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Abstract 

 

Sampling and analysis of organic compounds in air has been at the forefront of scientific 

research regarding control and monitoring of air pollution. Many semi-volatile organic 

compounds in air have been identified as hazardous to human health especially the ones 

consisting of aromatic rings generally denoted as Polycyclic Aromatic Hydrocarbons (PAHs). 

Sampling of these compounds in air have mostly been done using the active sampling 

approach before but now passive sampling is emerging as an alternative method as it is 

simple, cost efficient and effective. This study focuses on fundamentals of development, 

laboratory validation and field validation of a passive air sampler developed using glass fiber 

filters and Tenax as base materials. Semi-volatile organic compounds can be found in both 

gas and particle phase therefore the sampler was intended theoretically to sample both gas and 

particle associated PAHs. First the passive sampler was tested for its durability, thermal 

stability, retention and yield of PAHs. Then it was further validated by testing its performance 

on artificially generated aerosols containing PAHs and later by diesel exhaust generated using 

an automobile engine. As a final step in evaluating the retention capability of the sampler an 

ambient air field trial was conducted in a suburban setting. The passive sampling rates were 

calculated by comparing with concentrations obtained by active sampling. The results 

obtained in validation trials indicated that the developed sampler was capable of successfully 

sampling PAHs in both gaseous and particle phase given that extended sampling times such 
as 24 hours or more are utilized in outdoor conditions. 
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1 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) have become an issue receiving increasing 

attention in the occupational, residential and urban environments
1
. For instance, significant 

levels have been reported from various occupational environments
1,2

. Special attention has 

been allocated to analyzing semi-volatile organic compounds which are believed to play a 

major role in the production of reactive oxygen species (ROS) in the body which if produced 

in high amounts can damage macromolecules, lipids and proteins
3
. PAHs are also considered 

as mutagenic and carcinogenic compounds and may induce cardiovascular deceases
4
. 

Regarding their negative impact on human health, initiatives for further investigation and 

screening methods to collect data for proper risk assessment are required. A majority of the 

methods that are used to analyze PAHs are labour intensive and give limited data on the 

complexity of PAH-characteristics in different environments. There is a timely need for fast, 
robust and sensitive methods to collect PAH samples in many different environments.  

Thermal desorption (TD) of the semi-volatile content of particulate matter was recently 

introduced since PAHs exist in both gas and particulate phase. It is a fast and sensitive 

alternative method compared to solvent based extraction techniques. With new materials and 

methods such as the one utilized by this study in various sampling schemes including passive 

and active sampling it could be possible to overcome a multitude of sampling and analytical 
shortcomings encountered in many environments.  

This study was aimed at evaluating materials such as suitable adsorbents and surfaces 

required for sampling semi volatile species such as PAHs which are associated to both gas 

and particulate phase in the environment using passive air sampling (PAS) technique. The 

design of the sampler used in this study was based on a combination of the theory behind two 

already available and published samplers
5,6,7

. When finding a promising surface with decent 

adsorptive properties a sampler design was validated in three different environments. Two 

laboratory test atmospheres and one ambient field setting. 

1.1 Why is it needed to monitor air pollution 

People come in to contact with air pollutants in their everyday life. Simple activities such as 

breathing, consumption of food and touch can result in intake of pollutants. The term 

exposure is defined as the contact between a person and a pollutant. A pollutant and the 
human present at the same place at the same time leads to exposure

8,9
. 

Exposure to air pollutants may not adversely affect the human at the moment of intake but 

may yield delayed effects
7
. Also they could exert negative health effects on sensitive groups 

of people such as infants and elderly people with certain diseases. Humans are exposed to 

varying types and levels of pollutants as they travel from place to place in day to day life. 

Also concentrations and the time of exposure are important on determination of the extent of 

the effect
10,11

. There are some factors that should be taken in to consideration concerning the 

uptake of pollutants. 

 

 The route by which exposure takes place such as ingestion, inhalation or dermal 

contact. Inhalation has been a main route of exposure considering many occupational 

environments
7
. The inhaled pollutants may either be absorbed in to the circulatory 

system or retain within the lungs causing acute or chronic health effects.  
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 Extent of exposure which gives the concentration of the pollutant. When the 
concentration is high even a short exposure time could cause significant effects. 

 Frequency of exposure means how often the exposure takes place. 

By different sampling methods and strategies, either the total exposure or maximum 

concentration can be determined. Usually exposure is classified as either occupational or 

environmental exposure. As exposure to pollutants in the occupational environments can be 

much higher than that observed in non-occupational environments, negative health effects can 

clearly be connected to occupational exposure. However the duration of exposures in non-

occupational exposure is usually much greater than occupational exposure. It has been found 

that most humans spend more than 80% of their lives indoors so even though the 

concentrations of indoor air pollution are lower the longer exposure times may cause a 

considerable intake and subsequent health effects
12,13

. Yet information regarding lifelong 

exposure to air pollutants is still limited.  

There are several means by which the extent of human exposure to pollutants such as PAHs 

can be determined. There are active or passive sampling of air, computer modeling or 

biological measurements such as blood and tissue of exposed humans or animals. The best 

method however is still to measure the exposure by conducting air sampling
11,14

. This kind of 

exposure measurements in occupational and domestic environments are important tools for 

accessing the hygiene condition. Development of simple and cost-effective sampling tools can 

lead to more thorough studies leading to better understanding of the level of air pollution and 

the need for protective measures.  

Occupational exposure limits (OEL) are set for hazardous pollutants to protect workers from 

exposure to high levels of pollutants in occupational environments
15,16

. Efficient sampling 

tools can facilitate thorough and frequent monitoring of air pollution levels in workplaces and 

determine the conformance with the OEL. Furthermore to protect the general population from 

high exposure to air pollutants in outdoor environments guidelines for air quality have been 

set. Since a number of epidemiological studies have already shown that exposure to elevated 

levels of various air pollutants can cause acute or chronic health effects to humans, 

monitoring of air pollutants is important to protect the population from health problems
7
. 

1.2 Overview of PAHs included in the study 

Polycyclic aromatic hydrocarbons (PAHs) are a mixture of organic compounds released into 

the atmosphere in gas or particulate bound phase during the incomplete combustion of organic 

material. PAHs have a number of sources such as automobiles and industries. Power 

generation, steelworks, coke ovens, aluminum production, cement kilns, oil refineries as well 

as  waste incineration can contribute to PAH generation. Also they are released by 

combustion of wood or coal for heating and cooking. Also some amount is contributed by 

fires either burning of vegetation in agricultural processes or bushfires. PAHs are usually 

associated to small diameter particles such as combustion particles and soot
17,18

. 

The smallest PAH compound is naphthalene, a two-ring compound, which is solid as a pure 

compound at normal temperatures and can be airborne through industrial processes. Three to 

five-ring PAHs occur in air as either gases or bound to particles. PAHs with more than five 

rings tend to be solids which mostly attach themselves to the surface of other particulate 

matter in the atmosphere. 
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Although many different PAHs have been identified there is still a need to collect more 

profound toxicological data on them. US EPA has identified 16 priority PAHs, based on 

concerns that they do or might cause cancer in animals and humans
7
. Some PAHs have 

caused tumors in laboratory animals that were exposed through their food, air, and skin 

contact
19

. Group 1 has the highest toxicity and reduces with group number (see Table 1). 

