paper II but what is added in the initial step is used as quantification tool and in the last step as a 

recovery tool in all papers. Different IS and RS were used in the three analytical papers 

underlying this thesis, depending on target pollutants and available procedures (Table 7). The IS 

in Paper II were a mixture of 
13

C-labelled PCB congeners (
13

C PCB 28, 52, 101, 138, 153, 180, 

and 209 at 25 pg µl
-1

), three PBDE congeners (51, 128, and 190 at 25 pg µl
-1

), and one PAH 

compound (DaA at 20 pg µl
-1

). A mixture of 16 US EPA PAHs, deuterated (1.0 ng µl
-1

) and/or 
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13
C-labelled (0.6 ng µl

-1
), was used as IS in Paper III and IV. Octachloronaphthalene (OCN) was 

chosen as the RS in Paper III and IV while a mixture of un-labelled PCB 30 and 
13

C-labelled 

PCB 141 and 208 were added as RS in Paper II. A synthetic reference standard of known 

amounts of native target pollutants and the same amount of IS and RS as added to the real 

samples was used as a quantification standard. Acceptable recoveries of the RS were within 60-

140%. The IS corrected each sample for the recovery values. Individual compounds with low 

recoveries (<60%) were excluded from further calculations for the corresponding samples.  

 Field blanks and laboratory blanks were used in all papers. Field blanks, consisting of pre-

cleaned PUF-PAS disks or mini-PUFs, were exposed during the assembly and retrieval of the 

PUF-PAS in field, but kept unexposed in foil and air tight bags during the exposure time. The 

field blanks were then transported, stored, extracted, cleaned and analysed in the same way as and 

parallel with the real samples. Laboratory blanks were obtained by extracting empty Soxhlet 

bodies spiked with IS, cleaned and analysed in the same way as and parallel with real samples 

and field blanks. The field blanks control the influence on sampling during periods of zero 

exposure and the cross contamination during transport and storage. The lab blanks control the 

potential contamination during the analytical steps. Limits of detection (LOD) for each 

compound/congener were calculated as the mean amount in field blanks plus three times the 

standard deviation of the amount itself in the field blank replicates. 

 Further control of the analytical steps was done with quality control samples spiked with 

certified reference materials (urban dust; SRM1649a, National Institute of Standards & 

Technology, Gaithersburg, MD). These were extracted, cleaned and analyzed together with the 

samples. The aim is to obtain results which do not deviate from the certified results. 

7.4 Data interpretation 

The results in Paper II were interpreted by comparing differences in amounts and profiles found 

in the PUF-PAS disks deployed at different sites. An attempt to obtain quantitative results were 

made by converting the accumulated amounts to air concentration (Eq. 8) by applying available 

published and frequently used RS of 3.5 m
3
 day

-1
 for PUF-PAS disks deployed outdoors and 2.5 

m
3
 day

-1
 for PUF-PAS disks deployed indoors 

67, 92
. These RS were not validated for all target 

compounds or in the specific environments but they were considered to give air concentrations 

within a factor of two from actual air concentrations. The results were presented as median and 

range since they were not normally distributed. The precision of the PUF-PAS disks was 

evaluated by comparing results from duplicate PUF-PAS disks. The results did not undergo any 

further statistical analysis due to low number of samples and the wide range of results.  
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 The results in Paper III and IV were interpreted for accumulation pattern at different sites, 

ability to reflect spatial differences and patterns, and their precision (expressed as %RSD=CV). 

RS were obtained by comparison to results from co-deployed active samplers using Eq. 9. The 

results are presented as mean and ranges since PUF-PAS replicates (n=16) have shown a 

normally distribution in previous publications 
126

. The obtained RS were used to estimate air 

concentrations (CPUF) from independently deployed PUF-PAS using Eq. 10. The accuracy of the 

estimated CPUF was studied by comparing them to true air concentrations obtained by active 

samplers (CA) using Eq.12. Comparison of differences between paired observations, for example 

between two sites or two chamber designs, were done using Student’s t-test, two-sided with P-

values of < 0.05 considered as statistically significant.  

In Paper IV a comparison between personal mini-PUFs and personal active reference samplers 

were done by linear regression of the values for individual PAH compounds. This thesis also 

shows agreement between the two methods using a graphical method presented by Bland Altman 

127
. This is done by plotting the difference between the results from the two methods (CPUF - CA) 

against CA. 

7.5 Sampling strategies 

7.5.1 Paper II  –Use of PUF-PAS disks inside and outside homes 

All sampling sites in Paper II were chosen in residential areas. PUF-PAS disks were deployed 

inside and outside residential homes in cities with different characteristics in order to test the 

sampler’s ability to find spatial differences in levels. The samplers were deployed as stationary 

samplers about 1 to 1.5 meters above the floor and if possible away from walls. Indoors, the 

living room was chosen for deployment representing an average room (main living area) in the 

house while the garden or balcony (if no garden was available) was chosen as outdoor sites. No 

active sampler was used in Paper II. Sampling was conducted for 6-7 weeks from March to May 

2006. The exposure time differed slightly among sampling sites due to possibilities to collect 

samples. The target pollutants were PAHs, PCBs, PBDEs, and some OCPs. 

 Three different kinds of cities were chosen: a mega-city (Mexico City), a medium sized city 

(Gothenburg), and a smaller city (Lancaster). Mexico City has a population of >20 millions, 

Gothenburg of ~0.5 millions, and Lancaster of ~50000 in the city (~140000 including 

surroundings).  
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7.5.2 Paper III-IV –  Evaluating the PUF-PAS as stationary and personal sampler 

for PAHs in occupational environments  

Paper III and IV focused on occupational air and two industrial sites were chosen. The industrial 

site in Paper III was an alloy factory (site 1). The same alloy factory and a coke industry (site 2) 

were chosen in Paper IV. PAHs are considered being produced in processes in both types of 

productions and the sites were chosen based on knowledge about elevated levels of a PAH 

biomarker in urine among workers. PUF-PAS disks were deployed at the alloy factory and mini-

PUFs were deployed at both sites. Sampling was conducted during November 2007 to February 

2008 at the alloy factory and during September to October 2008 at the coke industry. Four 

sampling points were chosen at the alloy industry and three sampling points were chosen at the 

coke industry. The exposure times in Paper III were two weeks while 8 hours sampling was 

conducted in Paper IV (Table 8-9). Only PAHs were studied in both Paper III and IV. 

 In Paper III, PUF-PAS disks were deployed as stationary samplers (triplicates) next to 

stationary active samplers (Table 8). The aim was to study the uptake behaviour and RS of PAHs 

in the PUF-PAS disks under a two weeks exposure in occupational environments with elevated 

PAH concentrations. The active sampling was conducted with a low-volume air sampler 

connected to a pump (7010 V/D, 230V, 50 Hz, Gardner Denver) with a flow of ~5-6 L min
-1

. 

Glass fibre filters (GFF) with a diameter of 110 mm collected particle-associated PAHs. Two 

PUF plugs (8 cm in length, ~6 cm in diameter and the same density as the PUF-PAS) deployed 

after the GFF collected gas phase PAHs. The active sampling was conducted concurrently with 

the PUF-PAS for two weeks but the active sampling was divided in two periods of one week 

each. The GFF and PUF plugs in the active samplers were changed after one week and a new set 

was installed for the second week. In addition, a sampling of 24 h was done with the active 

samplers at two sampling points to study whether the longer exposure time (one week) would 

influence the active sampler’s ability to obtain air concentrations. 

Table 8. Sampler choices, exposure time and numbers of samples at each sampling point in 

Paper III. 

Paper III Passive sampler Active sampler 

Exposure time 2 weeks 2x1 week 

Sampler media PUF-PAS disks GFF (110 mm) + PUF plugs 

Samplers per sampling point (total) 3 (12) 1 (4) 
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 In Paper IV, the smaller PUF-PAS design (mini-PUF) was introduced and studied under 2 

weeks exposure time as a stationary sampler, and as both stationary and personal sampler under 

typical occupational conditions: i.e. 8 h exposure. Active samplers were deployed next to both the 

stationary and personal sampler and sampled for all the continuous exposure time (i.e. 2 weeks 

and 8 h). The active sampler for the 2 weeks exposure was the same as in Paper III while the 

active samplers for the 8 h exposure were smaller in order to be used as personal samplers. The 

latter was connected to battery operated pump SKC AIRLITE Model 111-100 pumping air with a 

flow of ~1 L min
-1

. Particle-associated PAHs were collected on a 13 mm GFF in a Swinnex 

cassette, and gas phase PAHs in XAD-2 sorbent tubes following the filter. This method is 

validated and commonly used for exposure assessments of PAHs.  

 RS were obtained for stationary mini-PUFs by comparison to co-deployed stationary active 

samplers (Eq. 8). The mini-PUF’s potential as personal samplers was studied by deploying them 

next to active samplers on workers during a working day and compare the results from the two 

techniques. 

Table 9. Sampler choices, exposure time and numbers of samples at each sampling point in 

Paper IV. 

Paper IV Passive sampler Active sampler 

Exposure time 2 weeks + 8 h 2 weeks + 8 h 

Sampler media: 

2 weeks 

8 h 

 

mini-PUF 

mini-PUF 

 

GFF (110 mm) + PUF plugs 

GFF (13 mm) + XAD-2 

Stationary samplers per sampling 

point (total): 

2 weeks 

8 h 

 

 

3 (12) 

4 (12) 

 

 

1 (4) 

2 (6) 

Personal samplers per worker (total): 

2 weeks 

8 h 

 

- 

1-2 (20+6) 

 

- 

1 (20) 

 

 The GFF, PUF plugs and XAD-2 from the stationary active samplers were extracted and 

analysed as the PUF-PAS in Paper III and IV (Table 7). The personal active samplers in Paper 

IV (GFF and XAD-2) were extracted and cleaned by Fenix Environmental (Umeå, Sweden) 

using sonication and a HPLC method 
128, 129

. This method detected 9 PAH compounds and the 

comparison between the personal active and passive samplers could only be done for these PAHs. 
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8. Evaluation of PUF-PAS (including results and discussion for this thesis) 
When introducing a new sampling technique in a new type of environment as presented in this 

thesis it was found appropriate to adopt the following order for validation: i) field testing under 

different air concentrations, exposure times, and when these results look promising and a 

prototype of the sampler is developed then ii) chamber study; and iii) final field confirmation. 

The other way around may introduce a risk of carrying out a costly validation on a PAS with 

unknown potential before it is known whether the technique works or not. An initial aim with the 

PhD project underlying this thesis was therefore to evaluate the PUF-PAS in a dynamic chamber. 

However, this was easier said than done. The ability to obtain a stable atmosphere with all 16 US 

EPA PAHs (Table 1) or even one with a few PAH compounds representative for the whole range 

of physico-chemical properties is difficult due to their wide range of gas/particle partitioning and 

no lab has been able to provide it. An atmosphere with the most volatile PAHs (3-ring) can be 

obtained at several places but problems for this project were related to difficulties to achieve and 

keep constant air concentrations for 8 h or longer, and difficulties to produce an atmosphere of all 

PAHs of interest, including the important B(a)P on particles. The work for this thesis therefore 

only covers initial field evaluations (i.e. point i)) in Paper II-IV by testing the sampling ability of 

the PUF-PAS in residential (indoors and outdoors) and two occupational environments. The 

evaluation in this thesis was based on the specific aims presented in section 6 and the results and 

discussion of the evaluation is embedded in the sections below together with background 

information on specific issues for the individual aims (e.g. requirements and influences).  

8.1. Limit of detection (LOD), recovery and precision 

The basic performance of PUF-PAS is dependent on the ability to provide detectable levels and 

significant data after deployment for target exposure times. Important for the detectability is the 

blank values obtained by field and lab blanks which determine the limit of detection (LOD) for 

the sampling. This in turn affects the sensitivity of the sampler. The quality of the data is also 

considered based on the performance of the analytical method which can be evaluated based on 

the result of internal standard (IS). Important for the performance is also that the accumulated 

amounts in the PUF-PAS are detectable and above the LOD and that PUF-PAS deployed in 

replicates at the same site provide consistent results, i.e. a high precision. 

 The results from this thesis show that the blank values (Paper II-IV) generally represented 

~1% or less of the total amount of individual compounds accumulated in the PUF-PAS disks and 

mini-PUF. The limits of detection (LOD) from the three papers are presented in Table 10 both as 

ng PAS
-1

 and pg-ng m
-3

. The LODs expressed as air concentrations (pg-ng m
-3

) were 
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approximated using RS for the individual PAH compounds obtained in Paper III and IV, and 

using the general RS presented in section 7.4 for the trace organic compounds. The LODs were in 

the same range for both PUF-PAS designs as well as for longer and shorter exposure times (i.e. 

weeks and 8 h). Highest LODs were found for the individual compounds present at highest 

concentration at the sites (e.g. Phe and Fla). The GC/MS can detect ~5 pg or lower of individual 

PAH compounds and this corresponds to a method detection limit (MDL) of ~100 pg PAS
-1

 (0.1 

ng PAS
-1

) and below. The LOD for some of the PAH compounds in the mini-PUF are low and in 

the same range as the MDL while most PAH compounds are 10 to 100 times above the MDL. 

