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1  CURRENT KNOWLEDGE IN THIS FIELD 
1.1 OCCURRENCE AND PROPERTIES OF TARGET COMPOUNDS 
Polycyclic aromatic hydrocarbons (PAH), their derivatives and polycyclic 

heterocyclic aromatic hydrocarbons, called hetero-PAH, form the complex mixture 
of compounds occurring in the environment. Derivatives of PAH can be divided into 
groups according to the substituent or substituents bonded with the aromatic ring of 
parent PAH. From these groups – nitrated derivatives (nitro-PAH), alkyled 
derivatives (alkyl-PAH) and halogened derivatives are the most studied compounds. 
PAH containing oxygen in a sidegroup are also studied. Nitrogen (PANH), sulphur 
(PASH) or oxygen (PAOH) are usually incorporated in the aromatic ring of PAH. 
One, two or sometimes more heteroatoms can be built into the ring. By the reason of 
various and complicated ways of formation there exist derivatives containing 
different substituents bonded with aromatic ring. 

Even though the parent PAH are nonpolar compounds, substituent can change 
compound’s polarity. Therefore wide group of compounds with different properties 
is formed. Heteroatom incorporated into the aromatic ring slightly increase 
polarity [1]. 

PAH and their derivatives are toxicologically significant. Acute toxicity of these 
compounds is not as big problem as mutagenicity or carcinogenicity. Generally it is 
not possible to affirm, if certain PAH show mutagenic activity. This depends not 
only on the number of aromatic rings, but mainly on theirs position. The sidegroups 
also have influence on the toxicity. Carcinogenic and mutagenic effects of these 
compounds were being studied on some microorganisms or human cells [2-4].  
International Agency for Research on Cancer (IARC) distinguishes five compound’s 
groups according to their ability to induce cancer. The most dangerous to human 
race are compounds and mixtures from the first group (4-aminobiphenyl, 
2-aminonaphthalene, tabacco smoke), these are classified as carcinogenic to 
humans [5]. 

Nitro-PAH are widespread environmental pollutants. They originate during the 
combustion of petrochemical fuel and other organic matter and/or they are formed in 
the atmosphere during the photochemical reactions of PAH with hydroxyl radicals 
and NO2 or with NO3

- [6]. So far, these compounds have been found in fly ash, 
exhaust emissions from waste incineration plants, cigarette smoke, wastewater, 
sediments and other environmental matrixes [7]. 

Alkyl-PAH mainly occur in crude oil and its products. They can originate from 
parent PAH or organic matter during combustion or pyrolysing processes [8,9]. 
They are more stabile than nitro-PAH. Hetero-PAH occur as well as alkyl-PAH in 
crude oil and its products [10,11]. 

All compounds from these groups can be metabolised by microorganisms. These 
processes as well as photochemical decay of these compounds lead to formation 
more polar compounds [12-15]. 
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1.2 ANALYTICAL METHODS 
As written above, derivatives of PAH and hetero-PAH occur in low 

concentrations in all environmental compartments. Usually they are present in 
complex matrixes. Optimal analytical procedure depends on the matrix nature. The 
whole procedure covers several steps – sample collection, extraction of analytes 
from matrix, extract fractionation (clean-up), analysis of specific fractions or clean 
extracts. This work is mainly focused on the analysis of solid matrixes (soils, road 
dusts). 

 
Samples can be collected by special sampling equipment or brushes. All parts 

should be made of materials with improved inertness. After that, dust samples are 
dried and sieved to obtain fraction with particle size we needed. If next step does not 
immediately follow, the sample is stored closed in low temperature to prevent 
analytes from volatilisation. 

 
Extraction is a step necessary for the isolation of analytes from solid matrix. 

Several efficient extraction techniques have been developed (Soxhlet extraction, 
automated Soxhlet extraction, ultrasonic assisted extraction, supercritical fluid 
extraction – SFE, accelerated solvent extraction – ASE or pressurised solvent 
extraction – PSE, microwave assisted extraction – MWAE, shaking samples with 
solvent [16]. 

Dichloromethane (DCM), diethylether, trichloromethane or toluene and/or its 
mixture with polar solvents – methanol (MeOH) or acetone are used as extraction 
solvents. In case the extraction procedure is too long the unstable analytes could be 
decomposed. 

Soxhlet extraction and automated Soxhlet extraction are still the most used in 
laboratory practice as a part of many analysis protocols by the reason of its high 
extraction efficiency and not so high technical level of equipment. However this 
method is time consuming (6 – 48 hours) and solvent volumes are relatively large 
(100 – 250 ml) [3,7,17-20]. 

Ultrasonic assisted extraction is the second most used extraction technique. It is 
technically slightly demanding than Soxhlet extraction. The usual extraction time is 
shorter than 1 hour and solvent consumption is the same as in the case of using 
Soxhlet extraction [6,7,11,21]. 

