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Abstract 

A comprehensive chemical characterization and oxidative potential (OP) assessment of 

PM2.5 (aerosol particles with an aerodynamic diameter smaller than 2.5 μm) was carried out 

at an urban site of Budapest between June 2010 and May 2013. The mean PM2.5 mass 

concentration (21.0 µg m-3) was just below the 25 µg m-3 annual mean PM2.5 limit value set 

by the European Commission and showed a seasonal pattern. On average, 84% of the 

gravimetric mass could be reconstructed by the chemical measurements. Changes in the 

yearly concentrations were not identified for the investigated compounds between 2010 

and 2013. Temporal differences in both ascorbate and glutathione OP (OPAA m-3 and OPGSH 

m-3 respectively) could be observed during the 3-year long sampling period; however, no 

clear seasonal trend was apparent. OP metrics were associated mainly with traffic-related 

trace elements; however, other PM sources (i.e., long-range transport, secondary aerosol 

formation) could also contribute to particulate OP in Budapest. 

In the frame of the OFFICAIR project, indoor and outdoor PM2.5 samples were collected 

in office buildings across Europe in two sampling campaigns (summer and winter) by using 

two sampling methodologies (8 and 100 h long). The mean indoor PM2.5 mass concentration 

values were substantially lower than the related outdoor values. On average, 82% of the 

gravimetric mass could be reconstructed by the chemical measurements in the case of PM2.5 

samples collected for 100 h. The concentration of PM constituents varied widely among the 

sampling locations. The OP of PM2.5 varied markedly across Europe with the highest 

outdoor OPAA m-3 and OPGSH m-3 values obtained for Hungary, while PM2.5 collected in 

Finland exhibited the lowest values. Irrespective of the PM2.5 sampling time, the 

indoor/outdoor OPAA m-3 and OPGSH m-3 ratios were less than one with some exceptions. 

These results indicate that indoor air is generally less oxidatively challenging than 

outdoors. Correlation analysis revealed that trace elements play an important role in 

determining OP, in particular, the Cu content. Our findings also suggest that office workers 

may be exposed to health relevant PM constituents to a different extent within the same 

building.  
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Chapter I. 

Introduction 
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Nowadays, air pollution is one of the major environmental problems, especially in urban 

areas. Moreover, there is an increasing concern on indoor air quality, as in our modern 

world, people spend about 80% of their time in a built environment. Particulate matter 

(PM) is one of the criteria air pollutants which serves as an indicator of both indoor and 

outdoor air quality. Due to the existing regulations on the mass concentration of PM2.5 and 

PM10 (particles with aerodynamic diameter smaller than 2.5 and 10 μm respectively), a 

considerable decrease in the outdoor PM2.5 and PM10 mass concentration values is expected 

over the next decades. However, there is still no consensus on how to regulate the indoor 

PM mass concentration. 

Numerous epidemiological studies have used PM2.5 and PM10 mass concentration as 

exposure metric to link PM-related air pollution to certain respiratory and cardiovascular 

diseases. However, evidence indicates that other PM characteristics (e.g., chemical 

composition, surface area) are potentially more closely linked to the induction of biological 

responses. The underlying toxicological mechanisms have not fully understood yet as well 

as the identification of the PM characteristics that play a key role in these processes is still 

a challenging task. In the past years, oxidative potential (OP), which is a measure of the 

capacity of PM to oxidize target molecules (e.g., antioxidants), has been proposed as an 

additional or alternative exposure metric alongside PM mass concentration. 

Modern instrumental analytical chemistry is a necessary tool for environmental studies 

to obtain answer for emerging issues. Since PM is a complex mixture of different organic 

and inorganic compounds, several analytical methods are needed for the comprehensive 

chemical characterization of the aerosol particles collected onto filters. This is an essential 

step to find the link between certain PM constituents and health relevant exposure metrics 

(e.g., OP) as well as to identify PM sources. However, there are many challenges in the 

multi-component analysis of PM (e.g., low concentration of several PM constituents). 

Furthermore, the description of the analytical methods is often not comprehensive in the 

literature and the method validation is usually incomplete which makes the comparison of 

the methods difficult and the accuracy of the results is questionable. Thus special attention 

is needed for the validation of the analytical methods used in environmental studies. 
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Structure of the dissertation  

This PhD dissertation is divided into four chapters. This general introduction is followed 

by a short discussion of the literature regarding the corresponding parts of aerosol science 

and analytical chemistry in chapter II. Assuming basic knowledge of instrumental 

analytical chemistry, the working principle of the applied techniques is not described in 

chapter II; however, special attention has been paid to the discussion of method validation. 

Chapter III is dedicated to urban air quality, especially the physical and chemical 

characterization as well as OP assessment of urban PM2.5 collected in Budapest between 

June 2010 and May 2013. The chapter contains a short introduction, the detailed 

description of the experimental part, the results and their immediate discussion in four 

sections as well as the conclusions. In the frame of a Hungarian-Turkish collaboration, 

PM2.5 samples were collected simultaneously in Istanbul, Turkey between June 2010 and 

May 2011 and analysed in the same way as the samples collected in Budapest. Comparison 

of the results obtained for the two cities is discussed in section 3.4. 

Chapter III is based on the following two published papers:  

- Szigeti, T.; Óvári, M.; Dunster, C.; Kelly, F.J.; Lucarelli, F.; Záray, G. Changes in 

chemical composition and oxidative potential of urban PM2.5 between 2010 and 2013 

in Hungary. Sci. Total Environ. 2015, 518-519, 534-544. IF = 4.099 (2014) 

- Szigeti, T.; Mihucz, V.G.; Óvári, M.; Baysal, A.; Atilgan, S.; Akman, S.; Záray, G. 

Chemical composition of PM2.5 fractions of urban aerosol collected in Budapest and 

Istanbul. Microchem. J. 2013, 107, 86-94. IF = 3.583 

Chapter IV reports our findings on the chemical characterization and OP assessment of 

PM2.5 collected in office buildings across Europe in the frame of the OFFICAIR project. 

This chapter also contains a short introduction, an experimental part, the results and 

discussion as well as the conclusions. A brief description of the OFFICAIR project is 

provided in section 2. The new analytical methods were fully validated; however, only 

some examples are shown in section 4.1 due to the large amount of data. The most 

important outcomes of the OFFICAIR study are discussed in sections 4.6 – 4.9.  

 

http://www.sciencedirect.com/science/article/pii/S0048969715002910
http://www.sciencedirect.com/science/article/pii/S0048969715002910
http://www.sciencedirect.com/science/article/pii/S0048969715002910
http://www.sciencedirect.com/science/article/pii/S0026265X12001476
http://www.sciencedirect.com/science/article/pii/S0026265X12001476
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Chapter IV is based on the following three published papers:  

- Szigeti, T.; Dunster, C.; Cattaneo, A.; Cavallo, D.; Spinazzé, A.; Saraga, D.E.; Sakellaris, 

I.A.; de Kluizenaar, Y.; Cornelissen, E.J.M.; Hanninen, O.; Peltonen, M.; Calzolai, G.; 

Lucarelli, F.; Mandin, C.; Bartzis, J.G.; Záray, G.; Kelly, F.J. Oxidative potential and 

chemical composition of PM2.5 in modern office buildings across Europe – The 

OFFICAIR study. Environ. Int. 2016, 92-93, 324-333. IF = 5.559 (2014) 

- Mihucz, V.G.; Szigeti, T.; Dunster, C.; Giannoni, M.; de Kluizenaar, Y.; Cattaneo, A.; 

Mandin, C.; Bartzis, J.G.; Lucarelli, F.; Kelly, F.J.; Záray, G. An integrated approach 

for the chemical characterization and oxidative potential assessment of indoor PM2.5. 

Microchem. J. 2015, 119, 22-29. IF = 2.746 (2014) 

- Szigeti, T.; Kertész, Z.; Dunster, C.; Kelly, F.J.; Záray, G.; Mihucz, V.G. Exposure to 

PM2.5 in modern office buildings through elemental characterization and oxidative 

potential. Atmos. Environ. 2014, 94, 44-52. IF = 3.281 

  

http://www.sciencedirect.com/science/article/pii/S0160412016301453
http://www.sciencedirect.com/science/article/pii/S0160412016301453
http://www.sciencedirect.com/science/article/pii/S0160412016301453
http://www.sciencedirect.com/science/article/pii/S0026265X14001921
http://www.sciencedirect.com/science/article/pii/S0026265X14001921
http://www.sciencedirect.com/science/article/pii/S1352231014003616
http://www.sciencedirect.com/science/article/pii/S1352231014003616
http://www.sciencedirect.com/science/article/pii/S1352231014003616
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Chapter II. 

Literature review 
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1. Aerosol particles in the indoor and outdoor environment 

1.1. Physical properties, sources and chemical composition 

Ambient aerosol is generally defined as a suspension of liquid or solid particles in air, 

with particle diameters ranging from few nm to about 100 μm. Both lower and upper limits 

cannot be defined precisely since it is difficult to determine that point at which we consider 

molecules or molecular clusters as particles; moreover, the residence time of the large 

particles (>100 μm) in the ambient air is not long enough to play an important role in 

atmospheric processes (Seinfeld and Pandis, 1998). 

Particle size is one of the most important physical parameter which determines the 

behavior of the particle in the ambient air since particles of different sizes behave 

differently and can be governed by different physical laws. For example atmospheric 

particles only slightly larger than gas molecules are governed primary by Brownian motion, 

while larger particles with size of few micrometers are affected primary by gravitational 

and inertial forces. As particles have different shapes, equivalent diameters based on 

different physical properties are used to characterize the size of the particles in aerosol 

science. One of the most important concepts is the aerodynamic (equivalent) diameter 

which is defined as the diameter of a spherical particle of unit density having the same 

terminal settling velocity as that of the particle in question. Equivalent diameters based on 

particle`s electrical mobility, mass, volume or surface area have also be defined and used 

in several cases (Kulkarni et al., 2011). Furthermore, other physical parameters such as the 

concentration, size distribution and optical properties of the aerosol particles are often 

used. Meanwhile particle concentration (which can be based on number, mass, surface 

area) is generally used to describe spatial and temporal differences; particle size distribution 

represents the distribution of a specific physical property (which can also be number, mass, 

surface area) over a particle size range of interest.  

The particle size is one of the most important physical parameter regarding the health 

effects of PM on humans since particles with aerodynamic diameter smaller than 10 μm 

(PM10) can get through the larynx. Accordingly, PM10 is called thoracic fraction. However, 
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the process is influenced by several factors such as the dimensions of the airway passages 

(e.g., bends) and air velocity; thus, the size range of the thoracic fraction is a bit different 

for each person and changing in time (Scott et al., 1978). Furthermore, particles with an 

aerodynamic diameter smaller than 4 μm can penetrate to the unciliated airways and 

deposition may occur in the pulmonary region of the respiratory tract (CEN, 1993). 