Table 1. 16 PAHs listed as priority pollutants by USEPA
7
 

Name No of aromatic rings IARC Carcinogenicity 

Naphthalene  2  Group 2B 

Acenaphthylene 3  Not classified  

Acenaphthene 3  Group 3  

Fluorene 3  Group 3  

Phenanthrene 3  Group 3  

Anthracene 3  Group 3  

Fluoranthene 4  Group 3  

Pyrene 4  Group 3  

Benzo[a]anthracene 4  Group 2B  

Chrysene 4  Group 2B  

Benzo[b]fluoranthene 5  Group 2B  

Benzo[k]fluoranthene 5  Group 2B  

Benzo[a]pyrene 5  Group 1  

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

Dibenz[a,h]anthracene 6  Group 2A  

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

 

PAHs that are taken into consideration for this study range from the smallest PAH Napthalene 

to the five ringed compound Benzo(a)Pyrene. These ranges from relatively volatile to non-

volatile compounds in ambient temperatures. 
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1.3 Structures of the PAH compounds used in the study 
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1.4 Physico-chemical properties of PAHs  

Physico-chemical properties of PAHs influence their behavior in ways which will account for 

their fate and distribution in the environment, also routes of exposure, health effects and ways 
they can be sampled for analysis by active or passive sampling

7
. 

Major properties and characteristics can be considered as water solubility, volatility or vapour 

pressure, octanol-water and octanol-air partition coefficients (KOW and KOA), and persistence 

which means the degree they degrade or transform
7
. Particularly important properties 

concerning passive air sampling are volatility, octanol-air equilibrium partition coefficient 

(KOA), and gas/particle distribution
20,21

. Volatility and sorption strength are terms governing 

the partition of the compound between gas phase and particle phase. This is an important 

property concerning passive sampling of air pollutants. KOW is a term describing the 

hydrophobicity of a compound which can also be viewed as the liking of a compound to be in 

the aquatic phase or the organic phase.  

The KOA is defined by the equation 1 

 

                                    KOA  =  Co/CA                                                    (Eqn 1) 
 

 

CO and CA are the concentrations of a pollutant in n-octanol and air phases respectively. 

Concentrations should be in the equilibrium. Generally when a compound has a better liking 

to be dissolved in the organic phase rather than the air phase the CO becomes higher than CA 

making the magnitude of KOA higher.  

n-octanol is generally comparable to organic phases, lipids, passive sampling media,  

particulate matter and soil. It is assumed that the interaction between the pollutants and the 

organic phases are analogous to the interaction between the pollutants and n-octanol. KOA is 

therefore an important descriptor of the fate and distribution between environmental 

compartments (soil, air, water) of chemical species. It describes absorptive partitioning of 

semi-volatile organic compounds between the atmosphere and an organic phase. It is also 

useful for passive air sampling when hydrophobic species similar to octanol is used as the 

receiving phase. However KOA is dependent on environmental conditions such as temperature. 

Log KOA has a relationship with temperature as given by the equation 2
7
. 

 

                                              Log KOA ∞ 1/ T                                      (Eqn 2) 

Chrysene Benzo(a)Pyrene 
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(T- Absolute temperature)  

Expressed by the equation it can be said that at higher temperatures semi-volatile compounds 

will partition less strongly to organic phases such as a passive sampler media and vice versa. 

This phenomena is also used in the analytical method which is based on thermal desorption. 

Some Log KOA and vapour pressure values for PAHs are given in Table 2. 

Table 2. Published data on PAHs used for passive sampling
7
 

Log KOA Vapour Pressure 

(25C) 

Distribution in gas 

phase in ambient 

air( % at25°C) 

classification 

2-3-ring PAH  6.8-7.9  >95  Volatile PAHs 

4-ring PAH  8.8-8.9  50-90  semivolatile 

5-ring PAH  10  <30  Less volatile/particle 

bound 

6-ring PAH  12  <10  Less volatile/particle 

bound 

 

1.5 Sampling methods 

1.5.1 Active sampling  

Measurements for PAHs have traditionally been done using active sampling.  When it comes 

to sampling in ambient air it is considered to be the standard method and the most common. 

An active sampler generally consists of two compartments. A filter to collect particulate 

matter and a solid adsorbent to collect the gas phase pollutants. The filter used is most often a 

glass fiber filter (GFF) but can also be made of quartz fiber (QFF) or Teflon. The filter is 

placed in the inlet of the sampler so that the air is forced through it before reaching the 

sorbent. The solid adsorbent usually consists of polyurethane foam (PUF) plugs or a tube 

filled with sorbents like XAD-2 or Tenax (see Figure 2). The pore size of the filter and the 

amount of adsorbent can be changed to match the target pollutants and the required capacity. 

A pump (see Figure 1) is used to suck air though the tubing so that air goes firstly through the 

filter and then through the adsorbent bed. By this way the adsorbent can also retain pollutants 

that volatilize from the particles on the filter during sampling
7
. Generally a pump operates at a 

flow rate ranging from1.0 L/min to 10 L/min. The flow rate is controlled electronically and 

the pump needs power by either main power grid or battery. Since the active sampler can 

control the volume of air pumped through the sampler, it allows precise quantitative 

measurements. When calculating the bulk concentration of PAHs in the sampled air (Cair) we 

used the following equations
7
(Eqn 3 and 4). 

                    Cair = (Mt – M0)/Rt                                   (Eqn 3) 

                            Rt = V                                          i  (Eqn 4) 
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Mt - The amount of the pollutant altogether in the filter and adsorbent or separately after the 

sampling time t. (ng) 

M0 -  The blank value for the sampler (ng)  

V  -  The volume of air drawn through the sampler (m
3
)  

R -  Sampling flow rate (m
3
t
-1

) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2. Active air sampler Tenax tube with 

filter 

Figure 1. Active air sampler pump 
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1.5.2 Passive air sampling 

Passive sampling was first used in 1927 as a semi-quantitative method to measure CO in 

occupational environments
22

. A passive sampler capable of more quantitatively sampling 

pollutants was introduced in 1973
23

. PAS are mainly used for determination of pollutants in 

the gas phase such as VOCs, NOx, SOx and ozone. Personal passive samplers have also been 

tested in occupational environments for sampling various air pollutants (see Figure 3). 