This introduced a reduced sensitivity for the sampling method compared to what potentially 

could be achieved. The performance of the PUF-PAS would be improved if LODs were close to 

the MDL. Lower field blank values would thereby allow for detection of lower levels. This can 

be done by performing pre-extraction, extraction and clean-up in a clean-room, optimizing the 

storage conditions to minimize contamination before and after exposure, and/or shortening the 

assembling time of the PUF-PAS in the field as well as the time used from site of assembling to 

deployment site as much as possible. The last may be done by finding an efficient way for 

deployment and collection of PUF-PAS in and from eventual chambers and to do this at the 

specific deployment site. This would shorten the unwanted exposure time before and after the 

actual exposure.  

Table 10. Limit of detection (LOD) expressed as ng PAS
-1

 and pg-ng m
-3

 for target pollutants in 

Paper II-IV. 

 

Exposure time 

Sampler 

Paper II 

6-7 weeks 

PUF-PAS disk 

Paper III 

2 weeks 

PUF-PAS disk 

Paper IV 

2 weeks  

mini-PUF 

Paper IV 

8 h 

mini-PUF 

PAH 1.0-80 ng PAS
-1 

 (0.01-0.7 ng m
-3

) 

1.0-80 ng PAS
-1

  

(0.05-2 ng m
-3

) 

1.0-60 ng PAS
-1

  

(0.07-4 ng m
-3

) 

0.1-2.0 ng PAS
-1

  

(0.25-5 ng m
-3

) 

PCB 

 

0.025-0.50 ng PAS
-1

  

(1-4 pg m
-3

) 

   

OCP 0.025-0.40 ng PAS
-1

  

(1-3 pg m
-3

) 

   

PBDE 0.065-0.095 ng PAS
-1

 

(0.5-0.8 pg m
-3

) 

   

 

The recoveries of PAHs and trace organic compounds based on specific IS in the sample 

enrichment procedure were generally 60-120% in Paper II, and 60-130% for PAHs in Paper III 

and IV. The quantification method used in Paper III and IV includes an immediate correction 

for differences in recovery. The masses obtained in each sample thereby correspond to 100% 
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recovery. Despite this, a few individual compounds with recoveries below 50% and above 150% 

were excluded from further calculations, since they may introduce too large uncertainty or errors 

in the final data. 

 Detectable levels of all target pollutants were found in PUF-PAS disks in both Paper II and 

III. B(a)P and other 5-6 ring PAHs were below LOD in some of the samples in Paper II. This is 

due to generally low B(a)P concentrations in residential air, for example <10-100 pg m
-3

 in 

Gothenburg 
130

. With a RS of 2.5 m
3
 day

-1
 and an exposure time of 6 weeks, the PUF-PAS disk 

sample ~100 m
3
 of air. This results in a corresponding accumulated mass of ~1-10 ng B(a)P in 

the PUF-PAS disk. This is above the MDL but in the same range as the obtained LOD in Paper 

II (Table 10) and can thereby explain undetectable levels in these samples. All PAHs were ~100 

times higher than LOD in Paper III. This was facilitated by about 10-100 times higher 

concentrations in the alloy factory compared to ambient air 
110, 130

.  

 An application area for PAS is large-scale screenings where a large number of samplers are 

deployed simultaneously at a wide range of sampling sites, e.g. within a large workplace or at 

several homes. The purpose of a screening study is to compare the relative levels at the different 

sampling sites. This kind of study is costly, labour intensive and time-consuming to perform with 

active samplers. It is therefore important to evaluate the PUF-PAS’s ability to obtain the same 

spatial distribution as the active sampler. The results in Paper III and IV showed that the PUF-

PAS disk and the mini-PUF find the same spatial distribution of total PAHs as well as for the 

groups of 2-, 3-, 4-, 5-, and 6-ring PAHs, respectively. It means that if the co-deployed active 

sampler showed a factor of 5 higher concentrations at one site compared to another, also the 

PUF-PAS disk and mini-PUF reflected the same differences in accumulated amounts (ng sample
-

1
). The PUF-PAS results in Paper II were not compared to co-deployed active samplers. 

However, the results from the PUF-PAS disks showed the same spatial distribution of 

concentrations as had previously been reported in studies using active samplers both between 

sampling sites and between indoor and outdoor sites in a home. The results from the three papers 

encourage the use of PUF-PAS disks and mini-PUFs for screening purposes. 

 The precision of stationary replicate PUF-PAS samples deployed next to each other was 

calculated as %RSD or CV in Paper III-IV and as the % difference in Paper II since only two 

PUF-PAS disk replicates were deployed at each site. The precision between duplicates in Paper 

II ranged from 5-25% for pollutants in the gas phase. Poorer consistency was found for particle-

associated pollutants. This was due to low air concentrations of these compounds, so often only 

one of the duplicates provided detectable levels in many of the replicate sets as described above. 

Four sets of stationary replicates with 3 samples in each were deployed for the 2 weeks exposure 
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(Paper III and IV) and three sets of replicates with 4 samples in each were deployed for the 8 h 

exposure (Paper IV). The obtained %RSD (CV) tended to be higher (i.e. showing lower 

precision) for the PUF-PAS disks than for the mini-PUFs (Figure 12) but no significant 

difference was found between the two designs. The CV in both PUF-PAS disks and mini-PUFs 

for 3-ring PAHs ranged from 5-30%; for 4-ring PAHs from 10-40%; for 5-ring PAHs from 15-

35%; and for 6-ring PAHs from 20-45% (Figure 12). The PUF-PAS disks and mini-PUFs showed 

similar precision to active samplers deployed in duplicates (5-20% for 3-4 ring PAHs and 5-40% 

for 5-6 ring PAHs). Lower precision was found for the particle-associated PAHs compared to the 

gas phase PAHs in the mini-PUFs while no differences were found for the PUF-PAS disks. The 

lower precision of particle-associated PAHs is probably due to a less consistent accumulation or 

sedimentation pattern for these compounds than the gas phase PAHs. Despite this the mini-PUF 

showed good precision for B(a)P (i.e. ~20%) compared to the precision of B(a)P in active 

duplicate samples (i.e. 5.20%). Also the accumulation of other particle associated PAHs was 

found to be within acceptable levels compared to the same for active samplers (5-40% for 5-6 

ring PAHs).   

 

Figure 12. Precision of replicate samples of PUF-PAS disks and mini-PUFs deployed for 2 

weeks (4 sets of 3 replicates each), and mini-PUF deployed for 8 h (3 sets of 4 replicates) 

presented as average of %RSD (CV). 
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8.2. Requirements for PAS in occupational, indoor and ambient environments  

A well designed and tested PAS should fulfil certain requirements concerning reliability and 

relevant results as well as specific requirements for the type of environment in which it should be 

used as discussed in section 4.6. This requires validated RS for the target compounds and the 

sampler design under the field conditions of application expected at the sampling site (i.e. 

exposure time, air concentration).  

8.2.1 Stationary versus personal sampler 

Sampling in exposure studies can be performed either by stationary samplers (indirect) or 

personal samplers (direct). What to use in each sampling campaign depends on the question to be 

answered (e.g. personal exposure or environmental exposure) and the study design. Stationary 

samplers and an exposure time of one week or more are often the only choice in environmental 

monitoring in ambient air since air concentrations are low. However, these data may not reflect 

the real exposure of a human or population, since they only represent one of many environments 

where humans may spend their time during a working day, a full day, or a week. This is also 

shown by various correlations between data from stationary and personal samplers 
87, 131-133

. The 

correlation seems to be dependent on where the stationary sampler is placed (i.e. indoors or 

outdoors) and the type of compounds studied. If an individual’s or population’s exposure is 

studied, a personal sampler is a better option. It should be placed on an individual close to the 

breathing zone (within ~30 cm of the nose and mouth) and worn during all day. The personal 

sampler provides a sample representative of the inhaled air during the exposure time and the 

obtained results give more realistic information about the exposure by including contributions 

from all microenvironments, in addition to pollutant-emitting activities performed by the 

individual. Personal exposure monitoring is widely accepted and commonly used for PAHs in 

occupational environments but needs to be extended and carried out with increasing frequency in 

environmental monitoring since a contribution to total PAH exposure can also come from 

residential and outdoor air. However, personal monitoring of PAHs and trace organic compounds 

is currently labour intensive, costly, and difficult to carry out due to the available sampling 

techniques (i.e. active/pumped). It is currently not possible to carry out personal monitoring on a 

large number of people. Furthermore, a personal sampler should be light enough to be carried 

around without causing inconvenience to the subject and not significantly alter their usual 

behaviour patterns. This criterion is not fulfilled by the active personal samplers. Even though the 

information from personal samplers is generally more informative and relevant than that from 

stationary samplers, their application is still limited. A personal PAS technique can provide a 
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small and light weight option that would enable more personal sampling to be performed. 

Developments of personal PAS are therefore attractive. 

 The mini-PUF introduced in Paper IV can be used as a personal sampler since the design is 

small, light weight and unobtrusive. The workers who carried it during a working day found it 

completely undisturbing in contrast to the personal active samplers. Some workers refused to 

wear the active sampler, due to disturbance, during the sampling campaign for Paper IV. 

Problems were also experienced with active samplers during the sampling campaign, e.g. pumps 

stopped working. The mini-PUF provided detectable levels of all PAH compounds, about 1000 

times higher than LOD after 8 h exposure at site 2 but only 5-10 times higher than LOD after 2 

weeks exposure at site 1. The difference was due to higher concentrations at site 2 than site 1. 

The results favour use of the personal mini-PUF sampler in environments with lower air 

concentrations (e.g. residential or outdoors). 

8.2.2 Exposure time and air concentrations 

The sampling with PUF-PAS may be affected by non-environmental factors like the physico-

chemical properties of the pollutants, the levels of the target pollutant in the air, interference from 

other chemical components, the sampler design and the exposure time. It is therefore important to 

study the performance of PUF-PAS (e.g. RS) under different exposure times and under a range of 

air concentrations. This is a requirement in European standards for passive sampling and the need 

to test this is emphasized by the finding that both exposure time and air concentration can affect 

RS in adsorbent-based PAS for some VOCs, aldehydes and anesthetic compounds 
71, 72, 114-117

. 

This can easily be done in chamber studies but field evaluation under specific exposure times and 

at field sites with different air concentrations can also be used (Paper II-IV). 

 The most obvious difference between workplace air and environmental air is the wide 

differences in concentration of PAHs and trace organic compounds that may be found in these 

environments, e.g. one to two orders of magnitude higher concentrations can be found in 

occupational environments than in ambient and residential environments. Moreover, air quality 

guidelines or their equivalents are about 1000 times lower for outdoor environments than 

equivalent OELs. For example, the OEL for B(a)P is 2 µg m
-3

 while the annual air quality 

guideline for B(a)P is 0.1 ng m
-3

 
15, 18

. Environmental monitoring therefore normally requires a 

more sensitive sampling method, or a longer exposure time and/or a bigger PAS to sample 

enough air to have sufficient sensitivity and achieve detectable levels. The low air flow of PAS 

additionally require low blanks, increased sensitivity in the analytical stage (relative to the blank), 

or sampling for a long time. 
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 The sampler performance may also be affected if the concentration gradient around the 

sampler is not maintained; i.e. if the sampler is first exposed to a high concentration and then to a 

much lower concentration during a deployment period. This may result in reduced RS (back-

diffusion) or change the sampling phase from linear to equilibrium sampling faster than expected. 

The same adsorbent in different PAS designs has also been shown to have different RS. This is 

because some designs are more favourable for diffusive collection of pollutants. An important 

feature is the surface area to volume ratio (SA/V) and the diffusion path length (gap) for VOC 

samplers. The RS increases with decreased SA/V ratio 
86

.  

 The preferred exposure time for occupational exposure studies (8 h) is much shorter than for 

environmental exposure (24 h, weeks to months). This may require different sampling durations 

and strategies. The length of the exposure time depends, among others factors, on the purpose of 

the study, the detection limits of the sampling technique, and the level of the pollutant in the 

environment. Chronic disease outcomes (effects of potential carcinogens) generally require long 

sampling durations (hours to years) while studies of acute disease outcomes require shorter 

sampling durations (minutes to less than an hour). Relatively long exposure times may also be 

necessary for less-sensitive sampling and analytical techniques or where low-exposure 

concentrations are being investigated to ensure that enough pollutant is collected.  

  The results from this thesis showed levels of all PAHs above the LOD after exposure times 

of 6 weeks, 2 weeks, and 8 h, and under all studied air concentrations (as presented in section 

8.1). RS were derived for the two PUF-PAS designs under slightly different air concentrations at 

site 1 and for the mini-PUF for two different exposure times (i.e. 2 weeks and 8 h) (Table 11). 

The derived RS for PUF-PAS disk deployed for two weeks ranged from 1-10 m
3
 day

-1
 (0.7-7 L 

min
-1

) for individual PAHs. The average RS for PAH15 was 2.7 m
3
 day

-1
 (1.9 L min

-1
). The 

obtained RS for PUF-PAS disks deployed at sampling points with different air concentrations in 

Paper III were not significantly different. This indicates that the PUF-PAS’s performance was 

not affected under the range of concentrations found at this site.  