Accordingly, air quality guidelines were set first for the PM10 mass concentration then later 

for the PM2.5 mass concentration. The selection of PM2.5 was mainly to be consistent with 

epidemiologic studies which continuously reported various health effects associated with 

PM2.5 (Brown et al., 2013). Furthermore, the investigation of the mass size distribution of 

atmospheric PM revealed that two separate fractions can be distinguished with a dividing 

point between 1 and 2.5 μm. Nowadays, it has become common practice to denote PM2.5 as 

the fine fraction and particles with aerodynamic diameter between 2.5 and 10 μm (PM2.5-

10) as the coarse fraction. Sometimes the term of fine fraction is used for particles with 

aerodynamic diameter smaller than 1 μm (PM1) since a small part of the coarse fraction 

may present in the PM2.5 (van Dingenen et al., 2004). The formation, sources and sinks of 

the aerosol particles as well as atmospheric interactions and transport processes all having 

an influence on the particle size distribution; thus, the dividing point between fine and 

coarse fractions cannot be determined exactly. 

Atmospheric PM originate from a wide variety of natural and anthropogenic sources. 

Primary particles are directly emitted from sources such as incomplete combustion of fossil 

fuels, industrial activity, biomass burning, re-suspension of road dust, soil or mineral dust 

by traffic or wind, volcanic eruptions, wildfires, evaporation of sea spray and emission of 

biological materials (plant fragments, microorganisms, pollen, etc.). On the other hand, 

secondary particles are formed in the atmosphere by gas-to-particle conversion (new 

particle formation by nucleation and condensation of gaseous precursors) (Pöschl et al., 

2005). In order to identify the sources of PM, the investigation of the chemical composition 

is crucial. In general, the predominant chemical components of PM are organic matter 

(OM), elemental carbon (EC), secondary inorganic ions (SO42-, NO3-, NH4+), mineral dust 

and sea salt. Considerable differences can be observed not only in the mass concentration 
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of PM10 and PM2.5, also in the chemical composition of different PM size fractions collected 

at different environments such as urban, rural, urban background, suburban, kerbside or 

industrial (e.g., van Dingenen et al., 2004; Putaud et al., 2010; Sillanpä et al., 2006). For 

example, table 2.1 represents the relative contribution of the major PM constituents to the 

mass concentration of PM10 and PM2.5 for European sites (Putaud et al., 2010).  

 

Table 2.1. Contribution of the major PM constituents to the mass concentration of PM10 and PM2.5 

for different sites (rural, urban, kerbside) across Europe (Putaud et al., 2010).  

  PM10  PM2.5 

    Rural Urban Kerbside   Rural Urban Kerbside 

North-western Europe Mineral dust 4% 12%    5% 1% 

 Sea salt 12% 10% 7%   4% 1% 

 SO42- 13% 14% 8%   21% 18% 

 NO3- 16% 14% 12%   16%  

 OM 15% 18% 16%   25%  

 EC 4% 5% 9%   7%  

 TC 14% 18% 20%   25%  

         

Southern Europe Mineral dust 15% 21% 28%   11% 14% 

 Sea salt 3% 12% 5%   6% 2% 

 SO42- 16% 12% 12%   15% 15% 

 NO3- 14% 9% 8%   7% 7% 

 OM  26%    23%  

 EC  6%    8%  

 TC 13% 21% 28%   30% 38% 

         

Central Europe Mineral dust 9% 12% 15%  3% 5% 6% 

 Sea salt 2% 2% 2%  1% 1% 1% 

 SO42- 19% 15% 9%  17% 19% 12% 

 NO3- 13% 12% 8%  6% 13% 10% 

 OM 23% 21% 21%  15% 22% 26% 

 EC 6% 10% 17%  5% 14% 21% 

  TC 32% 32% 38%   19% 31% 35% 

Abbreviations: OM = organic matter; EC = elemental carbon; TC = total carbon 

 

For example, the contribution of mineral dust to the mass concentration of PM10 is 

considerably higher at all types of site in Southern Europe compared to the two other 

regions of Europe. PM10 in central Europe is characterized by low sea salt and high EC and 
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total carbon (TC) content with respect to North-western and Southern Europe. In contrast, 

the contribution of the two major secondary inorganic ions, SO42- and NO3-, to PM10 are 

very similar in all three regions of Europe. In the case of PM2.5, some conclusions made for 

PM10 still apply (i.e., mineral dust contribution larger in Southern Europe, sea salt 

percentage smaller in Central Europe, and TC percentage smaller in North-western 

Europe) but there are some differences such the SO42-/PM2.5 and NO3-/PM2.5 concentration 

ratios in Southern Europe are considerably smaller than in the other sectors. Furthermore, 

differences in PM chemical composition among the three types of sites can also be observed 

within each sector of Europe as well. All of these special differences are governed by 

differences in the local and regional sources, geographical locations and meteorological 

conditions. 

As I mentioned before, both fine and coarse particles have several anthropogenic and 

natural sources. One of the major anthropogenic sources is the traffic. Traffic-related air 

pollution is of big interest (e.g., Fang et al., 2006; Lewis et al., 2015) since the majority of 

people live in urban areas. The traffic-related PM sources can be divided into two big 

categories: exhaust and non-exhaust emissions of road vehicles. Querol et al. (2004) showed 

that these sources contributed approximately equal amounts to the total traffic-related PM 

emissions. These particles vary greatly in size and chemical composition depending on the 

mechanism of their formation. Besides gaseous air pollutants (e.g., NOx, CO), mainly fine 

particles are emitted from the tailpipe and the major PM constituents are EC, organic 

compounds as well as trace elements originating from the fuel (different panels of elements 

for gasoline and diesel) and the catalytic converters (Pd, Pt, Rh) (Atilgan et al, 2012). Non-

exhaust emissions include particles from brake wear (major elements are Fe, Cu, Pb, Zn, 

Sb), tire wear (e.g., Cd, Cu, Pb, Zn), road surface abrasion and re-suspension in the wake of 

passing traffic (Thorpe and Harrison, 2008). It is clear that road traffic emission is a complex 

environmental issue and the chemical composition of the particles emitted in these 

processes are not clearly described. For example, the determination of the concentration of 

trace element in the fuel samples is still a difficult analytical task. Furthermore, the 

chemical composition of the brake wear changed over the time due to the new 
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developments; thus, the data presented in previous publications might not be relevant 

nowadays. Besides road traffic, air traffic (Miracolo et al., 2011) and maritime traffic (Kim 

et al., 2009) can also contribute to the concentration of PM at several sites. 

Industrial activities also play an important role in PM-related air pollution as well as 

many of them are responsible for the emission of gaseous air pollutants such as SO2. The 

type of pollutant depends mainly on the type of production process, the technology and 

the raw material used (Calvo et al., 2013). For example, Be, V and Ni are released during 

the combustion of oil in the form of fly ash in a number of industrial processes (e.g., in the 

case of a heavy-oil-fueled power plant) (Tatár et al., 2005). 

Biomass burning is both a natural (wildfires) and an anthropogenic (domestic and 

agricultural biomass burning) source of fine PM. The particles mainly consist of 

carbonaceous compounds (mainly OC; 40-80% is water-soluble) and some inorganic 

compounds (insoluble ash and water-soluble ions such as K+, NH4+, SO42- and NO3-) in lower 

concentrations (Reid et al., 2005). Generally, the concentration of levoglucosan and K+ is 

used as biomass burning tracer (Simoneit, 2002).  

The aerosol particles of natural origin mainly comprise of mineral dust which is the 

major component of the coarse fraction. These particles are mainly generated by the wind 

and several factors such as soil surface (texture and roughness), soil moisture, vegetation 

cover, as well as changes in climatic parameters affect their formation (Washington and 

Todd, 2005). The main sources are usually deserts (e.g., global dust belt) but any type of soil 

is a potential source of this type of aerosol. For example, the Sahara, the world's largest 

desert and the major reservoir of mineral dust, has a strong influence in Southern Europe 

and in America (Tarufo et al., 2006).  

The formation of sea salt by the evaporation of sea spray is the major process above seas 

and oceans. According to the standard seawater composition, these primary aerosol 

particles contain mainly NaCl; however, other inorganic ions such as SO42-, Mg2+, Ca2+ and 

K+ can also be found. Phytoplankton located on the surface of seas and oceans emits various 

organic compounds including dimethyl-sulfide (DMS) which is considered an important 

precursor of atmospheric SO42- in oceanic regions since DMS goes through rapid oxidation 
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(Mészáros, 1999). Sea salt was clearly identified as a PM component at sites located less 

than 50 km far from the seashore only (Putaud et al., 2010). The major sea salt tracer is Na+ 

since a part of NaCl changes into gaseous HCl and Na2SO4/NaNO3 (aged sea salt) in 

atmospheric reactions with H2SO4 and HNO3 (White, 2008). 

Biogenic emission of particles include pollen, fungal spores, fragments from plants and 

animals and other large particles with diameter of up to 100 μm. Moreover, the biogenic 

emission of volatile organic compounds is also important because they may act as precursors 

of secondary aerosol formation.  

There are some specific anthropogenic activities and natural episodes like fireworks 

(Godri et al., 2010) and volcanic eruptions (Pitz et al., 2011) which can also contribute to 

the PM mass concentration temporally. 

Regarding the indoor environment, several indoor activities can generate particles as 

well as outdoor particles can penetrate through the building envelope (e.g., through the 

mechanical ventilation system or opened windows) and contribute to the indoor PM mass 

concentration. The typical indoor PM sources are depending on the indoor environment. 

Residential homes, schools, offices, restaurants, museums are the typical indoor 

environments which have been investigated. Many indoor activities such as cooking, 

smoking, incense and candle burning as well as re-suspension of settled dust may 

contribute to indoor PM2.5 mass concentration in residential homes (Urso et al., 2015). 

Fewer indoor sources are apparent for offices. Particle emission from printers, photocopiers 

and multi-task devices are well-known sources for ultra-fine particles (e.g., He et al., 2007). 

Re-suspension of settled particles (with aerodynamic diameter larger than 1 μm) from 

indoor surfaces are common particle sources in offices (Chatoutsidou et al., 2015). 

Moreover, in-situ ozone-initiated chemistry with reactive volatile organic compounds 

could lead to the formation of secondary organic aerosol (Weschler and Shields, 1999). 

However, it is thought that particles of outdoor origin are the major determinants of indoor 

PM mass concentration.  
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1.3. Oxidative potential 

Numerous epidemiological and toxicological studies have shown a relationship between 

ambient particulate matter (PM) exposure and adverse health effects in humans (Brook et 

al., 2010; Hoek et al., 2002; Laden et al., 2000; Schwartz et al., 2002). Different 

pathophysiological mechanisms have been proposed to explain PM`s contribution to 

respiratory and cardiovascular diseases; however, there are still remaining questions to be 

answered. Many of the air pollution related health outcomes are thought to derive from 

oxidative stress initiated by certain gaseous air pollutants (i.e., nitrogen dioxide, ozone) or 

PM constituents in the lung (Ayres et al., 2008; Kelly, 2003; Nel, 2005). The pulmonary 

epithelial cells are protected against undue oxidation by the respiratory tract lining fluid 

(RTLF) which contains low-molecular weight antioxidants (i.e., reduced glutathione, 

ascorbate, urate) and antioxidant enzymes. Either the increased exposure to oxidants (e.g., 

reactive oxygen species /ROS/, certain elements, free radicals) or the presence of decreased 

antioxidant defenses could lead to oxidative stress which in turn can activate a number of 

redox sensitive signaling pathways (Anseth et al., 2005; Kelly, 2003; Kelly and Fussell, 

2012). ROS can be generated on the surface of the particles or indirectly when PM interacts 

with cells. ROS can damage membrane lipids, DNA and proteins which can result in cell 

death via either necrotic or apoptotic processes. Elevated levels of oxidative stress lead to 

inflammatory response via activation of various transcription factors and stimulation of 

cytokine production. Inflammation plays an important role in respiratory diseases 

associated with PM. Moreover, transition metals such as Fe, Cu, V, Ni have been implicated 

as potential mediators of PM-related respiratory diseases (Kelly and Fussell, 2012). 