PSE is used in laboratories less than previous techniques. It utilises solvents 
above their atmospheric pressure boiling point, which are still in liquid state. It is 
reached by affecting of higher pressure in extractor. The access of solvent’s 
molecules to the matrix particles is better at higher temperature and extraction 
efficiency is the same at shorter extraction time. The time of extraction is reduced to 
a few minutes and solvent consumption in about one-tenth in comparison to Soxhlet 
extraction. These are the main advantages of using it. The main disadvantage of this 
technique is high technical level of equipment, high price and necessity of well-
trained operators. By the reason of using smaller amount of solvents and shorter 
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extraction time this technique should be, as well from environmental protection 
point of view, more widespread in the laboratories [22-24]. 

Other methods are much less used for extraction because of their lower extraction 
efficiency or higher prices of equipment. 

Extract can be filtered through the membrane filter after extraction, in case it 
contains solid particles. After that the volume of extract can be reduced. Evaporation 
of the lower pressure, drying at nitrogen stream or Kuderna-Danish concentrator are 
the most used methods [25]. 

 
The next step of analytical procedure is extract fractionation. This step is used for 

separation of analytes from remaining matrix in extract or separation from 
compounds that can interfere with final instrumental determination of analytes. 
Removing of this interference causes a decrease in limits of determination. 
Therefore it is possible to determine lower concentrations of analytes in the samples. 
Fractionation is based on difference in chemical or physical properties of 
compounds. The first group of clean-up technique utilises different acid-base 
behaviour of compounds in the solution and it is nowadays less used [26]. 
Disadvantage of this technique is higher solvent consumption and emulsion 
formation. The second group of clean-up techniques utilises several 
chromatographic techniques – liquid chromatography (open column or high 
performance – HPLC) and solid phase extraction (SPE). 

 The principle of open column liquid chromatography, HPLC and SPE in the 
target compounds separation are the same – adsorption and partition 
chromatography on slightly polar or polar sorbents [27]. The most polar compounds 
are the most retained in this system. HPLC has higher separation efficiency, but it is 
more expensive. On the other side open column chromatography is sufficient for 
separation of group of compounds with similar physical properties and it is cheaper. 

Silica gel and aluminium oxide are the most used sorbents for chromatographic 
fractionation. Solvents or its mixture in order of increasing polarity are used for 
elution of compounds or group of compounds. Nonpolar fraction (alkanes) is eluted 
by nonpolar solvent (pentane, hexane or petrolether), aromatic fraction (PAH) is 
eluted by mixture of hexane and DCM, slightly polar fraction (nitro-PAH, dinitro-
PAH) is eluted by DCM and polar fraction (oxy-PAH, alcohols, phthalates) is eluted 
by mixture of DCM with polar solvents (MeOH) or only by polar solvent 
[3,7,22,28-31]. 

 
Several instrumental analytical techniques are used for analysis of fractions or 

cleaned extracts, but two of them are used in the large scale – high resolution gas 
chromatography called now gas chromatography (GC) and high performance liquid 
chromatography (HPLC). Although the final determination follows the clean-up 
steps, the resultant mixture of compound is still too complex. This complexity 
makes demands on the high separation efficiency and low detection limits of system, 
especially in the case of trace analyses. Only the two techniques mentioned before 
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fill these requirements. Their on-line combination – HPLC-GC is sometimes used 
too and nowadays two-dimensional GC or HPLC are also employed [32,33]. 

GC shows about 10 times higher separation efficiency then HPLC, but its usage is 
limited to analysis of volatile and semivolatile thermostabile compounds. It is 
widely used for analysis of PAH consisted of less than 7 aromatic rings. Capillary 
GC with nonpolar or slightly polar stationary phases are used for extract analysis by 
the reason of its better separation efficiency than packed column GC. Mass 
spectrometry (MS) is the most used detector connected with GC which is used for 
detection of target compounds. Flame ionisation detector or electron capture detector 
are less used [7, 19,21,34,35]. 

Liquid chromatography is not unlike gas chromatography limited by volatility of 
compound. Target analytes are separated by reversed phase HPLC, i.e. silica gel 
with octadecyl or octyl side-chains as a stationary phase. Gradient elution is mainly 
used because of its better and faster elution of more retained molecules. 
Spectrophotometric – ultraviolet or fluorescence – detectors are mainly used. Mass 
spectrometry detector is nowadays used too, but it is not so sensitive as if it is 
connected with gas chromatograph [36-38]. 

 
2  MOTIVATION AND PURPOSE 
This short version of Ph.D. thesis describes experiments leading to finding 

procedure for polycyclic aromatic hydrocarbons’ derivatives analysis with special 
emphasis on nitrated derivatives. 

These compounds are widespread semivolatile environmental pollutants. They 
have been found in all environmental compartments. From a chemical viewpoint 
nitro-PAH form group with different properties. Many PAH and their derivatives are 
classified as carcinogens or possibly carcinogenic to humans by IARC [5]. 
Nitro-PAH also constitute a group of potent direct-acting mutagens.  

By these reasons we need analytical procedure for determination of these 
compounds in the environment. Nowadays here is a lack of knowledge about 
application of pressurized solvent extraction (accelerated solvent extraction) in these 
analytical procedures, although it is fast and solvent saving technique. 
 
The main purposes of Ph.D. project follow: 

• To do a bibliographic search regarding the analytical procedures for 
determination of derivatives of PAH especially in the solid samples. 

• To use pressurized solvent extraction for extraction of spiked inert matrix to 
find out best extraction conditions and to investigate the behaviour of 
nitro-PAH during extraction. 