 Mini-PUFs were deployed for two weeks at site 1 (alloy factory) and for 8 h at site 2 (coke 

industry). The RS obtained for individual PAHs for two weeks were 0.4-3.2 m
3
 day

-1
 (0.3-2.2 L 

min
-1

) and for 8 h 0.5-3.3 m
3
 day

-1
 (0.4-2.3 L min

-1
). The two exposure times can not be directly 

compared since they were done under slightly different field conditions (i.e. two sites). However, 

the RS for 3-4 ring PAHs (i.e. gas phase PAHs) were significantly higher for 8 h exposure than 

for 2 weeks exposure. No differences in RS were found for the 5-6 ring PAHs (i.e. particle-

associated). The reason for difference in uptake of gas phase PAHs may be explained by a 

somewhat higher and more efficient uptake due to a bigger concentration gradient in the initial 
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stage of the uptake compared to the measurements obtained under longer exposure time. This 

does not affect the particle-associated PAHs to the same extent since they might also follow other 

accumulation patterns than only diffusion as the gases. This result is in agreement with adsorbent 

based PAS for VOC and other volatile. 

Table 11. Sampling rates (RS) for PAHs in PUF-PAS disks and mini-PUF, presented as average 

(±standard deviation) RS for PAHs in gas phase (3-4 ring), particle-associated PAHs (5-6 ring) 

and total PAH (PAH15), respectively. 

RS  

(m
3
 day

-1
) 

PUF-PAS disk:  

2 weeks, Chamber A 

(n=6) 

PUF-PAS disk:  

2 weeks, Chamber B 

(n=6) 

Mini-PUF: 

2 weeks 

(n=12) 

Mini-PUF: 

8 h  

(n=6) 

3-4 ring PAHs 3.8±2.1 4.1±1.0 1.4±0.5 2.4±0.3 

5-6 ring PAHs 3.6±0.8 4.7±0.8 1.4±0.5 1.2±0.2 

PAH15 3.0±0.5 2.5±0.4 1.1±0.3 2.6±0.6 

  

 RS-values have to be corrected for the total surface area (TSA) of the PUF design when 

comparing RS for mini-PUFs (Paper IV) with RS for PUF-PAS disks (Paper III) or published 

results from ambient environments. By correcting for the TSA expressed in m
2
 the mass transfer 

coefficient (ka, m day
-1

) is obtained. The ka-values (and therefore RS) were not expected to differ 

between the two designs since the sampling material, the density, and the V/SA-ratio were the 

same for both designs. However, the derived ka-values were higher for all PAHs in the mini-PUF 

than in the PUF-PAS disk (Table 12). This may be explained by either more efficient 

accumulation to the cylindrical design or that the sequestering of compounds by the PUF-PAS 

disks does not occur homogenously on the upper and lower surfaces. For example, particles are 

seen visually and by two-photon electron microscopy (TPEM) to mainly accumulate on the upper 

surface 
93

. The effective surface area of the PUF-PAS disks may therefore be smaller than 

expected (TSA=220 cm
2
). By using this smaller TSA when correcting the RS for surface area, 

results in more similar ka-values for the mini-PUF and the PUF-PAS disks, suggesting that the 

cylindrical design might be preferable for trapping particles.  
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Table 12. Mass transfer coefficient (ka) expressed as m day
-1

. 

 

 RS are previously not reported for PAHs in PUF-PAS disks in occupational environments or 

in mini-PUF in any environments. A few RS are available for PAHs in PUF-PAS disks in outdoor 

environments. Santiago et al. 
121

 obtained average RS (2.9 m
3
 day

-1
) and ka (80 m day

-1
) for Phe 

using depuration compounds (DCs) which are in agreement with the results for Phe and 3-4 ring 

PAHs in Paper III (Table 12-13). In contrast, Klanova et al. 
120

 obtained higher RS for PAHs in 

the gas phase (i.e. 7 m
3
 day

-1
) and lower RS for particle-associated PAHs (0.7 m

3
 day

-1
) by 

calibrating against active samplers in a rural outdoor environment. No significant difference 

between RS for gas phase and particle-associated PAHs was found in Paper III and IV while a 

difference of a factor of 10 was shown by Klanova et al. 
120

. Average RS for PCBs in PUF-PAS 

disks are ~3.5 m
3
 day

-1
 in outdoor environments and 2 m

3
 day

-1
 indoors 

67, 81, 98
. The obtained ka-

values (Table 12) are in the same range but somewhat higher than published ka for PCBs 
67

. 

8.2.3 Particle-associated PAHs 

An important requirement when monitoring PAHs is to achieve detectable and accurate data for 

benzo(a)pyrene (B(a)P), since the OEL and air quality guidelines are based on time weighted 

average concentrations of B(a)P. This, however, may be a problem since B(a)P is mainly 

associated with particles (>90%) while the theory of PAS is based on pollutants in the gas phase. 

Moreover, B(a)P and other particle-associated PAHs are often present in lower concentrations 

(pg-ng m
-3

) than gas phase PAHs and only contribute to a few percent of the total PAH (PAH16). 

This further complicates PAS, especially for 8 h measurements. The collection of gases is 

dependent on diffusion and Brownian motion while particle accumulation is due to several 

different processes which all are dependent on the particle size, i.e. sedimentation, impaction and 

diffusion. The diffusion coefficients of particulate material in air are some orders of magnitude 

smaller than those for gases, and particles are therefore considered not to be sampled to a 

significant extent by a PAS. Despite this, some studies have shown that particle-associated 

compounds can become accumulated in the PUF-PAS disks 
93

. In addition, deployment of the 

PUF-PAS disk in an environment with elevated particle concentrations, such as site 1 and 2 in 

ka 

(m day
-1

) 

PUF-PAS disk:  

2 weeks, Chamber A 

PUF-PAS disk:  

2 weeks, Chamber B 

Mini-PUF: 

2 weeks 

Mini-PUF:  

8 h 

3-4 ring PAHs 100 110 180 310 

5-6 ring PAHs 100 130 180 150 

PAH15 80 70 150 340 
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Paper III and IV, results in a visually black PUF-material filled with particles (Figure 13). The 

accumulation of solely gas phase compounds as in PUF plugs in active samplers results in 

yellowing of the PUF material while a PUF-PAS deployed in environments with particles clearly 

becomes black. Moreover, microscope pictures (TPEM) have shown that most of the particles are 

collected at the upper surface of the PUF-PAS disk and most of these particles are in the fine 

fraction (i.e. < 2 µm) 
93

. The fine fraction may be of most importance to sample since they 

deposit more efficiently and deepest into the lungs when inhaled. The PUF-PAS disks in 

Chaemfa et al. 
93

 had been deployed in rather clean air and were not as black as other PUF-PAS 

disks deployed in more dirty environments (Paper III-IV). An even higher amount of particles is 

therefore expected to be seen by the TPEM if the PUF-PAS is exposed to more particles. 

Important for evaluation of B(a)P accumulation is to look at the precision of the accumulated 

amounts in replicates. 

 

Figure 13. Visual evidence of particle collection in PUF-PAS disks from Paper III (site 1). The 

photo is taken with the PUF samplers placed in Soxhlet extraction before extraction. From left: 

blank PUF-PAS disk, PUF plugs from an active sampler that collects just gas phase pollutants, 

and exposed PUF-PAS disk. 

PUF-PAS disk:

Before exposure

PUF plugs (active sampler):

After exposure

PUF-PAS disk:

After exposure
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 In this thesis, the uptake of B(a)P and other particle-associated PAHs were studied in Paper 

III and IV. Despite the lower concentration of B(a)P compared to gas phase PAHs (generally <1-

5% of PAHtot), all of the deployed PUF-PAS disks and mini-PUFs at site 1 detected B(a)P well 

above LOD. This was also achieved for all mini-PUFs in site 2 where the exposure time was 8 h. 

This was facilitated by a higher concentration in this site. The CV for B(a)P was ~2-70% for 

PUF-PAS disks deployed for 2 weeks (triplicates), ~5-40% for mini-PUF deployed for 2 weeks 

(triplicates), and ~15-25% for mini-PUFs deployed for 8 h (four replicates). The corresponding 

CV for 3- and 4-ring PAHs were similar; ~5-50% for PUF-PAS disks, ~5-40% for mini-PUF 2 

weeks, and ~5-20% for mini-PUF 8 h. Higher CV (i.e. lower precision) for the particle-associated 

PAHs compared to the gas phase PAHs were also found for active samplers (5-40% for 5-6 ring 

PAHs).  This indicates that B(a)P and thereby particles are accumulated according to a pattern 

and not by random sedimentation which would have resulted in a wider range of CVs. 

 The obtained RS for B(a)P were 4.4±2.7 m
3
 day

-1
 (3.0±1.8 L min

-1
) for PUF-PAS disks 2 

weeks, 1.9± 0.5 m
3
 day

-1
 (1.3±0.3 L min

-1
) for mini-PUF 2 weeks, and 1.2±0.2 m

3
 day

-1
 (0.9±0.2 

L min
-1

) for mini-PUF 8 h. The obtained RS for particle-associated PAHs in PUF-PAS disks in 

Paper III were not significantly different from PAH compounds in gas phase. The same result 

was obtained in Paper IV for the mini-PUF. Results from other groups where the PUF-PAS 

disks has been deployed in ambient environments show a much lower uptake and RS for the 

particle-associated PAHs and PBDEs 
120, 122

. Those results suggest that particle-associated PAHs 

and PBDEs were accumulated at about 10% of the rate of gas phase PAHs. The different results 

obtained in this thesis may be affected by higher amount of particles at the sampling sites in 

Paper III and IV than what is found is most ambient environments, especially at rural sites as 

been studied by others. 

 The active samplers at site 1 showed a higher extent of B(a)P and other 5-6 ring PAHs in the 

gas phase than expected. The reason for this is unclear and whether this represents the real 

partition at this site or not is unknown. This may have been a result of underestimation of the 

particle fraction in the active sampler either by i) a lower efficiency in collecting particles or ii) 

an evaporation of B(a)P and other particle-associated PAHs from the particles to the PUF plugs 

during sampling. If the first option had happened then the total air concentration of these 

compounds are also underestimated and the obtained RS for the PUF-PAS disks may be 

overestimated by a factor 2-3. If option ii) occurred, instead, this would not have a large influence 

on the RS calculations given that bulk concentration from the active samplers were used in 

calculations. Correcting for option i), results in more similar RS for gas phase and particle-
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associated PAHs at site 1 (Paper III and IV) rather than higher RS for the particle-associated 

PAHs as presented now.  

 Some publications recommend calculating the RS for the particle-associated compounds 

based only on the concentration found in the gas phase in the active sampler. This is based on the 

assumption that the PUF-PAS only accumulate compounds in the gas phase and no particles. 

However, applying this to the results in Paper III and IV give RS in the range of 10-100 times 

higher than the presented ones, i.e. 50-100 m
3
 day

-1
 for mini-PUFs exposed for 8 h, 10-50 m

3
 day

-

1
 for mini-PUFs exposed for 2 weeks, and 50 m

3
 day

-1
 for PUF-PAS disks exposed for 2 weeks. 

These results are not reasonable since no explanation can explain why the gas phase of these 

compounds would have a so different kinetic to the compounds solely found in the gas phase. 

This together with reasonable precision for B(a)P indicate that the PUF-PAS disk and mini-PUF 

do accumulate particle-associated PAHs with a similar efficiency to the gas phase compounds. 

8.3 Influences of environmental variables on PUF-PAS’s performance  

Ideally, the process of collection of pollutants in a PAS is constant and only dependent on the 

geometry of the PAS and the physico-chemical properties of the individual pollutants. An 

important aspect of PAS though, is that the collection is also dependent on environmental 

conditions around the sampler. This influences their performance and the precision with which 

the PAS can be used. The reliability of PAS techniques under varying environmental conditions 

is therefore a subject of controversy. Environmental conditions that may affect the PAS are wind 

speed/air flow, temperature (T), atmospheric pressure, sunlight/UV-light and humidity. T affects 

the compound specific molecular diffusion coefficients (D, m
2
 day

-1
) of the pollutants by 

increasing D with T. An increased RS can therefore be expected with an increased T. Equation 13 

describe the relationship between RS and D.  

 
𝑅𝑆 =

𝐷

𝛿
𝐴𝑃𝐴𝑆  Eq. 13 

 

where δ (m) is the effective thickness of the stationary air-side boundary layer around the PAS 

and APAS is the surface area (m
2
) of the PAS. However, D is shown to be related to ΔT

0.5
. 

Consequently, an increase of 20ºC (e.g. 0-20ºC) will increase D only by a small factor of 

(293/273)
0.5

 or 4% 
85, 119

, i.e. in the order of 0.2-0.4% per ºC. This implies that influence of T on 

RS may be negligible. 