Especially Fe and Cu are considered important in PM-induced formation of ROS through 

Fenton reaction (Vidrio et al., 2008). However, the identification of the oxidatively active 

components of PM is still a challenging task since particles vary in size, mass, number, 

shape, aggregation status, surface area as well as chemical composition. 

OP is a novel metric which is defined as a measure of the capacity of PM to oxidize target 

compounds. In vitro acellular methods based on different principles (i.e., antioxidant 
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depletion, hydroxyl radical formation in the presence of H2O2, consumption of 

dithiotreitol, fluorescent probes) have been developed and used for the assessment of the 

OP of aerosol particles (Table 2.2).  

 

Table 2.2. Overview of the acellular assays used for the assessment of particulate oxidative potential. 

Assay Principle OP metrics 

Antioxidant depletion 

 

Depletion of physiologically relevant antioxidants 

(ascorbate, urate, reduced glutathione) in a synthetic 

respiratory tract lining fluid. Chromatographic and 

spectroscopic methods are used for the quantitative 

determination of the antioxidants (e.g., Godri et al., 

2010). 

OPAA; OPGSH 

Dithiothreitol (DTT) 

consumption 

Based on the ability of redox-active PM components to 

catalyze the reduction of oxygen to superoxide radical by 

DTT (e.g., Verma et al., 2012). 

OPDTT 

Hydroxyl radical formation  Formation of hydroxyl radical (•OH) in PM 

suspensions in the presence of hydrogen peroxide and 

5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a 

specific spin-trap. Electron paramagnetic/spin 

resonance (EPR/ESR) is used (e.g., Künzli et al., 2006). 

 Based on the reaction of salicylic acid with hydroxyl 

radical to form dihydroxybenzoate (DHBA), salicylic 

acid is quantified by liquid chromatographic method 

(DiStefano et al., 2009).  

 Measures OH-radical production by adding 

dimethylsulfoxide (DMSO), quantified 

fluorometrically (Alaghmand and Blough, 2007). 

OPESR 

 

 

 

 

No specific 

metric 

 

 

No specific 

metric 

Fluorescent probes Based on the principle that a fluorescent product is 

generated when a nonfluorescent probe molecule reacts 

with ROS: 

 BPEAnit probe which is based on trapping of ROS by 

pro-fluorescent nitroxides (Crilley et al., 2012). 

 CRAT probe uses chemiluminogenic acridium esters, 

which are sensitive to superoxides (Yang et al., 2014). 

No specific 

metric for the 

probes 
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 p-hydroxyphenylacetic acid (POHPAA) with 

horseradish peroxidase enzyme to detect 

hydroperoxides (Hasson and Paulson, 2003). 

 DCFH probe which gets oxidized in the presence of 

ROS and horseradish peroxidase (Hung and Wang, 

2001). 

 

Previous studies suggest that various chemical compounds such as certain transition 

metals (e.g., Fe, Cu, Cr), aromatic organic compounds (e.g., quinones) and some major PM 

constituents (e.g., humic-like substances) contribute to particulate OP (e.g., Godri et al., 

2010; Roginsky et al., 1999; Verma et al., 2012). Although, several studies have linked 

increased PM2.5 mass concentration to adverse health effects, the use of OP in epidemiology 

has also been suggested as a promising metric since it may better represent the health 

impact of the aerosol particles (Borm et al. 2007; Boogaard et al. 2012; Yang et al., 2015). 

However, there is still no consensus about which OP metrics are the most appropriate to 

predict PM-related health effects. 

The correlation between different OP metrics has been investigated in several studies. 

Janssen et al. (2014) evaluated the correlations among three different a-cellular assays 

(OPESR, OPAA and OPDTT) and they found high correlation between OPESR and OPAA (rs = 

0.89) for outdoor PM2.5 and moderate correlation between OPDTT and OPESR (rs = 0.52) and 

between OPDTT and OPAA (rs = 0.63). Künzli et al. (2006) also found a significant correlation 

(r = 0.65) between OPESR and OPAA. 

The type of the filter has an influence on OP measurements with OP derived from quartz 

fiber filters being lower than those from Teflon filters (Yang et al., 2014). However, the 

correlations between OP measured on Teflon and quartz fiber filters were still strong for 

each assay (AA, ESR, DTT, CRAT). 

Some knowledge gaps found during the literature review were (i) the lack of data on 

indoor OP; (i) lack of studies with long term OP data as well as (iii) the investigation of the 

correlation between OP and a large number of PM constituents. 
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2. The role of analytical chemistry in aerosol science 

2.1. Analytical techniques used for the investigation of major, minor and trace 

particulate matter constituents 

The accurate determination of the concentration of PM constituents is a formidable 

analytical task since atmospheric PM is a very complex mixture of compounds. A wide 

range of analytical techniques can be applied for the chemical characterization of aerosol 

particles collected onto different filter materials (e.g., quartz fiber, Teflon, polycarbonate). 

In practice, the selection and combination of analytical techniques depend on the amount 

of particles collected and the target parameters as well as it is a trade-off between analytical 

capabilities, time resolution and equipment and labor expenses (Pöschl, 2005). 

In the past decade, the number of studies aiming at understanding the adverse effects of 

exposure to PM2.5 on human health at different indoor and outdoor sites has increased 

substantially; however, most of them were dealing with some PM constituents only.  

The carbonaceous fraction represents a significant part of the different PM size fractions 

as it is shown in Table 2.1. It is important to consider that this fraction encompasses organic 

compounds, EC as well as carbonates. Since the amount of carbonates is usually negligible, 

especially in the case of PM2.5, the term “total carbon” is usually used as the sum of OC and 

EC (ten Brink et al., 2004). There are several methods for the determination of OC, EC and 

TC concentrations and these methods have already been compared (ten Brink et al., 2004). 

The differences among these methods are the application of different temperature 

programs and different environments. Some methods apply heating in an inert atmosphere 

(e.g., He) to remove OC and optical transmission correction due to the pyrolysis of the 

sample. The other group consists the two-step oxidative methods in which the first 

oxidation step takes place at lower temperature to remove OC under oxidative conditions 

and the second oxidation step is at high temperature to oxidize EC. Differences of up to 

25% among different methods used for the determination of different carbon forms have 

been reported (Putaud et al, 2010). 
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The determination of the major water-soluble ions is usually performed by ion 

chromatography (IC) after sonication-assisted water extraction. Several methods have been 

developed which differ for example in limit of detection or run time (e.g., Custódio et al., 

2016; Krata et al., 2009). 

Maybe the widest selection of the analytical techniques is available for trace elements. 

The introduction of various spectroscopic/spectrometric techniques in the past decades has 

provided analytical methods with the detection of trace elements in the pg m-3 – ng m-3 

concentration range. Nowadays, inductively coupled plasma mass spectrometry (ICP-MS) 

(e.g., Muránszky et al., 2011), inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) (e.g., Traversi et al., 2014), proton-induced X-ray emission (PIXE) spectrometry 

(e.g., Traversi et al., 2014) and energy dispersive X-ray fluorescence spectrometry (e.g., 

Spolnik et al., 2005) are the prevailing techniques for the determination of trace elements 

in PM samples. Instrumental neutron activation analysis (e.g., Salma and Zemplén-Papp, 

1999) and atomic absorption spectrometry (e.g., Atilgan et al., 2012) have been also used 

for the investigation of PM; however, both have some disadvantages and limitations.  

Some of the above-mentioned techniques (e.g., ICP-MS, ICP-AES) require sample 

preparation prior to analysis. Trace elements have to be extracted from the PM matrix or 

the whole sample has to be digested generally by means of acids. Different methods have 

been developed for the extraction/digestion procedure including ultrasonic-assisted and 

microwave-assisted acidic extraction/digestion (e.g., Ashley et al., 2001; Muránszky et al., 

2011). The efficiency of the extraction/digestion procedure is usually checked since it is 

crucial to ensure that the applied parameters are sufficient enough to extract the trace 

elements of interest with high extraction efficiency (close to 100%). The selection of the 

filter material is important in the case of trace elements since some of them (e.g., glass fiber 

filters) might have high blank levels (Berg and Royset, 1993). 

Other analytical techniques such gas or liquid chromatography are also used for the 

chemical characterization of the organic fraction of the PM samples. Due to the complexity 

of the organic fraction, most of these analytical methods focus only on a certain group of 

environmental contaminants (e.g., polycyclic aromatic hydrocarbons /PAHs/). 
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2.2. Validation of the analytical methods: Is it still a challenge? 

The validation of an analytical method is a crucial and essential step in order to ensure 

that the developed method meets certain criteria. In this section, I shall try to place the 

recent approaches in a broader context of the analytical method validation highlighting 

some difficulties and common mistakes. The description and comparison of the analytical 

performance of the different analytical methods will not be exhaustive; however, special 

attention will be paid to those methods which are related to the topic of this dissertation. 

The concept of method validation, applied to spectroscopic, spectrometric or 

chromatographic methods, has been the subject of several publications and books (e.g., 

Gustavo Gonzalez and Angeles Herrador 2007; Taverniers et al. 2004). Moreover, several 

European and international regulatory bodies and working groups such as the International 

Union of Pure and Applied Chemistry (IUPAC), Eurachem, International Conference on 

Harmonization (ICH), International Standardization Organization (ISO) or the World 

Health Organization (WHO) have developed guidelines for the validation of the analytical 

methods. Although there is a general agreement among these validation guidelines, this 

broad spectrum of definitions, methodologies, acceptance criteria and recommendations 

makes the harmonization of the analytical method validation more difficult (Chandran and 

Singh, 2007). 

The analytical performance of a method is generally characterized by accuracy, 

linearity, limit of detection, limit of quantification, precision (repeatability and 

reproducibility), selectivity and sensitivity. Furthermore, robustness and ruggedness are 

also considered as validation parameters; they play an important role in method 

development; however, the description of their detailed investigation is not frequent in the 

literature. In the following definitions, the italic portions are quoted verbatim from the 

IUPAC Gold Book (McNaught and Wilkinson, 1997) and used as a starting point for the 

discussion. Some practical examples are also given. 

Accuracy is defined as “Closeness of the agreement between the result of a measurement 

and a true value of the measurand”. For this purpose, certified reference materials (CRMs) 

are used which have certified and/or reference concentration values for the compounds of 
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interest. Up to now, only some CRMs are available on the market for PM. The National 

Institute of Standards and Technology (NIST) distributes two reference materials: SRM 

1648a (urban PM; certified and reference values for trace elements, PAHs and their nitrated 

derivatives (nitro-PAHs), polychlorinated biphenyl (PCB) congeners, chlorinated 

pesticides, OC and EC); and SRM 2786 (fine PM; certified and reference values for trace 

elements, PAHs, nitro-PAHs, polybrominated diphenyl ether congeners, 

hexabromocyclododecane isomers, sugars, polychlorinated dibenzo-p-dioxin and 

dibenzofuran congeners). Urban dust CRMs (e.g., BCR-723, certified concentration value 

for Pd, Pt, Rh) certified by the Community Bureau of Reference (BCR) are also available 

and used for validation of different methods applied for PM samples (e.g., Atilgan et al., 

2012). If CRM is not available, a blank sample matrix can be spiked with a known amount 

of the compound of interest. Recovery is then calculated as the percentage of the measured 

amount of the compound in the spiked sample relative to the amount of spike added to the 

sample (Taverniers et al. 2004). The results can be expressed as deviation (%) from the 

amount of spike added. Spikes with at least two concentration levels representing low and 

high concentrations of analyte are used in order to investigate the influence of the amount 

of spike on the recovery values. 

