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Abstract 

For a long period of time, it has been common to use creosote for impregnation of railroad 

ties. Creosote consists of 85% polycyclic aromatic hydrocarbons (PAHs), of which some are 

carcinogenic and/or mutagenic. In 2016, a soil remediation process was commenced at an old 

impregnation facility in Sweden and both dermal, urine and blood samples were taken from 

soil remediation workers to investigate the occupational exposure. The objectives of this 

study were to develop a method for the extraction of polycyclic aromatic compounds (PACs), 

including PAHs, oxy-PAHs, alkylated PAHs and dibenzothiophenes and azaarenes from 

blood, and to quantify PAHs in the collected blood samples from the soil remediation 

workers. In the method development, two parameters were tested: centrifugation of samples 

before extraction and use of either basic or deactivated silica in the clean-up step of the blood 

extracts. The results showed that the best method was without centrifugation and with use of 

basic silica. Results from the analysis of the soil remediation workers´ blood showed PAHs in 

average concentrations of 0.05-6.47 ng/mL blood, with fluorene and biphenyl being the most 

abundant PAHs. The occupational groups (office, machine and sampling) had similar average 

concentrations of PAHs, with office workers being slightly less exposed. The PAHs blood 

profile did not reflect the PAHs profiles in contaminated soil from the area; the blood profiles 

had relatively higher abundances of low molecular weight PAHs, while the soils had higher 

relative concentrations of middle molecular weight PAHs. Both blood and soils had low 

relative concentrations of high molecular weight PAHs. Pyrene concentrations in blood and 1-

hydroxypyrene metabolite concentrations in urine samples showed no correlation (linearity 

r2=0.045). Both blood and urine samples from the workers indicated a low exposure of PAHs. 

The method tested in this study can be used for analysis of a broad range of PACs and seems 

to be a better approach for studying the exposure of PACs than today’s methods analysing a 

few urine metabolites. But additional clean-up is suggested to improve the quantification of 

all blood samples. Further investigations are required to gain an understanding of normal, 

unexposed PACs levels in blood. 

 

Keywords: occupational exposure; creosote; contaminated sites; gas chromatography-mass 

spectrometry (GC-MS).  
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1. Introduction 

1.1 Remediation work at Nässjö railway yard 

For 90 years, Nässjö railway yard was one of Sweden’s biggest facilities used for 

impregnation of railroad ties with creosote [1]. Creosote is a distillation product of coal tar 

that has both fungicidal and insecticidal properties [2]. It has for a long time been used as a 

wood preservative, especially in impregnation of railroad ties. The complex mixture of 

creosote consists of approximately 85% polycyclic aromatic hydrocarbons (PAHs) and 2-17% 

of phenolics. The long period of impregnation work at the impregnation facility resulted in 

the soil becoming heavily contaminated with creosote oil, arsenic, copper and chrome, among 

other contaminants [1].  

 

In year 2015, when the impregnation facility had been closed for over ten years, a soil 

remediation action was commenced to cleanse the area in order to reduce the exposure risks 

of contaminants, so that other activities could be held there in the future [1]. This was one of 

the biggest soil remediation works performed in Sweden and lasted for over a year. In year 

2016, an investigation of the remediation workers´ exposure of PAHs was initiated, since 

these compounds can have carcinogenic and mutagenic effects [3]. Both urine and blood 

samples were collected, ranging from workers who worked in offices or manoeuvred 

excavators to people working closer to the soil, like collecting soil samples. Also dermal, soil 

and air measurements were conducted to assess routes of PAHs exposure among the 

remediation workers. Remediation actions are important but can lead to an increased exposure 

risk for both public and workers during remediation. In this way, the exposure risks of people 

performing soil remediation work in an area highly contaminated with PAHs could be 

investigated. 

 

1.2 Polycyclic aromatic compounds 

1.2.1 PAHs 

PAHs are a group of organic pollutants that consist of two or more benzene rings that are 

fused together [4,5]. They can have different substitutes with different chemical groups such 

as alkyl, ketone or hydroxy groups. The original PAHs are, together with alkyl-substituted 

PAHs, oxy-PAHs and azaarenes, collectively called polycyclic aromatic compounds (PACs). 

There are hundreds of related PAHs of different sizes, and they originate from fossil fuels or 

are produced during incomplete combustion of organic material [3,6]. Inhalation of airborne 
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particulates from e.g. cigarettes and intake of dietary products such as grilled food are some 

of the main sources of PAHs exposure and uptake into the human body, although the main 

sources for PAHs in the environment are motor vehicles and industrial activities [7]. The 

smaller, low molecular weight PAHs are more volatile and water soluble and therefore more 

readily distributed in water and soil and can occur in gas phase in air. High molecular weight 

PAHs are more lipophilic and therefore more retained in soil, where they move further into 

particles and are strongly bound in aged soils. They also exist sorbed to particles in the air. In 

the environment, as the levels of PAHs decrease due to microbial degradation or chemical 

oxidation of the PAHs, polar PACs such as oxy-PAHs can be formed, making their levels 

increase in reverse.  

 

PAHs can be taken up into the body both by absorption through the skin, the respiratory tract 

and the gastrointestinal tract [8]. After uptake, they are readily metabolized into hydroxylated 

PAHs (hydroxy-PAHs) which are largely excreted in urine or faeces. Because of their 

lipophilicity some PAHs might also accumulate in e.g. adipose tissue in the body, to which 

they are distributed by the blood [5,7]. Within the body, PAHs can act via the aryl 

hydrocarbon receptor (AhR) pathway in the cells, which is an important pathway concerning 

toxic effects of PAHs [9]. Metabolism of PAHs can also result in reactive metabolites, like 

epoxides and dihydrodiols, which can bind to cellular proteins or DNA and cause cell 

mutations. This is the underlying cause for the toxic effects of certain PAHs [10]. Several 

PAHs have been classified as carcinogenic compounds by the International Agency for 

Research on Cancer (IARC) [11].  Besides that, PAHs are known to disrupt the hormonal 

equilibrium, give adverse neurodevelopmental effects, teratogenic effects and increase human 

inflammatory mediated diseases. They are associated with a wide range of effects such as 

adverse reproductive outcomes, liver damage, haemolytic anaemia, impaired osmoregulation 

and immune suppression [4,6,11,12]. 