In contrast to active samplers passive samplers are based on collection of pollutants using the 

free flow of pollutants and/or PM from environment to the sampling medium. The collecting 

medium should have a high capacity to adsorb the intended pollutants. The sampling medium 

is selected such that the pollutants prefer to transfer to the sampling medium rather than 

remain in the gas phase. The rate of adsorption of pollutants is determined by the design of 

the sampler, the physico-chemical properties of the pollutants and the diffusion coefficient of 

the pollutant (D). Some other underlying parameters are the concentration of the pollutant in 

the air, the time of exposure, and the environmental conditions around the PAS such as the 
local weather

7
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.6 Passive sampling of PAH s – Practical aspects 

The approach of passive sampling for semi-volatile air pollutants such as PAHs is fairly new 

compared to the more established active sampling methods. In active sampling high volumes 

can be drawn through the adsorbent bed to achieve lower detection limits for background 

environmental sampling. Active sampling can be advantageous in respect to its better 

accuracy but has disadvantages. It is difficult to deploy in large numbers as it involves suction 

Figure 3. A personal passive air sampler 
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of air. Also its setup can be bulky and noisy making it difficult to be used in public 

environments. As power need to be supplied all the time sampling in remote areas can be 
problematic

24
. 

Passive sampling is a simple but effective method of sampling and can be used in 

environmental research such as monitoring of PAHs. Passive samplers can be custom 

developed to match the requirements of the experiment. It utilizes the theory of diffusion for 

gases. For collection of PM theories involving both gravitation and diffusion are applicable 

since larger and heavier particles behave differently from small ultrafine particles. Analytes 

migrates from the sampled medium to the adsorbent in the sampler following the laws of 

diffusion. The concentration of a specific substance given by a passive sampler is a time 

weighted average concentration. Passive sampling of larger and heavier PM based on 

gravitation is linear against concentration in the sampled medium and time since gravitational 

settling is assumed to be irreversible. Passive sampler measurements can be used to monitor 

other environmental pollutants such as Polychlorinated biphenyls (PCBs), Polychlorinated 

naphthalenes (PCNs), Polybrominated diphenylethers (PBDEs), Polycyclic aromatic 

hydrocarbons (PAHs), organochlorine (OC) and some pesticides in current use
7
. It is 

important to validate the PAS prior to use in similar environments it is supposed to be used. 

1.7 Advantages and disadvantages of passive sampling 

Active and passive sampling has their characteristic advantages and disadvantages. Some of 

their respective characteristics are mentioned in Table 3. 

Table 3. Advantages and disadvantages of passive sampling
7
 

Advantages Disadvantages 

Simple design Unable to change the amount of pollutants 

accumulated by changing the flow rate. 

Inexpensive Low precision 

No power supply needed Works mainly on gas phase pollutants 

Suitable for long exposure measurements Semi quantitative 

No maintenance  

Convenient personal sampler  

No mechanical noise  

No safety issues  

Large scale deployment capability  
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2 Theory of PAS  

Theoretical formulas and mathematical models have been introduced to explain the process of 

a PAS. Depending on the type of sampling media used the rules governing the operation of 

the sampler can differ. The first definition of quantitative passive sampling was introduced by 

Palmes and Gunnison in a form of a mathematical model. Later on many different types of 

passive samplers were introduced for sampling of different compounds and the theory has 
been well established by today

27,28
. 

There are two types of passive samplers used in the field. One is the axial sampler and the 

other is the radial sampler (see Figures 4 and 5 for schematics). The axial sampler stands 

parallel to the ground and samples on a flat surface while the radial sampler stands 

perpendicular to the ground and samples on a curved cylindrical surface. The difference is not 

only in their orientation but also in the way they collect pollutant compounds
29

. 

 

 

 

 

 

 

  

 

 

 

 

When it came to passive sampling of particulates and compounds associated to particulate 

phase the axial sampling design was validated
5,6

. The laws that govern the axial sampler are 

Fick‟s law of diffusion and the Newton‟s law of gravity (illustrated below). On the other hand 

the radial sampler is governed by the Fick‟s law only and therefore not suitable for particulate 

sampling. 

In the study only axial sampling is utilized therefore both Fick‟s and the Newton‟s laws are 

applicable. Fick‟s law states the diffusion flux is directly proportional to the concentration 
gradient.(mathematically denoted in equation 5). 

  

Figure 4. Axial sampler 

Sampling Direction 

Sampling 

Direction 

 

Figure 5. Radial sampler 
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 C1 

 X 

     C0 

  

 J ∞
𝐶1−𝐶0

𝑋
 

J             – Mass flux (Molm
-2

S
-1

) 

C1-C0/X – Concentration gradient (Molm
-4

) 

With the use of D (Diffusion constant, Units = m
2
s

-1
) which describes how fast or slow an 

object diffuses the basic Fick„s law is obtained. D is a function of temperature and size of the 

particles
30

. 

 

 J = D
𝐶1−𝐶0

𝑋
 

 

While the Fick‟s law of diffusion is accountable for the majority of the processes in the 

passive sampler, some fraction is caused by the gravitational pull which is defined by the 
Newton‟s law of motion (see equation 6). 

 F = Mg 

F – Gravitational force (N) 

M – Mass of particle (Kg) 

g – Gravitational constant (9.80 mS
-2

) 

 

2.1 Sampling Rate 

Considering the analogous nature of the sampler used in this study to a PUF plug, a Semi-

permeable membrane sampler (SPM) and a Polymer on glass (POG) sampler which are found 

in literature, equations which were originally derived for these  samplers were used to 

estimate the sampling rate for PAHs (see equation 7). The sampling rate needs to be 

established for every compound and preferably at similar atmospheric conditions by 

comparing passive and active sampling. 

Volume of air per unit time (t) = M/(Ca*t)  

 

(Eqn 5) 

(Eqn 6) 

(Eqn 7) 



15 

 

M – Mass of analyte in the sampler (ng) 

Ca –Vapour phase concentration (ng/m
3
) 

t  –  Time (days) 

The above equation was used to calculate sampling rates for the passive sampler and as it was 

operated for a time period of seven days. t was applied as days and M was applied as ng/m
3
. 

Unit for sampling rate is m
3
/day. 

 

3 Experimental Section 

3.1 Preparation of Samplers 

For preparation of the sampler12.7 mm diameter Glass fiber filters from W & R Balston LTD, 

UK was used. Firstly the GFF were cleaned with 170 milliliters of a mixture of acetone/n-

hexane (2:1 v/v) in a soxhlet apparatus for 6 hours. Cleaned GFF were dried and enclosed in a 

clean glass container. 

 

 

 

 

 

 

 

 

 

 

 

 

Tenax has a chemical name 2,6 diphenyl-p-phenylenoxide
31 

and the type used in the 

preparation of the sampler was a porous granular type having a mesh size ranging from 20 -35 
mm (see Figure 7). It is manufactured by Novakemi AB, Holland. 

Figure 6. A GFF used for the passive sampler 
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3.2 Selection of the sampler type 

Two different methods were utilized in order to test the efficiency and the most suitable way 

of applying Tenax on to the GFF. The first was using a concentrated solution of Tenax made 

by dissolving 0.05g of Tenax in 1.0ml of DCM (Dichloromethane). The Tenax solution was 

injected on to the GFF and allowed to dry in air. The second method was sticking solid Tenax 

granules on to the DCM wetted GFF. This was conducted by wetting the GFF with DCM and 

carefully scattering Tenax granules on to it so that the contacting area of the Tenax granules 

would melt and stick on to the surface of the GFF. In order to keep between-sample 

variability low the net difference before and after addition of granules was gravimetrically 

determined. The thermal stability of both prepared Tenax samplers was tested. Samplers with 

Tenax were placed in the oven at 350
o
C for one hour to check if they disintegrate. The Tenax 

GFF samplers remained intact under the heat.  