• To use pressurized solvent extraction for a roadside dust extraction with 
special emphasis on extraction of nitro-PAH. 

• To find out the best solvent system for extract clean-up when silica gel column 
chromatography is used. 
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3  EXPERIMENTAL   
3.1 TARGET COMPOUNDS 
Some representatives from wide group of PAH and their derivatives occurring in 

roadside dust were chosen due to their different properties. Alkanes belong to 
nonpolar compounds, 16 US EPA PAH (acenaphthene, acenaphthylene, anthracene, 
benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, 
benzo[g,h,i]perylene, benzo[a]pyrene, dibenzo[a,h]anthracene, fluoranthene, 
fluorene, chrysene, indeno[1,2,3-c,d]pyrene, naphthalene, phenanthrene, pyrene) 
plus 4H-cyclopenta[d,e,f]phenanthrene, dibenzofuran, 1-phenylnaphthalene, 
2-methylanthracene, 5-methylchrysene, 2-methylphenanthrene, 
1-methylnaphthalene, 2-methylnaphthalene, 1-methylpyrene belong to aromatic 
fraction, 
9-nitroanthracene, 2-nitrofluorene, 6-nitrochrysene, 1-nitronaphthalene, 
1-nitropyrene belong to slightly polar fraction 
and anthracene-9,10-dione, 4H-cyclopenta[d,e,f]phenanthrene-4-one, 
dimethylanthracene-9,10-dione, methylantracene-9,10-one, 9H-fluorene-9-one 
belong to polar fraction. 

 
3.2 PRESSURISED SOLVENT EXTRACTION 
All PSE experiments were made by use of a pressurised solvent extractor 

(FASTEX, Unikovo). The stainless steel extraction vessel with an inner volume of 
11 ml was used. All extraction parameters (pressure, temperature, duration and 
number of static extraction period, duration of solvent and gas flushing) were 
adjusted by means of instrument software. 

Preliminary experiments were carried out with spiked inert matrix (sodium 
sulphate). These experiments were done to find out best extraction conditions and to 
investigate the behaviour (especially stability) of selected nitro-PAH during 
extraction process.  Different extraction temperatures (60, 80, 100 °C), pressures 
(10, 12, 14 MPa), duration of static extraction period (5 and 10 min) and nature of 
solvents were tested. DCM and its mixture with methanol were examined. These 
solvents were selected on the basis of their frequent use as extraction solvents in 
environmental analyses. 

Each run was performed using DCM and DCM:MeOH 1:1 v:v. About 5 g of 
anhydrous sodium sulphate was spiked with 100 µl of nitro-PAH spiking solution 
(10 µg.ml-1) and filled into the extraction vessel. The top of matrix layer in the 
vessel was covered with a filter paper. The vessel was put into the extractor and the 
extractor was closed. Then extraction solvent was pumped into the vessel. The flow 
was stopped when one half of set extraction pressure was achieved. The vessel with 
solvent and matrix was preheated for 2 min to reach the selected extraction 
temperature. Then the solvent was pumped into the vessel to reach the set extraction 
pressure. Static extraction period followed. After the end of this period the extract 
was discharged to the 40 ml glass vial with the PTFE/silicon septa and the extraction 
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was repeated. To ensure that all extracted analytes reach the collection vial the 
vessel was rinsed with fresh solvent for 20 s at flow rate 10 ml.min-1. Finally, pure 
nitrogen was purged through the extraction vessel for 1 min to assure that the 
solvent was completely transferred to the collection vial. Total extraction time was 
less than 30 min and total extract volume was about 25 ml per one sample 
extraction. Extracts were evaporated to dryness using rotary vacuum evaporator 
(RVE) at 30°C after filtration through anhydrous sodium sulphate. The evaporation 
residue was redissolved in 500 µl of methanol and analysed by GC-MS operated in 
SIM mode with monitored fragments M+ and (M-30)+. To exclude possible analytes 
losses, all these samples were analysed without any clean-up steps. The five same 
samples were extracted at the same extraction conditions. 

The existence of potential degradation products originated during extraction was 
checked. The analyses of extract were performed by GC-MS, MS operated in SCAN 
mode. 

 
The roadside dust extractions were carried out by the same extractor that was used 

in the previous experiments. DCM was used as an extraction solvent. A dust spiked 
with 1 µg of nitro-PAH were used in experiments, which were followed by 
fractionation procedures.  About 2 g of dust was mixed with 3 g of anhydrous 
sodium sulphate and filled into 11 ml extraction vessel. Free capacity of the vessel 
was filled with glass beads. Two extraction cycles of 5 min at 100 °C and 14 MPa 
were used. Extracts were collected into 40-ml glass vials, evaporated to dryness 
using RVE. The evaporation residue was redissolved in 1 ml of solvent. Type of this 
solvent (DCM, nC6, cC6) depends on following experiments. Evaporated extracts 
dissolved in 500 µl of isooctane were analysed in SIM mode to find out nitro-PAH’s 
extraction efficiency from dust. 

