
–  1  – 

DEVELOPMENT OF ANALYTICAL METHODS FOR THE 

DETERMINATION OF POLYCYCLIC AROMATIC 

HYDROCARBONS FROM COMPLEX SAMPLES 

PhD thesis 

 

ZOLTÁN NYIRI 

 

Supervisor: 

Zsuzsanna Eke, PhD, assistant professor 

ELTE, Institute of Chemistry 

Joint Research and Training Laboratory on Separation Techniques (EKOL) 

 

 

Eötvös Loránd University 

Doctoral School of Chemistry 

Director: Attila Császár, PhD 

Analytical, Colloid and Environmental Chemistry Program 

Program Director: Éva Kiss, PhD 

 

Budapest 

2018 

  



–  2  – 

1. INTRODUCTION 

 Polycyclic aromatic hydrocarbons (PAHs) are a group of ubiquitous micropollutants 

which consist of condensed aromatic rings. These compounds are characterized by high 

lipophilicity. Several members of the group are classified as carcinogenic by the International 

Agency for Research on Cancer (IARC) while many others are suspected to cause cancer [1]. 

Human exposure to PAHs mainly occurs through air, smoking and food consumption. The 

latter two contribute to more than 70% of the total exposure [2]. Due to their lipophilic nature 

PAHs can accumulate in the fatty tissues of animals and on the waxy layers plants thus food 

safety is critical when PAHs are concerned. 

 Due to their widespread occurrence and the risk they present both the European 

Environmental Agency (EEA) and the US Environmental Protection Agency (EPA) have 

issued a list of 16 PAHs classified as priority pollutants [3]. The two lists are not identical but 

overlap greatly. Both include the presumably carcinogenic (IARC category 2B) PAHs and the 

proven carcinogenic benzo[a]pyrene. 

In Hungary the limit of the maximum acceptable PAH contamination in certain food 

and foodstuff is specified in regulation 835/2011/EC [4]. The regulation establishes a limit for 

the sum of 4 PAHs (benzo[a]anthracene, chrysene, benzo[b]fluoranthene and benzo[a]pyrene) 

and benzo[a]pyrene by itself. Given their nature the amount of atmospheric PAHs and PAH 

content in cigarette smoke cannot be regulated. However, according to the directive 107/2004 

of the European Union air quality is acceptable only if the annual average of benzo[a]pyrene 

is below 1 ng·m-3 [5].  

 The ever tightening regulations require the continuous development of analytical 

procedures. Low quantification limits can only be achieved with modern chromatographic 

techniques. 

  

                                                 
[1] IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, List of Classifications, Volume 

1-119 

[2] T.E. McGrath, J.B. Wooten, W.G. Chan, M.R. Hajaligol, Food Chem. Toxicol. 45 (6) (2007) 1039–1050 

[3] Donata Lerda, Polycyclic Aromatic Hydrocarbons (PAHs) Factsheet, 4th Edition, 2011 

[4] Commission Regulation 835/2011/EU, 2011 

[5] Directive 2004/107/EC of the European Parliament and of the Council, 2004 
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2. AIMS 

 The aim of my PhD thesis was the development of analytical methods that can be used 

to determine the PAH content of complex matrices. 

 The Environmental Chemistry and Bioanalytical Laboratory of ELTE began a 

comprehensive, three year study of airborne particulate matter (PM2.5) in Budapest in 2010. 

Part of their objectives was the determination of PAHs, oxy-PAHs and nitro-PAHs from the 

samples. The Joint Research and Training Laboratory on Separation Techniques (EKOL) was 

approached for the development of an adequate analytical method. Consequently my aim was 

to develop a method for the determination of the 16 EPA priority PAHs, 4 selected oxy-PAHs 

and 11 selected nitro-PAHs. After the optimization of the sample preparation and 

chromatographic methods intended to validate the procedure and subsequently determine the 

target compounds in the particulate matter samples. 