Out of the two, to find out the sampler with best retention of PAHs SRM 1491(Standard 

Reference Material) was used as a standard. The SRM contains 24 different PAH compounds 

in known concentrations in Hexane/Toluene. The SRM was provided by LGC Promochem, 

Borås, Sweden. Both sampler types were produced in replicates and spiked with 30µl of SRM 

and analyzed for comparison after open air storage for 4 hours thus allowing compounds to 
volatilize.(See Table 4, analytical method will be described in the following chapter.) 

 

 

Figure 7. Tenax used for the passive sampler 
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Table 4. Constituents of SRM 1491 and MS quantification data
32

 

Compound Ret t (min) Quantifier ion Concentration (ng/µl) 

Napthalene 9.18 128 6,89 

1-Methylnaphtalene 9.99 142 8,3 

Biphenyl 10.11 142 7,00 

2,6-Dimethylnaphtalene 10.51 154 7,2 

Acenaphtylene 10.71 156 6,96 

Acenaphtene 11.09 152 7,28 

2.3.5-Trimethylnaphtalene 11.3 153 6,6 

Fluorene 11.7 170 7,27 

Phenanthrene 11.99 166 7,01 

Anthracene 13.55 178 7,82 

1-Methyphenanthrene 13.64 178 7,0 

Fluranthene 15.9 202 5,91 

Pyrene 16.42 202 5,89 

Benz(a)Antharacene 19.23 228 3,59 

Chrysene 19.33 228 7,03 

Benzo(b)fluranthene 22.18 252 5,25 

Benzo(k)fluranthene 22.27 252 5,57 

Benzo(e)pyrene 23.11 252 5,62 

Benzo(a)pyrene 23.29 252 6,79 

Perylene 23.58 252 7,12 

Indeno(1,2,3 cd )pyrene 28.09 276 6,29 

Dibenzo(a,h) anthracene 28.12 278 5,18 

Benzo(ghi)perylene 29.43 276 5,29 

 

The analytical standard stock solution was prepared by diluting 1,2ml of the above solution up 

to 10ml in hexane. The sampler setup as denoted by Figures 8 and 9 were used throughout the 

study. 
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The GFF with solid Tenax bound on (see Figure 10) was found to be the most effective 

sampler in terms of yield and recovery. Therefore it was selected as the preferred sampler to 

proceed with for further experimentation and validation.(Relevant results presented in the 

results section) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Schematic diagram of the sampler 
setup 

Figure 8. Components of the sampler setup 

Figure10. Tenax passive sampler 

250µm steel mesh 

Plastic ring(1,2mm) Passive sampler with 
Tenax 
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3.3 The Analytical method 

ATD-GC-MS is a combination of three instruments consisting of an automated thermal 

desorber (ATD) manufactured by Perkin Elmer a Finnigan gas chromatograph (GC) and a 

mass spectrometer (MS) produced by Thermo Inc. 

Volatile PAHs are hypothesized to be adsorbed on to the porous Tenax surface and higher 

molecular weight compounds on to particulate matter. To analyze them thermal desorption 

and transfer in to gas phase is required. The GFFs were folded carefully and inserted in to 

metal tubes which were used for analysis in the ATD-GC-MS (see Figure 11). The thermal 

desorber heats the tubes containing GFFs up to 350 ºC and the compounds on the Tenax 

surface are evaporated and transferred by Helium. Compounds are transferred through a valve 

to the cold trap with an outlet split of 10ml/min. By rapid heating of the trap a focused volume 

of volatilized compounds are transferred firstly to the GC column and then to the MS. The 

ATD was a Perkin Elmer instrument with the software Turbomatrix version 1.0. Previously 

known retention times were used to identify different PAHs from the sampler and peak areas 
were used to quantify amounts of PAHs.  

 

 

 

The GC column was a DB-5 MS capillary column with 0,25mm inner diameter and a length 

of 30 meters. The GC was operated with a two step temperature ramp to elut the PAHs better. 

The starting temperature was 80ºC which was retained for the first 5 minutes and then 

increased by a rate of 30ºC/min up to 220ºC in the first step. Then it was increased by 

10ºC/min up to 320ºC (see Figure 12 for the temperature program). 

 

 

Figure 11. Metal tube used in ATD 
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The MS was an EI (Electron ionization) quadrupole mass spectrometer. The MS was operated 

in selected ion monitoring (SIM) mode. The SIM method contained four specific customized 

time windows which only detected ions between those time windows. This rendered a better 

sensitivity and did not analyze the whole stream of ions generated by the ion source. (The 

SIM mode is used when quantifying a certain set of compounds that are already identified but 

not when the compounds are unknown). For identification of unknown compounds the full 

scan mode is used. SIM mode was used throughout this study since a better sensitivity was 
required for low concentrations. 

 

3.4 Laboratory Validation Part 1 

Solutions were prepared using a type of synthetic silica particle spiked with known amounts 

of three PAHs. Prepared solutions were inserted in to the nebulizer (see Figure 13) and placed 

in the aerosol chamber. 

 

 

 

 

 

 

 

 

 

Figure 12. Temperature program for the GC 

             Figure 13. The Nebulizer 
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The nebulizer creates a high pressured flow of gas through an orifice which forms a pressure 

difference between the streamlines of the air stream and the surrounding region. This causes 

the surrounding liquid, in this case the PAH bound silica particles suspended in water, to 

move towards the gas stream and combine with it to come out the orifice as a fine stream of 
aerosol (see Figure 14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The number of particles and particle concentrations inside the chamber was measured using 

the APS (Aerodynamic Particle Sizer). The APS measures the concentrations of particles 

according to their aerodynamic diameter. It has 51 size differentiated channels ranging from 

20µm to  ≤ 0.523µm which counts the number of particles in each category. Collection time 

for each sample was 20 seconds. A synthetic silica particle was used in the generation of 

aerosols by the nebulizer. The silica particle having a commercial name Syloid 244-FP was 

provided by Grace MD, USA. 

To assess the capability of the sampler and to collect PAHs and particles associated with 

PAHs the aerosol generation was conducted in a glass chamber having a volume of 1 cubic 

meter. Four passive samplers and two active samplers were used in the experiment. Since 

active samplers each drew only 2 liters of air compared to the 500 liter total volume the total 

concentration change was assumed to be negligible. PAHs were particle associated at aerosol 

generation by a nebulizer containing a PAH solution and the above mentioned silica particle 

having a range of diameters from 0.1µm to 20µm.The nebulizer outflow rate was 6ml/min. 

The fan air flow rate was 13-14 cubic feet per minute (see Figure 15 for the setup). 