 

1.2.2 Azaarenes  

Azaarenes, also called nitrogen heterocyclic PACs (N-PACs), are as the name suggests 

compounds containing nitrogen [9]. They are formed when nitrogen is present, during 

incomplete combustion of organic material, like PAHs. Their structures are similar to PAHs, 

but in one of the benzene rings, a carbon is replaced by a nitrogen atom. Since they have been 

found to be mutagenic, azaarenes are of growing concern, but have not yet been studied as 

extensively as the unsubstituted PAHs. This is mainly because there are no standardised 
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methods for analysis and also a lack of regulations regarding these compounds [13]. Some 

azaarenes have shown to be agonists of the aryl hydrocarbon receptor, as many of the PAHs 

[9,14]. Azaarenes, along with oxy-PAHs, which contain one or more ketone functional 

groups, are more polar than other PACs [9]. Because of that, these compounds are more prone 

to leach from contaminated sites into the environment, making them an important group of 

PACs to study further [13].  

 

1.3 Previous studies 

1.3.1 Analysis of PAHs in blood 

Several studies have shown that occupational exposure to PAHs is related to different forms 

of cancers such as lung cancer and bladder cancer [4,8,10,17]. Although in occupational 

settings, people are exposed to mixtures of PACs, only a small subset of PAHs are usually 

analysed. Studies regarding human exposure of PACs have primarily looked at the 

metabolites, such as hydroxy-PAHs in urine; often, only 1-hydroxypyrene (1-OHP) is used as 

a surrogate for all PACs as a class. Fewer studies have examined the levels of PAHs in blood. 

In comparison to urine, blood samples allow for analysis of a larger number of native PAHs 

(before phase-1 metabolism to hydroxy-PAHs). However, because of the lipophilicity of 

PAHs, their levels in blood by volume will most likely be less than the levels of their polar 

metabolites in urine [4]. Additionally, blood is – similar to urine – a difficult matrix to 

analyse. Previous studies that have analysed native PAHs in blood have usually followed 

similar-looking methods, with adjustments of some details. Most of the studies use 

combinations of saponification, liquid-liquid extraction and solid-phase extraction as their 

main method components [3–6,12,17]. In some studies the whole blood samples are 

centrifuged before sample pre-treatment.  

 

One study looked at PAHs levels in blood of Indian children [5]. PAHs were extracted from 

the blood by liquid-liquid extraction (LLE) using n-hexane as an extracting solvent, followed 

by clean-up with a solid phase extraction (RP-18; Merck). The study presented median values 

for some PAHs found in blood, where naphthalene was found in a concentration twice that of 

the other PAHs, consisting of acenaphthylene, phenanthrene, anthracene, fluoranthene, 

pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene and benzo[a]pyrene. They found that the 

children with highest total levels of non-carcinogenic PAHs were those who spent most time 

in the breathing zone surrounding the cooking area in the home and also that the levels of 
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carcinogenic PAHs levels were associated with lower status of the families. Another study 

investigated the effects of human exposure to diesel exhaust in North Carolina [4]. They 

analysed both whole blood and plasma by extracting PAHs by LLE, testing both hexane, a 

hexane/dichloromethane (DCM) mixture and pure DCM as extraction solvents. Finally they 

used pure hexane, so that the extraction solvent would be the upper layer (pure DCM has a 

greater density than blood and therefore will invert the solvent/sample layer) and to get 

minimal sample background, which increased slightly when using DCM. The analysis was 

performed using a GC-MS system and results showed levels that were approximately 65 

times lower than what was found in the Indian children study. PAHs levels have also been 

analysed in umbilical cord blood of human neonates [12]. The levels of PAHs in neonates’ 

blood in the Guiyu area of China were investigated since this area has ubiquitous amounts of 

pollutants and previous studies have found that prenatal exposure to PAHs can have adverse 

effects both on birth outcomes and cognitive development. In this study they performed a 

saponification of the blood samples by use of sodium hydroxide in a 90% ethanol solution at 

60 °C for 30 minutes, followed by LLE using n-hexane to extract the analytes during three 

cycles. Following the extraction, a clean-up with an SPE with a RP-18 Supelco cartridge was 

performed before analysing samples by use of GC-MS. Results showed low levels of the low 

molecular weight compounds with approximately 5 times higher concentrations for some high 

molecular weight PAHs.  

 

1.3.2 Occupational exposure 

In Finland, a study was performed in which they investigated the exposure of PAHs through 

skin for road pavers [15]. Besides finding that the type of asphalt used played a role in the 

exposure, they concluded that the exposure via skin greatly enhanced the total body burden of 

PAHs. Another study in Finland looked at PAHs exposure at a soil remediation site [16]. In 

this study, they analysed the hydroxy-PAHs metabolites (OH-PAHs) found in urine. The 

study concluded that the levels of PAHs found in urine were higher than normal levels for 

non-exposed workers, and eight of nine workers had levels higher than the Finnish biological 

limit value for non-occupationally exposed persons (3 nmol/L). This shows the need for 

further studies of people that might be highly exposed through their occupation. Another 

finding was that the concentrations were also higher than for people working with asphalt 

paving. Exposure to PAHs has long been studied by analysis of their metabolites in urine, but 

more recent studies have analysed unmetabolized PAHs in blood instead [12]. There are only 

a few studies that have investigated the occupational exposure of remediation workers [16]. 
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No studies have looked at the exposure by analysis of blood and there are no limit values 

regarding blood levels of PACs, showing the need of further investigation in this area. 

 

1.3.3 Saponification 

Saponification is a thermochemical pre-treatment method in which a hydrolysis reaction is 

produced by the reaction of a lipid with an alkali [18]. During the hydrolysis lipids break up, 

resulting in the production of long-chain fatty acid salts and a release of glycerol, the 

backbone in triglyceride lipids. By using this pre-treatment method, it is possible to get rid of 

insoluble lipids in samples, which could otherwise adhere to the gas chromatographic column 

film. The lipids will break into fragment parts and thereby lose their typical property of 

having a polar and non-polar part, which will result in the samples becoming less affected by 

matrix effects from fats.  

 

1.3.4 Liquid-liquid extraction 

LLE makes use of the varying polarities of different solvents. During the extraction, the 

analyte will transfer from one liquid phase to another liquid phase. To extract an analyte from 

a liquid, an extraction solvent with a polarity similar to the analyte is chosen. When extracting 

PAHs which are primarily non-polar, the solvent is an organic solvent such as n-hexane or 

pentane, which are non-polar hydrocarbons [4].  

 

1.3.5 Open-column chromatography 

Open-column chromatography is a method used for purification of extracts. By letting the 

extract pass through a stationary phase of a certain kind, for example silica gel or Florisil, 

unwanted compounds can be retained by adsorption to the stationary phase, while a mobile 

phase is used to elute the analytes of interest.  