Extracts were collected after each extraction cycle and solvent flush during the 
experiments investigating kinetics of extraction. Extracts were evaporated, 
redissolved in 500 µl of isooctane solution of HCB (0,476 µg.ml-1) and analysed by 
GC-MS. HCB was used as an internal standard. Three extractions were carried out. 

Some experiments have been aimed at the recovery investigation. To obtain 
quantitative data for recovery calculation, method of standard addition was used. 
The recovery was calculated using equation (1), where mS is amount of compound 
found in spiked extract, mN is amount of compound found in non-spiked extract, 
without addition of target compound, m is amount of compound added to sample 
before extraction 

 
 
         (1) 
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3.3 ROADSIDE DUST AND SOIL SAMPLING AND SAMPLE 
PREPARATION 

A roadside dust was collected from a shoulder at the city road and highway 
interchange using a small brush and a trowel. A soil samples were collected at the 
tram stop near city road. Samples were air dried at the room temperature for one 
day. Dry samples were sieved to remove particles of ≥ 600 µm. Sieved samples were 
homogenised by mixing and kept in a 40 ml glass vials with PTFE/silicon septa 
wrapped with aluminium foil and stored at -18 °C in a freezer. To minimise effect of 
different residual water content, the samples were mixed with anhydrous sodium 
sulphate prior to the extraction. 

 
3.4 EXTRACT FRACTIONATIONS 
The main purpose of these part of work was to find out a suitable system using 

open silica gel column chromatography, that is able to separate compound’s group 
(fractions) existing in the sample. This system should be able to separate 
components in the extract into at least four fractions containing compounds with 
similar polarity. Nonpolar fraction – alkanes and aliphatic hydrocarbons, aromatic 
fraction – PAH, slightly polar fraction – nitro-PAH, polar fraction – oxy-PAH.  

One millilitre of extract was transferred to the top of a glass column (250 × 10 
mm i.d.) filled with 5 g of fully activated silica gel capped with 1 g of anhydrous 
sodium sulphate. The column was rinsed with 10 ml of n-hexane before applying of 
a raw extract. Elution of fraction was then started using appropriate elution solvent. 

Influence of a nature of solvent (nC6, cC6 and DCM), which extracts were 
dissolved in, has been examined. Elution was performed by 10 ml of nC6, then 
15 ml of nC6:DCM 1:1 v:v, then 10 ml of DCM and then 15 ml of DCM:MeOH 1:1 
v:v. Each of fractions was eluted by 1 ml of solvent except for fraction eluted by 
10 ml of DCM. Fractions were evaporated at room temperature in the air atmosphere 
and were redissolved in 100 µl of isooctane and analysed by GC-MS operated in 
SCAN mode. 

Cyclohexane and n-hexane have been chosen for the further experiments. Better 
separation of fractions in normal phase LC can be possible to get by using of higher 
volume of nonpolar solvent or using of solvents with lower elution strength [27].  
Different volume of n-hexane and mixtures of n-hexane with DCM has been 
examined. Fractions of 5 or 10 ml were collected, evaporated to dryness, redissolved 
in 200 µl of isooctane solution of HCB (0,476 µg.ml-1) and were analysed by 
GC-MS operated in SCAN mode. 

 
3.5 GC-MS 
All extracts and solutions were analysed by using of the gas chromatograph (GC 

8060, Fisons Instruments) connected with the mass spectrometr (Trio 1000, Fisons 
Instruments) – GC-MS. Capillary columns – DB-5MS (Agilent – 30 m; 0,25 mm 
i.d.; 0,25 µm film thickness) or CP-SIL 24CB (Varian – 30 m; 0,25 mm i.d.; 
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0,15 µm film thickness) were installed in the gas chromatograph. The GC injection 
port temperature was 250°C, MS interface temperature 220°C and ion source 200°C, 
respectively. Helium was used as a carrier gas at the constant head pressure 150 kPa. 
Injections were performed in splitless mode (splitter was closed for 1 min), sample 
injected volume was 2 µl. The electron impact ionisation of 70 eV was used, the MS 
was operated in SCAN mode (40 – 305 amu) or operated in the selected ion 
monitoring (SIM) mode.  

GC temperature programmes depend on solvent used for extract dissolving. For 
methanolic solutions, an initial GC oven temperature was 70 °C (1 min isothermal), 
then it was programmed at 25 °C.min-1 to 180 °C, at 10 °C.min-1 to 290 °C, finally it 
was held isothermal for 7 min. For isooctane solutions, an initial temperature was 90 
°C (1 min isothermal), then it was programmed at 25 °C.min-1 to 180 °C, at 10 
°C.min-1 to 290 °C, finally it was held isothermal for 25 min. 

 
 
4  THE MAIN RESULTS 
4.1 PRESSURISED SOLVENT EXTRACTION 
4.1.1 Extraction of nitro-PAH from inert matrix 
The extraction temperature of PSE cartridge was held constant at 60 °C and 

100 °C respectively. The pressure was varied from 10 to 14 MPa. The recoveries of 
target compounds obtained at the extraction temperature 60 °C with DCM as an 
extraction solvent ranged between 44 and 75 %. The recoveries of target compounds 
obtained at the same extraction temperature with DCM:MeOH 1:1 v:v as an 
extraction solvent ranged between 46 and 92 %. The recoveries at this extraction 
temperature were not significantly dependent on the extraction pressure at tested 
range. Relative standard deviations (RSD) of five extractions were in the range from 
3 to 23 %. By the reason of low extraction recoveries, the temperature 60 °C seems 
to be too low to extract all amounts of analytes from matrix. No degradation 
products were found, when extracts were analysed at SCAN mode.   