In the case of microwave-assisted acid digestion/extraction procedure followed by ICP-

MS determination of trace element concentrations, the efficiency of the 

digestion/extraction step (i.e., recovery of the certified/reference concentration values) is 

the major determinant of the accuracy regarding the whole process. However, good results 

obtained for a PM CRM does not guarantee that the results obtained for PM samples 

collected at different environments will also be correct in the case of trace elements, since 

the chemical form of trace elements in PM might vary with location and in time, and the 

solubility of the compounds in an acidic medium is depending on the chemical form of the 

element. Ashley et al. (2001) investigated the recoveries for trace elements in several NIST 

standards by applying ultrasonic extraction and different mixtures of acids. Different 

recovery values were observed for some trace elements (e.g., Cr) in the NIST standards used 

for similar purposes (e.g., urban PM vs. indoor dust). There are no CRMs available for 



 

19 
 

several PM constituents (e.g., major water-soluble ions, oxy-PAHs); thus, generally empty 

or loaded filters are spiked with a standard solution. However, neither the empty nor the 

loaded filter will serve as an ideal blank matrix for accuracy test since (i) in the case of an 

empty filter, only the adsorption of the compound on the filter material may play a role 

and (ii) in the case of a loaded filter, the sample already contains the compound of interest 

before standard addition; thus, the distribution of the compound of interest on the whole 

filter is questionable. For this reason, a loaded filter should be cut into many pieces and 

parallel analyses has to be done in order to ensure that the distribution of the compound 

on the whole filter is homogeneous. Moreover, the accessibility of a compound might be 

higher when the compound was added as a standard solution compared to the realistic case 

when the compound is in the complex matrix of PM. 

Precision is defined as “The closeness of agreement between independent test results 

obtained by applying the experimental procedure under stipulated conditions. The smaller 

the random part of the experimental errors which affect the results, the more precise the 

procedure. A measure of precision (or imprecision) is the standard deviation.” It is also 

noted that the precision is sometimes misused for accuracy; however, precision relates only 

to dispersion, not to deviation from the true value. According to the definition set by the 

European Commission, accuracy is determined by determining trueness and precision (EC, 

2007). Probably due to this definition, some authors (e.g., Taverniers et al., 2004) describe 

precision as a subcategory in accuracy. This is not correct. Of course, multiple 

measurements are desired when accuracy is investigated; thus, precision can be determined 

from those analyses as well. In spite of the IUPAC definition, analytical scientists more 

often use RSD instead of SD since the RSD values obtained at different concentration levels 

are comparable only. Precision depends on number of repeats as well as on the 

concentration of analyte (if precision is expressed as SD); thus, it is recommended use the 

same number repeats in the case of comparison and also to mention the mean concentration 

value and not only the RSD or SD value itself. Precision can be calculated for a standard 

solution, a PM sample or for a CRM as well. In practice, repeatability and reproducibility, 

the two measures of precision, are used. In order to determine the repeatability, the 
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analytical measurements are carried out under the same conditions (same operator, same 

apparatus, same laboratory and after short intervals of time); meanwhile, different 

conditions are applied during the reproducibility tests (Currie and Svehla, 1994). 

Linearity is not defined in the IUPAC Gold Book; it contains only the term linear range 

as “Concentration range over which the intensity of the signal obtained is directly 

proportional to the concentration of the species producing the signal.”. The analytical 

calibration is a key point in method validation and essential for linearity test. Calibration 

should cover a working range in which the signal of the real samples is expected. 

Furthermore, the number of calibration points, their distribution in the calibration range, 

the number of replicates as well as the calibration methodology (e.g., external or internal 

standard method) are also important parameters to be considered. Regarding the 

construction of the calibration curve, a frequent problem in analytical chemistry is the 

misunderstanding of the regression through the origin and using zero-point calibration as 

well as the negligence in the heteroscedasticity of the experimental data (Raposo, 2016). 

The term linearity is confusing because there are several ways of thinking about linear 

functions. The linear dependence of the analytical signal on the concentration of analyte is 

certainly the most convenient case; however, there are techniques with a clear non-linear 

response (Burrows and Watson, 2015). Therefore, the terms analytical response or response 

function or standard curve would have been more appropriate for this validation 

characteristic (Rozet et al., 2007). On the other hand, linearity has a different meaning from 

graphical against mathematical points of view. It must be noted that the linearity of 

calibration data is very important only to strictly linear regression models. This evaluation 

can be carried out in different ways that can be grouped into graphical plots (e.g., residual 

plot, linearity plot), statistical significance tests (e.g, ANOVA, Mandel`s test) and 

numerical parameters (e.g., residual standard error, deviation from back-calculated 

concentrations, relative standard deviation of the slope). A common mistake is considered 

to be the use r or R2 as indicator for evaluating the linearity of calibration curves since 

correlation or response variability and linearity are only loosely related (Raposo, 2016).  



 

21 
 

Sensitivity is defined as “The slope of the calibration curve. If the curve is in fact a 

'curve', rather than a straight line, then of course sensitivity will be a function of analyte 

concentration or amount. If sensitivity is to be a unique performance characteristic, it must 

depend only on the chemical measurement process, not upon scale factors.”. The term 

“sensitivity” has been the subject of controversy since certain authors especially in the field 

of clinical chemistry used (and still use) sensitivity in terms of the LOD (Ekins and Edwards, 

1997); however, the IUPAC definition is more accepted in analytical chemistry. 

Perhaps the limit of detection (also called detection limit) and limit of quantification are 

the two method validation characteristics which have the most diverse definitions. “The 

limit of detection, expressed as the concentration, 𝑐𝐿, or the quantity, 𝑞𝐿, is derived from 

the smallest measure, 𝑥𝐿, that can be detected with reasonable certainty for a given 

analytical procedure. The value of 𝑥𝐿 is given by the equation  

𝑥𝐿 =  �̅�𝑏𝑖 + 𝑘 𝑠𝑏𝑖 

where �̅�𝑏𝑖 is the mean of the blank measures, 𝑠𝑏𝑖 is the standard deviation of the blank 

measures, and 𝑘 is a numerical factor chosen according to the confidence level desired.” 

The European Commission defined LOD as “… the smallest measured content, from which 

it is possible to deduce the presence of the analyte with reasonable statistical certainty. The 

limit of detection is numerically equal to three times the standard deviation of the mean of 

blank determinations (n > 20)” (EC, 2007). The differences between these two approaches 

are that the LOD contains the mean blank value and the numerical factor is not defined in 

the case of the IUPAC definition. Signal-to-noise (S/N) ratio can also be used to determine 

LOD if the method exhibits baseline noise (ICH, 2005). S/N ratio is found by comparing 

signals from samples with known low analyte concentration and blank samples. LOD is 

determined by establishing the minimum concentration at which S/N ratio is at least 2-3. 

The approach based on the S/N ratio cannot be always used because the baseline sometimes 

does not exhibit noise. If the noise level is very small then the LOD based on the S/N ratio 

will be inaccurate. Furthermore, the S/N ratio can vary significantly between days and even 

within a day in the case of several techniques; thus, many measurements should be 

performed for reliable determination of LOD (Kruve et al., 2015). Another approach is to 
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measure solutions with different concentrations close to the putative LOD, each with 10 

separate samples. The lowest concentration where all 10 samples have positive results (S/N 

ratio is more than three) can be considered as LOD (Magnusson and Örnemark, 2014). 

Further approaches are available for the determination of the LOD, the frequency of their 

use is mainly depending on the analytical technique applied. However, all of them require 

large number of replicates (around 6-10) in order to get a reliable LOD (ICH, 2005). 

In the case of PIXE, several definitions for the LOD were proposed in the early years 

(Johansson and Campbell, 1988). Now LOD is generally defined as that amount (or 

concentration) of analyte that gives rise to a peak area which is equal to three times the 

standard deviation of the background intensity (𝑁𝐵) in the spectral interval of the principal 

x-ray line. The spectral interval for integration of 𝑁𝐵 is usually defined in terms of the full 

width at half-maximum (FWHM) of the principal x-ray line, but regions of one, two, and 

three FWHMs have been used in the PIXE literature; this range of choice introduces a 

variation of 1.7 in detection limits deduced from the same dataset (Van Grieken and 

Markowicz, 2001). This methodology is very similar to one of the approaches mentioned 

above and based on the S/N ratio.  

The calculation of the LOD values is a more complex issue if the sample preparation 

encompasses several steps. In the case of the determination of the concentration of trace 

elements in PM samples by ICP-MS, instrumental (or instrument), procedural (or 

procedure or method) and “overall” LOD values can be calculated. Instrumental LOD 

values can be determined by analyzing standard solutions of the elements of interest. In 

the case of aqua regia extraction of trace elements from PM, procedural LOD values can be 

calculated for the different steps of the sample preparation. Vessels with different content 

(i.e., only aqua regia; aqua regia and laboratory blank filter; aqua regia and field blank filter) 

have to undergo the microwave-assisted extraction process in order to fully characterize 

the different steps of the procedure. For example, the trace element content (i.e., aqua regia 

accessible part; e.g., expressed in ng g-1 unit) of a filter material can be determined by (i) 

subtracting the concentration values calculated for the samples containing only aqua regia 

from the concentration values calculated for the samples containing aqua regia and 
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laboratory blank filter and (ii) dividing the difference (concentration unit has to be changed 

to mass unit; only the volume of the solution is needed for it) by the mass of the filter strip. 

In order to determine whether the filter contains a trace element or not (i.e., detectable or 

not), it is also important to determine the corresponding LOD value for the given element. 

For this purpose, the samples containing only aqua regia have to be used and a procedural 

LOD value has to be calculated first as three times the standard deviation of the 

concentration values. Then the concentration unit has to be changed to mass unit again 

and this value has to be divided by the average mass of a filter strip used during the 

procedure. Briefly, the “overall” LOD values can be calculated by using the results obtained 

for the samples containing aqua regia and field blank filter as well as the sampled air 

volume, which also has to be taken into account. Up to now, there is no available literature 

in which the whole calculation methodology is described; usually only the LOD values are 

indicated.  

The LOQ is not defined in the IUPAC publications. According to the guidelines of the 

Eurachem, LOQ is the lowest concentration of analyte that can be determined with an 

acceptable repeatability and trueness (Magnusson and Örnemark, 2014). This definition is 

in line with the recommendations of ICH (ICH, 2005), United States Pharmacopoeia (USP, 

2009) and United States Food and Drug Administration (US FDA, 2001) as well. It is also 

worth to clarify the term “trueness” which refers to “the closeness of agreement between 

the average value obtained from a large series of test results and an accepted value” (ISO, 

1994). Due to the similarities in the definitions, accuracy is sometimes termed trueness. 