 

Most often when using open-column chromatography to purify extracts containing PAHs, 

deactivated silica is used since it works well for those compounds. When using a deactivated 

silica column together with n-hexane and/or an n-hexane/DCM mixture as the mobile phase, 

impurities will adsorb to the silica stationary phase, while PAHs and oxy-PAHs will be 

eluted. Azaarenes will not elute well with the deactivated silica method; since they have 

slightly basic properties, they are more retained by the deactivated silica [13]. To analyse all 

PACs, the use of a basic silica is therefore a more suitable choice, in combination with pure 
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DCM as elution solvent. A previous study found that using basic silica facilitated much 

higher and more consistent recoveries for azaarenes and resulted in a more accurate 

determination of both azaarenes and oxy-PAHs [13].  

 

1.4 Objectives 

The objectives of this study were a) to develop an extraction method for analysis of PACs in 

blood, and b) analyse blood samples collected from soil remediation workers at a former 

creosote impregnation site and quantify their blood PAHs levels. Analysis of PACs in blood 

can give a broader picture of the exposure risk of PACs that might exist when working close 

to PACs contaminated soil. 

2. Method and materials 

2.1 Chemicals and materials 

For the method development, Blankcheck WH blank, lyophilised whole blood samples from 

ACQ Science GmbH (Rottenburg-Hailfingen Germany) were used. All solvents and 

chemicals used were of analytical grade. DCM and toluene used were obtained from 

Honeywell. The n-hexane, anhydrous sodium sulphate and potassium hydroxide were 

produced by Merck (Darmstadt Germany). The 96% ethanol was obtained from Solveco AB 

(Rosersberg Sweden). The water used was purified Milli-Q water (18.2 MΩ). Materials that 

came in contact with the samples were of glass, avoiding plastic containers and pipettes to 

decrease the risk of losing analytes by adsorption to plastic surfaces. Silica gel 60 was from 

Merck, was activated at 450 °C for three hours and deactivated with 10% of Milli-Q water or 

treated with potassium hydroxide prior to use. Standard mixtures of native PACs and internal 

or recovery standards containing deuterated PACs used are presented in Appendix, table A 1-

A 6.  

 

2.2 Method development 

2.2.1 Investigated parameters 

The studies mentioned in 1.3.1 Previous studies among others were evaluated and served as a 

basis for the development of a method for extracting and analysing PACs in blood. Blood is a 

difficult matrix containing fatty acids and proteins, and different methods to minimize the 

matrix effects have been tested previously. Centrifugation, for example, has been used to 

separate the blood into a lighter layer containing plasma and a more dense cell layer [17]. 
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Also different clean-up methods of the extracts, like SPE, have been tested to remove 

unwanted compounds like residues from fats and lipids, which may affect the results of the 

analytical procedure [3]. For this study, two different parameters were alternated and 

investigated to get a method best suited for the analysis of PACs. Centrifugation was 

performed on six replicates of the blood samples prior to pre-treatment, to see if the 

centrifugation decreased the complexity of the sample and improved the recovery and 

quantification of PACs. The centrifuge used for separating those blood samples into pellet and 

supernatant parts was a Sigma 3-16L centrifuge, which was kept at 3000 rpm for 15 minutes. 

For purification of the extracts, open column with either deactivated silica (10% water) or 

basic silica were tested, to see which method gave the cleanest extract and the best recovery 

for most of the analytes of interest. The method development resulted in four different 

methods tested (figure 1).  

  

 

Figure 1. Workflow of the different steps in the method development. Saponification and liquid-liquid 
extraction was performed on all samples in the same way before open-column chromatography, 

generating a total of four tested methods.  
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In the method development, pure, lyophilized whole blood was used. Standard mixtures 

containing native PAHs, alkylated PAHs, oxy-PAHs, azaarenes and internal standards (IS) 

were added to 2 mL aliquots of each blood sample. For the saponification, potassium 

hydroxide was used as alkali source instead of sodium hydroxide, which has been used in 

other studies [3,7,12]. Addition of 4 mL of 0.4 M potassium hydroxide in ethanol-water (9:1, 

v/v) to all samples was performed, after which they were saponified in a Julabo GmbH SW22 

water bath, kept at 60 °C for 30 minutes without shaking. The potassium hydroxide and 

ethanol concentrations chosen were based on a study in which these parameters had already 

been tested to find the optimal values for extracting PAHs [7]. Following the saponification, 

and letting the samples cool to room temperature, a liquid-liquid extraction was performed on 

all blood replicates, using n-hexane/DCM (9:1, v/v) as extraction solvent. When analysing a 

broad range of compounds, such as PACs, which have different polarities, it is suitable to use 

a mixture of n-hexane/DCM. Because most of the PACs of interest in this study were non-

polar, n-hexane was chosen as an extraction solvent, but since azaarenes and oxy-PAHs were 

also included in the analysis, 10% of DCM was added to the solution to increase the 

extraction efficiency of the more polar compounds. The extraction was repeated three times 

using a total of 8 mL (3+3+2) of n-hexane/DCM (9:1) with 15 minutes in an end over end 

shaker during each run. After that, the upper solvent layer was removed from each extraction, 

giving a final volume of 8 mL for the final pooled extracts. The extracts were evaporated to a 

volume of approximately 0.25 mL under a gentle stream of nitrogen gas.  

 

The open-column chromatography was prepared by putting small pieces of glass wool as 

plugs in the bottom of glass pipettes. On top of the glass wool, 4 cm of either basic or 

deactivated silica (10%) and 1 cm of anhydrous sodium sulphate constituted the stationary 

phase. For the deactivated silica method, pre-treatment of the silica consisted of adding two 

column heights of n-hexane through the silica column, after which the extract was transferred 

to the column. Analytes were eluted by 4 mL of an n-hexane/DCM (3:1, v/v) solvent mixture 

followed by 4 mL of DCM. In the basic silica method, pre-treatment included rinsing the 

columns with two column heights of DCM and 8 mL of DCM was used as elution solvent. 

When using DCM as eluting solvent, it is important to be aware that pure DCM will also elute 

lipids to a higher degree than would the n-hexane/DCM mixture, which might complicate the 

quantification of analytes by resulting in chromatograms with abundant matrix effects or 

overlapping peaks. After clean-up, extracts were evaporated to a final volume of 100 µL 
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using nitrogen gas and the solvent was exchanged to toluene by adding 500 µL of toluene 

before evaporation. Recovery standard was added to GC vials before transferring the extracts 

to the GC vials. The vials were stored in -20 °C until analysis.  