 I have chosen infant formula as the other sample type for my research. Regulation 

835/2011/EC establishes the limit of the maximum acceptable PAH contamination in certain 

food and foodstuff. The lowest regulatory limit is set for infant formula (1 µg·kg-1 for the sum 

of benzo[a]anthracene, chrysene, benzo[b]fluoranthene and benzo[a]pyrene). The basis of my 

choice was that even though there is a regulatory limit for this sample type, very few paper 

are available on the subject. Therefore I decided to develop a gas chromatographic method for 

the determination of the 16 EU priority PAHs (including the four listed in the regulation) from 

infant formula. I paid special attention to ensure that the developed method is able to provide 

reliable results below the regulatory limit. So my aim was to be able to assess with the 

developed method whether the investigated infant formula is in compliance with the 

regulatory limit of PAH content.   
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3. METHODS 

3.1. DETERMINATION OF PAHS, OXY- AND NITRO-PAHS FROM PM2.5 PARTICULATE 

MATTER 

During the development of the sample preparation method the soot content of the 

sample was an important factor. As opposed to the Soxhlet-extraction and solid phase 

extraction techniques found in the literature I used microwave assisted solid-liquid extraction 

with n-hexane. Subsequently the soot content of the extract was removed with liquid-liquid 

extraction with water. For the solid-liquid extraction I have optimized the extraction volume 

and the number of repeated extractions needed. For the quantitative determination of the 16 

EPA priority PAHs and 4 oxy-PAHs in particulate matter gas chromatography-mass 

spectrometry while for the nitro-PAHs liquid chromatography-tandem mass spectrometry was 

used. Gas chromatographic measurements were carried out on an Agilent 6890N GC with a 

Restek Rxi-5MS capillary column. Detection was carried out with an Agilent 5973 inert mass 

spectrometer with single ion monitoring. Large volume injection was performed with a CTC 

Combi PAL automatic sampler and a Gerstel CIS4 programmable temperature vaporizing 

inlet. The liquid chromatographic separation was achieved on a Waters Acquity ultra high 

performance liquid chromatograph using a Waters CSH Phenyl-Hexyl column. Detection was 

done in MRM mode with an AB Sciex API 2000 tripe quadrupole mass spectrometer 

equipped with an APCI ion source and used in negative ionization mode. I used ultrapure 

water and acetonitrile as mobile phase. The sampling of the particulate matter samples was 

done with a Digitel DHA-80 high volume aerosol sampler. 

In the course of the GC-MS optimization I optimized the parameters of the large 

volume injection (vent flow, injection speed), determined the optimal heating rate of the GC 

oven and selected the ions for the SIM method. For the LC-MS/MS method development I 

optimized the parameters of the ion source and the MRM transitions. I also developed the 

appropriate gradient program and determined the injection volume. 

Following the method development I have evaluated the method for the following 

performance characteristics: trueness, precision (repeatability), limit of detection (LOD), limit 

of quantification (LOQ), selectivity, sensitivity and linearity. For this standard reference 

material (SRM 2786), spiked blank and loaded filter papers were used. After the validation I 

have determined the PAH, oxy-PAH and nitro-PAH content of particulate matter samples 

collected in a 36 month timeframe. 
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3.2. DETERMINATION OF PAHS FROM INFANT FORMULA 

 Determination of PAHs from infant formula is troublesome due to the high fat content 

of the formula. The first step of the sample preparation was an alkaline esterification for the 

conversion of fats into fatty acid esters. Afterwards the esterified sample was subjected to a 

solid state urea clathrate formation cleanup. I have optimized the reaction conditions of the 

esterification (the concentration of the alkaline solution, the volume of the reactant (methanol) 

and the reaction time). I also investigated the optimal conditions of the clathrate formation: 

the clathrate formation time, the required amount of urea and the required repeats of the 

procedure. 

 I have established an analytical method for the determination of the 16 EU priority 

PAHs in infant formula utilizing large volume injection gas chromatography-tandem mass 

spectrometry. Gas chromatographic measurements were carried out on an Agilent 7890B GC 

with a Restek Rxi-PAH capillary column. For detection an Agilent 7010 triple quadrupole 

mass spectrometer was used in MRM mode. Large volume injection was performed with an 

Agilent 7693A automatic sampler and a Gerstel CIS4 programmable temperature vaporizing 

inlet. In the course of the chromatographic method development I optimized the parameters of 

the large volume injection (vent flow, injection speed), determined the optimal heating rate of 

the GC oven and set the optimal MRM transitions. 

The developed sample preparation and chromatographic methods were evaluated for 

the following performance characteristics: trueness, precision (repeatability), limit of 

detection (LOD), limit of quantification (LOQ), selectivity, sensitivity and linearity. I used 

spiked infant formula samples for the measurements. 
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4. RESULTS 

4.1. DETERMINATION OF PAHS, OXY- AND NITRO-PAHS FROM PM2.5 PARTICULATE 

MATTER 

Optimized parameters for sample preparation are as follows [6]: Approximately 1/12 

of each blank/loaded filter is cut out with a ceramic lance and weighed on an analytical 

balance. Then each filter strip is cut into smaller pieces and placed into a 40 mL glass vial and 

spiked with 50 μL of the deuterated standard solutions. Fifteen mL of n-hexane is added and 

the samples are subjected to a 10-min sonication-assisted extraction at room temperature. The 

extracts containing some undissolved particles are transferred into other vials and the 

extraction procedure is repeated with another 15 mL of n-hexane. The two corresponding 

extracts are combined and 5 mL of distilled water is added. Before centrifugation (410 rcf, 3 

min), an intense shaking is carried out for 1 min. The organic extracts are separated from the 

aqueous phase and its residual water content is eliminated using anhydrous sodium sulfate 

(approximately 0.3 g). Each solution is concentrated to 2 mL using gentle stream of nitrogen. 