 There are sparse information available about the real relationship between T and RS for the 

PUF-PAS. In contrast to the theory, Klanova et al. 
120

 showed higher RS at lower T and a bigger 
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influence of T than those theoretically predicted. However, a confounding factor in their study 

was the concurrent influence of wind speed. The theory thereby remains and T is not seen as an 

important influence of PUF-PAS. More important may be the influence of T on gas-particle 

partitioning since semivolatile pollutants with significant fractions in both gas- and particle 

phases (e.g. PAHs and PBDEs) become more associated to the gas phase with higher T and more 

to particles with lower T. This may influence the accumulation in a PAS and the RS if the gas- 

and particle associated compounds are considered to accumulate differently (see earlier 

discussion) and if the PUF-PAS is seen as a gas phase sampler. An increased T will result in 

more of the 5-6 ring PAHs being found in the gas phase and thereby accumulated to a higher 

extent in the PUF-PAS but the range for B(a)P is relatively small: 97% in particle phase at 25 ºC 

and at 99% at 0ºC and this small difference is not considered to influence the PUF-PAS 

performance 
65

. 

 Klanova et al. 
120

 and Chaemfa et al. 
122

 did not find any significant correlation between 

PUF-PAS disk RS and wet precipitation, atmospheric pressure, and sunshine. These factors are 

currently not further discussed in any other publication and were not evaluated in the works for 

this thesis. However, humidity mainly affects the sorption capacity of hydrophilic sorbents and 

since the PUF-PAS is very hydrophobic this is not considered as a big influence. Sunshine (UV-

light) may affect the accumulated amounts in the PUF-PAS by degrading the PAH compounds. 

This may be a risk in long-term sampling, as in Paper II but not for 8 h measurements in 

workplaces (Paper IV). The use of chambers may however reduce the effect of sunlight in long-

term sampling campaigns. In addition, the influence of UV-light is also more important in 

outdoor environments than indoor environments since lower levels of UV-light are expected in 

indoor workplaces and homes. This is especially the case in environments like site 1 in Paper III 

and IV where the amount of particles in the air is elevated. Thus, these factors are considered to 

influence the PUF-PAS’s performance to a minor extent, especially indoors.  

 In this thesis, T at site 1 in Paper III and IV was measured continuously during the sampling 

period while T in Paper II and site 2 in IV was obtained from data bases. The average T at site 1 

was 15ºC and varied by a maximum of 10ºC. The average T at site 2 in Paper IV was 5-10ºC 

lower than at site 1 (i.e. 5-10ºC) but did not vary to any large extent. The influence of T on RS at 

these two sites is consequently in the range of 2-4% for the observed T-variations in Paper III 

and IV. The PUF-PAS disks in Paper II were deployed in a larger range of T-variations (2-

20ºC). This variation should result in an influence of 4-8% of the RS. These influences (2-8%) are 

negligible compared to the variations among replicates and T is not considered to influence the 

PUF-PAS’s sampling performances under these conditions. 
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 More important and more studied is the influence of wind speed/air flow and it has to be 

taken into consideration in sampling strategies. Both high and low air flows are considered to 

affect the RS and the performance of the PUF-PAS: high wind speed by reducing the thickness of 

the air-side boundary layer (δ) and thereby giving an increased RS; and low wind speed by 

causing stagnant air around the sampler (i.e. increased thickness of the boundary layer) and 

thereby reducing the RS (Eq. 13) 
67, 81, 125

. Tuduri et al. 
125

 have shown that the RS of PUF-PAS 

disks significantly depend on the wind speed. The RS for PCBs increase sharply from ~6 m
3
 day

-1
 

at <1 m s
-1

 up to 20-40 m
3
 day

-1
 at 1.8 m s

-1
 in unprotected PUF-PAS disks. The same has also 

been shown by Moeckel et al. 
124

. Consequently, the PUF-PAS would thereby overestimate the 

air concentrations on windy days/sites if a fixed RS (derived from calm air) would be used. The 

direct effect of variation in air flow was not evaluated in this thesis since the ranges of air flows 

in most indoor occupational and residential environments are considered to be small (< 1 m s
-1

). 

8.3.1 Protection/Control of wind speed effects  

Due to the strong influence of wind speed it is important to reduce or control its effect on the 

PAS’s performance. This can be done by deploying the PUF-PAS inside a protective chamber or 

by adding depuration compounds (DC) to the PUF-PAS before deployment. A protective 

chamber, like Chamber B in Paper II and III (Figure 10), has a wind dampening factor of ~4-6 

(i.e. an external wind speed of ~4 m s
-1

 is dampened to ≤1 m s
-1

 inside the chamber and around 

the PUF-PAS disk). This also means that at an external wind speed of 4 m s
-1

, the RS for the PUF-

PAS disk inside Chamber B are equivalent to that of an unprotected PUF-PAS disk at 1 m s
-1

 
125, 

134
. A chamber design like this is therefore recommended to be used in studies where high wind 

speeds or large differences are expected. However, in situations where low wind speed/air flow is 

expected this chamber may create a low air flow around the PUF-PAS and result in low values of 

RS. This is shown by a factor of 4 to 5 lower RS for PCBs in indoor environments when Chamber 

B is used compared to Chamber A 
81

. In situations with low air flow it is thus important to allow 

sufficient exchange of air between the sampler surface and the ambient atmosphere and a more 

open chamber design (Chamber A) is therefore recommended.  

 In this thesis, the influence of level of sheltering on the PUF-PAS disk behaviour was studied 

in Paper III by deploying PUF-PAS disks in Chamber A and B next to each other for the same 

exposure time. This mainly provides indications of elevated air flows (i.e. >1 m s
-1

) at each 

sampling point or differences in air movements between the sampling points. The obtained RS for 

PUF-PAS disks deployed in Chamber A and B at the four sampling points were not significantly 

different for most PAHs. A higher RS in PUF-PAS disks deployed in Chamber A would be 
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expected if the air flow was >1 m s
-1

 according to Tuduri et al. 
125

 since this chamber dampens 

the wind speed effect to a lesser extent than Chamber B. The obtained results in Paper III instead 

indicate low wind speed at the sampling points as well as no difference in wind speed between 

the sampling points at this site. However, significantly higher amounts of and RS for some 4-6 

ring PAHs (Pyr, BaA, Chr, BbF, BkF, B(a)P and BgP) were found in PUF-PAS disks deployed in 

Chamber A than Chamber B in the sampling points with lower concentration and less particles. 

This indicates that Chamber B may restrict the uptake of these particle-associated compounds 

under this condition. The precision for replicates of PUF-PAS disks deployed in Chamber B was 

higher than for replicates in Chamber A when the concentrations of PAHs and total suspended 

particles were higher. This indicates that Chamber B provides a more reproductive uptake in this 

kind of environment, i.e. uptake in Chamber B is only influenced by diffusion while Chamber A 

is affected by other uptake patterns. 

 DCs are semivolatile chemicals that can not be found in the environment (CA,DC = 0) and are 

analytically non-interfering with the native target pollutants. Usually, DCs are isotopically 

labelled analogues of the native target pollutants, e.g. deuterated or 
13

C-labelled. The DCs should 

have similar physico-chemical properties to the analogues native target pollutants and cover a 

range of properties (e.g. volatility) corresponding to the range for the native pollutants. They are 

added to the PUF-PAS prior to deployment and they volatilize from the PUF-PAS into the air 

during the exposure time. The theory of DCs assumes air-side controlled uptake of target 

pollutants and loss of DCs in the PUF-PAS. The amounts lost during the exposure depend on the 

physico-chemical properties of the DCs, the exposure time, and wind speed just as the uptake of 

target pollutants. The release of a DC from the PUF-PAS is related to the uptake of the 

corresponding target pollutant in the same PUF-PAS and the loss and uptake of the two are 

affected to the same or similar extent by increased or reduced wind speed around the PAS, i.e. the 

thicker the boundary layer the slower the loss and the uptake, and vice versa (Figure 14). This 

means that the loss rates of the DCs follow the sampling (uptake) rates of the target pollutants. 

The DCs can therefore be used to assess the specific site effects of environmental variables like 

wind speed which affect the thickness of the boundary layer.  
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Figure 14. The relationship between uptake of target pollutants and release of depuration 

compound under different wind speed scenarios. 

  This is a way to calibrate the RS of PUF-PAS in situ. The concentration (amount) of the DC 

at the end of the sampling (CDC, ng sample
-1

) and the beginning of the sampling (t=0, CDC,0, i.e. 

from field blanks) are used to estimate the site specific RS and the air concentration. 

 
𝑅𝑆 =

−ln 𝐶𝐷𝐶 𝐶𝐷𝐶 ,0  ∙ 𝐾𝑃𝑈𝐹−𝐴 ∙ 𝜌𝑃𝑈𝐹 ∙ 𝑉𝑃𝑈𝐹

𝑡
 Eq. 14 

 

Where ρPUF is the PUF-PAS bulk density (g m
-3

), VPUF is the volume of the PUF-PAS (m
3
), t is 

the exposure time (days) and KPUF-A is the pollutant’s PUF-PAS-air partition coefficient (m
3
 g

-1
). 

The KPUF-A can be estimated using Eq. 16 and regressions given by Shoeib and Harner (2002) 
67

:  

 𝐾𝑃𝑈𝐹−𝐴 = 100.6366𝐾𝑂𝐴 −3.1774  Eq. 16 

 

The KOA-values are adjusted for T measured at the sampling point concurrent with the exposure 

and can be calculated in 30 min steps during the whole exposure period. A constant RS indicate 

that the uptake is unaffected by wind speed.  

 Importantly, only the DCs with losses of >40% should be used to estimate RS 
89, 124

. This 

minimizes the influence of analytical uncertainty. Compounds with high KOA or KPUF-A will be 

retained in the PUF-PAS for longer time than compounds with lower KOA and thereby require a 

longer exposure time to experience a loss of >40% 
98, 121, 124, 135-137

. 

 Performance of DCs was studied in Paper III. PUF-PAS disks spiked with a DC mixture 

containing 16 deuterated US EPA PAHs were used to study RS and possible influences of wind 

speeds at site 1. The mixture of 16 PAHs was used to cover as wide range of properties (i.e. 

= High wind speed (>1.5 m s-1), high Rs

= ”Normal” wind speed, ”normal” Rs

= Low wind speed (<0.5 m s-1), low Rs
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volatility) as possible and to look at their feasibility as DCs for exposure times of 2 weeks and 

potentially also shorter. A DC with similar properties as the target pollutants provides the best 

estimates of the influences of environmental variables on the uptake of that specific compound. It 

is therefore desirable to cover as many properties as possible with the DC. However, the heavier 

the DC (higher KOA or KPUF-A), the smaller is the loss from the sampling medium due to a higher 

affinity for the sampling medium. Of the 16 PAHs spiked to the PUF-PAS disk before 

deployment only 4 of them experienced a higher loss than 40% during the 2 weeks exposure for 

more than half of the samples: Acy, Ace, Flu, and Phe. The loss of these ranged from 90-50%. 

Only Ace experienced a loss >40% after 1 week exposure time. Most of the 4-6 ring PAHs 

showed low or no loss during the exposure time of 2 weeks (Figure 15). This figure is in 

agreement with the theory of increased loss with decreasing log KOA or KPUF-A of the analogues 

native pollutant 
136

. Of the four PAHs showing a loss >40% only the Ace data is consistent while 

Acy and Phe had too few valid samples to be used for further calculation and some of the Flu 

samples had too low loss. PAHs are therefore not expected to work as DCs for shorter exposure 

times (e.g. 8 h). Instead even more volatile compounds are needed. However, these can only be 

used to assess the influence of wind speed and not to fully control the uptake or obtain RS for 

PAH compounds since their physico-chemical properties will differ. 

 

Figure 15. Loss of depuration compounds in Paper III. 

 The studies for this thesis did not test the feasibility of the 16 PAHs as DCs under variable 

wind speeds. The wind speeds at the sampling points in the field site were generally low  

(<1 m s
-1

) and did not differ enough to see any influences. If the wind speeds at the sampling site 

are higher than typical indoor wind speeds, a higher loss will be experienced and the most 
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volatile PAHs may then work as DC also for shorter exposure times. DCs were not used in Paper 

IV due to too short exposure time and low wind speed. 

 The RS obtained from the PAH DCs experiencing a loss of >40% was 3-6 m
3
 day

-1
 (Table 

13). These were higher than the RS obtained from comparison to active samplers. The reason for 

this is unknown. 

Table 13. RS expressed as m
3
 day

-1
 obtained by two different methods in Paper III. 

 RS from DCs 

(m
3
 day

-1
) 

RS from active samplers 

(m
3
 day

-1
) 

Ace 3.4±0.4 1.9±0.8 

Acy 4.0±0.5 2.4±2.0 

Flu 5.0±0.7 2.1±0.8 

Phe 6.4±1.1 2.0±0.7 

 

8.4. Comparison between active and passive personal samplers   

The mini-PUFs deployed as personal samplers were compared to co-deployed active samplers. 

Unfortunately, the mini-PUFs and the active samplers from this comparison were analysed at two 

different labs using two different techniques. The two techniques are both controlled and 

accepted and should not differ significantly but no control has been done for this specific study. 