  

Outlet 

High pressure gas flow 

Solution containing silica 

particles and PAHs 

Figure 14. Schematic diagram of the nebulizer 
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The APS was a TSI 3321 instrument. The Model 3321 APS, shown in Figure 16 is a high-

performance, particle spectrometer that measures both aerodynamic diameter and light-

scattering intensity of particles. It provides distributions of count size for particles with 

aerodynamic diameters from 0.5 to 20 micrometers. It can also detect light-scattering intensity 

for particles from 0.3 to 20 µm. The Aerosol instrument manager software with APS 3321 

Module is included with the sensor to provide computer controlled operation and data 
interpretation

33
. 

 

Figure 15. Schematic diagram of the PAH aerosol generation 

setup 

Nebulizer Passive sampler 

Fan 

Active 
sampling 

Particle 

counter 

Fig.12 Aerodynamicparticleseizer 

Figure 16. Aerodynamic particle seizer 
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3.4.1 Pilot testing using aerosol generation. 

The APS and the fan were activated at the beginning of the test to get a base value for the 

number of particles. After 10 readings the nebulizer was turned on and the passive samplers 

were activated at the same time. The nebulizer was kept running for 5 minutes and turned off 

while the fan and the APS were continually operated using it s 51 channels. Three GFF 

passive samplers were placed inside the chamber for the experiment and they were kept for 2 

hours. Active GFF samples of 2L were collected using a pump of at the beginning after 1 hour 

and at the end. Active and passive samplers were analyzed for the quantification of the 3 
PAHs used in order to determine the sampling rate. 

 

3.4.2 Experimentation with aerosol generated in a glass chamber. 

The same silicate particle (0.1µg in 6ml of water) was spiked with 30µl of the standard SRM 

solution and nebulized in to the chamber for passive and active sampling. The same procedure 
was followed and samplers were analysed in ATD-GC-MS. 

 

3.5 Laboratory Validation part 2 

3.5.1 Experimentation with diesel exhaust 

For further validation of the sampler diesel exhaust which is known to have high 

concentrations of PM and PAHs
17 

was used in the same glass chamber. Instead of using the 

APS a different and a more sophisticated particle counter was used known as ELPI. ELPI 

(Electrical Low Pressure Impactor) is an instrument which enables measurement of real-time 

particle size distribution and concentration in sizes ranging from 6nm to 10μm with a 

sampling rate of 10Hz. It also enables post-measurement chemical analysis of already size 

classified particles. In addition to providing real-time particle size distribution data, the ELPI 

can be used for particle charge distribution and gravimetric impactor measurements. ELPI is a 
popular tool in studying combustion aerosols, engine exhaust and general air quality

34
. 

The chamber was connected to the exhaust outlet from a 3.0L 1978 Mercedes diesel car 

engine and allowed to obtain steady state equilibrium (approximately 7 min). Then the engine 

was disconnected and the chamber sealed with the fan operating for homogenization of the 

exhaust. The ELPI was activated alongside with active and passive samplers similar to the 

previous experiment. ELPI was operated during the first 15 minutes and readings were 

obtained. Active samples were taken each having a volume of 2 liters at the beginning, after 

one hour, after 18 hours and at the end of the sampling session. Four passive samplers were 

used for the experiment and they were left undisturbed from the beginning to the end of the 

experiment for a duration of 20 hours. All obtained samplers were analyzed using the ATD-

GC-MS for quantification of PAHs. The analysis was done for PAHs in a molecular weight 

range 128 – 228 g/mol as literature indicated a negligible presence of PAHs heavier than 228 

g/mol in diesel exhaust
33

. Sampling rate was determined using a set of mathematical formulas 

denoted by equations 5 and 6. The ELPI measurements for the compound Flouranthene which 

is a four ring PAH in the middle of the PAH range were used to draw a plot for the ratio of 

PAH to particle content. 
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3.6 Field evaluation of the samplers 

A field sampling using the prepared sampler was planned in an attempt to test the sampler on 

measurements of PAH levels in urban ambient air. The sampling site was selected based on a 

newspaper article mentioning a kindergarten named Reveljen in the city where the air quality 

had been reported unsatisfactory. A sampling site was set-up on a roof of this kindergarten in 

order to collect measurements of air for a 7 day continues time period. Sampling scheme is 
denoted in Table 5.  

 

 

 

 

 

 

 

 

 

Table 5. Sampling Methodology 

Method No of samples Sampling duration of each Target Species 

Active Tenax sampler 7 24 hours Gas + Particles 

Passive Tenax Sampler 6 7 days Gas + Particles 

Active GFF sampler 7 24 hours Particles 

Passive Tenax tubes 4 7 days Gas  

Particle counter 7 24 hours Particles 

Figure 17. Reveljen kindergarten site 

Figure18. The sampling station 
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Active samples were obtained using the cassette in which a GFF can be enclosed within(see 

Figure 19). By actively pumping air through the GFF active samples were obtained each 
having a 24 hour sampling duration. The average sample rate was 200ml/min. 

 

 

 

 

 

 

 

 

 

 

As a control a similar cassette and a pump was used to suck air through GFFs without any 

Tenax on it. Seven such samples were obtained identical to active samplers containing Tenax. 

Passive samplers with Tenax, altogether 12, were allowed to continuously sample for a  

duration of 7 days at the site. Parallel to that 5 Tenax sorbent tubes were placed at the site as a 

control measure for only the gaseous PAHs. Apart from active and passive sampling at the 

site a particle counter was also used to estimate the number of particles at the site. The 

particle counter used was a Lighthouse Handheld particle counter with particle measuring 

capability ranging from 0.3 to 10.0µm in six different channels. Time for each sample was 20 

minutes. 

 

 

4 Results and discussion 

4.1  Selection of the sampler type 

Three types of passive samplers were tested, a sampler with solid Tenax attached on to a GFF, 

a GFF with the Tenax solution applied on to it and a blank GFF. Since the test was basically 

to identify the best sampler out of the three, average peak areas were used for the 

determination. Since peak area is a representation of the concentration of PAHs, calculation 

for exact concentration was not necessary. The areas were directly used for comparison 
between the three samplers. Peak area data is given in Table 6.  

 

 

Figure 19. The cassette and the GFF 
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Compound Name 

Average Peak Area (Area Units) from three 

trials of each type   (as a fraction of 10000) 

 

 Only GFF 

(n=3, ± SD)   

Tenax solution 

(n=3, ± SD)   

Tenax solid  

(n=3, ± SD)   