 

2.3 Study group and sample collection 

The blood samples used in the biomonitoring came from soil remediation workers working 

with the remediation of Nässjö railway yard in Sweden and were collected in July 2016. The 

study group included office employees and individuals working in the contaminated area with 

sampling, excavating or ground water treatment. The participants were asked to fill out a 

questionnaire of their work, diet, health and leisure interests. In total, 14 individuals donated 

blood in this study. Whole blood samples were collected in 15 mL vials with 

ethylenediaminetetraacetic acid (EDTA) and were stored at 4°C at the collection site. All 

blood samples were transported under ice cold conditions to the University Hospital of 

Örebro and were stored in -20°C freezers until analysis. 

 

2.4 Extraction and clean-up of blood samples from workers 

The blood samples from 14 workers were first thawed and carefully turned to ensure that they 

were homogeneously mixed. The sample preparation was done according to method 4 in the 

method development description (figure 1). Briefly, 2 mL of each blood sample underwent 

saponification with potassium hydroxide and ethanol-water, followed by liquid-liquid 

extraction using n-hexane/DCM (9:1) and then open-column chromatography with the use of 

basic silica and DCM for clean-up of samples. Triplicates were made for two of the workers’ 

samples. 

 

2.5 GC-MS analysis 

The gas chromatography mass spectrometer used was an Agilent Technologies 7890A gas 

chromatograph coupled to a 5975C low resolution mass spectrometer (GC/LRMS) MSD. The 

GC-MS run was carried out using electron impact (EI). Measurements were performed in 

selected ion monitoring (SIM) mode and analytes (2 µL) were injected in splitless mode. 

Separation of analytes was done on a Select PAH (Agilent Technologies) capillary column 

(30 m × 250 µm × 0.15 µm). The GC oven temperature program was as follows: initial temp. 

70 °C, 8 °C/min to 205 °C (hold 2 min), 8 °C/min to 250 °C, 3 °C/min to 270 °C (hold 2 

min), 9 °C/min to 279 °C, 1 °C/min to 280 °C (hold 3 min), 5 °C/min to 300 °C (hold 2 min), 
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25 °C/min to 325 °C where it was held for 10 min. Identification and quantification of the 

PACs in the blood extracts was done by use of quantification mixtures including 30 native 

original PAHs, alkylated PAHs, oxy- and azaarene PACs in addition to IS and RS. 

 

2.6 QA/QC 

Three-point calibration curves were made for the different compound classes. The linearity 

was good for original PAHs (r2-values = 0.9978-0.9999), for alkylated PAHs (r2-values = 

0.9989-0.9999) and for oxy-PAHs and azaarenes (r2-values 0.9995-1.000). The relative 

standard deviation (RSD) values (%) of the relative response factors (RRF) for the different 

groups were the following: original PAHs 0.61-12.9, for alkylated PAHs 1.46-6.61 and for 

oxy-PAHs and azaarenes between 2.49-13.3. They were all below the desired RSD value of 

15%. 

 

To ensure the quality of the results, parameters like reproducibility and recovery from the 

method development were investigated carefully. During method development all tests were 

performed in triplicates. In analysis of workers´ blood, two blood samples were extracted in 

triplicates and procedural blanks were included in the sample batch. Recovery in the method 

development was calculated by dividing the amount obtained for each native compound with 

the known spiked amount and multiplying by 100 to get a recovery (%) value. Quantification 

was performed by use of the isotope dilution method using deuterium labelled internal and 

recovery standards of PACs that were added to all samples and quantification standards. 

When no deuterated standard of an analyte existed, the deuterated standard of the PAC 

nearest in retention time was used. Quantification standards were analysed after every tenth 

sample. The limit of detection (LOD) values were defined as average concentration in 

procedural blanks + 3 times the standard deviation.  

3. Results and discussion 

3.1 Method development 

Centrifugation of samples resulted in recoveries of native PAHs for method 1 and 2 that 

ranged between 1.5-16% and 1.9-17% respectively (figures 2 and 3). Method 3 and 4 had 

higher recoveries, which varied between 35-155% and 52-154%. It is obvious that the best 

recoveries were obtained with methods 3 and 4, which were the methods where no 

centrifugation of blood samples was performed. Clearly, the PAHs accumulated in the pellet 

produced by the centrifugation. For many PAHs, method 4 showed slightly higher recoveries 
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than method 3. The standard deviation was lower for method 4 than method 3 for most of the 

15 first PAHs (figure 2), while the opposite was seen for the 15 following PAHs (figure 3). 

 

 

Figure 2. Average recoveries of 15 spiked native PAHs (molecular weight (MW) = 128-228) in 

triplicate blood samples from the different methods tested during the method development. For 

descriptions of the different methods, see figure 1. 

 

 

Figure 3. Average recoveries of spiked native PAHs (MW = 228-278) in triplicate blood samples from 

the different methods tested during the method development. 
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The results from the alkylated PAHs showed higher recoveries for the compound 1,6-

dimethylnaphthalene, that were above those for compounds 1-methylnaphthalene and 2,3,5-

trimethylnaphthalene, and those recoveries were expected to be similar (figure 4). One of the 

triplicate samples from method 1 had distinctly higher recoveries for all alkylated PAHs than 

the other two triplicate samples (not shown in figures), suggesting that it had been 

contaminated somehow. These outlier results were considered unreliable and therefore the 

average recoveries of alkylated PAHs for method 1 excludes one of the triplicates. Method 1 

then had average recoveries between 1-6% (1,6-dimethylnaphthalene had a recovery of 16%). 

For method 2, the recoveries ranged between 7-16% (except for 1,6-dimethylnaphthalene, for 

which the recovery was 73%). The recoveries in method 3 ranged from 39-93% including 1,6-

dimethylnaphthalene (63%). Lastly, method 4 had recoveries ranging from 68-102% (1,6-

dimethylnaphthalene having a recovery of 149%). Method 4 had the highest recoveries except 

for four compounds, that is 2-methyldibenzothiophene, 2-methylphenanthrene, 2,4-

dimethylphenanthrene and 6-ethylchrysene for which method 3 had slightly higher recoveries. 

Excluding centrifugation of samples and using basic silica in open-column chromatography 

gave the best recovery for these compounds. The reproducibility was similar for methods 3 

and 4. 