Moreover, the active samplers were only analysed for 9 PAH compounds while the mini-PUF for 

32 PAHs. However, a comparison was performed based on the available results. The amounts 

found in the mini-PUFs were converted into air concentrations (CPAS) by using Eq. 10 and the 

derived RS from site 2. These were then compared to the active results by a linear regression of 

the two methods as well as a graphical comparison of the differences between the two results 

(CPAS-Cact) using Bland-Altman plots. Despite the limitations in the experimental set up listed 

here, the linear regression in Paper IV showed significant and good correlation (p<0.003) 

between the two techniques for most of the PAHs (e.g. correlation coefficient for Phe=0.72, for 

Fla=0.53, for Pyr= 0.77 and for B(a)P=0.58). The comparison of the differences between the 

estimated CPAS and the true personal exposure (Cact) is shown by Bland-Altman plots in Figure 

16. The agreement is good for Phe and Pyr, moderate for B(a)P and lower for Fla. In general, 

weakest agreement was found for the highest exposure scenarios. The mini-PUF results tended to 

overestimate the air concentration for most PAHs (i.e. CPAS- Cact>0), meaning that the 

accumulation in the personally deployed mini-PUFs was greater than in the stationary mini-

PUFs. The RS is therefore expected to be higher for the personally deployed mini-PUFs than the 
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stationary ones. The increased uptake in personal mini-PUF compared to stationary mini-PUF 

may be explained by an increased air flow and turbulence around the personal mini-PUF caused 

by the workers’ activities and movements. Personal samplers generally show higher levels than 

stationary samplers in occupational environments due to a more direct exposure to sources during 

working activities. This is however not the only reason to higher levels in personal mini-PUF in 

this study, since that would have affected the personal active sampler to the same extent as the 

personal sampler and increased Cact to the same extent as CPAS.  

 

 

Figure 16. Difference between the personal mini-PUFs and the co-deployed personal active 

samplers versus the personal active sampler (Bland-Altman plots) for phenanthrene (Phe), 

Fluoranthene (Fla), Pyrene (Pyr) and Benzo(a)pyrene (B(a)P) from site 2 in Paper IV. The 

broken line show the optimal result when CPAS=Cact. 
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9. Limitations with PUF-PAS for PAHs 
Passive air sampling of PAHs has its limitations. So far, the main one has been related to their 

ability to sample the particle-associated B(a)P in a reproducible and representative way. The 

general opinion in the field of passive sampling (both air and water) is that only gas phase 

pollutants can be sampled with a passive sampler. This has had a negative influence on their 

acceptance and possible employment in occupational environments. As a consequence there is a 

predetermined resistance among some potential users to start using it. Applications in outdoor 

environments, mainly rural, show that the uptake and the RS of particle-associated PAHs and 

PBDEs in PUF-PAS are about 10% of the gas phase pollutants which would undermine the use 

of this type of sampler in human exposure studies. However, the results from Paper III and IV 

shows a higher uptake efficiency of particle-associated PAHs (incl. B(a)P) than what has been 

shown in previously published papers. If the results presented in Paper III and IV are confirmed 

under a range other conditions in occupational environments a re-appraisal of their utility by 

potential users within the occupational community would be warranted.  

 A possible limitation with the results obtained here may be that the observed uptake 

performance for particle-associated PAHs might be site specific and limited to specific particle 

compositions (e.g. concerning sizes, amount). Further studies are therefore recommended. 

 Another limitation is the relatively low RS of PUF-PAS which may result in undetectable 

levels after 8 h exposure in environments with lower concentration than those in Paper III and 

IV. This may be a problem since air concentrations of PAHs in other occupational environments 

are often lower than in site 1 and 2 in this thesis. For example, concentrations of B(a)P and 

PAH16 in some restaurants are 0.05-0.30 ng m
-3

 and 100-300 ng m
-3

 respectively (own 

unpublished data). This can also introduce a limitation for the application of PUF-PAS for the 

trace organic compounds found at one magnitude lower air concentrations than PAHs. 

 A critical aspect that emerged from Paper III and IV is the fact that despite the good results 

concerning consistency and accuracy obtained for some key compounds associated to particles 

(e.g. B(a)P)), unsatisfactory results were obtained for others (e.g. Ind and DaA). The reason for 

this is unclear. An explanation may be that the compounds with lowest consistency also were 

found at lowest concentration. This could have added analytical uncertainty. 

 Moreover, the results for DCs in Paper III showed that only a few of the most volatile PAHs 

fulfilled the requirement for a DC after 2 weeks exposure. This indicates that none of the 16 US 

EPA PAHs are suitable DCs to monitor RS and control environmental influences for a shorter 

exposure time (e.g. 8 h). In addition, it is not possible to use DCs to control the uptake of particle-

associated PAHs since they are influenced by other accumulation patterns. 
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10. Summary and conclusion 
The work described in this thesis has evaluated the sampling performance of two different 

designs of a PAS consisting of PUF material (i.e. PUF-PAS disk and mini-PUF) for PAHs and 

some trace organic compounds in occupational and/or residential air. It has been demonstrated 

that the PUF-PAS has good potential both as a stationary sampler and a personal sampler for 

compounds both in gas phase and those associated to particles. The following summarizes the 

main results from these studies. Under the conditions observed in the three studies: 

 all PAHs were found at levels above LOD after exposure times of 6 weeks, 2 weeks, and 

8 h; 

 LODs obtained for PAHs in the three papers allow for detection of air concentrations 

down to 0.25-5 ng m
-3

 after 8 h exposure, 0.05-2 ng m
-3

 after 2 weeks exposure and 0.01-

0.7 ng m
-3

 after 6 weeks exposure, dependent on specific compounds. The range of LOD 

for trace organic compounds is 0.5-4 pg m
-3

 after 6 weeks exposure; 

 the precision for gas phase PAHs in PUF-PAS disks (expressed as %RSD or CV) were 

15-30% while 5-20% in mini-PUFs; 

 the PUF-PAS disk and mini-PUF were able to determine the spatial distribution within 

and between sampling sites; 

 the introduction of mini-PUF as a personal sampler was well accepted by the workers: it 

is small and light enough to cause minimal disturbance for the subject, and it can be 

deployed in close proximity to the breathing zone; 

 the obtained RS for PAHs in PUF-PAS disks ranged from 1.3-10 m
3
 day

-1
; 

 the obtained RS for PAHs in mini-PUFs ranged from 0.4-3.2 m
3
 day

-1
 for 2 weeks 

exposure and from 0.5-3.3 m
3
 day

-1
 for 8 h exposure; 

 the stationary RS were not influenced by differences in air concentrations (within the 

ranges observed in Paper III); 

 the RS for individual gas phase PAHs was significantly higher at 8 h than at 2 weeks 

exposure but no difference was found for particle-associated PAHs; 

 the PUF-PAS disks and mini-PUF demonstrated an unexpected good ability to provide 

results for the particle-associated PAHs (especially for the key PAH compound B(a)P)); 

 only four of 16 PAHs used as DC showed significant loss during 2 weeks exposure time; 

 the accuracy of mini-PUF personal sampling were comparable to active personal 

sampling for gas phase PAHs. 
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Based on these results and by considering the specific aims listed in section 6 the following can 

be concluded: 

 The performance of the PUF-PAS disk and mini-PUF was successful in detecting air 

concentrations and providing results with consistency comparable to the active (reference) 

sampling techniques; 

 The mini-PUF was considered acceptable and unobtrusive as well as possible to place 

close to the breathing zone; 

 The obtained results on RS showed that specific RS for individual compounds should be 

used since the variability among individual compounds is larger than the ones among 

replicates; 

 The chamber design has minor influence on the performance under these conditions; 

 It appears not to be possible to use PAHs as DC to assess sampling performance since 

valid results were limited to a few compounds with exposure time of 2 weeks. For PAHs, 

DCs do not seem to be an effective way to monitor sampling behaviour under 

occupational and residential conditions. 

 Thus, the results show that the PUF-PAS is a promising PAS technique for monitoring of all 

PAHs including B(a)P and its use can increase the monitoring frequency and the number of 

samples to be taken. Mini-PUF provides an application for large-scale screening which can not be 

covered by the active sampler. However, for application in exposure assessments further 

validation and optimizing of the design including shelter should be carried out. 
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11. Future needs  
This work is an initial field test of PUF-PAS disks and mini-PUFs for PAH measurements in 

occupational environments. The results presented here are promising and it is recommended to 

perform further validation tests of the personal mini-PUF. A starting point could be to continue 

similar field evaluation steps where stationary and personal mini-PUFs are compared to active 

reference methods under a wider range of conditions (e.g. range of air concentrations, particle 

composition, particle numbers, air flows etc) in more occupational as well as residential 

environments. This would provide a more complete picture of its limitations and potentialities. It 

would then be useful to perform a complete validation study as recommended by European 

standards. This includes studies under controlled conditions in dynamic chambers. However, the 

problems experienced in this thesis still remain unless a stable atmosphere with all or a range of 

16 US EPA PAHs can be produced. It is important that the gas/particle partition of the PAHs in 

this dynamic chamber atmosphere corresponds to the one in field environments. 

 An important aspect for future evaluation is apparently contradicting results for the ability of 

the PUF-PAS disk and the mini-PUF to accumulate B(a)P and other particle-associated PAHs 

obtained in this thesis compared to previously published results from outdoor applications. The 

reason for this inconsistency has to be explained, especially if the mini-PUF is to be more broadly 

applied and accepted for exposure assessments. Since the precision and accuracy for some 

particle-associated compounds are still lower than for gas phase compounds it must be considered 

to develop a proper chamber around the mini-PUF or to test the potential influence or advantage 

on the performance from deployment in chambers.  

 Moreover, there are to date only few evaluations done on the sampling performance of PUF-

PAS on trace organic compounds in residential air and there are several other compound groups 

of environmental and health concern (e.g. PFOS) that might be possible to sample with the PUF-

PAS technique. Evaluation of a broader range of compounds as well as including residential 

environments would be useful to improve the methodology of PUF-PAS. 

 A reduction of blank values to improve the LODs compared to the obtained ones in Paper 

II-IV would improve the sensitivity of the PUF-PAS performance. Useful studies would 

therefore be to optimize the storage conditions and the cleaning efficiency before and after 

sampling.  

  



69 
 

  



70 
 

12. Acknowledgement 
Wow, it is unbelievable but it is finally done! It is now time to send my thanks to all the people 

and things that deserve my sincere gratitude: colleagues both in Sweden and United Kingdom, 

family, friends, factories, companies, airplanes, happenings, financial support etc. Without your 

encouragement, support and help I would never have managed this. 

I have had the privilege to go through this education with TWO supervisors. It has been an 

honour and clearly a bonus. I can not think about a better combination than the two of you. My 

heros! 

Bo – min huvudhandledare och vän. Först och främst måste jag ändå tacka dig för att du stod på 

dig och valde just mig till din doktorand. Ditt ständigt positiva stöd, peppande och din tro på mig 

som person har varit en stor motivationskälla. Tack också för att du har tillåtit mig att tänka på 

egen hand och själv få driva projektet framåt men att du samtidigt alltid är där och ställer upp när 

det behövs. Väldigt uppskattande är alla samtalsämnen och skratt som delats på ditt rum. 

Speciellt tack för att du under de sista månaderna ibland fick mig att ”nörda lite mindre” och såg 

till så att roten inte växte sig alltför lång genom att tvinga upp mig ur stolen.  

Kevin – my second supervisor. My master and friend! Many thanks for always welcoming me 

with open arms in Lancaster and for encouraging me to come back more often. You are a great 

source of inspiration and support. After a meeting with you, over a cup of tea or a shared piece of 

chocolate and many funny and evil laughs, I always leave with a smile on my face and my head 

full of inspiration. Especially thanks for all the cups of tea you have personally made for me, with 

a perfect strength and perfect touch of milk. Oh, groovy!  

To both of you I also want to send my thanks regarding a personal part of my life which you 

indeed were involved in.  

Mina medförfattare och samarbetspartner i Umeå: Janne, Roger, Margaret och Margit. Tack 

för att jag fick följa med till SSAB och för att ni har delat med er av er kunskap om provtagning. 

Speciellt tack till Janne för alla samtal nere i Göteborg under de senaste åren. 

Horacio - mi amigo y compañero de trabajo en Mexico. Muchas gracias por tu ayuda con el 

muestreo en PII. Gracias también por iniciarme en tequilas muy ricas y por ayudarme con los 

medicamentos mexicanos para recuperarme cuando me puse mala. Un fuerte abrazo!  

Finansörer – utan bidrag från FAS (Forskningsrådet för arbetsliv och socialvetenskap), samt 

tillägg från Toxgruppen genom Lars Barregård och Gerd Sällsten hade jag aldrig fått 

möjligheten att utföra de här åren och denna avhandling. Jag är er evigt tacksam. 

Deltagarna i mina studier (alla i Göteborg, Lancaster och Mexico City, samt Vargön och SSAB) 

för att ni har gjort så att jag har fått prover att arbeta med och för att ni vänligen tog emot mina 

konstiga provtagare (”matlådor”, ”space ships”). Speciellt tack till ”big Dick” för en storartad 

insats där det både klättrades, byggdes och sågs till att jag hade en fantastisk tid med massa 

härligt tjöt. Det är en ära att ha fått lära känna dig. 