Naphtalene 11 ± 8  1500 ± 1300 1700 ± 200 

2-Methylnaphtalene 5 ± 2 850 ± 1300 1900 ± 100 

1-Methylnaphtalene 5 ± 2 1500 ± 1300 1700 ± 100 

Biphenyl 13 ± 15 950 ± 1000 1500 ± 730 

2,6-Dimethylnaphtalene 34 ± 55 620 ± 860 1500 ± 70 

Acenaphtylene 41 ± 21 1500 ± 1300 1800 ± 200 

Acenaphtene 8 ± 8 550 ± 480 1600 ± 1300 

2.3.5-Trimethylnaphtalene 710 ± 1700 530 ± 650 1500 ± 750 

Fluorene 370 ± 300 860 ± 750 1200 ± 70 

Phenanthrene 1400 ± 380 1700 ± 1400 2300 ± 110 

Anthracene 400 ± 400 1300 ± 1100 7100 ± 9500 

Fluoranthene 1500 ± 470 1430 ± 1200 1900 ± 83 

Pyrene 1500 ± 460 1430 ± 1200 1900 ± 57 

Benz[a]Antharacene 300 ± 240 620 ± 350 700 ±  40 

Chrysene 860 ± 540 1400 ± 620 1700 ± 400 

Benzo[b]fluranthene 300 ± 340 983 ± 610 900 ± 61 

Benzo[k]fluranthene 350  ± 350 1080 ± 620 1000 ± 100 

Benzo[e]pyrene 510 ± 610 1240 ± 730 1100 ± 71 

Benzo[a]pyrene 180 ± 140 720 ± 350 780 ± 70 

Perylene 140  ± 210 850 ± 460 770 ± 120 

Indeno[1.2.3-cd]pyrene 120 ± 210 360 ± 81 520 ± 130 

Dibenz[a.h]anthracene 70 ± 120 340 ± 140 280 ± 210 

Benzo[ghi]perylene 140 ± 230 310 ± 120 360 ± 130 

Total ∑PAHs 9040 22700 35800 

Table 6. Average peak areas given by the three samplers for SRM 1491 
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As Peak areas of PAHs were used for comparison of samplers, according to Table 1 the more 

volatile PAHs seem to be sorbed more efficiently on the GFF prepared with solid Tenax. The 

confidence intervals were overlapping but the trend was towards a better retention also for the 

semi-volatile PAHs. For the less volatile PAHs both GFFs treated with Tenax (solution and 

solid) seemed to have a similar recovery. The control sampler which contained a blank GFF 

only, appeared to retain heavier PAHs better than volatile ones although its overall efficiency 

seemed to be low with a total PAH content representing only 13.4% of the total peak area for 

all three samplers. Solid Tenax sampler represented 53% of the total PAH content. However, 

the heavier compounds seemed to remain more on the surface of the sampler being more 

independent than the lighter PAHs to the composition of the surface. Conclusively, Tenax 

granules with the porosity partly intact seemed to give the best overall recovery for volatile, 

semi-volatile and less volatile PAHs. The approximate weight of Tenax used on GFF was 
1.0µg for the two approaches which involved Tenax.  

 

4.2  Laboratory Validation Part 1 

4.2.1  Pilot testing using aerosol generation 

 

Based on the results of the above preliminary test the GFF with solid Tenax was selected as 

the most favorable sampler when it came to retaining PAHs. Further experimentation were 

continued to validate and optimize the selected sampler. 

Table 7. Peak areas for the pilot test implementing aerosol generation 

Name Area active ± sd Area PAS ± sd RS m3/day 

Phenanthrene 13x 106 ± 16 x 105 45 x 106 ± 55 x 105 0.085 ± 0.006 

Pyrene 14 x 105 ± 31 x 104 43 x 105 ± 60 x 104 0.072 ±  0.10 

Benzo(a)pyrene 89 x 104 ±  66 x 104 84 x 103 ± 86 x 103 0.002 ±  0.001 

 

The test was conducted as a measure of knowing how much PAH-containing aerosols that can 

be generated and how well they can be sampled using the passive sampler. The results of 

three different PAHs can be found in Table 7.  

Both active samplers as well as passive samplers retained PAHs. The amount of PAHs 

retained in the sampler was estimated using the peak areas. The coefficient of variation for the 

passive samplers was approximately 10%. Passive sampling rates (RS) were determined to get 

a rough estimate for future experiments. The sampling rates seemed to be higher for lighter 
PAHs than for Benzo[a]pyrene based on absolute areas. 
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4.2.2 Generation of PAHs associated to aerosols in the glass chamber 

Table 8. Concentrations of PAHs associated to aerosol generated by the nebulizer  

inside the glass chamber 

Name Active 1 

ng/m3 

Active 2 

ng/m3 

PAS mean 

ng 

days m3/day 

Naphtalene 23 51 0.97 ± 0.88 0.83 0.05 

2-Methylnaphtalene 21 11 15 ± 15 0.83 0.89 

1-Methylnaphtalene 60 8000 11 ± 10 0.83 0.22 

Biphenyl 1000 52 2.1 ± 1.6 0.83 0.0024 

2,6-Dimethylnaphtalene NA NA NA 0.83 NA 

Acenaphtylene 58 NA NA 0.83 NA 

Acenaphtene 130 NA NA 0.83 NA 

2.3.5-Trimethylnaphtalene NA NA NA 0.83 NA 

Fluorene NA NA 0.073 0.83 NA 

Phenanthrene 2700 13 1.3 ± 0.69 0.83 0.001 

Anthracene 33 9 0.90 ± 0.86 0.83 0.033 

Fluranthene 6200 9600 0.87 ± 0.92 0.83 0.00017 

Pyrene 8900 4800 0.84 ± 0.84 0.83 0.00011 

Benz[a]Antharacene 110 66 0.003 ± 0.002 0.83 0.000031 

Chrysene 140 98 0.002 ± 0.002 0.83 0.000021 

Benzo[b]fluranthene 0 0 0.008 ± 0.012 0.83 NA 

Benzo[k]fluranthene 610 160 0.004 ± 0.004 0.83 0.00001 

Benzo[e]pyrene 300 180 0.022 ± 0.003 0.83 0.00008 

Benzo[a]pyrene 11 3 0.006 ± 0.002 0.83 0.0007 

Perylene 6 2 0.006 ±0.002 0.83 0.0011 

Indeno[1.2.3-cd]pyrene 1 0 0.001± 0.006 0.83 0.0016 

Dibenz[a.h]anthracene 2 1 0.001 ± 0.006 0.83 0.00085 

Benzo[ghi]perylene 0 0 0.001 ± 0.002 0.83 0.0039 
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In this next experiment the full suite of PAHs from SRM 1491 fortified on silica particles was 

generated by the nebulizer and sampled by active and passive techniques (results denoted in 

Table 8). As active samples were of 2 liters each the concentration of PAHs were directly 

calculated as ng/m
3
 after converting peak area to mass. For passive samplers the sampling rate 

was calculated using equations described in the theory section. The sampling conditions 

inside the aerosol chamber were assumed to be similar to ambient air conditions with room 

temperature and low wind speed. Further the majority of the silicate particles were identified 

to be less than 0.523 µm which is also similar to ambient conditions since PAHs are believed 
to be associated to particles with a small diameter.  

However in this experiment a large variation between samples and between concentrations 

found in the beginning and in the end of the experiment was observed (see Table.8). Further, 

sampling or analysis artifacts was indicated since the profile of different PAHs did not 

correspond to expected profiles found in the SRM. Still, a passive sampling rate was 

calculated to get an estimate for future experiments. Also in this experiment a trend of higher 

sampling rates for the volatile species was found. The less volatile (4-6 ringed PAHs) 

demonstrated low sampling rates. The recovery data for the semi-volatile PAHs such as three 

ring compounds were also considerably low in the passive air sampler. Perhaps these semi-

volatile compounds are associated to particles that are neither governed by Fick‟s law nor 

Newton‟s law. Usually these particles are in the range of 100 nm. However, the particle 

concentration was quite stable after the initial rise to 3000 particle/cubic meter. i.e. between 
50

th
 and 146

th
 reading as can be seen in Figure 20. 