The recoveries of nitro-PAH obtained at the extraction temperature 100 °C were 
similar when DCM or its mixture with MeOH were used and ranged between 33 and 
116 %. These recoveries increase with increasing extraction pressure. The relative 
standard deviations of five extractions were in the range from 6 to 30 %. The highest 
recoveries were obtained at 14 MPa with RSD in the range from 6 to 18 %.  

Two extraction cycles at 5 and 10 min were tested. Extraction pressure was 
10 MPa and extraction temperature was 100 °C. Recoveries ranged between 31 and 
94 %. The prolongation of an extraction time had no effect on the increasing of 
recoveries. The recoveries decreased on the contrary. This could be caused by lower 
stability and thermolability on nitro-PAH.  

Nitro-PAH with lower molecular weight (1-nitronaphthalene, 2-nitrofluorene) 
seem to be partially lost during evaporating of extracts. DCM was chosen for next 
experiments because of its better evaporability from extracts.  
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4.1.2 Roadside dust extraction 
Amounts of compounds extracted in each cycle were measured and they are 

shown in the Table 1. In this table the total amounts of compounds extracted during 
the whole extraction are summed to 100 %. 3 parallel extraction at the same 
conditions were carried out. 

 
Table 1 - Extraction kinetics, average amounts of compounds 

Group cycle 1 cycle 2 Solvent flush 
 % % % 

Alkanes 95,2 3,4 1,3 
PAH 98,4 1,5 0,1 
Nitro-PAH 100,0 0,0 0,0 
Oxy-PAH 99,7 0,3 0,0 

 
The biggest amount of compounds was extracted during the first cycle (5 min). 

Only small amount of alkanes and PAH was not completely removed from the dust, 
it is caused by their higher contents in the dust. The second reason is that DCM is 
not suitable solvent for nonpolar compounds. Extraction with usage of n-hexane 
should be better in case of alkanes and nonpolar compounds analyses. Polar 
compounds (oxidised products of PAH, phthalates) should be better to extract by 
mixture with some more polar solvent (MeOH, acetone). 

The extraction recoveries of investigated nitro-PAH from roadside dust are shown 
in the Table 2. These recoveries are slightly higher than recoveries obtained in 
experiment with inert matrix and the RSD are similar to previous experiment. DCM 
was used as a extraction solvent. 3 parallel extraction at the same conditions were 
carried out. 

 
Table 2 – Nitro-PAH’s extraction recoveries from roadside dust 

Compound Recovery RSD 
 % % 
1-nitronaphtalene 73 14 
2-nitrofluorene 70 20 
9-nitroanthracene 83 15 
1-nitropyrene 92 18 
6-nitrochrysene 117 9 

 
 
4.2 EXTRACT FRACTIONATION 
4.2.1 Influence of a nature of solvent 
Several different solvents (nC6, cC6 and DCM) were tested as potentially suitable 

solvents for redissolving of residues after evaporation of extraction solvent prior to 
its applying on silica gel fractionation column. Systems of the elution solvents were 
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Fig. 1. Separation of fractions by silica gel column chromatography when the 

extract is dissolved in n-hexane. 
 

 
Fig. 2. Separation of the fractions by silica gel column chromatography when the 

extract is dissolved in cyclohexane. 
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Fig. 3: Separation of the fractions by silica gel column chromatography when the 

extract is dissolved in dichloromethane. 
 

the same in all these experiments and it is described in the experimental part. 
Resulting elution curves are shown in the figure 1 – 3. The x-axis represents the 
fraction number, the average contents of compounds in the individual fractions are 
displayed on the y-axis. 

Nonpolar compounds are not retained on silica gel, so these compounds are 
separated from others in case of using nC6 and cC6 for extracts redissolving. 
Aromatic and polar fractions are also separated from each other. Volume of 
n-hexane or cyclohexane extract applied on the fractionation column does not affect 
chromatographic process because of usage of nonpolar solvent for the first fraction 
elution. On the other hand DCM, probably due to its higher elution strength, showed 
not to be suitable solvent. Nonpolar and aromatic fraction coeluted. Only polar 
fraction is separated and its elution is faster than in previous cases. Nonresolved 
organic matter (NOM) in all cases eluted together with nonpolar compounds and it 
decreased chemical background in other fractions.  

 
4.2.2 Solvent optimalization 
Cyclohexane and n-hexane were found as suitable solvents for redissolving of 

evaporation residues before their applying on silica gel column. Different volumes 
of nC6 used for elution have been examined for the best fraction separation. Initial 
volume of n-hexane has been changed from 15 to 25 ml. Obtained contents of 
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groups of compounds in individual fractions are shown in the Tables 3, 4, 5. The 
compound contents are shown in percentages. 