Multiple injections of standard solutions are usually used to determine trueness. Since 

trueness (especially at low concentration levels) depends on the calibration curve, 

calibration should cover only the working range in which the signal of the samples is 

expected. The European Commission defined LOQ as “… the lowest content of the analyte 

which can be measured with reasonable statistical certainty. If both accuracy and precision 

are constant over a concentration range around the limit of detection, then the limit of 

quantification is numerically equal to six or 10 times the standard deviation of the mean of 

blank determinations (n > 20)” (EC, 2007). The approaches used for the determination of 
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LOD and LOQ values are very similar. In the latter case, only a greater multiplication 

coefficient in the equation is used or other higher demands are set on the same parameters. 

For example S/N ratio of at least 10 is required in the case of LOQ in the ICH guideline 

(ICH, 2005). 

The large number of possibilities for the determination of the LOD and LOQ values can 

make it difficult to choose the most suitable approach. The values obtained with different 

approaches might differ by up to an order of magnitude (Kruve et al., 2015). When stating 

LOD and LOQ for a compound, the approach used to determine LOD and LOQ should be 

specified (ICH, 2005). 

Selectivity is defined in the IUPAC 2001 recommendations (Vessman et al., 2001) as “… 

the extent to which the method can be used to determine particular analytes in mixtures 

or matrices without interferences from other components of similar behavior.”. Selectivity 

is a very important feature of an analytical method since, without selectivity, it would not 

be possible to determine the concentration of a particular compound in a mixture. There is 

no generally accepted definition of selectivity in analytical chemistry, the above-

mentioned IUPAC definition is cited in many books and articles and opinions diverge on 

the measurability of selectivity since none of the definitions quantitates it (except for some 

techniques such as potentiometry) (Verbic et al., 2013). The IUPAC 1983 document (den 

Boef and Hulanicki, 1983) recommended the quantitative use of the word of selectivity in 

combinations like selectivity factor or selectivity coefficient; however, the new 

recommendation did not mention it. Definitions based on measurement error and 

definitions based on the response surface have been investigated; however, both types have 

their respective merits and problems (Dorkó et al., 2015). Ideally, selectivity should be 

evaluated for any reasonable interferents likely to be present; however, analytical chemists 

sometimes work with complex mixtures (e.g., PM) containing hundreds or thousands of 

compounds which makes the determination of selectivity difficult. Due to the complexity 

of PM and the lack of a PM matrix which contains all PM constituents except for the 

investigated compounds, the selectivity is usually not investigated. Furthermore, the terms 

selectivity and specificity are used interchangeably in many papers. Specificity is defined 
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as the ultimate of selectivity, meaning that no detectable interferences are supposed to 

occur; thus, specificity cannot be graded. Therefore, selectivity is the recommended term 

in analytical chemistry to express the extent of interferences (Wessman et al., 2001). 

Validation is a complex activity and does not always easily meet the definitions for 

analytical chemists. There are a number of cases when method validation is carried out but 

not according to any of the published guidelines or recommendations. Furthermore, in 

most cases not all parameters are investigated. It is also clear that further harmonization 

and clarification of the definition of the method validation parameters are needed in the 

society of analytical chemists.  
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1. Introduction 

The urban atmosphere is continuously affected by emission of gaseous and particulate phase 

contaminants of anthropogenic origin arising from both stationary (power plants, industries, 

incinerators, and residential heating) and mobile sources (road traffic) (Bilos et al., 2001; 

Sullivan and Woods, 2000; Sweet et al., 1993). In the atmosphere, they undergo coagulation, 

condensation and chemical reactions (aging) leading to changes of particle size, morphology, 

phase states and chemical composition (Shiraiwa et al., 2012). Besides primary aerosol 

particles, secondary particle formation proceeds through gas-to-particle conversion by 

chemical transformation, nucleation and condensation of gaseous precursors like volatile 

organic compounds and sulphurous gases (Hallquist et al., 2009). Therefore the chemical 

composition of atmospheric particles varies in time and place such that long-term monitoring 

campaigns are required to observe seasonal variations and change.  

Spatial variation of PM2.5 across Europe is less well characterized than that of PM10 because 

it is not routinely measured in most monitoring networks (Putaud et al., 2010). Long-term data 

on PM2.5 levels and time trends of PM2.5 constituents are therefore available only for some 

European countries such as Greece (Mantas et al., 2014), Spain (Querol et al., 2014) and The 

Netherlands (Mooibroek et al., 2011). Systematic monitoring of PM10 mass concentration and 

composition determination are the most frequent in literature for Hungarian urban environment 

(Muránszky et al., 2011). Major pollution sources encompass vehicular traffic, residential 

heating and household activities in Budapest. Long-range transport of some pollutants also 

plays a role (Salma and Maenhaut, 2006). 

The objectives of this study was to (i) characterize urban PM2.5 through its mass 

concentration and chemical composition (trace elements, water-soluble inorganic ions, 

carbonaceous fractions), (ii) measure the OP of the collected particles and (iii) study the 

seasonal variations and changes in the chemical composition and OP of PM2.5 collected for 36 

months at an urban site heavily affected by road traffic in Budapest, Hungary. Furthermore, 

the determination of the mass concentration and the chemical composition (trace elements, 

major water-soluble ions, total carbon and water soluble organic carbon) of PM2.5 samples 

collected in Istanbul, Turkey over a 1-year long sampling campaign was also aimed.  
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2. Experimental part 

2.1. Description of the sampling sites and instrumentation 

Sampling was conducted at the Széna Square (latitude 47°30.6’ N, longitude 19°1.8’ E) 

urban site in the center of Budapest, Hungary between June 2010 and May 2013. The air 

quality monitoring station operated by the Natural Environment Protection and Hydrological 

Inspectorate of Central Danube Valley was affected by traffic emissions due to the proximity 

of a 6-lane road (distance of 5 m) carrying approximately 80,000 vehicles per day. The 

number of vehicles passing the road in both directions was recorded by traffic counters and 

no substantial differences in traffic density (ranged between 72,000 and 87,000 vehicles per 

day) were observed over the 3 years. Besides the automobile traffic, there is a busy tram 

line with vehicles running in every 2 minutes during rush hour. The main wind direction 

is NW coming downwards from the partly forestry Buda Hills; however, the main wind 

channel is actually the busy road coming from a suburban area; thus, the fresh air is already 

polluted when reaching the Széna Square. 

PM2.5 was collected onto quartz fiber filters (Ø 150 mm, Whatman QM-A, GE 

Healthcare, Little Chalfont, Buckinghamshire, UK) by a Digitel DHA-80 high-volume 

aerosol sampler (Digitel Elektronik AG, Hegnau, Switzerland) with a flow rate of 30 m3  

h-1. The sampler head was situated approximately 4 m above the ground level. On the first 

week of each month, one sample was collected for 96 hours from Monday morning (from 

about 10:00) to Friday morning, resulting in 2880 m3 sampled air volume. In total, 12 field 

blanks (one sample per season in each year) were also collected. Before sampling, filters 

were wrapped in Al foil and pre-treated at 550°C in an electric oven for 8 h in order to 

eliminate any possible organic contaminants. The conditioning of the empty and loaded 

filters was performed at 20 ± 1 °C and 40 ± 7% relative humidity for 48 h in a desiccator 

placed in an air-conditioned room and then filters were weighed on an analytical balance 

with a readability of 0.1 mg. Before analyses, filters were stored in glass Petri dishes sealed 

with parafilm at 4 °C. 
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Meteorological parameters (temperature, relative humidity, wind direction, wind 

velocity, precipitation rate and global radiation) were also collected at the air quality 

monitoring station. The city of Budapest has a typical continental climate characterized by 

cold winters and warm summers which directed us to an investigation of the seasonal 

variability of air pollutants. During the sampling period, the mean temperature values were 

2.9 and 23.7 °C for winter and summer respectively. 

For comparison, PM2.5 samples were simultaneously collected in Istanbul, Turkey 

between June 2010 and May 2011. The sampling site (latitude 41°6.5’ N, longitude 29°1.7’ 

E) was located on the campus of the Istanbul Technical University in the Maslak district of 

the European side of Istanbul. The sampling site was located at about 15 meters away from 

a busy road with a traffic density of about 90,000 vehicles per day. An AirFlow PM2.5 

sampler (Analitica Strumenti, Pesaro, Italy) was used for PM sampling. Same sampling 

parameters (e.g., position of the sampling head, applied air flow rate, sampling time) were 

applied in Istanbul than in Budapest. The samples weighed in an identical way in Turkey 

were sealed and sent to Budapest to be analyzed at the Eötvös Loránd University on a 

regular basis. Four field blanks (one sample per season) were also collected. 

The meteorological data of the closest meteorological station (Keciburnu station) were 

used in the study. During the sampling period, the mean temperature values were 7.5 and 

23.4 °C for winter and summer respectively. 

 

2.2. Sample preparation and analytical procedures 

 

2.2.1. Determination of trace elements 

 

Approximately 1/6 of each loaded/blank filter was cut out with a ceramic lance and then 

subjected to microwave-assisted aqua regia extraction by using an Anton Paar Multiwave 

sample preparation system (Graz, Austria). The procedure was optimized for PM10 samples 

previously (Muránszky et al., 2011). Briefly, the filter stripes were placed into quartz vessels 

which were previously filled with 10 mL of HNO3 + HCl (1 : 3 v/v) mixture. Both acid 
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reagents supplied from Merck (Darmstadt, Germany) were of Suprapure® quality. The 

microwave-assisted extraction was performed at 190 °C for 15 min at 800 W. Before each 

run, quartz vessels were cleaned by 5 mL of cc. HNO3 for 20 min at 1000 W. After 

extraction, the solutions were filtered through 0.22‐μm pore size Millex (Millipore, 

Billerica, MA, USA) syringe filters and filled up with deionized water to 50 mL. Before 

analysis, 10 μL of an internal standard solution containing In in concentration of 50 μg  

mL-1 was added to 10 mL sample solution. The concentration of 14 elements (V, Cr, Mn, 

Fe, Co, Ni, Cu, Zn, Rb, Mo, Cd, Sn, Sb and Pb) was determined by an ELEMENT2 

(ThermoFinnigan, Bremen, Germany) inductively coupled plasma sector field mass 

spectrometer (ICP–SF–MS). The calibration curves were constructed with five standard 

solutions diluted from ICP multi-element standard solution VI (Certipur®, Merck, 

Darmstadt, Germany) and 1000 mg L-1 standard solutions of Sn and Sb (Certipur®, Merck). 

The LOD) and LOQ values were calculated as three times and ten times the standard 

deviation of the field blank values, respectively.  

Another 1/6 piece of either loaded or blank filter was placed into a 50 mL polyethylene 

centrifuge tube and 50 mL of deionized water was added. These samples were then 

subjected to a 150-minute sonication-assisted water extraction at room temperature using 

an Elmasonic S40 ultrasonic bath (Elma Schmidbauer GmbH, Singen, Germany; ultrasonic 

frequency: 37 kHz, effective ultrasonic power: 140 W). After sonication and filtration, 10 

mL of each sample was acidified by 100 μL of cc. HNO3 and In as an internal standard was 

added. The resulting solutions were analyzed by the ICP-SF-MS method mentioned above. 