Peter – min kära fadder! Det är få förunnat att ha en fadder som du. Det är nog ingen som 

någonsin blivit bättre eller mer faddrad än vad jag har blivit. Du är en klippa och en sann förebild 

som speciellt har lärt mig vikten av ordentliga fikaraster och pratstunder med sina kollegor. Hur 

ska jag klara mig utan dig i mitt fortsatta arbetsliv? 



71 
 

Magnus – min vän och partner-in-crime! Så likasinnad. Tack för allt! Alla kvällar med vin, 

sangria, promenader, glögg mm har gett mycket glädje. Likaså utflykter, pratstunder och stunder i 

gymmet. Du gör mig glad och du har en övertalningsförmåga utan dess like som får allt att verka 

enkelt (utan den skulle jag aldrig följt med ner i gymmet). 

Lena – min vän! Du tog mina ord i din avhandling men att ha dig i rummet bredvid har verkligen 

gett mycket glädje genom åren. Ditt skratt och leende får mig alltid på toppenhumör, dina 

knackningar på min dörr är efterlängtade och din ”inga problem”-inställning är underbar. 

Sandra, Pernilla, Cina, Mia, Lotta, Per, Anna och Leo – mina övriga vänner på AMM som 

alltid får mig att må bra med skratt, omtanke, fikor, lunchsällskap, AW-turer, resor. 

Min kära Grytklubb och mina kära Smulor. MUMS!!! 

Mina övriga kollegor – tack för att ni skapar en bra arbetsmiljö under alla trevliga fikastunder, 

lunchraster, härliga stunder på balkongen, vår-, höst, och julfester mm. Tack alla för allt. 

My friends in the Lancaster group for welcoming me and always seeing me as one of the group 

members: Linda, Ed, Sabino, Matteo, Alex, Jasmin, Garry, Paul, Dave, all the temporary 

guests and especially  

Chun – my little brother! Cute C! You have a special place in my heart. 

Claudia – my friend and teacher! What would I be without all of your help, support, nice e-mails 

and mails? It’s never any problem for you to provide help of any kind. For that I’m forever 

grateful. 

Chakra – my friend and personal Thai chef! You are much more than a good chef! You know 

that. 

Mina vänner utanför jobbet – TACK för att ni är just det: mina vänner. Ni ger mig en fristad 

från stundtals stressade jobbsituationer med grillningar, fikor, promenader, samtal om livet mm. 

Min kära släkt – Alla Bohlinare & Carlssonare. Stort tack för att ni har lärt mig att inte ta någon 

skit. Men också för att ni är mina vänner som ger mig trygghet och glädje. Ni har alltid har varit 

mina förebilder som jag har sett upp till. Strävan efter att bli som ni har alltid drivit mig framåt.  

La famiglia di Luca: nonna, mamma, Vale, Fede, Ale, Zio, Zia, Naki and Nerone – la mia 

nuova famiglia tanto accogliente che mi ha accolto con tanto affeto. Mi spiace di non parlare 

ancora Italiano ma prometto che da ora studieró duro. 

Mamma & Pappa – mina kära föräldrar! För att ni alltid tror på mig och tycker att jag är duktig. 

Ni gör så att jag vågar ta de där stegen framåt. Tack också för att ni ALLTID ställer upp. Det är 

aldrig några problem med någon form av hjälp trots otaliga skjutsningar till och från flygplatser, 

passning av katt och lägenhet mm de senaste åren.  

Stefan – min kära storebror! För att du är mitt stöd och bollplank i många situationer. Peppar 

ständigt och tar ner mig på jorden när det behövs. Intresserad av allt och försöker alltid förstå vad 

jag gör. 

Luca – my love! I am so happy I found you along this road. You are an enormous support who 

always helps and encourages me. Sorry for letting you take all the situations with my agonies and 

my bad self confidence during this period but thank you for always taking me back on track again 

with all your love. It is now finally time for us to become one. Longing!!! Ti amo! 



72 
 

13. References 
1. Ayres, J. G., Health effects of air pollution. Chemistry & Industry 1996, (21), 827-830. 

2. Boffetta, P., Human cancer from environmental pollutants: The epidemiological evidence. 

Mutation Research-Genetic Toxicology and Environmental Mutagenesis 2006, 608, (2), 

157-162. 

3. Bostrom, C. E.; Almen, J.; Steen, B.; Westerholm, R., Human exposure to urban air-

pollution. Environmental Health Perspectives 1994, 102, 39-47. 

4. Brunekreef, B.; Holgate, S. T., Air pollution and health. Lancet 2002, 360, (9341), 1233-

1242. 

5. Folinsbee, L. J., Human health-effects of air-polluation. Environmental Health Perspectives 

1993, 100, 45-56. 

6. Boffetta, P.; Jourenkova, N.; Gustavsson, P., Cancer risk from occupational and 

environmental exposure to polycyclic aromatic hydrocarbons. Cancer Causes & Control 

1997, 8, (3), 444-472. 

7. Bostrom, C. E.; Gerde, P.; Hanberg, A.; Jernstrom, B.; Johansson, C.; Kyrklund, T.; 

Rannug, A.; Tornqvist, M.; Victorin, K.; Westerholm, R., Cancer risk assessment, 

indicators, and guidelines for polycyclic aromatic hydrocarbons in the ambient air. 

Environmental Health Perspectives 2002, 110, 451-488. 

8. Pope, C. A., Epidemiology of fine particulate air pollution and human health: Biologic 

mechanisms and who's at risk? Environmental Health Perspectives 2000, 108, 713-723. 

9. Pope, C. A.; Dockery, D. W., Health effects of fine particulate air pollution: Lines that 

connect. Journal of the Air & Waste Management Association 2006, 56, (6), 709-742. 

10. IPCS International Programme of Chemical Safety. Harmonisation Project, IPCS Risk 

Assessment Terminology.;World Health Organisation: Geneva, 2004. 

11. Nieuwenhuijsen, M. J., Exposure assessment in occupational & environmental 

epidemiology. Oxford University Press: Oxford, 2003. 

12. Semple, S., Assessing occupational and environmental exposure. Occupational Medicine-

Oxford 2005, 55, (6), 419-424. 

13. Sexton, K.; Selevan, S. G.; Wagener, D. K.; Lybarger, J. A., Estimating human exposures to 

environmental-pollutants - availability and utility of existing databases. Archives of 

Environmental Health 1992, 47, (6), 398-407. 

14. Myers, I.; Maynard, R. L., Polluted air - outdoors and indoors. Occupational Medicine-

Oxford 2005, 55, (6), 432-438. 

15. WHO,2000. Air Quality Guidelines for Europe World Health Organization: Copenhagen, 

Denmark, 2000. 

16. Kotzias, D.; Koistinen, K.; Kephalopoulos, S.; Schlitt, C.; Carrer, P.; Maroni, M.; Jantunen, 

M.; Cochet, C.; Kirchner, S.; Lindvall, T.; McLaughlin, J.; Mølhave, L.; de Oliveira 

Fernandes, E.; Seifert, B. Final Report of the INDEX Project, Critical Appraisal of the 

Setting and Implementation of Indoor Exposure Limits in the EU.; Office for Official 

Publication of the European Communities, Luxenbourg.: 2005. 

17. ACGIH 2009 Guide to Occupational Exposure Values, Publication #0387; 2009. 

18. Swedish Work Environment Authority. Occupational exposure limit values and measures 

against air contaminants, AFS 2005:17; Stockholm, Sweden, 2005. 

19. Wild, S. R.; Jones, K. C., Polynuclear aromatic-hydrocarbons in the United-Kingdom 

environment - a preliminary source inventory and budget. Environmental Pollution 1995, 

88, (1), 91-108. 

20. Mastrangelo, G.; Fadda, E.; Marzia, V., Polycyclic aromatic hydrocarbons and cancer in 

man. Environmental Health Perspectives 1996, 104, (11), 1166-1170. 

21. Straif, K.; Baan, R.; Grosse, Y.; Secretan, B.; El Ghissassi, F.; Cogliano, V., Carcinogenicity 

of polycyclic aromatic hydrocarbons. Lancet Oncology 2005, 6, (12), 931-932. 



73 
 

22. IARC, 2006. International Agency for Research on Cancer, IARC Monographs on the 

Evaluation of Carcinogenic Risks to Humans. Vol 92 (in preparation). Air Pollution, Part 1, 

Some Non-Heterocyclic Polycyclic Aromatic Hydrocarbons and Some Related Industrial 

Exposures; IARC, WHO: Lyon, France, 2006. 

23. UNEP Stockholm Convention on persistent organic pollutants. www.pops.int. 

24. Wania, F.; Mackay, D., Global fractionation and cold condensation of low volatility 

organochlorine compounds in polar-regions. Ambio 1993, 22, (1), 10-18. 

25. IARC, 1978. International Agency for Research on Cancer, IARC Monographs on the 

Evaluation of Carcinogenic Risks to Humans. Vol. 18. Polychlorinated Biphenyls and 

Polybrominated Biphenyls.; WHO, IARC: Lyon, France, 1978. 

26. IARC, 1991. International Agency for Research on Cancer, IARC Monograph on the 

Evaluation of Carcinogenic Risks to Humans. Vol. 53 Occupational exposures in insecticide 

application, and some pesticides.; IARC, WHO: Lyon, France, 1991. 

27. IARC, 2001. International Agency for Research on Cancer, IARC Monographs on the 

evaluation of carcinogenic risks to human. Vol. 79. Some thyrotropic agents; IARC, WHO: 

Lyon, France, 2001. 

28. Breivik, K.; Sweetman, A.; Pacyna, J. M.; Jones, K. C., Towards a global historical 

emission inventory for selected PCB congeners - a mass balance approach 1. Global 

production and consumption. Science of the Total Environment 2002, 290, (1-3), 181-198. 

29. Hornbuckle, K. C.; Achman, D. R.; Eisenreich, S. J., Over-water and over-land 

polychlorinated-biphenyls in Green bay, Lake Michigan. Environmental Science & 

Technology 1993, 27, (1), 87-98. 

30. Kohler, M.; Tremp, J.; Zennegg, M.; Seiler, C.; Minder-Kohler, S.; Beck, M.; Lienemann, 

P.; Wegmann, L.; Schmidt, P., Joint sealants: An overlooked diffuse source of 

polychlorinated biphenyls in buildings. Environmental Science & Technology 2005, 39, (7), 

1967-1973. 

31. Kohler, M.; Zennegg, M.; Waeber, R., Coplanar polychlorinated biphenyls (PCB) in indoor 

air. Environmental Science & Technology 2002, 36, (22), 4735-4740. 

32. Mari, M.; Schuhmacher, M.; Feliubadalo, J.; Domingo, J. L., Air concentrations of 

PCDD/Fs, PCBs and PCNs using active and passive air samplers. Chemosphere 2008, 70, 

(9), 1637-1643. 

33. Vorhees, D. J.; Cullen, A. C.; Altshul, L. M., Exposure to polychlorinated biphenyls in 

residential indoor air and outdoor air near a Superfund site. Environmental Science & 

Technology 1997, 31, (12), 3612-3618. 

34. Buehler, S. S.; Basu, I.; Hites, R. A., A comparison of PAH, PCB, and pesticide 

concentrations in air at two rural sites on Lake Superior. Environmental Science & 

Technology 2001, 35, (12), 2417-2422. 

35. Gouin, T.; Harner, T.; Daly, G. L.; Wania, F.; Mackay, D.; Jones, K. C., Variability of 

concentrations of polybrominated diphenyl ethers and polychlorinated biphenyls in air: 

implications for monitoring, modeling and control. Atmospheric Environment 2005, 39, (1), 

151-166. 

36. Harner, T.; Shoeib, M.; Diamond, M.; Stern, G.; Rosenberg, B., Using passive air samplers 

to assess urban - Rural trends for persistent organic pollutants. 1. Polychlorinated biphenyls 

and organochlorine pesticides. Environmental Science & Technology 2004, 38, (17), 4474-

4483. 

37. Longnecker, M. P.; Rogan, W. J.; Lucier, G., The human health effects of DDT 

(dichlorodiphenyl-trichloroethane) and PCBS (polychlorinated biphenyls) and an overview 

of organochlorines in public health. Annual Review of Public Health 1997, 18, 211-244. 

38. Menconi, S.; Clark, J. M.; Langenberg, P.; Hryhorczuk, D., A preliminary study of potential 

human health-effects in private residences following chlordane applications for termite 

control. Archives of Environmental Health 1988, 43, (5), 349-352. 

http://www.pops.int/


74 
 

39. Offenberg, J. H.; Naumova, Y. Y.; Turpin, B. J.; Eisenreich, S. J.; Morandi, M. T.; Stock, 

T.; Colome, S. D.; Winer, A. M.; Spektor, D. M.; Zhang, J.; Weisel, C. P., Chlordanes in the 

indoor and outdoor air of three US cities. Environmental Science & Technology 2004, 38, 

(10), 2760-2768. 