Nonpolar compounds plus NOM were separated from the others in all 
experiments. Separation of aromatic, slightly polar and polar fraction from each 
other improved with increasing volume of nC6 on the beginning of elution. In spite 
of it, complete separation was not achieved. Even in this instance about 5 – 10 % of 
compounds’ amount from each fractions were not separated from the previous eluted 
fraction.  

 
 
Table 3 – Extract fractionation – compound’s group content in each fraction in % 

 Solvent nC6 nC6/DCM DCM DCM/MeOH
   1 / 1  1 / 1 

nC6* Volume# / ml 10 5 5 5 5 5 5 10 
 Alkanes 100 0 0 0 0 0 0 0 
 PAH 0 0 32 68 0 0 0 0 
 Nitro-PAH 0 0 0 73 27 0 0 0 
 Oxy-PAH 0 0 0 4 6 64 26 0 

cC6* 
 Alkanes 93 7 0 0 0 0 0 0 
 PAH 0 0 6 92 2 0 0 0 
 Nitro-PAH 0 0 0 43 56 1 0 0 
 Oxy-PAH 0 0 0 2 1 43 54 1 

*Extracts were applied on silica gel column dissolved in nC6 or cC6. 
#Volume of individual elution step. 
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No significant differences in compound separations were found whether n-hexane 
or cyclohexane were used for extract applying on silica gel column. Following 
experiments were done with cyclohexane by the reason of its better ability to 
dissolve evaporation residues. Different mixture of nC6 with DCM for best fraction 
separation has been examined. Elution of aromatic fraction was done by mixture of 
nC6 with DCM in volumetric ratio 4 to 1. Obtained contents of groups 
of compounds in individual fractions are shown in the Tables 6 – 7. 

 
Table 6 – Extract fractionation – compound’s group content in each fraction in % 

Solvent nC6 nC6/DCM DCM DCM/MeOH
  4 / 1  1 / 1 

Volume# / ml 10 5 5 5 5 5 10 5 
Alkanes 96 4 0 0 0 0 0 0 
PAH 0 0 9 90 1 0 0 0 
Nitro-PAH 0 0 0 0 8 92 0 0 
Oxy-PAH 0 0 0 0 0 14 86 0 

Extracts were applied on silica gel column dissolved in cC6. 
#Volume of individual elution step. 
 
Table 7 – Extract fractionation – compound’s group content in each fraction in % 

Solvent nC6 nC6/DCM DCM DCM/MeOH
  4 / 1  1 / 1 

Volume# / ml 10 5 5 5 5 5 5 10 5 
Alkanes 97 3 0 0 0 0 0 0 0 
PAH 0 0 0 0 100 0 0 0 0 
Nitro-PAH 0 0 0 0 0 11 89 0 0 
Oxy-PAH 0 0 0 0 0 0 9 91 0 
Extracts were applied on silica gel column dissolved in cC6. 
#Volume of individual elution step. 
 
Lower content of DCM in the mixture caused its lower elution strength. So better 

separation of aromatic fraction from slightly polar was achieved. But slightly polar 
fraction still coeluted with polar fraction. In case of nitro-PAH analysis it does not 
matter. Oxy-PAH are in similar concentration levels as nitro-PAH and they are 
separated from them on GC column. The problem caused PAH, whose 
concentrations were higher by several orders of magnitude. Due to their high 
amounts in the samples it was not possible to analyse nitro-PAH and oxy-PAH in 
presence of PAH and other impurities.  

The final fractionation procedure chosen on the basis of previous experiments, is 
following: 

The first fraction (fraction 1) was eluted by 10 ml of n-C6 and then by 5 ml of 
n-C6:DCM 4:1 v:v. Fraction 2 was eluted by 10 ml of n-C6:DCM 4:1 v:v, fraction 3 
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was eluted by 10 ml of DCM, fraction 4 was eluted by 10 ml of DCM:MeOH 1:1 
v:v. 

Table 8 shows average contents of group of compounds in each fraction obtained 
under the final fractionation conditions written above. Three parallel fractionation 
procedures were carried out. 

 
Table 8 – Average contents of compounds’ group in fractions, 3 fractionations 

 Fraction 1 Fraction 2 Fraction 3 Fraction 4 
 % % % % 
Alkanes 100 0 0 0 
PAH 0 99 1 0 
Nitro-PAH 0 0 100 0 
Oxy-PAH 0 0 6 94 

 
All fractions are separated from each other except fraction 3 that contains a small 

amount of compounds from next fraction (polar compounds). This separation is 
sufficient for analysis of nitro-PAH in a soil and dust samples.  

Table 9 shows recoveries of target nitro-PAH and relative standard deviations 
obtained from an analytical procedure for their determination in roadside dust. Three 
determinations were carried out.  