 

2.2.2. Assessment of the major water-soluble anions and cations 

 

The determination of the major water-soluble ions in the case of the PM2.5 samples 

collected in Istanbul and in Budapest between June 2010 and May 2011 was done according 

to the following methods.  

After sonication–assisted water extraction and filtration, samples were subjected to ion 

chromatographic and UV-Vis spectrophotometric determination. The volume of the 
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samples analyzed by IC was 8 mL, whereas 2 mL portions of the sonicated and filtered 

solutions were diluted to 10 mL for the UV-Vis spectrophotometric determinations. 

Samples were stored in a refrigerator at 4°C prior to the analyses taking place within two 

days. Anions (SO42-, NO3-, Cl-) were determined by a Dionex DX320 IC system (Dionex, 

Sunnyvale, USA) fitted with an IonPac AS19 column by applying gradient elution with 10 

mM KOH as base eluent and deionized water at a flow rate of 2.5 mL min-1 according to 

Hungarian Standard EN ISO 120304–1. The gradient program was (eluent composition and 

duration): 10 mM of KOH for 6 min; linear increase of the KOH concentration from 10 

mM to 25 mM for 15 mins; 25 mM of KOH for 4 mins; linear increase of the KOH 

concentration from 25 mM to 40 mM for 5 mins; 40 mM of KOH for 5 mins; linear decrease 

of the KOH concentration from 40 mM to 10 mM for 2 min. A 75 µL–aliquot of the 

sample/standard solution was loaded into the eluent stream. The ions were detected by 

suppressed conductivity of the eluent using an ASRS–ULTRA self–regenerating suppressor 

column. The calibration curves were constructed with five standard solutions in the 0.05–

15 mg L-1; 0.01–10 mg L-1 and 0.03–3 mg L-1 concentration range for SO42-, NO3- and Cl- 

respectively.  

The concentration of NH4+ was determined spectrophotometrically at 655 nm, according 

to the indophenol method (APHA, AWWA, WEF, 2005), using a Hach DR/2000 

spectrophotometer (Hach Co., Loveland, USA). The useful linear analytical range for this 

method was found to be from 0.02 to 2 mg NH4+ L-1. 

In order to determine the concentration of the other water-soluble ions (e.g., Na+, Ca2+, 

Mg2+), another ion chromatographic method was applied for the PM2.5 samples collected in 

Budapest between June 2010 and May 2013.  

After sonication‐assisted water extraction and filtration, 1 mL from each sample was 

diluted five times and subjected to IC analysis. Samples were kept at 4 °C in a refrigerator 

until analysis within 24 h. All measurements were carried out on an 881 Compact IC pro 

system equipped with an 863 Compact IC autosampler (Metrohm, Herisau, Switzerland). 

Anions (F-, Cl-, NO2-, Br-, NO3-, PO43-, SO42-) were separated on a Metrosep A Supp 7 (250 

mm × 4.0 mm I.D.) analytical column by applying isocratic elution with 7 mM Na2CO3 at a 
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flow rate of 0.8 mL min-1. The column temperature was 45 °C. A 20 µL aliquot of each 

sample/standard was loaded to the eluent stream. The ions were detected by suppressed 

conductivity of the eluent. Cations (Li+, Na+, NH4+, K+, Ca2+, Mg2+) were separated on a 

Metrosep C 4 (150 mm × 4.0 mm I.D.) analytical column using an eluent of 0.7 mM 

dipicolinic acid and 1.7 mM HNO3 at a flow rate of 0.9 mL min-1. The column temperature 

was 25 °C. A 10 µL aliquot of each sample/standard was loaded to the eluent stream. 

Individual standard solutions of 1000 mg L-1 (TraceCERT®, Sigma-Aldrich, St. Louis, USA) 

were diluted to construct the calibration curves for all investigated anions and cations. The 

instrumental LOD values were defined as three times the standard deviation of multiple 

injections (n=10) of the standards at low concentration (0.10 µg mL-1). 

The concentration of SO42-, NO3-, Cl- and NH4+ determined by the two different methods 

was compared in the case of the samples collected between June 2010 and May 2011 and 

the deviation was smaller than 10.5%.  

 

2.2.3. Investigation of the carbonaceous fraction 

 

In the case of the PM2.5 samples collected in Hungary (field blank and loaded samples), 

one rectangular filter strip of 1.5 cm2 was punched from each filter and used for 

determination of organic carbon (OC) and elemental carbon (EC) by thermal – optical 

transmission (TOT) method (EUSAAR-2 protocol) applying a Sunset OC/EC analyzer 

(Sunset Laboratory, USA). The measurements were carried out at the University of 

Florence in Italy. Samples were transported in closed Petri dishes in a cooled box by a fast 

courier service.  

For determination of the total carbon (TC) content of the PM2.5 samples collected in 

Hungary and Turkey, 5×20 mm strips (n=3) were cut out from each quartz fiber filter with 

a ceramic lance. In the C/N analyzer (type 2100 S, Analytik Jena, Germany) the carbon 

containing compounds were combusted in a pure oxygen stream (400 mL min-1) at 950 °C 

and the CO2 was determined using infrared absorption spectroscopy. The instrument was 

regularly calibrated by potassium hydrogen carbonate solution. In the case of some 
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randomly selected filters, three additional filter strips were acidified with phosphorous acid 

in order to eliminate carbonates and to measure the sum of OC and EC concentrations. The 

accuracy of the OC, EC and TC measurements was investigated by analyzing SRM 1648a. 

Water-soluble organic carbon (WSOC) concentrations were measured using the same 

C/N analyzer with an oxygen stream of 160 mL/min at 800 °C. Prior to this analysis, ¼ 

filters were placed into glass beakers (previously cleaned with cromic acid in order to 

eliminate organic contamination), sonicated for 45 min at room temperature after addition 

of 20 mL of deionized water and filtered. The negligible amount of water-soluble inorganic 

carbon in the solutions was checked and confirmed occasionally for PM2.5 samples collected 

in Budapest and Istanbul as well. 

 

2.3. Assessment of oxidative potential 

 

Particulate OP was assessed by antioxidant depletion using a synthetic respiratory tract 

lining fluid (RTLF) model which is sensitive to intrinsic redox active PM constituents such 

as redox active metals and quinones (Godri et al., 2010b). Briefly, 2-mm discs (n=3) were 

punched with a Harris Uni-CoreTM punch from the loaded and field blank filters and 

incubated at 37 °C for 4 h in 0.5 mL of a model RTLF containing the antioxidants, urate, 

ascorbate and reduced glutathione in a physiologically relevant concentration of 200 µmol 

dm-3 each. The PM2.5 mass varied between 4.3 and 22.3 µg on the punched discs which 

corresponds to a PM2.5 suspension with a concentration ranging between 8.6 and 44.6 µg 

mL-1. Particle-free and known particle controls (suspension of SRM 1648a /positive control/ 

and model carbon black particulate sample /negative control/ with a concentration of 50 

µg mL-1 each) were run in parallel with the PM2.5 samples and used for validation purposes. 

During the incubation, continuous shaking of the samples was carried out by a vortexer 

(Scientific Industries Inc., New York, USA). After centrifugation (13,000 rpm; 60 min; 4 

°C), the concentration of urate and ascorbate was determined by reversed-phase high 

performance liquid chromatography (HPLC) with electrochemical detection (Gilson 

Scientific Ltd., UK) based on a modified method of Iriyima et al. (1984). Briefly, HPLC vials 
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were filled with 400 μL ice-cold HPLC-grade water, 50 μL ice-cold 50 m/m% 

metaphosphoric acid solution and then 50 μL of the RTLF-PM supernatant was added into 

the vials. A 25 μL aliquot of sample solution was injected, using an autosampler (Model 231, 

Gilson), onto a SphereCloneTM column (150 × 4.6 mm, 5 μm) and eluted with 0.2 mM 

K2HPO4-H3PO4 mobile phase containing 0.25 mM octanesulphonic acid (pH = 2.1) at a flow 

rate of 1.0 mL min-1. The detector was operated with an electrode voltage of 400 mV, 5 s 

time constant and 500 nA cathodic output sensitivity.  

The concentration of total glutathione and reduced glutathione was determined by 

enzyme-linked 5,5'-dithio-bis(2-nitrobenzoic acid) assay by using a microplate reader 

(SpectraMAX 190; Molecular Devices, UK). The procedure is based on the method 

developed by Baker et al. (1990). A 16.7 mL aliquot of each supernatant was added to 983.3 

mL of ice-cold 100 mM sodium phosphate buffer solution (pH = 7.5) containing 1 mM 

ethylene-diaminetetraacetic acid. To measure the concentration of total glutathione, 50 μL 

aliquots of the sample /standard/quality control solutions were dispensed onto a microtiter 

plate (3 parallel measurements were done in the case of each solution). Once 100 μL of 

reaction mixture (0.15 mM 5,5`-dithio-bis(2-nitrobenzoic acid), 0.2 mM NADPH and 1 U 

glutathione reductase) was added to each, the plate was immediately analyzed on the plate 

reader heated to 30 °C. The duration of the analysis was two min during which time the 

formation rate of 5-thio-2-nitrobenzoic acid was measured at the wavelength of 405 nm. A 

similar protocol was employed to determine the concentration of oxidized glutathione. The 

only exception was that prior to sample combination with the reaction mixture, 5 μL of 2-

vinyl pyridine was added to 130 μL of sample/standard/quality control solutions in order 

to remove the available reduced glutathione by conjugating it with 2-vinyl pyridine. These 

solutions containing 2-vinyl pyridine were vortexed for 5 s, followed by a one hour 

incubation at room temperature. The concentration of the reduced glutathione was 

calculated by subtracting two times the concentration of the oxidized glutathione from the 

measured total glutathione concentration since one molecule of oxidized glutathione yields 

two molecules of colored product after the reaction with DTNB in the total glutathione 

assay. In parallel with all sample batches, standard solutions were also run.  
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All chemicals used were obtained from Sigma Chemical Company Ltd. (Pool, UK) and 

were of analytical grade. Ultra-pure deionized water was produced by a PureLab Ultra 

water polishing system (Elga Process Water, UK), followed by removal of the trace metals 

by overnight stirring in the presence of Chelex-100 resin (Sigma Chemical Company Ltd., 

UK), filtration and adjustment to pH 7.0. The detailed calculation method of the OP metrics 

has been described elsewhere (Godri et al., 2010b). 

 

2.4. Investigation of the distribution of aerosol constituents on the loaded filter 

 

Three parallel filter stripes were analyzed for each sample in the case of TC and OP 

analyses only. In order to test the homogeneity of the loaded filter among parallel filter 

cuts and therefore the overall precision of the sampling and analytical measurements for 

each constituent, three filter stripes were cut from one selected sample and analyzed 

according to the above-mentioned methods.  