Then 1 mL is transferred to a vial with a volume of 1.5 mL and used for the determination of 

PAHs and oxy-PAHs. Dimethyl sulfoxide (25 μL) is added to the remaining 1 mL extract and 

the n-hexane is evaporated under gentle nitrogen stream. Then 1 mL of acetone is added and 

the solution is transferred to a vial with a volume of 1.5 mL. This solution is used for the 

determination of nitro-PAHs. The optimized chromatographic methods are described in 

Table 1. and Table 2. 

Trueness ranged between 81.8% and 113.9% while precision values were between 0.5 

and 17.4 RSD%. LOD ranged between 4.2 and 83 pg·m-3 while LOQ ranged between 42 and 

167 pg·m-3. The concentration values obtained for the SRM only slightly differ from the 

values included in the certificate (deviations between -16.5% and 12.6%). 

After the validation I have determined the PAH, oxy-PAH and nitro-PAH content of 

particulate matter samples collected by the staff of the Environmental Chemistry and 

Bioanalytical Laboratory in a 36 month timeframe. Results show that in most cases PAH 

levels exceeded the detection limit and in the vast majority of these cases PAH content could 

be quantified too. The oxy-PAHs provided similar results. However, only three out of the 

eleven nitro-PAHs could be detected in the samples and quantification could only be done in 

one instance.  

                                                 
[6] Z. Nyiri, M. Novák, Z. Bodai, B.S. Szabó, Z. Eke, G. Záray, T. Szigeti, J Chromatogr A 1472 (2016) 88–98 
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Table 1: The developed gas chromatographic method 

Column type Restek Rxi-5MS (30 m × 0,25 mm × 0,25 μm) 

Oven temperature program 50°C (7.3 min) → 30°C·min-1 → 330°C (5 min) 

Carrier gas flow to column 0 mL·min-1 (until injection is finished) → 1.0 mL·min-1 

Injection speed 1.35 μL·s-1  

Vent flow 150 mL·min-1 

Split vent 
open (until injection is finished) → 

closed (until oven temp program start) → open 

Inlet temperature program 
10°C (until injection is finished) → 12°C·s-1 → 

70°C (3 min) → 12°C·s-1 → 320°C (10 min) 

Injection volume 100 μL 

Detection 
mass spectrometric 

selective ion monitoring (SIM) 

Ionization electron impact ionization, 70 eV 

Ion source and quadrupole temp 230°C; 150°C 

 

Table 2: The developed liquid chromatographic method 

Column type Waters CSH Phenyl-Hexyl (150 mm × 2,1 mm, 1,7 μm) 

Column heater temperature 40°C 

Mobile phase A: ultrapure water, B: acetonitrile 

Gradient program 
t (min) 0.00 1.00 1.50 7.50 8.00 13.00 13.50 17.00 17.01 19.00 

B% (V/V) 10 10 45 45 50 50 100 100 10 10 

Flow speed 350 μL·min-1 

Injection volume 10 μL 

Detection 
tandem mass spectrometric 

multiple reaction monitoring (MRM) 

Ion source APCI, negative ionization mode 

Ion source temperature 550°C 

 

4.2. DETERMINATION OF PAHS FROM INFANT FORMULA 

The sample preparation method with the optimized parameters are as follows [7]: One 

gram of infant formula is weighed on an analytical balance and spiked with a deuterated PAH 

mixture. Six mL of n-hexane is added to the sample and shaken for 10 min at room 

temperature. The resulting suspension is centrifuged for 3 min at 470 rcf. The supernatant is 

transferred to another vial for transesterification. The fat content of the extract is converted 

into fatty acid methyl esters with 4 mL of a mixture of 90% (V/V) methanol and 10% (V/V) 