 
Table 9 – Nitro-PAH recoveries of analytical procedure 

Compound Recovery RSD 
 % % 
1-nitronaphtalene 65 14 
2-nitrofluorene 60 18 
9-nitroanthracene 79 13 
1-nitropyrene 81 16 
6-nitrochrysene 108 10 

 
Examples of chromatograms of raw extract and fractions measured on DB-5MS 

column are listed in the appendix in the Figures 4 – 10. Some of high peaks’ 
retention times (RT) are marked in every chromatograms, these RT are written in the 
table 10. Potential differences between retention times in this table and retention 
times in the chromatograms are caused by manual injections. Figures 4 and 5 show 
chromatograms of raw extract measured in SCAN mode, Figures 6 to 9 show 
chromatograms of fractions measured in scan mode. In the Figure 10 is shown 
chromatogram of fraction containing nitro-PAH. This was measured in SIM mode. 
If the chromatograms of measurement in SCAN mode are displayed, the 
chromatograms of relevant m/z for selected compounds are also displayed. 
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In the table 10 averages of retention times of monitored polycyclic aromatic 
hydrocarbons and their derivatives are written. These times were measured on 
DB-5MS column at the temperature program belonged to the isooctane solutions. 

 
Table 10 – Averages of retention times (RT) of monitored compounds – DB-5MS 

column – alphabetically listed 
Compound RT / min Compound RT / min
Acenaphthene 5,70 2-methylanthracene 9,29 
Acenaphthylene 5,53 2-methylphenanthrene 9,19 
Anthracene 8,43 5-methylchrysene 15,51 
Benzo[a]anthracene 14,86 1-methylnaphthalene 4,40 
Benzo[b]fluoranthene 18,10 2-methylnaphthalene 4,24 
Benzo[k]fluoranthene 18,17 1-methylpyrene 12,47 
Benzo[g,h,i]perylene 29,00   
Benzo[a]pyrene 19,54 9-nitroanthracene 12,16 
4H-cyklopenta[d,e,f] 
phenanthrene 9,65 2-nitrofluorene 11,79 

Dibenzo[a,h]anthracene 27,29 6-nitrochrysene 20,23 
Dibenzofuran 5,86 1-nitronaphthalene 7,02 
Phenanthrene 8,36 1-nitropyrene 16,87 
1-phenylnaphthalene 11,65   
Fluoranthene 11,12 Anthracene-9,10-dione 10,60 

Fluorene 6,41 4H-cyklopenta[d,e,f] 
phenanthrene-4-one 11,28 

Chrysene 15,07 9H-fluorene-9-one 8,12 
Indeno[1,2,3-c,d]pyrene 26,50 Methylanthracene-9,10-dione 11,71 
Naphthalene 3,63 Dimethylanthracene-9,10-dione 13,02 
Pyrene 11,82   

 
4.2.3 Nitro-PAH analysis in the roadside dust and soil 
A roadside dust and soil were extracted by pressurised solvent extraction. 2 g of 

sample mixed with 3 g of anhydrous sodium sulphate was extracted. Spiked samples 
for finding recoveries were used. Two cycles at 5 min at 100 °C and 14 MPa and 20 
s solvent flush were carried out. Extracts were evaporated by RVE and redissolved 
in 1 ml of cyclohexane. 500 µl of this solution was applied on the top of glass 
column filled with 5 g of fully activated silica gel. Final fractionation procedure 
mentioned above was used. Fractions 1, 2 and 4 were discarded and fraction 3 was 
evaporated and redissolved in 200 µl of isooctane solution of HCB (0,476 µg.ml-1) 
and were analysed by GC-MS operated in SIM mode. 

Only 1-nitropyrene from selected nitro-PAH was found and determined in the 
roadside dust. Its concentration in the roadside dust was 37 ± 6 ng.g-1. No target 
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compounds were found in soil sample. Detection limits of the method ranged from 
50 to 220 pg of individual nitro-PAHs injected into gas chromatograph. 

 
5  SUMMARY AND MAJOR CONCLUSIONS 
At the beginning of my Ph.D. project a bibliographic search regarding the 

analytical procedures (sample collection, extraction, clean-up, extract analysis) for 
determination of derivatives of PAH, their toxicological properties, their occurrence 
and behaviour in the environment with special emphasis on solid matrixes (soils, 
dusts) and nitrated derivatives of PAH was done. Besides this the attention was paid 
to the pressurised solvent extraction and its usage for extractions of investigated 
compounds from the environmental samples. It has been continued in this search 
during the time of this project to keep myself in touch with the work of others. 

Inert matrix spiked with nitro-PAH was used to find out the best extraction 
conditions and the behaviour of nitro-PAH during extraction time. Influence of 
temperature, pressure, duration of static extraction period and nature of solvent has 
been examined. Two cycles of 5 min static extraction time was used. No significant 
differences were found whether dichloromethane or its mixture with methanol 1:1 
v:v was used as an extraction solvent. At lower temperature (60 °C) the extraction 
recoveries were not significantly dependent on tested extraction pressures (10 to 14 
MPa). It ranged 44 and 92 % with relative standard deviations of five extractions in 
the range from 3 to 23 %. This temperature seemed to be too low to extract all 
amounts of analytes. At temperature of 100 °C the recoveries ranged 33 and 116 % 
and they increased with increasing extraction pressure. The highest recoveries were 
obtained at the pressure of 14 MPa. The recoveries decreased with the prolongation 
of an extraction time. No degradation products were found after extraction. The best 
extraction conditions were 100 °C and 14 MPa and DCM as an extraction solvent. 
These conditions have been used for roadside dust extractions. 

Extracts from roadside dust have been used in the next experiments. Compounds 
in extracts were divided into 4 groups containing compounds with similar polarity. 