4.2.3 APS measurements 

Using an APS the size distribution of the generated aerosol and its behavior throughout the 

sampling session was monitored. The APS takes a reading every 20 seconds counting the 
particles in an array of channels ranging from <0,523µm to 20µm 

 

 

 

 

 

 

 

 

   

As the APS was started at the beginning and the nebulizer was started after 10 sampling 

rounds the plot shows a zero value at the beginning and rises as the nebulizer continues to 

release particles in to the chamber. After 50 sampling rounds the nebulizer was stopped and 

the decline of the particle count can be seen in the plot. The purple plot only indicates counts 

Figure 20. APS plot of the particle counts in the channel < 0.523µm 
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in the channel <0.523µm. The fan was operated to homogenize the concentrations in the 

chamber and by extrapolation of the plot the time taken for the hypothetical equilibrium state 

to occur could be estimated. The second graph was obtained by plotting all channels at the 

same time (see Figure 21). It was observed that particle counts of all channels followed the 

same trend yet the majority of the particles inside the chamber was in the category smaller 

than 0.523µm. Therefore an exact estimation of the size and the quantity of particles was hard 
to establish. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The plot clearly indicates the difference in particle count in channel <0.523µm and bigger size 

channels. Almost all particles were smaller than 0.523µm in diameter. Since the used silicate 

particle has a certain size range most of the particles were in the size category smaller than 

0.523µm. 

4.3  Laboratory Validation part 2  

The Samplers were tested on diesel exhaust in the same glass chamber used for the aerosol 

generation. Measurements using Active and passive samplers were obtained and analyzed 

accordingly by the ATD-GC-MS. The ELPI Particle counter which was far more accurate 

than the APS was used to obtain particle measurements. 

4.3.1  ELPI measurements         

 In the analysis of diesel exhaust the ELPI was used to get an idea about the particle 

distribution in the chamber. A 1978 Mercedes car engine was used as diesel exhaust 

generator, and after a 15 minute time period of homogenization ELPI readings were taken. 

Figure 21. Plot of the <0.523µm channel and all other channels up to 20µm 
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A plot was drawn of the particle count against the particle diameter (see Figure 22). Points on 

the curve indicate the 14 size stages in the instrument. The first point has a size range between 

6 – 35nm and the last point has a range between 6 - 10 µm. A majority of the diesel particles 

could be found in the size range 0 – 100nm. The ELPI plot indicated the highest numbers of 

particles were available at a particle diameter around 100nm and after the particle diameter 
exceeded 1 µm there seemed to be no counts at all. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23 expresses the weight of PAHs on the particle as a ratio between PAH weight and 

the particle weight plotted against the different sizes of the particles. A pilot test implied that a 

smaller aerodynamic size had a larger surface area and hence an increased association to 

Figure 23. Plot of two PAHs Fluoranthene and Pyrene by weight ratio against diameter 

Figure 22. Distribution of particles in the diesel exhaust 
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PAHs. This inverse relationship between PAH association and diameter is important when 

assessing the sampling strategy and possibly potential health risk since size of particle and 

deposition in lung is related. Furthermore, soot and PAHs are very much associated with each 

other and some particles can be made up of PAHs with many fused benzene rings. The ratios 
for stages were calculated using the following formula given in equation 8 

24
. 

Ratio = (Mass of PAH/No of particles)*(1/Mass of one particle) 

A trend was observed that Fluoranthene and Pyrene seem to be equally associated to gas and 

particle phase. They seem to be associated more to particles when they have a smaller 
diameter. 

4.3.2  Passive sampling of diesel aerosol by the designed sampler 

Table9. Concentrations of different PAHs derived using the diesel exhaust experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Active mean 

ng/m3 

Passive 

ng/sample ± sd 

m3/day 

Naphtalene 5400 270 ± 40 0.059 

1-Methylnaphtalene 120 32 ± 23 0.32 

Biphenyl 200 19 ± 4.9 0.11 

2.6-Dimethylnaphtalene 280 9.2 ± 2.8 0.040 

Acenaphtylene 280 0.48 ± 0.11 0.002 

Acenaphtene <0.5 1.8±0.59 NA 

Fluorene 74 4.1 ± 1.4 0.067 

Phenanthrene 180 3.4 ± 3.9 0.023 

Anthracene 380 0.98±0.51 0.0031 

1-Methyphenanthrene 140 0.23 ± 0.06 0.0020 

Fluoranthene 51 0.41 ± 0.19 0.0096 

Pyrene 75 0.23 ± 0.17 0.0037 

Benz(a)Antharacene 280 0.05 ± 0.04 0.00023 

Chrysene 640 0.08 ± 0.04 0.00015 

(Eqn 8) 
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In order to deal with problems of generating stable aerosols with PAHs a diesel engine was 

used to generate exhausts in the chamber. Passive and active samplings were performed and 

four replicates of a passive sampler yielded an acceptable variation. It was however observed 

that peak areas for the PAHs heavier than Chrysene were considerably low and below limit of 

detection. Moreover previous studies have showed that diesel exhaust does not contain 

considerable quantities of heavier PAHs
17

. Therefore only PAHs ranging from molecular 

weights 128 to 228 were considered in the analysis. Calculation of concentrations was 

conducted directly for active samplers. All concentrations calculated for the active samplers 

are given in the Table 9. Again the sampling rate was observed to be considerably higher for 

the volatile PAHs and much lower for the semi- and less volatile PAHs.  

 

4.4  Ambient sampling for PAHs at an urban location (Reveljen 
Kindergarten) 

In order to test its applicability and suitability in realistic conditions a sampling campaign was 

performed in a “suburban” location, the Kindergarten Reveljen in Umeå, Sweden. The site 

was situated in an area with high automobile traffic and was expected to have a high ambient 
air particulate content.   

Six Tenax GFF passive samplers, seven 24 hour - active samplers with and without Tenax and 

4 ATD Tenax tubes were used for sampling of ambient air. All samplers were analysed using 

the ATD-GC-MS. However due to the loss of sensitivity of the instrument a small part of the 

analysis data was rendered unusable. Concentrations for the active samplers were calculated 

and provided in Table 10. Five days of active sampling was used to calculate a mean for the 

seven day period. The concentrations were varying owing to the changing weather conditions 

in the sampling area. First three days of sampling were sunny days with moderate wind 

speeds and the next three days were rainy possibly creating a washout effect on particulates 

and related pollutants. The final sampling day was again sunny but windy.  
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Table 10. Concentrations of PAHs obtained from the ambient air sampling at Reveljen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In general, low concentrations of PAHs were observed in the air samples collected by active 

sampling at Reveljen. For instance a concentration of 0.036 ng/m
3
 was indicated for 

Benzo[a]pyrene.  Information on the calculated average concentrations on the PAH Benzo [a] 

Pyrene in air for different European countries were estimated by Van Jaarsveld  et al
35

. The 

Name 

Active (5 days) 