 

 

Figure 4. Average recoveries of spiked alkylated PAHs in triplicate blood samples from the different 
methods tested during method development. Average recoveries for method 1 calculated using only 

two of the triplicate samples. 
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For the oxy-PAHs and azaarenes the results again showed that the best recoveries were 

obtained without centrifuging the samples as a part of sample pre-treatment (figure 5). 

Method 1 had average recoveries ranging from 0.1-12%, method 2 from 4-15%, while method 

3 and 4 had average recoveries of 0.01-86% and 12-88%, respectively. Again, method 4 had 

slightly higher recoveries for most compounds. For 12 of the 17 oxy-PAHs and azaarenes, 

recoveries were above 50% using either method 3 or 4, and for 11 of the compounds, method 

4 gave the highest recoveries. The low molecular weight azaarenes quinoline and acridine had 

really low recoveries for method 1 and 3 while they were much higher for method 2 and 4, 

showing that it is crucial to use basic silica to be able to analyse those compounds. 

 

 

Figure 5. Average recoveries of oxy- and azaarene PACs in triplicate blood samples from the methods 

tested during development. 

 

Both reproducibility and recoveries of low molecular weight PACs were worse than for the 

high molecular weight PACs, which can be expected due to the greater volatility of the 2- to 3 

ring PACs. Low molecular weight PACs are inevitably lost to a small extent during 

evaporation. The results show clearly that to be able to analyse as many PACs as possible, 

with a wide range of different polarities, it is best to use basic silica in the open-column 

chromatography and not centrifuge the samples. Overall, method 4 had the best recovery 

results and can be used in analysis of more polar compounds as azaarenes, as well as not 
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giving remarkably poorer reproducibility and was therefore used in the analysis of the blood 

samples from Nässjö railway yard.  

 

3.2 PAHs concentrations in blood samples from remediation workers 

Compared to the chromatograms of the blood samples in the method development part, some 

of the workers’ blood samples showed more matrix effects. The matrix effects probably had 

an effect on the recoveries of the deuterium labelled IS of PAHs in these blood samples. The 

recoveries in all samples ranged from 20 to 200%, with a few samples having recoveries 

outside this range.  

 

The concentrations of PAHs found in the blood samples ranged from 0.05-6.47 ng/mL blood 

(ppb) (table A 7). The highest concentrations were found for biphenyl and fluorene, which 

both had concentrations above 4 ng/mL (figure 6). Naphthalene and phenanthrene also 

showed relatively high concentrations (2.80-3.50 ppb and 1.65-3.10 ppb respectively) 

compared to the rest of the PAHs which were present in concentrations below 0.68 ng/mL 

blood. The average concentrations of 30 PAHs (table A 8) in workers’ blood samples (0.05-

4.76 ppb) were found to be within the range of what has been found in previous studies of 

blood PAHs levels (0.003-19 ppb), suggesting that they were not highly exposed from the 

working site. The study of PAHs blood levels in children in India presented median values for 

some PAHs found in blood, where naphthalene had the highest median value (19 ppb) and the 

rest, including acenaphthylene, phenanthrene, anthracene, fluoranthene, pyrene, 

benzo[b]fluoranthene, benzo[k]fluoranthene and benzo[a]pyrene, ranged from 1.4-9.0 ppb 

[5]. The average concentrations of those compounds in this study were: for naphthalene 2.99 

ppb and for the others mentioned above ranging from 0.01-0.34 ppb. Results from a study 

investigating the effects of exposure to diesel exhaust showed 22 original PAHs in whole 

blood with median levels ranging from 3-86 pg/mL (0.003-0.086 ppb) [4]. Results from a 

study analysing umbilical cord blood presented median values of benzo[a]anthracene ranging 

from 0.32-0.84 ppb, chrysene between 0.99-1.62 ppb, benzo[a]pyrene between 1.42-2.69 ppb, 

indeno[1,2,3-c,d]pyrene between 13.46-17.04 ppb and dibenzo[a,h]anthracene with levels 

between 11.11-13.58 ppb [12]. Compared to these studies, concentrations of the PAHs found 

in the blood from the soil remediation workers in Sweden are neither among the highest or 

lowest. This could be explained by their use of protective clothing and breathing masks 
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during most of their working time. Since there are no set recommended limit values for PAHs 

in blood, it is difficult say anything about the risk of these levels. 

 

 

Figure 6. Average concentrations of PAHs found in blood samples. Standard deviations not shown 

when n=1.  

 

The workers in this study were either office workers, machine operators or people working 

closer to the soil, with e.g. soil sampling for different measurements [19]. Comparison of the 

groups showed that the total lower bound concentrations were quite similar for all three 

occupational groups (table A7). This is in contrast to what was expected, which was that soil 

sampling workers who came in closest contact with the soil would have much higher levels of 

PAHs. Average total concentrations for all workers in the different occupational groups were 

as follows: office workers 12.3 ng/mL blood, machine operators 11 ng/mL blood and soil 

sample collectors had 13.3 ng/mL blood (figure 7). The sample of worker D22 evaporated to 

dryness before analysis, which might have led to the concentrations of the PAHs (especially 

the low molecular weight compounds) in this sample being notably lower than those in all 

other samples. The recoveries for this sample were mostly within the desired range, 

suggesting that the low levels were either correct, or that the IS and RS had also evaporated 
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before the re-run of the sample. The average total concentration for machine operators 

calculated when excluding this sample gave a value of 13.1 ng/mL blood. The highest total 

concentration was seen for an office worker, but the sample collectors had more total levels 

above 12 ng/mL than the other occupational groups. The office workers as a group were least 

exposed, while machine operators and sample collectors had very similar total average 

concentrations. The machine operators were protected by a cabin equipped with a carbon 

filter. Information on the work routines regarding this could give a clue to why they were 

exposed to around the same degree as the sample collectors.  

 

 

Figure 7. Total lower bound concentrations of PAHs in workers of three different occupational 

working groups. 