The recoveries of nitro-PAH extraction from a roadside dust were in the range 
from 70 to 117 % with RSD 9 to 20 %.  

The fractionation step is required after extraction to decrease chemical 
background and separate minorite compounds (derivatives of PAH) from parent 
PAH. Silica gel column chromatography with fully activated silica gel (5 g) was 
chosen with this purpose. 

Elution of compounds was performed by 10 ml of n-C6, 15 ml of nC6:DCM 1:1 
v:v, 10 ml of DCM and 15 ml of DCM:MeOH 1:1 v:v. N-hexane and cyclohexane 
were found to be the best solvents for extracts applying on the column. They were 
able to separate compounds into three groups (nonpolar, aromatic and polar). 
Nitro PAH coeluted with aromatic fraction. DCM was not suitable probably due to 
its higher elution strenght. In this case only polar fraction was separated from each 
other. 
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Optimalization of solvents used for compounds elution was performed with the 
aim to find the best solvent system, that is able to separate nitro-PAH from parent 
PAH. It was not fulfilled by increase of nC6 volume for elution. In this instance 
about 5 – 10 % of compounds’ amount from each fraction were not separated from 
the previous fraction. Another possibility how to provide better separation of 
fractions is the usage of solvents with lower elution strenght. Mixture of nC6:DCM 
4:1 v:v was used. Better separation of aromatic fraction from slightly polar fraction 
was achieved. Slightly polar and polar fraction still partially coelute. However it is 
sufficient for analysis of nitro-PAH. The final fractionation procedure, that was 
chosen on the basis of previous experiments, is following: 

The first fraction (fraction 1) was eluted by 10 ml of n-C6 and then by 5 ml of 
n-C6:DCM 4:1 v:v. Fraction 2 was eluted by 10 ml of n-C6:DCM 4:1 v:v, fraction 3 
was eluted by 10 ml of DCM, fraction 4 was eluted by 10 ml of DCM:MeOH 1:1 
v:v. 

The recoveries of selected nitro-PAH and RSD obtained from this analytical 
procedure were in the range 60 to 108 % (RSD 10 to 18 %). Detection limits of the 
method ranged from 50 to 220 pg of individual nitro-PAHs injected into gas 
chromatograph. 

Only 1-nitropyrene from selected nitro-PAH was determined in examined 
roadside dust. Its concentration in the roadside dust was 37 ± 6 ng.g-1.   

 
6  LIST OF ABBREVIATIONS 
Some common abbreviations used in the short version of Ph.D. thesis are listed 

below in alphabetical order. 
 

alkyl-PAH alkyled derivatives of polycyclic aromatic hydrocarbons
amu atomic mass unit 
ASE accelerated solvent extraction
cC6 cyclohexane 
DCM dichloromethane 
GC gas chromatography 
HCB hexachlorobenzene 
HPLC high performance liquid chromatography
IARC Internation Agency for Research on Cancer
M molar mass 
m/z fragment mass divided by  its charge
MeOH methanol 
MS mass spectrometry detector
MWAE microwave assisted extraction
nC6 hexane
nitro-PAH nitrated derivatives of polycyclic aromatic hydrocarbons
NOM nonresolved organic matter
oxy-PAH ketones and quinones of PAH
PAH polycyclic aromatic hydrocarbons
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PANH polycyclic aromatic nitrogen heterocyclic hydrocarbons 
PAOH polycyclic aromatic oxygen heterocyclic hydrocarbons 
PASH polycyclic aromatic sulphur heterocyclic hydrocarbons 
PSE pressurised solvent extraction
PTFE polytetrafluoroethylene (Teflon™)
RSD relative standard deviation
RT retention time 
RVE rotary vaccum evaporator
SFE supercritical fluid extraction
SIM selected ion monitoring mode (MS data acquisition)
SPE solid phase extraction 
US EPA U.S. Environmental Protection Agency
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9  APPENDIX 
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Fig. 4: Example of chromatogram of raw extract from the roadside dust measured in SCAN mode 
– a) selected m/z = 71 – alkanes, b) TIC. 
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Fig. 5: Example of chromatogram of raw extract from the roadside dust measured in SCAN mode 
– a) selected m/z for PAH and alkyl-PAH, b) selected m/z for nitro-PAH, c) selected m/z for oxy-
PAH, 1 – 9H-fluorene-9-one. 
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Fig. 6: Example of chromatogram of fraction 1 measured in SCAN mode – a) selected m/z = 71 – 
alkanes, b) TIC. 
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Fig. 7: Example of chromatogram of fraction 2 measured in SCAN mode – a) selected m/z for 
PAH and alkyl-PAH analysis, b) TIC. 
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Fig. 8: Example of chromatogram of fraction 3 measured in SCAN mode – a) selected m/z for 
nitro-PAH analysis, b) TIC. 
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Fig. 9: Example of chromatogram of fraction 4 measured in SCAN mode – a) selected m/z for 
oxy-PAH analysis, b) TIC, 1 – 9H-fluorene-9-one. 
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Fig. 10: Chromatogram of fraction 3 measured in SIM mode. Retention time of 1-nitropyrene is 
16,9 min. 
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