40. Whitmore, R. W.; Immerman, F. W.; Camann, D. E.; Bond, A. E.; Lewis, R. G.; Schaum, J. 

L., Non-occupational exposures to pesticides for residents of 2 US cities. Archives of 

Environmental Contamination and Toxicology 1994, 26, (1), 47-59. 

41. Breivik, K.; Pacyna, J. M.; Munch, J., Use of alpha-, beta- and gamma-

hexachlorocyclohexane in Europe, 1970-1996. Science of the Total Environment 1999, 239, 

(1-3), 151-163. 

42. Walker, K.; Vallero, D. A.; Lewis, R. G., Factors influencing the distribution of lindane and 

other hexachlorocyclohexanes in the environment. Environmental Science & Technology 

1999, 33, (24), 4373-4378. 

43. IARC, 1979. International Agency for Research on Cancer, IARC Monographs on the 

evaluation of carcinogenic risks to human. Vol. 20. Some halogenated hydrocarbons.; 

WHO, IARC: Lyon, France, 1979. 

44. Beard, J., DDT and human health. Science of the Total Environment 2006, 355, (1-3), 78-89. 

45. Eskenazi, B.; Chevrier, J.; Rosas, L. G.; Anderson, H. A.; Bornman, M. S.; Bouwman, H.; 

Chen, A. M.; Cohn, B. A.; de Jager, C.; Henshel, D. S.; Leipzig, F.; Leipzig, J. S.; Lorenz, 

E. C.; Snedeker, S. M.; Stapleton, D., The Pine River Statement: Human Health 

Consequences of DDT Use. Environmental Health Perspectives 2009, 117, (9), 1359-1367. 

46. Breivik, K.; Alcock, R.; Li, Y. F.; Bailey, R. E.; Fiedler, H.; Pacyna, J. M., Primary sources 

of selected POPs: regional and global scale emission inventories. Environmental Pollution 

2004, 128, (1-2), 3-16. 

47. Darnerud, P. O.; Eriksen, G. S.; Johannesson, T.; Larsen, P. B.; Viluksela, M., 

Polybrominated diphenyl ethers: Occurrence, dietary exposure, and toxicology. 

Environmental Health Perspectives 2001, 109, 49-68. 

48. Rahman, F.; Langford, K. H.; Scrimshaw, M. D.; Lester, J. N., Polybrominated diphenyl 

ether (PBDE) flame retardants. Science of the Total Environment 2001, 275, (1-3), 1-17. 

49. Chen, L. G.; Mai, B. X.; Xu, Z. C.; Peng, X. C.; Han, J. L.; Ran, Y.; Sheng, G. Y.; Fu, J. M., 

In- and outdoor sources of polybrominated diphenyl ethers and their human inhalation 

exposure in Guangzhou, China. Atmospheric Environment 2008, 42, (1), 78-86. 

50. Harrad, S.; Wijesekera, R.; Hunter, S.; Halliwell, C.; Baker, R., Preliminary assessment of 

UK human dietary and inhalation exposure to polybrominated diphenyl ethers. 

Environmental Science & Technology 2004, 38, (8), 2345-2350. 

51. Shoeib, M.; Harner, T.; Ikonomou, M.; Kannan, K., Indoor and outdoor air concentrations 

and phase partitioning of perfluoroalkyl sulfonamides and polybrominated diphenyl ethers. 

Environmental Science & Technology 2004, 38, (5), 1313-1320. 

52. Sjodin, A.; Carlsson, H.; Thuresson, K.; Sjolin, S.; Bergman, A.; Ostman, C., Flame 

retardants in indoor air at an electronics recycling plant and at other work environments. 

Environmental Science & Technology 2001, 35, (3), 448-454. 

53. Alaee, M.; Arias, P.; Sjodin, A.; Bergman, A., An overview of commercially used 

brominated flame retardants, their applications, their use patterns in different 

countries/regions and possible modes of release. Environment International 2003, 29, (6), 

683-689. 

54. Harner, T.; Shoeib, M.; Diamond, M.; Ikonomou, M.; Stern, G., Passive sampler derived air 

concentrations of PBDEs along an urban-rural transect: Spatial and temporal trends. 

Chemosphere 2006, 64, (2), 262-267. 

55. Darnerud, P. O., Toxic effects of brominated flame retardants in man and in wildlife. 

Environment International 2003, 29, (6), 841-853. 



75 
 

56. Legler, J.; Brouwer, A., Are brominated flame retardants endocrine disruptors? Environment 

International 2003, 29, (6), 879-885. 

57. Meeker, J. D.; Johnson, P. I.; Camann, D.; Hauser, R., Polybrominated diphenyl ether 

(PBDE) concentrations in house dust are related to hormone levels in men. Science of the 

Total Environment 2009, 407, (10), 3425-3429. 

58. Talsness, C. E., Overview of toxicological aspects of polybrominated diphenyl ethers: A 

flame-retardant additive in several consumer products. Environmental Research 2008, 108, 

(2), 158-167. 

59. Ma, Y. G.; Lei, Y. D.; Xiao, H.; Wania, F.; Wang, W. H., Critical Review and 

Recommended Values for the Physical-Chemical Property Data of 15 Polycyclic Aromatic 

Hydrocarbons at 25 degrees C. Journal of Chemical and Engineering Data 2010, 55, (2), 

819-825. 

60. Zhao, H. X.; Chen, J. W.; Quan, X.; Qu, B. C.; Liang, X. M., Octanol-air partition 

coefficients of polybrominated biphenyls. Chemosphere 2009, 74, (11), 1490-1494. 

61. Zhao, H. X.; Zhang, Q.; Chen, J. P.; Xue, X. Y.; Liang, X. M., Prediction of octanol-air 

partition coefficients of sernivolatile organic compounds based on molecular connectivity 

index. Chemosphere 2005, 59, (10), 1421-1426. 

62. Harner, T.; Bidleman, T. F., Measurements of octanol-air partition coefficients for 

polychlorinated biphenyls. Journal of Chemical and Engineering Data 1996, 41, (4), 895-

899. 

63. Harner, T.; Bidleman, T. F., Measurement of octanol-air partition coefficients for polycyclic 

aromatic hydrocarbons and polychlorinated naphthalenes. Journal of Chemical and 

Engineering Data 1998, 43, (1), 40-46. 

64. Harner, T.; Shoeib, M., Measurements of octanol-air partition coefficients (K-OA) for 

polybrominated diphenyl ethers (PBDEs): Predicting partitioning in the environment. 

Journal of Chemical and Engineering Data 2002, 47, (2), 228-232. 

65. Mackay, D.; Shiu, W. Y.; Ma, K. C., Illustrated handbook of physical-chemical properties 

and environmental fate for organic chemicals. Lewis Publisher: Boca Raton: 1991. 

66. Shoeib, M.; Harner, T., Using measured octanol-air partition coefficients to explain 

environmental partitioning of organochlorine pesticides. Environmental Toxicology and 

Chemistry 2002, 21, (5), 984-990. 

67. Shoeib, M.; Harner, T., Characterization and comparison of three passive air samplers for 

persistent organic pollutants. Environmental Science & Technology 2002, 36, (19), 4142-

4151. 

68. Goriaux, M.; Jourdain, B.; Temime, B.; Besombes, J. L.; Marchand, N.; Albinet, A.; Leoz-

Garziandia, E.; Wortham, H., Field comparison of particulate PAH measurements using a 

low-flow denuder device and conventional sampling systems. Environmental Science & 

Technology 2006, 40, (20), 6398-6404. 

69. Gordon, C. S.; Lowe, J. T., Carbon monoxide detector. U.S. patent 1 1927, 644, (014). 

70. Palmes, E. D.; Gunnison, A. F., Personal monitoring device for gaseous contaminants. 

American Industrial Hygiene Association Journal 1973, 34, (2), 78-81. 

71. Bergemalm-Rynell, K.; Strandberg, B.; Andersson, E.; Sallsten, G., Laboratory and field 

evaluation of a diffusive sampler for measuring halogenated anesthetic compounds. Journal 

of Environmental Monitoring 2008, 10, (10), 1172-1178. 

72. Brown, V. M.; Crump, D. R.; Gardiner, D.; Gavin, M., Asessment of a passive sampler for 

the determination of aldehydes and ketones in indoor air. Environmental Technology 1994, 

15, (7), 679-685. 

73. Kot-Wasik, A.; Zabiegala, B.; Urbanowicz, M.; Dominiak, E.; Wasik, A.; Namiesnik, J., 

Advances in passive sampling in environmental studies. Analytica Chimica Acta 2007, 602, 

(2), 141-163. 



76 
 

74. Oury, B.; Lhuillier, F.; Protois, J. C.; Morele, Y., Behavior of the GABIE, 3M 3500, 

PerkinElmer Tenax TA, and RADIELLO 145 diffusive samplers exposed over a long time 

to a low concentration of VOCs. Journal of Occupational and Environmental Hygiene 2006, 

3, (10), 547-557. 

75. Pristas, R., Passive badges for compliance monitoring internationally. American Industrial 

Hygiene Association Journal 1994, 55, (9), 841-844. 

76. Rose, V. E.; Perkins, J. L., Passive dosimetry - State of the art review. American Industrial 

Hygiene Association Journal 1982, 43, (8), 605-621. 

77. Huckins, J. N.; Tubergen, M. W.; Manuweera, G. K., Semipermeable-membrane devices 

containing model lipid - a new approach to monitoring the bioavailability of lipophilic 

contaminants and estimating their bioconcentration potential. Chemosphere 1990, 20, (5), 

533-552. 

78. Johnson, G. D., Hexane-fileld dialysis bags for monitoring organic contaminants in water. 

Environmental Science & Technology 1991, 25, (11), 1897-1903. 

79. Tompkins, F. C.; Goldsmith, R. L., New personal dosimeter for monitoring of industrial 

pollutants. American Industrial Hygiene Association Journal 1977, 38, (8), 371-377. 

80. Bartkow, M. E.; Booij, K.; Kennedy, K. E.; Muller, J. F.; Hawker, D. W., Passive air 

sampling theory for semivolatile organic compounds. Chemosphere 2005, 60, (2), 170-176. 

81. Hazrati, S.; Harrad, S., Calibration of polyurethane foam (PUF) disk passive air samplers for 

quantitative measurement of polychlorinated biphenyls (PCBs) and polybrominated 

diphenyl ethers (PBDEs): Factors influencing sampling rates. Chemosphere 2007, 67, (3), 

448-455. 

82. Farrar, N. J.; Harner, T. J.; Sweetman, A. J.; Jones, K. C., Field calibration of rapidly 

equilibrating thin-film passive air samplers and their potential application for low-volume 

air sampling studies. Environmental Science & Technology 2005, 39, (1), 261-267. 

83. Chaemfa, C.; Barber, J. L.; Gocht, T.; Harner, T.; Holoubek, I.; Klanova, J.; Jones, K. C., 

Field calibration of polyurethane foam (PUF) disk passive air samplers for PCBs and OC 

pesticides. Environmental Pollution 2008, 156, (3), 1290-1297. 

84. Brown, R. H., Monitoring the ambient environment with diffusive samplers: theory and 

practical considerations. Journal of Environmental Monitoring 2000, 2, (1), 1-9. 

85. Cao, X. L.; Hewitt, C. N., Application of passive samplers to the monitoring of low 

concentration organic vapors in indoor and ambient air - a review. Environmental 

Technology 1991, 12, (11), 1055-1062. 

86. Cocheo, V.; Boaretto, C.; Sacco, P., High uptake rate radial diffusive sampler suitable for 

both solvent and thermal desorption. American Industrial Hygiene Association Journal 

1996, 57, (10), 897-904. 

87. Gustafson, P.; Barregard, L.; Lindahl, R.; Sallstein, G., Formaldehyde levels in Sweden: 

personal exposure, indoor, and outdoor concentrations. Journal of Exposure Analysis and 

Environmental Epidemiology 2005, 15, (3), 252-260. 

88. Klanova, J.; Kohoutek, J.; Hamplova, L.; Urbanova, P.; Holoubek, I., Passive air sampler as 

a tool for long-term air pollution monitoring: Part 1. Performance assessment for seasonal 

and spatial variations. Environmental Pollution 2006, 144, (2), 393-405. 

89. Pozo, K.; Harner, T.; Wania, F.; Muir, D. C. G.; Jones, K. C.; Barrie, L. A., Toward a global 

network for persistent organic pollutants in air: Results from the GAPS study. 

Environmental Science & Technology 2006, 40, (16), 4867-4873. 

90. Soderstrom, H. S.; Bergqvist, P. A., Polycyclic aromatic hydrocarbons in a semiaquatic 

plant and semipermeable membrane devices exposed to air in Thailand. Environmental 

Science & Technology 2003, 37, (1), 47-52. 

91. Strandberg, B.; Gustafson, P.; Soderstrom, H.; Barregard, L.; Bergqvist, P. A.; Sallsten, G., 

The use of semipermeable determine persistent membrane devices as passive samplers to 



77 
 

organic compounds in indoor air. Journal of Environmental Monitoring 2006, 8, (2), 257-

262. 