 

To see if the PAHs profiles in the blood reflected the PAHs profiles in soil, two soil samples 

from the contaminated area [14], named C1 and C2 soil, and five selected blood samples were 

compared (figures 8 and 9). The blood samples had a higher relative concentration of some 

low molecular weight PAHs – that is, naphthalene, biphenyl, fluorene and phenanthrene – 

compared to the soil samples, which had a greater relative concentration of fluoranthene, 

pyrene and some higher molecular weight PAHs. The greater concentrations of low molecular 

weight PAHs in the blood might be explained by the fact that high molecular weight PACs 

are more retained in the soil, while the low molecular weight PAHs are more volatile and 

thereby present in higher concentrations in the air. This indicates that the remediation workers 

could have been exposed to PAHs mainly by absorption through the respiratory tract. 
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Figure 8. Profiles of 30 PAHs in soils C1 and C2 from the contaminated area [14]. 
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Figure 9. Profiles of 30 PAHs in 5 selected blood samples as representatives for the workers.
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The results from the blood samples taken Tuesday morning were compared with urine 

samples collected from the workers on Tuesday afternoon (unpublished data), to see if the 

concentrations in blood were correlated with the concentrations in urine. Urine samples 

collected in the afternoon were chosen for comparison to reflect the exposure of the workers 

during a working day. Urine sample concentrations of 1-hydroxypyrene (1-OHP), a 

metabolite of pyrene, were obtained by the department of occupational and environmental 

medicine, Örebro hospital, and compared with pyrene concentrations in the blood. The 

correlation between the 1-OHP in urine and pyrene levels in blood are seen in figure 10 and 

the linearity r2=0.045 indicates that there is no correlation between these compounds. The 1-

OHP levels are normalised against creatinine levels since concentrations of different 

compounds in urine depend on how diluted the urine is, i.e. how much someone has had to 

drink. 

 

 

Figure 10. Correlation of 1-hydroxypyrene urine levels and pyrene blood levels. 

 

There were two workers that had concentrations that were much higher than the other 

workers’. Worker D15 (an office worker) that had the highest concentration of pyrene in 

blood (0.33 ng/mL blood), had the lowest concentration of 1-OHP in urine (0.015 µmol/mol 

creatinine). The other worker, D4, with the highest urine level (2.49 µmol/mol creatinine) had 

the second highest level of pyrene in the blood (0.20 ng/mL blood). Worker D4 was one of 

the sample collectors, working close to the soil, which might explain the higher exposure. 
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Even without any of those two workers, the other samples were not showing a good linearity 

(r2=0.4961 excluding D15, r2=0.174 with inverted correlation when excluding D4). With such 

a small number of samples and low concentration levels, it is difficult to tell if there really is a 

bad correlation between the blood and urine levels. Moreover, pyrene was present in low 

concentrations in the blood compared to a number of other PAHs. The analytical laboratory 

performing the urine analysis had a limit value for 1-OHP for non-exposed of <0.26 

µmol/mol creatinine, which three of the workers exceeded; two of them were sample 

collectors (D4 and D8) and the third (D18) was an office worker.  

 

The analysis of blood samples from the workers turned out to be somewhat more complex 

than the method development showed. Blood samples differ for every person, which resulted 

in some of the samples not being clean enough after saponification and open-column 

chromatography. There were probably some lipids still present in some samples, which was 

observed in the GC vials after they had been stored temporarily in a freezer.  

4. Conclusions 

The developed method showed to be a valuable approach to be able to study a broad range of 

PACs in blood. By use of basic silica in open-column chromatography, both relatively non-

polar PAHs and more polar PACs can be studied. A larger group of compounds are available 

to study when looking at original compounds in blood samples compared to looking at 

metabolites in urine. Additional improvement of the method, especially the clean-up part, can 

lead to cleaner extracts and chromatograms, thereby enabling quantification of more 

compounds. It seems like the workers had not been greatly exposed to PACs, probably 

because of good protection and work routines, and that air concentrations of PAHs are 

probably quite low. But investigations need to be done to find out what normal, expected 

levels of these compounds are in non-exposed human populations’ blood. The comparison 

between occupation and PAHs levels in blood showed that the exposure was similar for the 

different working groups, but that some office workers had slightly lower concentrations of 

PAHs in their blood compared to others. There was no observed correlation between higher 

blood levels of pyrene and higher urine levels of 1-OHP, but more investigation needs to be 

done in this area to say anything definite. Analysis of concentrations of PACs in blood seems 

to be a valuable approach for analysing the exposure of PACs compared with today’s methods 

studying a few metabolites in urine. 
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Appendix 

A.1 Evaluated m/z values and SIM groups 

For analysis of native and alkylated PAHs compounds, three SIM groups were made. Group 1 

(start time 5 min) m/z values: 128, 136, 142, 152, 154, 156, 160, 164, 166, 170, 176 and 332. 

Group 2 (start time 15 min) m/z values: 178, 184, 188, 190, 192, 198, 202, 204, 206, 212, 213, 

214, 215, 216, 220, 226, 228, 230 and 326. Group 3 (start time 25 min) m/z values: 226, 228, 

239, 240, 242, 244, 245, 252, 256, 260, 264, 266, 276, 278, 288, 292, 300, 302, 303 and 326. 

 

For analysis of oxy- and azaarene PACs, two SIM groups were made. Group 1 (start time 5 

min) m/z values: 129, 132, 167, 175, 179, 180, 188, 193, 195, 196, 204, 208, 216, 217, 218, 

222, 230. Group 2 (start time 25 min) m/z values: 179, 193, 195, 196, 208, 217, 218, 222, 230, 

236, 254, 258, 264, 268, 270, 279. 

 

A.2 Content in native/IS/RS mixtures 

In table A 1, benzo[a]fluorene and were purchased from Analytical Solutions (North 

Kingstown, USA). Compounds in table A 2 were purchased from Chiron AS (Trondheim, 

Norway). Compounds in table A 3 were purchased from Sigma-Aldrich (Stockholm, 

Sweden). In table A 4, dibenzo[a,h]acridine was purchased from LGC Standards (Wesel, 

Germany). 1,4-Chrysenequinone purchased from Tokyo Chemicals. 9-Fluorenone through 

6H-benzo[c,d]pyren-6-one purchased from Sigma-Aldrich (Stockholm, Sweden). 1-Indanone 

through acridine purchased from Alfa Aesar (Karlsruhe, Germany). 9-Methylacridine and 

11H-benzo[a]carbazole purchased from Chiron AS (Trondheim, Norway). Internal standards 

in table A 5 were purchased from Labor Dr. Ehrenstrofer-Schäfers (Augsburg, Germany) and 

Chiron AS (Trondheim, Norway). Lastly, recovery standard (RS) in table A 6 purchased from 

Sigma-Aldrich (Stockholm, Sweden). 

 

A.2.1 Native PACs 

Table A 1. PAH- and alkyl PAH standard mixtures and benzo[a]fluorene in toluene. 

Compound CAS number Purity (%) 

PAH/Dibenzothiophene mix See table A 2 96.5-99.5 

Benzo[a]fluorene 238-84-6 98 

PAH NIST SRM See table A 3 n/a* 

* not analysed 
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Table A 2. Alkylated native PAHs + dibenzothiophene mix in toluene. 