Passive 

Mean(ng/sample) 

RS 

Mean(ng/m
3
) m

3
/Day 

Naphtalene 32 ± 17 26 ± 2.9 0.110 

2-Methylnaphtalene 15 ± 12 12 ± 1.5 0.120 

1-Methylnaphtalene 10 ± 8.0 8.6 ± 1.5 0.12 

Biphenyl 7.5 ± 4.9 4.7 ± 0.63 0.089 

2.6-Dimethylnaphtalene 6.1 ± 5.4 6.3 ± 0.97 0.150 

Acenaphtylene 3.4 ± 2.8 0.39 ± 0.19 0.016 

Acenaphtene 2.8 ± 2.6 1.4 ± 0.25 0.070 

2.3.5-Trimethylnaphtalene 1.9 ± 1.1 1.52 ± 0.20 0.11 

Fluorene 4.3 ± 2.8 2.0 ± 0.13 0.068 

Phenanthrene 6.0 ± 3.0 1.4 ± 0.28 0.032 

Anthracene 4.8 ± 4.5 1.5 ± 0.68 0.046 

Methyphenanthrenes (1) 0.57 ± 0.38 0.067 ± 0.01 0.017 

Fluranthene 1.5 ± 1.6 0.12 ± 0.02 0.012 

Pyrene 1.5 ± 1.6 0.058 ± 0.02 0.0056 

Benz(a)Antharacene 0.65 ± 0.61 0.004 ± 0 0.0008 

Chrysene 0.48 ±  0.39 0.057 ± 0.05 0.017 

Benzo(b)fluranthene 0.023 ± 0.05 0.12 ± 0.07 0.75 

Benzo(k)fluranthene 0.022 ± 0.04 0.029 ± 0.02 0.19 

Benzo(e)pyrene 0.032 ± 0.07 0.062 ± 0.05 0.28 

Benzo(a)pyrene 0.036 ± 0.07 0.035 ± 0.01 0.14 

Perylene 0.008 ± 0.02 0.037 ± 0.02 0.63 
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highest concentrations of Benzo [a] Pyrene in air were found in the former Czechoslovakia 

2.9 ng/m
3
, Hungary 1.9 ng/m

3
, Germany 1.5 ng/m

3
, Poland 1.4 ng/m

3
 and Austria 1.3 ng/m

3
. 

The lowest had been in Finland 0.034 ng/m
3
, Sweden 0.040 ng/m

3
, Norway 0.042 ng/m

3
 and 

Portugal 0.067 ng/m
3
. Assuming Benzo[a]Pyrene being about 1/10 of total PAH content this 

would correspond approximately to 10-30 ng of total PAHs  per cubic meter in the central 

part of Europe and about 0.3-0.7 ng/m
3
 in less polluted areas

36
. 

Since the passive samplers could be regarded as replicates a mean value (ng/sample) was used 

to calculate the passive sampling rate during the seven day period. Five passive samples were 

used to calculate a mean for the week and a good consistency was found between the 

replicates. The field evaluation test yielded a better consistency (lower variability) within the 

sample types (active and passive) and also a majority of the PAHs were quantified and 

therefore it was found to be superior in calculating passive sampling rates compared to the 

laboratory tests. In general the profile of PAHs followed a realistic pattern that would be 

expected in an urban location. The sampling rates, RS were again good for the volatile species 

but in this test the RS for the less volatile PAHs were much higher indicating that particle 

bound PAHs were sampled by passive mechanisms. The sampling rate determined for 

gaseous PAHs were in the range of 0.0891-0.1480 m
3
/day for volatile, 0.008-0.1140 for semi-

volatile and 0.142-0.754 for the less volatile. 

A wind effect could have perhaps increased the sampling efficiency caused by inertial 

impaction and gravity since a larger sample flow could have been generated. The samplers 

were placed in a wind protection casing yet there could have been some anomalies caused by 

wind. In previous experiments the wind was almost zero although a small fan was used. The 

wind speed was not measured but we estimated speeds of 10 m/s on some sampling days. On 

the other hand, rain occurred on other days which might have dramatically decreased the 
particle concentrations. 

Most of the particle-bound PAHs are associated with small-size inhalable particles and further 

studies on the association of PAHs and size in realistic conditions are needed
18

. Chemicals 

transported to lung as fine particulates or in aerosol form are believed to be more bioavailable 

than those administrated in solid form like food
37

. According to Menzieef et al estimated 

potential dose of carcinogenicity for PAHs by inhalation range between 0.02- 3.00 µg/day. 

The concentrations found at Reveljen appears to be safe in this context (~0,0008 µg/day) if 

these concentrations are valid for annual conditions. However, it is likely that large variations 

may occur during a year resulting in higher levels during winter and lower during summer. 

Further studies are however needed to elucidate annual variations and total annual 

concentrations. 

4.4.1 Particle counter measurements 

As a particle counter was operated simultaneously readings for the amount of particles in the 

air was obtained alongside with the active and passive sampling. Below given are graphs 

plotted (see Figures 24 and 25) for variation of particles in the ambient air for particle 

diameters 0.3µm which is the smallest measurable diameter of the instrument and 10µm 
which is the largest. The X axis represents the number of samples taken by the instrument. 
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Figure 24. Profile of particle count for the 7 day period (0.3µm) 

   

                        Figure 25. Profile of particle count for the 7 day period (10.0 µm) 

When particle count is plotted against time for the whole sampling period of 7 days, higher 

particle counts could be observed where the weather was sunny and less windy. As the 

sampling progressed the rainy weather seemed to have had a negative effect on particle 

concentrations. The particle count was observed rising at the end of the sampling period 

where the weather was becoming sunny again. See figures 24. 25. 26 for the weather profile 
during the sampling duration. Blue squares indicate sampling duration. 
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Figure 26. Temperature profile for the month of May
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5 Final discussion and conclusions 

The 12.7mm GFF sampler with solid Tenax seem to have a promising sampling rate to be 

used for measuring the full suite of PAHs in ambient air. Not unexpectedly, the volatile PAHs 

seem to have a higher sampling rate than heavier PAHs. The sampling rate can be increased 

by using a bigger surface area and using a GFF with a diameter of 30mm can be a progressive 

step for improvement of the sampler. Longer sampling times can be used to enhance 

detectability.  

The passive sampler based on GFF and solid Tenax was designed to have a decent capability 

of sampling gaseous PAHs as well as particle associated PAHs. PAS for compounds 

associated with particles or particulate matter are however on a developmental stage but the 

results obtained in this thesis demonstrates some promising progress. However measurements 

for pollutants in gas phase have been conducted more frequently and this sampler design is 

well suited for more volatile species. If the sampling rate is exceptionally good for the volatile 

species compared to the less volatile ones quantification may be skewed between different 

PAHs. The major challenge lies in finding a passive sampler suitable for fine and ultrafine 

particulates in the boundary of Fick‟s and Newton‟s laws. Other future challenges lie in 

finding a personal sampler for semi-volatile species associated with particulates.   

Figure 27. Rain during the month of May
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Figure 28. Relative humidity during the month of May
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