 

2.5. Statistical analysis 

 

The software package of IBM SPSS Statistics for Windows, version 21 (IBM Corp., 

Armonk, NY, USA) was used for statistical data evaluation. Pearson’s linear (r) or 

Spearman’s rank correlation coefficients (rs) with a two-tailed test of significance (p) were 

produced to show linear or monotonic relationships between different PM characteristics, 

respectively. In all cases, a p value of <0.05 was considered significant. The Shapiro-Wilk 

test was used to determine the distribution of data and subsequently the type of the 

correlation analysis (parametric /Pearson’s correlation/ or non-parametric /Spearman’s 

rank correlation/). Factor analysis with varimax rotation was also performed to further 

examine the link between the OP metrics and PM sources. Coefficient of variation (CV) 

was calculated to show temporal variability. Seasonal trends were strengthened by 

Pearson’s linear correlation coefficients between the atmospheric concentration of air 

pollutants and ambient temperature.  
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3. Results and discussion 

3.1. Atmospheric concentrations 

 

Descriptive statistics on the concentration of PM2.5 mass and the investigated 

constituents for PM2.5 collected in Budapest are shown in Table 3.1. The homogeneity test 

suggested that the filter cuts provided a good representation of the whole loaded filter; the 

precision expressed as relative standard deviation (RSD) for the constituents ranged 

between 0.2 and 20.6% (Table 3.2). The lowest RSD values (< 2.5%) were obtained for the 

carbonaceous fractions and the major water-soluble ions meanwhile the RSD values varied 

from 4.5 to 20.6% for the trace elements extracted by aqua regia. In the latter case, the 

analytical procedure contains several sample preparation steps (i.e., use of acids, dilution, 

filtration) which are potential sources of errors and are thought to be responsible for the 

higher RSD values. 

The PM2.5 mass concentration ranged between 7.8 and 40.2 µg m-3 over the sampling 

period with a mean of 21.0 µg m-3 which is lower than the 25 µg m-3 annual mean PM2.5 

limit value set by the European Commission (EC, 2008). However, it is clear that the 

reduction of the PM2.5 mass concentration is required in line with the directive since a limit 

value of 20 µg m-3 is indicated for 2020. A seasonal pattern of PM2.5 mass concentration was 

observed at the sampling site (Figure 3.1) which can be linked to (i) meteorological 

conditions (i.e., low temperature values are favorable for the condensation of semi-volatile 

inorganic and organic compounds; temperature inversion can lead to increased PM 

concentrations during winter) and (ii) the variable contribution of local and continental 

sources (i.e., biomass burning is likely to contribute to PM2.5 mass concentration during 

winter). Accordingly, two-fold higher PM concentration values were found during winter 

in comparison to summer on average (Table 3.1). The PM2.5 mass concentration was 

negatively correlated (r=-0.58; p<0.01) with the ambient temperature. Considerable change 

in annual mean PM2.5 mass concentration was not seen between 2010 and 2013 (Figure 3.1).  
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Table 3.1. Descriptive statistics on the concentration of PM2.5 mass and the investigated constituents 

for the 3-year long sampling period (June 2010 – May 2013). 

  
Min. Max. Mean Median 

Summer Fall Winter Spring Winter/summer 
concentration 

ratio 
  Mean 

mass concentration (µg m-3)               

PM2.5 7.8 40.2 21.0 19.8 14.0 20.3 28.7 20.5 2.1 

carbonaceous compounds (µg m-3)             

OC 1.61 12.8 5.42 4.55 2.87 5.85 8.23 4.75 2.9 
EC 1.36 3.27 2.02 1.96 1.88 2.28 2.00 1.93 1.1 
WSOC 0.85 4.80 2.30 2.00 1.78 2.07 2.95 2.41 1.7 
TC 3.70 17.7 8.91 8.00 5.69 9.74 12.4 7.85 2.2 

water-soluble ions (µg m-3)               

NH4+ 0.27 3.75 1.33 1.00 0.90 1.22 1.80 1.41 2.0 
Na+ 0.02 0.64 0.22 0.18 0.13 0.26 0.30 0.19 2.4 
K+ 0.04 0.51 0.18 0.12 0.09 0.21 0.30 0.12 3.2 
Ca2+ 0.03 0.52 0.16 0.13 0.10 0.16 0.12 0.26 1.2 
Mg2+ 0.02 0.36 0.05 0.03 0.04 0.04 0.04 0.09 1.0 
SO42- 1.12 5.00 2.84 2.79 3.00 2.81 2.54 3.02 0.8 
NO3- 0.07 8.96 2.14 1.63 0.26 1.90 3.90 2.49 14.9 
Cl- 0.01 0.48 0.11 0.07 0.03 0.14 0.20 0.09 6.4 

aqua regia extractable part of trace elements (ng m-3)         

V 0.14 1.36 0.40 0.28 0.25 0.30 0.46 0.55 1.8 
Cr 0.33 3.98 1.17 0.88 0.75 1.51 0.80 1.52 1.1 
Mn 1.54 11.5 3.86 3.21 2.69 4.23 3.28 4.96 1.2 
Fe 95.7 303 169 164 143 167 149 211 1.0 
Co 0.020 0.093 0.041 0.036 0.034 0.036 0.033 0.059 1.0 
Ni 0.18 1.76 0.60 0.49 0.38 0.57 0.49 0.91 1.3 
Cu 2.49 12.8 6.62 5.99 5.14 7.31 6.59 6.97 1.3 
Zn 10.6 65.3 31.3 29.3 19.7 34.4 43.2 23.1 2.2 
Rb 0.10 0.77 0.38 0.38 0.18 0.37 0.51 0.40 2.8 
Mo 0.14 0.75 0.37 0.36 0.25 0.42 0.33 0.46 1.3 
Cd 0.06 0.51 0.23 0.20 0.11 0.25 0.32 0.21 2.9 
Sn 0.33 2.33 1.19 1.08 0.73 1.38 1.18 1.32 1.6 
Sb 0.44 2.58 1.23 1.14 0.79 1.26 1.39 1.34 1.8 
Pb 0.98 27.1 7.28 5.71 3.10 8.45 10.72 5.24 3.5 

water-soluble part of trace elements (ng m-3)           

V 0.080 0.92 0.28 0.25 0.19 0.22 0.35 0.32 1.8 
Cr 0.055 0.56 0.24 0.26 0.31 0.24 0.18 0.25 0.6 
Mn 0.85 3.74 2.18 2.10 1.78 2.47 2.02 2.34 1.1 
Fe 5.60 63.7 25.4 26.3 37.3 24.0 24.1 19.7 0.6 
Co 0.009 0.043 0.023 0.021 0.024 0.021 0.023 0.025 0.9 
Ni 0.12 0.61 0.31 0.29 0.27 0.33 0.32 0.31 1.2 
Cu 1.37 8.23 4.01 3.64 3.09 5.07 3.54 4.03 1.1 
Zn 9.94 65.6 28.9 26.3 19.3 33.2 39.3 19.6 2.0 
Rb 0.080 0.73 0.30 0.29 0.14 0.30 0.43 0.29 3.1 
Mo 0.090 0.29 0.18 0.17 0.16 0.20 0.18 0.18 1.1 
Cd 0.049 0.46 0.18 0.15 0.09 0.21 0.28 0.13 3.1 
Sn 0.005 0.11 0.05 0.05 0.06 0.05 0.04 0.05 0.7 
Sb 0.36 1.97 0.86 0.72 0.50 0.96 0.97 0.90 2.0 
Pb 0.092 8.66 1.59 0.79 1.26 1.91 2.45 0.52 1.9 

Abbreviations: OC = organic carbon; EC = elemental carbon; WSOC = water-soluble organic carbon; TC = 

total carbon 
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Table 3.2. Overall precision of the whole procedure (sampling and analytical measurements). 

Relative standard deviation (RSD) was calculated from the results obtained for three different filter 

cuts of a selected loaded filter. 

  1st part 2nd part 3rd part mean ± SD RSD (%) 

carbonaceous compounds (µg m-3)       

OC 8.64 ± 0.44 8.66 ± 0.44 8.67 ± 0.44 8.66 ± 0.02 0.2 
EC 1.91 ± 0.10 1.85 ± 0.10 1.88 ± 0.10 1.88 ± 0.03 1.5 
TC 12.1 12.3 11.9 12.1 ± 0.2 1.7 
WSOC 2.85 ± 0.01 2.80 ± 0.02 2.78 ± 0.03 2.82 ± 0.05 1.7 

water-soluble inorganic ions (µg m-3)         

Na+ 0.037 0.044 0.042 0.041 ± 0.003 8.5 
NH4+ 1.31 1.25 1.28 1.28 ± 0.03 2.5 
K+ 0.22 0.21 0.22 0.21 ± 0.01 1.8 
Ca2+ 0.052 0.047 0.042 0.047 ± 0.005 11.3 
Mg2+ 0.009 0.012 0.011 0.010 ± 0.001 11.2 
Cl- 0.052 0.063 0.053 0.056 ± 0.006 11.5 
NO3- 2.25 2.19 2.21 2.21 ± 0.03 1.4 
SO42- 2.13 2.06 2.13 2.11 ± 0.04 1.9 

aqua regia extractable part of trace elements (ng m-3)   

V 0.14 ± 0.01 0.16 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 6.7 
Cr 0.50 ± 0.01 0.64 ± 0.01 0.69 ± 0.01 0.61 ± 0.10 16.6 
Mn 2.10 ± 0.02 2.40 ± 0.03 2.50 ± 0.04 2.33 ± 0.21 9.1 
Fe 92.1 ± 2.8 103 ± 2 111 ± 4 102 ± 10 9.3 
Co 0.017 ± 0.001 0.019 ± 0.001 0.021 ± 0.001 0.019 ± 0.002 12.2 
Ni 0.12 ± 0.01 0.16 ± 0.01 0.19 ± 0.01 0.16 ± 0.03 20.6 
Cu 3.84 ± 0.13 3.67 ± 0.12 4.02 ± 0.09 3.85 ± 0.17 4.5 
Zn 11.6 ± 0.1 13.8 ± 0.1 14.5 ± 0.1 13.3 ± 1.6 11.7 
Rb 0.35 ± 0.01 0.33 ± 0.01 0.39 ± 0.01 0.36 ± 0.03 8.4 
Mo 0.31 ± 0.01 0.36 ± 0.01 0.39 ± 0.01 0.36 ± 0.04 12.0 
Cd 0.17 ± 0.01 0.22 ± 0.01 0.20 ± 0.01 0.20 ± 0.03 14.1 
Sn 0.66 ± 0.01 0.74 ± 0.01 0.90 ± 0.02 0.77 ± 0.12 15.9 
Sb 0.96 ± 0.02 1.02 ± 0.01 0.90 ± 0.02 0.96 ± 0.06 6.4 
Pb 1.84 ± 0.03 2.51 ± 0.02 2.55 ± 0.02 2.30 ± 0.41 17.8 

water-soluble part of trace elements (ng m-3)     

V 0.17 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 4.3 
Cr 0.11 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 11.3 
Mn 1.69 ± 0.02 1.58 ± 0.06 1.58 ± 0.04 1.61 ± 0.06 3.9 
Fe 22.4 ± 0.7 22.3 ± 0.9 23.2 ± 0.2 22.6 ± 0.5 2.3 
Co 0.010 ± 0.001 0.010 ± 0.001 0.011 ± 0.001 0.010 ± 0.001 4.6 
Ni 0.18 ± 0.01 0.17 ± 0.01 0.17 ± 0.01 0.17 ± 0.01 4.6 
Cu 3.08 ± 0.03 2.90 ± 0.02 2.96 ± 0.03 2.98 ± 0.10 3.3 
Zn 13.9 ± 0.2 13.7 ± 0.2 14.1 ± 0.1 13.9 ± 0.2 1.6 
Rb 0.24 ± 0.01 0.22 ± 0.01 0.23 ± 0.01 0.23 ± 0.01 3.1 
Mo 0.15 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 4.0 
Cd 0.17 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 2.8 
Sn 0.098 ± 0.002 0.082 ± 0.002 0.091 ± 0.001 0.090 ± 0.008 8.3 
Sb 0.76 ± 0.01 0.71 ± 0.02 0.75 ± 0.01 0.74 ± 0.009 3.8 
Pb 0.26 ± 0.01 0.26 ± 0.01 0.29 ± 0.01 0.27 ± 0.02 6.3 

Abbreviations: OC = organic carbon; EC = elemental carbon; TC = total carbon; WSOC = water-soluble 

organic carbon 
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Figure 3.1. Monthly variation of the PM2.5 mass concentration values at the sampling site in 

Budapest. 