Compound CAS number Purity (%) 

1-Methylnaphthalene 90-12-0 n/a* 

2-Methylnaphthalene 91-57-6 n/a 

1,6-Dimethylnaphthalene 575-43-9 n/a 

2,3,5-Trimethylnaphthalene 2245-38-7 n/a 

2-Methylphenanthrene 2531-84-2 n/a 

2,4-Dimethylphenanthrene 15254-64-5 n/a 

1,2,6-Trimethylphenanthrene 30436-55-6 n/a 

1,2,8-Trimethylphenanthrene 20291-75-2 n/a 

Dibenzothiophene 132-65-0 n/a 

2-Methyldibenzothiophene 20928-02-3 n/a 

2,8-Dimethyldibenzothiophene 1207-15-4 n/a 

2,4,7-Trimethyldibenzothiophene 216983-03-8 n/a 

1-Methylfluoranthene 25889-60-5 n/a 

1-Methylchrysene 3351-28-8 n/a 

6-Ethylchrysene 2732-58-3 n/a 

* not analysed 

 

Table A 3. PAHs analysed in NIST SRM 2260a PAH mix in toluene. 

Compound CAS number Purity (%) 

Naphthalene 91-20-3 n/a* 

Biphenyl 92-52-4 n/a 

Acenaphthylene 208-96-8 n/a 

Acenaphthene 83-32-9 n/a 

Fluorene 86-73-7 n/a 

Phenanthrene 85-01-8 n/a 

Anthracene 120-12-7 n/a 

4H-Cyclopenta[d,e,f]phenanthrene 203-64-5 n/a 

Fluoranthene 206-44-0 n/a 

Pyrene 129-00-0 n/a 

Benzo[g,h,i]fluoranthene 203-12-3 n/a 
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Benzo[c]phenanthrene 195-19-7 n/a 

Benzo[a]anthracene 56-55-3 n/a 

Chrysene 218-01-9 n/a 

Triphenylene 217-59-4 n/a 

Benzo[b]fluoranthene 205-99-2 n/a 

Benzo[j]fluoranthene 205-82-3 n/a 

Benzo[k]fluoranthene 207-08-9 n/a 

Benzo[a]fluoranthene 203-33-8 n/a 

Benzo[e]pyrene 192-97-2 n/a 

Benzo[a]pyrene 50-32-8 n/a 

Perylene 198-55-0 n/a 

Indeno[1,2,3-c,d]pyrene 193-39-5 n/a 

Benzo[g,h,i]perylene 191-24-2 n/a 

Dibenzo[a,h]anthracene 53-70-3 n/a 

Dibenzo[a,c]anthracene 215-58-7 n/a 

Dibenzo[a,j]anthracene 224-41-9 n/a 

Picene 213-46-7 n/a 

Benzo[b]chrysene 214-17-5 n/a 

* not analysed 

 

Table A 4. Native oxy- and azaarene PACs mix in toluene. 

Compound CAS number Purity (%) 

Dibenzo[a,h]acridine 226-36-8 99.6 

1,4-Chrysenequinone 100900-16-1 93 

9-Fluorenone 486-25-9 98 

Naphthacene-5,12-dione 1090-13-7 97 

9,10-Dihydrobenzo[a]pyren-7(8H)-one 3331-46-2 97 

Quinoline 91-22-5 98 

Carbazole 86-74-8 99.3 

Anthracene-9,10-dione 84-65-1 99.8 

4H-Cyclopenta[d,e,f]phenanthrenone 5737-13-3 99.5 

Benzo[a]fluorenone 479-79-8 99.8 

6H-Benzo[c,d]pyren-6-one 3074-00-8 98.8 
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1-Indanone 83-33-0 99 

2-Methylanthracene-9,10-dione 84-54-8 97 

Benzo[a]anthracene-7,12-dione 2498-66-0 98 

7H-Benzo[d,e]anthracene-7-one 1982-05-03 99 

Benzo[h]quinoline 230-27-3 98 

Acridine 260-94-6 98 

9-Methylacridine 611-64-3 99 

11H-Benzo[a]carbazole 239-01-0 99.8 

 

A.2.2 Internal and recovery standards 

Table A 5. Internal standard PAH-mix 9 (containing 16 deuterated PAHs), and standards for 

alkylated PAHs and dibenzothiophenes and oxy-PAHs and azaarenes in toluene. 

Compound CAS number Purity (%) 

Naphthalene-d8 1146-65-2 97.1-98.8 

Acenaphthylene-d8 93951-97-4 97.1-98.8 

Acenaphthene-d10 15067-26-2 97.1-98.8 

Fluorene-d10 81103-79-9 97.1-98.8 

Phenanthrene-d10 1517-22-2 97.1-98.8 

Anthracene-d10 1719-06-8 97.1-98.8 

Fluoranthene-d10 93951-69-0 97.1-98.8 

Pyrene-d10 1718-52-1 97.1-98.8 

Benzo[a]anthracene-d12 1718-53-2 97.1-98.8 

Chrysene-d12 1719-03-5 97.1-98.8 

Benzo[b]fluoranthene-d12 93951-98-5 97.1-98.8 

Benzo[k]fluoranthene-d12 93952-01-3 97.1-98.8 

Benzo[a]pyrene-d12 63466-71-7 97.1-98.8 

Benzo[g,h,i]perylene-d12 93951-66-7 97.1-98.8 

Indeno[1,2,3-c,d]pyrene-d12 203578-33-0 97.1-98.8 

Dibenzo[a,h]anthracene-d14 13250-98-1 97.1-98.8 

1-Methylnaphthalene-d10 38072-94-5 98.8 

9-Methylanthracene-d12 6406-97-9 98 

Dibenzothiophene-d8 33262-29-2 98.7 

Anthraquinone-d8 10439-39-1 n/a* 

Acridine-d9 34749-75-2 98.7 
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Carbazole-d8 97960-57-1 98.9 

* not analysed 

 

Table A 6. Recovery standard in toluene. 

Compound CAS number Purity (%) 

Perylene-d12 1520-96-3 n/a* 

* not analysed 



 

 

 Table A 7. Levels of PAHs found in blood samples of the different workers, given in ng/mL blood (ppb). 