2 M sodium hydroxide solution. The reaction mixture is continuously shaken for 30 min at 

                                                 
[7] Z. Nyiri, M. Novák, Z. Bodai, N. Petrovics, Z. Eke, Talanta 174 (2017) 214–220 
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60 °C. After cooling the mixture to room temperature, the upper n-hexane layer containing 

both the FAMEs and the target PAHs is separated. The water residue is eliminated by adding 

approximately 0.5 g of anhydrous sodium sulfate. The solution is then evaporated to 1 mL 

using a gentle stream of nitrogen at ambient temperature. The resulting sample is transferred 

into a vial containing a mixture of 1.5 g powdered urea and 4.5 mL methanol for the cleanup 

of the FAMEs with solid state urea clathrate formation. The vial is shaken for 5 min after 

which the sample is centrifuged for 3 min at 470 rcf. The two liquid phases are separated from 

the urea and transferred to another vial. Then another 5 mL of n-hexane is added to the urea 

and the mixture is shaken again for 10 min and centrifuged for 3 min. The n-hexane is 

combined with the previously collected solvent mixture. The separation of the methanol and 

n-hexane is facilitated by the addition of 1 mL distilled water. After vigorous shaking n-

hexane is separated from the methanol-water mixture. The water residue of the n-hexane 

solution is eliminated with approximately 0.5 g of anhydrous sodium sulfate. Finally, the 

solution is evaporated to 1 mL using a gentle stream of nitrogen at ambient temperature. The 

clathrate formation cleanup procedure is repeated with the resulting sample one more time 

exactly the same way. Based on the results of the method development the optimized 

chromatographic method can be found in Table 3.  

Accuracy of the developed method ranged between 70.3% and 129.8% while precision varied 

between 0.5 and 24.7 RSD%. The detection limit was either 50 or 75 μg·kg-1, while 

quantification limit was 200 μg·kg-1 uniformly for all PAHs. 

Table 3: The developed gas chromatographic method 

Column type Restek Rxi-PAH (60 m × 0.25 mm × 0.10 μm) 

Oven temperature program 
50°C (6 min) → 50°C·min-1 → 260°C (0 min) → 

4°C·min-1 → 335°C (21.05 min) 

Carrier gas flow to column 0 mL·min-1 (until injection is finished) → 1.3 mL·min-1 

Injection speed 1.5 μL·s-1 

Vent flow 120 mL·min-1 

Split vent 
open (until injection is finished) → 

closed (until oven temp program start) → open 

Inlet temperature program 
10°C (until injection is finished) → 12°C·s-1 → 

70°C (3 min) → 12°C·s-1 → 335°C (10 min) 

Injection volume 50 μL 

Detection 
tandem mass spectrometric, 

multiple reaction monitoring (MRM) 

Ionization electron impact ionization, 70 eV 

Ion source and quadrupole temp 230°C; 150°C 
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5. NEW SCIENTIFIC RESULTS  

1.) I have developed a quick and easy ample preparation method for the determination of 

PAHs, oxy-PAHs and nitro-PAHs in particulate matter samples. As opposed to the 

methods available so far, no Soxhlet extraction step or solid phase extraction 

purification is necessary for sample preparation only solid-liquid extraction followed 

by a liquid-liquid cleanup with water is applied. 

 

2.) I have developed a gas chromatographic-mass spectrometric method utilizing large 

volume injection for the determination of PAHs and oxy-PAHs to follow the 

developed sample preparation method.  

 

3.) I have developed a liquid chromatographic-tandem mass spectrometric method for the 

determination of nitro-PAHs to follow the same sample preparation method. 

Previously such analytical method has not been used for particulate matter samples. 

 

4.) Following the validation of the sample preparation and measurement methods I 

determined the PAH, oxy-PAH and nitro-PAH content of particulate matter samples 

collected in Budapest. Such comprehensive survey of PAH in particulate matter 

samples collected in Budapest has not yet been performed. 

 

5.) I have developed a sample preparation procedure for the determination of all 16 PAHs 

from the priority pollutant list of the European Union from infant formula. The 

overwhelming fat content of the infant formula was removed by transesterification 

followed by a selective cleanup with solid state urea clathrate formation (SSUCF). The 

use of SSUCF in this field of analytics is novel as prior application have not been 

reported.  

 

6.) I had combined the developed sample preparation method with large volume injection 

gas chromatography-tandem mass spectrometry and validated the whole procedure. 

The limit of quantification was 200 ng·kg-1 uniformly thus the developed method can 

be used to assess compliance with the European Union regulation 835/2011 with 

regard to PAH content. Such gas chromatographic method has not been reported yet. 

Further merit of the method is that it allows the quantification of all the 16 EU priority 

PAHs and not only the four included in the regulation. The already established liquid 

chromatographic methods all have narrower list of target compounds.  
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