92. Wilford, B. H.; Harner, T.; Zhu, J. P.; Shoeib, M.; Jones, K. C., Passive sampling survey of 

polybrominated diphenyl ether flame retardants in indoor and outdoor air in Ottawa, 

Canada: Implications for sources and exposure. Environmental Science & Technology 2004, 

38, (20), 5312-5318. 

93. Chaemfa, C.; Wild, E.; Davison, B.; Barber, J. L.; Jones, K. C., A study of aerosol 

entrapment and the influence of wind speed, chamber design and foam density on 

polyurethane foam passive air samplers used for persistent organic pollutants. Journal of 

Environmental Monitoring 2009, 11, (6), 1135-1139. 

94. Harner, T.; Pozo, K.; Gouin, T.; Macdonald, A. M.; Hung, H.; Cainey, J.; Peters, A., Global 

pilot study for persistent organic pollutants (POPs) using PUF disk passive air samplers. 

Environmental Pollution 2006, 144, (2), 445-452. 

95. Jaward, F. M.; Farrar, N. J.; Harner, T.; Sweetman, A. J.; Jones, K. C., Passive air sampling 

of polycyclic aromatic hydrocarbons and polychlorinated naphthalenes across Europe. 

Environmental Toxicology and Chemistry 2004, 23, (6), 1355-1364. 

96. Klanova, J.; Cupr, P.; Holoubek, I.; Boruvkova, J.; Pribylova, P.; Kares, R.; Tomsej, T.; 

Ocelka, T., Monitoring of persistent organic pollutants in Africa. Part 1: Passive air 

sampling across the continent in 2008. Journal of Environmental Monitoring 2009, 11, (11), 

1952-1963. 

97. Pozo, K.; Harner, T.; Lee, S. C.; Wania, F.; Muir, D. C. G.; Jones, K. C., Seasonally 

Resolved Concentrations of Persistent Organic Pollutants in the Global Atmosphere from 

the First Year of the GAPS Study. Environmental Science & Technology 2009, 43, (3), 796-

803. 

98. Persoon, C.; Hornbuckle, K. C., Calculation of passive sampling rates from both native 

PCBs and depuration compounds in indoor and outdoor environments. Chemosphere 2009, 

74, (7), 917-923. 

99. Huckins, J. N.; Gibson, V.; Lebo, J.; Manuweera, G.; Gale, R., Insitu semipermeable 

polymeric samplers for monitoring hydrophobic contaminants in water. Abstracts of Papers 

of the American Chemical Society 1990, 200, 29-ENVR. 

100. Lebo, J. A.; Zajicek, J. L.; Huckins, J. N.; Petty, J. D.; Peterman, P. H., Use of 

semipermeable-membrane devices for insitu monitoring of polycyclic aromatic-

hydrocarbons in aquatic environments. Chemosphere 1992, 25, (5), 697-718. 

101. Petty, J. D.; Huckins, J. N.; Zajicek, J. L., Application of semipermeable-membrane devices 

(SPMDs) as passive air samplers. Chemosphere 1993, 27, (9), 1609-1624. 

102. Prest, H. F.; Jacobsen, L. A.; Huckins, J. N., Passive sampling of water and coastal air via 

semipermeable-membrane devices. Chemosphere 1995, 30, (7), 1351-1361. 

103. Rantalainen, A. L.; Paasivirta, J.; Herve, S., Uptake of chlorohydrocarbons from soil by 

lipid-containing semipermeable membrane devices (SPMDs). Chemosphere 1998, 36, (6), 

1415-1427. 

104. Strandberg, B.; Wagman, N.; Bergqvist, P. A.; Haglund, P.; Rappe, C., Semipermeable 

membrane devices as passive samplers to determine organochlorine pollutants in compost. 

Environmental Science & Technology 1997, 31, (10), 2960-2965. 

105. Wilcockson, J. B.; Gobas, F. A. P., Thin-film solid-phase extraction to measure fugacities of 

organic chemicals with low volatility in biological samples. Environmental Science & 

Technology 2001, 35, (7), 1425-1431. 

106. Harner, T.; Farrar, N. J.; Shoeib, M.; Jones, K. C.; Gobas, F., Characterization of polymer-

coated glass as a passive air sampler for persistent organic pollutants. Environmental 

Science & Technology 2003, 37, (11), 2486-2493. 



78 
 

107. Farrar, N. J.; Harner, T.; Shoeib, M.; Sweetman, A.; Jones, K. C., Field deployment of thin 

film passive air samplers for persistent organic pollutants: A study in the urban atmospheric 

boundary layer. Environmental Science & Technology 2005, 39, (1), 42-48. 

108. Wania, F.; Shen, L.; Lei, Y. D.; Teixeira, C.; Muir, D. C. G., Development and calibration 

of a resin-based passive sampling system for monitoring persistent organic pollutants in the 

atmosphere. Environmental Science & Technology 2003, 37, (7), 1352-1359. 

109. Fan, Z. H.; Jung, K. H.; Lioy, P. J., Development of a passive sampler to measure personal 

exposure to gaseous PAHs in community settings. Environmental Science & Technology 

2006, 40, (19), 6051-6057. 

110. Gustafson, P.; Ostman, C.; Sallsten, G., Indoor levels of polycyclic aromatic hydrocarbons 

in homes with or without wood burning for heating. Environmental Science & Technology 

2008, 42, (14), 5074-5080. 

111. Li, A.; Schoonover, T. M.; Zou, Q. M.; Norlock, F.; Conroy, L. M.; Scheff, P. A.; Wadden, 

R. A., Polycyclic aromatic hydrocarbons in residential air of ten Chicago area homes: 

Concentrations and influencing factors. Atmospheric Environment 2005, 39, (19), 3491-

3501. 

112. Naumova, Y. Y.; Eisenreich, S. J.; Turpin, B. J.; Weisel, C. P.; Morandi, M. T.; Colome, S. 

D.; Totten, L. A.; Stock, T. H.; Winer, A. M.; Alimokhtari, S.; Kwon, J.; Shendell, D.; 

Jones, J.; Maberti, S.; Wall, S. J., Polycyclic aromatic hydrocarbons in the indoor and 

outdoor air of three cities in the US. Environmental Science & Technology 2002, 36, (12), 

2552-2559. 

113. Ohura, T.; Noda, T.; Amagai, T.; Fusaya, M., Prediction of personal exposure to PM2.5 and 

carcinogenic polycyclic aromatic hydrocarbons by their concentrations in residential 

microenvironments. Environmental Science & Technology 2005, 39, (15), 5592-5599. 

114. EN 13528-1, European Standard Protocols for Diffusive Samplers. Ambient air quality-

diffusive samplers for the determination of concentration of gases and vapours-Part 1: 

General requirements. European Committee for Standardization (CEN) 

115. EN 13528-2, European Standard Protocols for Diffusive Samplers. Ambient air quality-

diffusive samplers for the determination of concentration of gases and vapours-Part 2: 

Specific requirements and test methods. European Committee for Standardization (CEN) 

116. EN 13528-3, European Standard Protocols for Diffusive Samplers. Ambient air quality-

diffusive samplers for the determination of concentration of gases and vapours-Part 3: Guide 

for the selection, use and maintenance. European Committee for Standardization (CEN) 

117. Strandberg, B.; Sunesson, A. L.; Olsson, K.; Levin, J. O.; Ljungqvist, G.; Sundgren, M.; 

Sallsten, G.; Barregard, L., Evaluation of two types of diffusive samplers and adsorbents for 

measuring 1,3-butadiene and benzene in air. Atmospheric Environment 2005, 39, (22), 4101-

4110. 

118. Strandberg, B.; Sunesson, A. L.; Sundgren, M.; Levin, J. O.; Sallsten, G.; Barregard, L., 

Field evaluation of two diffusive samplers and two adsorbent media to determine 1,3-

butadiene and benzene levels in air. Atmospheric Environment 2006, 40, (40), 7686-7695. 

119. Harper, M.; Guild, L. V., Experience in the use of the NIOSH diffusive sampler evaluation 

protocol. American Industrial Hygiene Association Journal 1996, 57, (12), 1115-1123. 

120. Klanova, J.; Eupr, P.; Kohoutek, J.; Harner, T., Assessing the influence of meteorological 

parameters on the performance of polyurethane foam-based passive air samplers. 

Environmental Science & Technology 2008, 42, (2), 550-555. 

121. Santiago, E. C.; Cayetano, M. G., Polycyclic aromatic hydrocarbons in ambient air in the 

Philippines derived from passive sampler with polyurethane foam disk. Atmospheric 

Environment 2007, 41, (19), 4138-4147. 

122. Chaemfa, C.; Barber, J. L.; Kim, K. S.; Harner, T.; Jones, K. C., Further studies on the 

uptake of persistent organic pollutants (POPs) by polyurethane foam disk passive air 

samplers. Atmospheric Environment 2009, 43, (25), 3843-3849. 



79 
 

123. Chaemfa, C.; Barber, J. L.; Moeckel, C.; Gocht, T.; Harner, T.; Holoubek, I.; Klanova, J.; 

Jones, K. C., Field calibration of polyurethane foam disk passive air samplers for PBDEs. 

Journal of Environmental Monitoring 2009, 11, (10), 1859-1865. 

124. Moeckel, C.; Harner, T.; Nizzetto, L.; Strandberg, B.; Lindroth, A.; Jones, K. C., Use of 

Depuration Compounds in Passive Air Samplers: Results from Active Sampling-Supported 

Field Deployment, Potential Uses, and Recommendations. Environmental Science & 

Technology 2009, 43, (9), 3227-3232. 

125. Tuduri, L.; Harner, T.; Hung, H., Polyurethane foam (PUF) disks passive air samplers: Wind 

effect on sampling rates. Environmental Pollution 2006, 144, (2), 377-383. 

126. Jaward, F. M.; Di Guardo, A.; Nizzetto, L.; Cassani, C.; Raffaele, F.; Ferretti, R.; Jones, K. 

C., PCBs and selected organochlorine compounds in Italian mountain air: the influence of 

altitude and forest ecosystem type. Environmental Science & Technology 2005, 39, (10), 

3455-3463. 

127. Bland, J. M.; Altman, D. G., Statistical-methods for assessing agreement between two 

methods of clinical measurement. Lancet 1986, 1, (8476), 307-310. 

128. Andersson, K.; Levin, J. O.; Nilsson, C. A., Sampling and analysis of particulate and 

gaseous polycyclic aromatic hydrocarbons from coal-tar sources in the working 

environment. Chemosphere 1983, 12, (2), 197-207. 

129. Levin, J. O.; Rhen, M.; Sikstrom, E., Occupational PAH exposure - Urinary 1-

Hydroxypyrene levels of coke-oven workers, aluminum smelter pot-room workers, road 

pavers, and occupationally non-exposed persons in Sweden. Science of the Total 

Environment 1995, 163, 169-177. 

130. Naturvårdsverket Miljökvalitetsnormer för arsenik, kadmium, nickel och bens(a)pyren. 

Rapport 5882.; 2008. 

131. Johannesson, S.; Gustafson, P.; Molnar, P.; Barregard, L.; Sallsten, G., Exposure to fine 

particles (PM2.5 and PM1) and black smoke in the general population: personal, indoor, and 

outdoor levels. Journal of Exposure Science and Environmental Epidemiology 2007, 17, (7), 

613-624. 

132. Molnar, P.; Johannesson, S.; Boman, J.; Barregard, L.; Sallsten, G., Personal exposures and 

indoor, residential outdoor, and urban background levels of fine particle trace elements in 

the general population. Journal of Environmental Monitoring 2006, 8, (5), 543-551. 

133. Sexton, K.; Adgate, J. L.; Ramachandran, G.; Pratt, G. C.; Mongin, S. J.; Stock, T. H.; 

Morandi, M. T., Comparison of personal, indoor, and outdoor exposures to hazardous air 

pollutants in three urban communities. Environmental Science & Technology 2004, 38, (2), 

423-430. 

134. Thomas, J.; Holsen, T. M.; Dhaniyala, S., Computational fluid dynamic modeling of two 

passive samplers. Environmental Pollution 2006, 144, (2), 384-392. 

135. Gouin, T.; Harner, T.; Blanchard, P.; Mackay, D., Passive and active air samplers as 

complementary methods for investigating persistent organic pollutants in the Great Lakes 

basin. Environmental Science & Technology 2005, 39, (23), 9115-9122. 

136. Ockenden, W. A.; Corrigan, B. P.; Howsam, M.; Jones, K. C., Further developments in the 

use of semipermeable membrane devices as passive air samplers: Application to PCBs. 

Environmental Science & Technology 2001, 35, (22), 4536-4543. 

137. Pozo, K.; Harner, T.; Shoeib, M.; Urrutia, R.; Barra, R.; Parra, O.; Focardi, S., Passive-

sampler derived air concentrations of persistent organic pollutants on a north-south transect 

in Chile. Environmental Science & Technology 2004, 38, (24), 6529-6537. 

 
 




	Första sidorna_ny_Pernilla Bohlin
	Ramen_ny_Pernilla Bohlin