Sample LOD D1 D2 D4 D7 D8 D9 D10 D12 D13 D14 D15 D18 D20 D22 

Naphthalene 1.35 2.90 3.05 3.50 2.90 2.95 2.85 2.80 3.05 2.80 2.95 3.10 3.08 3.00 <1.35 

Biphenyl 0.15 3.95 4.95 3.70 4.25 4.15 3.55 3.75 4.45 4.50 3.95 4.10 3.70 4.45 <0.15 

Acenaphthylene 0.45 <0.45 <0.45 <0.45 <0.45 <0.45 <0.45 <0.45 <0.45 <0.45 <0.45 <0.60 <0.60 <0.45 <0.45 

Acenaphthene 0.01 0.20 0.15 0.55 0.25 0.15 0.10 0.20 0.15* 0.25 0.25 0.25 0.23* 0.15* 0.15 

Fluorene 0.60 2.70† 3.90 9.30† 4.65† 3.30 4.05 4.20 3.45 5.30† 4.00 6.20† 6.47 5.65 3.55† 

Phenanthrene 0.97 2.15 2.15* 3.10 2.30 1.85* 1.65* 2.20* 1.75* 2.30 2.25 2.25 2.22* 2.10* 2.10 

Anthracene 0.10 <0.10 0.10* 0.10 0.10 <0.10 <0.10 0.10* <0.10 <0.10 0.10* 0.13* 0.10* 0.10* 0.10 

4H-Cyclopenta[d,e,f]phenanthrene 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 

Fluoranthene 0.05 0.35* 0.35* 0.40* 0.25* 0.25* 0.25* 0.45* 0.25* 0.55 0.30* 0.53* 0.32* 0.40* 0.20 

Pyrene 0.05 0.10* 0.15* 0.20 0.10* 0.10* 0.10* 0.15* 0.10* 0.10 0.15* 0.33* 0.12* 0.10* 0.10 

Benzo[a]fluorene 0.01 0.10* 0.05* 0.10 0.05* 0.15* 0.15* 0.05* 0.10* 0.25 0.05* 0.08* <0.01 0.15* 0.05 

Benzo[g,h,i]fluoranthene 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.08 <0.01 <0.01 <0.01 

Benzo[c]phenanthrene 0.01 0.05* <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Benzo[a]anthracene 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05* <0.01 <0.01 0.05* 0.20 <0.01 <0.01 <0.01 

Chrysene 0.01 <0.01 0.10* 0.10 0.05 <0.01 <0.01 0.10* <0.01 0.10 0.10* 0.25* 0.05 <0.01 0.05 

Triphenylene 0.01 <0.01 <0.01 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05* 0.10 <0.01 <0.01 <0.01 

Benzo[b]fluoranthene 0.05 0.05 0.05 0.15 0.05 0.05 0.05 0.15 <0.05 0.10 0.15 0.28 0.08 0.05 <0.05 

Benzo[j]fluoranthene 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 0.18 <0.01 <0.01 <0.01 

Benzo[k]fluoranthene 0.01 <0.01 0.05 0.05 <0.01 <0.01 <0.01 0.10 <0.01 0.05 0.10 0.23 <0.01 <0.01 <0.01 

Benzo[a]fluoranthene 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Benzo[e]pyrene 0.01 <0.01 <0.01 <0.01 <0.01 0.05 0.05 <0.01 0.15 <0.01 <0.01 0.10 <0.01 0.15 <0.01 

Benzo[a]pyrene 0.01 <0.01 <0.01 0.05 <0.01 <0.01 <0.01 0.10 <0.01 0.05 0.10 0.13 <0.01 <0.01 0.15 

Perylene 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Indeno[1,2,3-c,d]pyrene 0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.40 <0.40 <0.30 <0.30 

Benzo[g,h,i]perylene 0.01 <0.01 0.05 0.05 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 

Dibenzo[a,h]anthracene 0.01 <0.01 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.10 <0.01 0.10 <0.01 

Dibenzo[a,c]anthracene 0.17 <0.17 <0.17 <0.17 <0.17 <0.17 <0.17 <0.17 <0.17 <0.17 <0.17 <0.23 <0.23 <0.17 <0.17 

Dibenzo[a,j]anthracene 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Picene 0.01 <0.01 <0.01 0.05 0.05 <0.01 0.05 <0.01 <0.01 0.05 <0.01 <0.05 <0.01 <0.01 0.05 

Benzo[b]chrysene 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Upper bound total  13.69 16.17 22.45 16.07 14.14 13.98 15.46 14.64 17.52 15.60 19.96 17.75 17.47 9.12 

Lower bound (<LOD not 

included) 

 12.55 15.15 21.45 15.05 13.00 12.85 14.45 13.45 16.40 14.60 18.62 16.36 16.45 6.55 

Values with a “<” before are below limit of detection (LOD) 

* Compounds with a recovery of IS >150% 

† Compounds with a recovery of IS <20%
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Table A 8. Average concentrations and standard deviations for PAH compounds found in blood 

samples, presented in ng/mL blood. Average concentrations for the samples are calculated based on 

PACs with recoveries ranging from 20-200%. 

PAH Mean ± SD 

Naphthalene 2.99 ± 0.18 

Biphenyl 4.11 ± 0.40 

Acenaphthylene <0.60 

Acenaphthene 0.23 ± 0.11 

Fluorene 4.76 ± 1.65 

Phenanthrene 2.21 ± 0.34 

Anthracene 0.11 ± 0.01 

4H-cyclopenta[d,e,f]phenanthrene 0.05* 

Fluoranthene 0.40 ± 0.17 

Pyrene 0.15 ± 0.10 

Benzo[a]fluorene 0.11 ± 0.06 

Benzo[g,h,i]fluoranthene 0.08* 

Benzo[c]phenanthrene 0.05* 

Benzo[a]anthracene 0.10 ± 0.09 

Chrysene 0.11 ± 0.09 

Triphenylene 0.07 ± 0.03 

Benzo[b]fluoranthene 0.10 ± 0.07 

Benzo[j]fluoranthene 0.12 ± 0.09 

Benzo[k]fluoranthene 0.10 ± 0.07 

Benzo[a]fluoranthene <0.01 

Benzo[e]pyrene 0.10 ± 0.05 

Benzo[a]pyrene 0.10 ± 0.04 

Perylene <0.01 

Indeno[1,2,3-c,d]pyrene <0.40 

Benzo[g,h,i]perylene 0.05 ± 0.00† 

Dibenzo[a,h]anthracene 0.08 ± 0.03 

Dibenzo[a,c]anthracene <0.23 

Dibenzo[a,j]anthracene <0.01 

Picene 0.05 ± 0.00‡ 

Benzo[b]chrysene 0.05* 

* n = 1 
† n = 4 

‡ n = 5 
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