 

3.1.1. Carbonaceous compounds 

 

Figure 3.2 shows the concentration values for EC, OC, TC and WSOC over the sampling 

period. Temporal variation could be observed for OC, TC and WSOC with a peak during 

winter while the concentration of EC was relatively constant during the sampling period.  

Possible sampling artifacts of carbonaceous aerosol particles on quartz fiber filter, 

namely the adsorption of vapor phase organic compounds (positive artifact) and the loss of 

semi-volatile carbonaceous compounds (negative artifact) were not taken into account. A 

number of studies have demonstrated that the extent of the positive artifact is higher than 

the negative resulting in overestimation of OC concentration; with ambient temperature, 

the concentration of volatile organic compounds, the sampled air volume and the surface 

area of the filter all having an influence (Schwarz et al., 2008). Due to the high amount of 

PM2.5 mass collected in this study, the application of sampling correction is less important 

(Salma et al., 2007; Turpin et al., 2000). The results for EC and OC are similar to the yearly 

mean concentration values obtained by Perez et al. (2008) for Barcelona (2.3 and 5.5 µg  

m-3, respectively) and somewhat lower than the concentration values (3.4, 3.2 and 6.8, 6.9 
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µg m-3 median values for daylight periods and nights for EC and OC, respectively) 

determined earlier for a kerbside characterized by higher traffic density in Budapest during 

spring (Salma et al., 2004). The mean OC concentration for winter was higher than for 

summer by a factor of 2.9 which is about 1.7 times higher than reported for urban PM2.5 

collected in Amsterdam (Viana et al., 2007); however, similar ratio (2.7) was obtained for 

Milan (Vecchi et al., 2004). The differences in local emission sources as well as the more 

significant seasonal contrast in meteorological parameters in Hungary may be responsible 

for this higher ratio. During the sampling period, no proof of any seasonality was observed 

for EC which is in line with other studies (i.e., Vecchi et al., 2004; Viana et al., 2007).  
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Figure 3.2. Temporal variation in the concentration of total carbon (TC), elemental carbon (EC), 

organic carbon (OC) and water-soluble organic carbon (WSOC) in urban PM2.5 collected in the city 

center of Budapest. 
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While the PM2.5, OC, WSOC and TC concentration data correlated well with each other 

(r > 0.85), the correlation analysis showed no association for EC (Figure 3.3). This is 

understandable since EC is primary in origin (directly emitted by combustion sources) 

while the composition and concentration of the organic fraction, the major part of PM, are 

affected by secondary reactions as well. Therefore, the OC/EC concentration ratios varied 

from 0.94 to 7.01 with a mean value of 2.71 and showed seasonality. The OC/EC values 

ranged from 0.94 to 1.83 in summer and from 1.96 to 7.01 in winter indicating the relatively 

high impact of traffic source (for diesel engines OC/EC ratio of 1.1 was measured by 

Kleeman et al. (2000)) in the warm period and the remarkable contribution of other 

primary sources (i.e., biomass burning) with high OC/EC ratio and/or secondary organic 

aerosol during the cold period. 
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Figure 3.3. Scatter plots and Pearson correlation of PM2.5 mass concentration, organic carbon (OC), 

elemental carbon (EC), water-soluble organic carbon (WSOC), total carbon (TC) and the sum of 

OC and EC (OC + EC) concentration (units as in Table 2.1). 
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On average, OC and EC made up 25 and 11% of the PM2.5 mass concentration 

respectively. The contribution of WSOC to the OC mass was found to have increasing 

tendency from winter (26-40%) to summer (50-68%) with an average WSOC/OC 

concentration ratio of 46% (Figure 3.4). Similar to our findings, seasonal variability was 

observed for the PM2.5 size fraction in Barcelona with average ratios of 33 and 43% in winter 

and summer respectively. However, there was no significant difference in the WSOC/OC 

concentration ratios for the winter and summer campaigns in Amsterdam and Ghent 

(Viana et al., 2007). An increase in the WSOC/OC concentration ratio may be associated 

with enhanced photochemical oxidation forming oxygen containing functional groups 

which have higher water solubility in summer, as well as with enhanced wet depositional 

losses of WSOC in winter (Kleefeld et al., 2002). 
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Figure 3.4. Water-soluble organic carbon/organic carbon (WSOC/OC) concentration ratios (%) for 

the PM2.5 size fraction between 2010 and 2013. 

 

The TC concentrations obtained by the two methods correlated well (r=0.99, p<0.01; 

Figure 3.3); however, the TOT method provided 13% lower values which is acceptable 

since differences of up to 25% among different methods have been reported (Putaud et al, 

2010). Due to the working principle of the C/N analyzer, the sum of all carbon forms 
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(organic/elemental/carbonate carbon) is determined while the TOT method gives 

information on the OC and EC content. However, the lower values obtained by the TOT 

method could not be explained by the carbonate fraction as its contribution to the TC 

content was less than 3%. 

 

3.1.2. Major water-soluble inorganic ions 

 

Substantial seasonal differences in the concentration of NO3-, NH4+, Na+, K+ and Cl- were 

observed during the sampling period (Table 3.1). The highest concentrations of these 

constituents were found during the winter season. In contrast, SO42- maintained a rather 

stable concentration across the seasons with a small increase in summer due to the 

enhanced photochemical oxidation of SO2. However, the relatively constant SO42- 

concentration indicates its association with long-range transport and other meteorological 

conditions (i.e. mixing height) as well. Nitrate ion in the PM2.5 size fraction is assumed to 

be present as semi-volatile NH4NO3. It is well known that equilibrium between particle 

phase NH4NO3 and the gas phase NH3 and HNO3 depends on the temperature and relative 

humidity and sampling artifact can occur during the warm period due to the evaporation 

of NH4NO3 (Stelson and Seinfeld, 1982). Therefore, its particulate phase concentration was 

approximately 15 times higher in winter compared to summer. The concentration of NH4+ 

generally followed the sum of the concentration of NO3- and SO42- since NH4+ mainly 

appears as NH4HSO4, (NH4)2SO4 or NH4NO3 in the fine fraction. Aerosol containing mainly 

NH4HSO4 is indicative of moderately aged aerosol while (NH4)2SO4 is the dominant 

compound in the case of highly aged aerosols (Hazi et al., 2003). The NH4+/(2 × SO42- +  

NO3-) ratios were slightly lower than one which would indicate the presence of NH4HSO4. 

However, the sum of the molar concentrations of the water-soluble cations multiplied with 

their corresponding charge is almost equal to the sum calculated for the water-soluble 

anions. The Pearson’s linear correlation coefficient between these sums was 0.97 (p<0.01). 

The median value of the cations/anions ratios was 1.02 (0.85 – 1.29) for the urban PM2.5 size 

fraction. These findings suggest that other cations (i.e. Na+, Ca2+) were also associated with 
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SO42- and the amount of NH4+ was enough to fully neutralize both NO3- and SO42-. Since 

Budapest is far from any coastal areas, the contribution of sea salt SO42- to the measured 

SO42- concentration is thought to be negligible. The elevated K+ concentration values in the 

cold periods were attributable to wood combustion during domestic heating. It is supported 

by the strong correlation (r=0.87, p<0.01) between the concentration of K+ and OC. 

 

3.1.3. Trace elements 

 

Among the investigated elements, only the concentration of Fe exceeded the 100 ng  

m-3 level meanwhile Co was found to be present in the low ng m-3 range. The lowest mean 

concentrations of all the elements occurred during summer (Table 3.1). Increased wet 

deposition of aerosol particles, high ambient temperature and the deeper mixing layer may 

be responsible for the low concentrations. Seasonal trend with a winter peak was observed 

for the atmospheric concentration of Zn (r=-0.64, p<0.01), Rb (r=-0.70, p<0.01), Cd (r=-

0.65, p<0.01) and Pb (r=-0.51, p<0.01) which was strengthened by the significant negative 

correlation between the elemental concentrations and the ambient temperature. However, 

there was no typical seasonality for the remaining elements; some of them (V, Mn, Fe, Co 

and Ni) reached their maximum values during spring while others (Cr, Mo, Sn) showed 

their highest values during fall and spring as well. 

Substantial changes in the yearly averaged trace element concentrations could not be 

observed between 2010 and 2013; however, the comparison of our data with the results 

obtained at the same sampling site for the PM2.0 size fraction in 1996 and 2002 spring (Salma 

et al., 2001; Salma and Maenhaut, 2006) revealed a strongly decreasing tendency for Pb. 

The median concentrations of this element were 52 ng m-3 and 16 ng m-3 during the spring 

seasons in 1996 and 2002, respectively, and a mean concentration of 5.2 ng m-3 was seen 

for the PM2.5 size fraction for this season across 2010-2013. Since the application of 

tetraethyl lead as a fuel additive was banned in 1999 in Hungary, Pb concentration 

decreased by approximately one order of magnitude. However, the contribution of other 

Pb sources (i.e. communal waste incineration) has clearly become also less important 
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during the last decade. The concentration of V and Co also showed a continuous decrease 

across time In contrast, Cu and Sb were found to be present in higher concentrations in 

2002 than in 1996 due to the spread of asbestos-free brake linings containing the above-

mentioned elements. However, this increasing tendency stopped and the concentration of 

both elements decreased again by 2010-2013. The correlation analysis showed strong 

association (r=0.82, p<0.01) between Cu and Sb for the results of the 2010-2013 sampling 

period which suggest that emissions from brake linings was still the major source of these 

two metals.  
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Figure 3.5. Ratios of trace element concentrations obtained for water and aqua regia extractions for 

all PM2.5 samples. Inner squares in each box correspond to the mean value. The bottom, middle and 

top of each box correspond to the 25th, 50th and 75th percentile while whiskers indicate 10th and 

90th percentiles. Individual outliers are also shown. 

 

The water-soluble proportion of the elements expressed as the ratio of the concentration 

value obtained after water extraction and the concentration value obtained after aqua regia 

extraction is shown in Figure 3.5. The mean ratios varied widely from 5% (Sn) to 92% (Zn). 

The mean water soluble proportion was less than 25% for Sn, Fe (16%) and Pb (20%) while 



 

52 
 

the most water-soluble elements were V (73%), Cd (78%), Rb (81%) and Zn. These values 

can be used as indicators in the assessment of the chemical form of the given elements. 

Moreover, the determination of the element fraction accessible to water is thought to be 

important because several studies have reported linkage between certain water-soluble 

metals and adverse health effects (i.e., Huang et al., 2003); however, the relevance of water-

soluble versus insoluble forms is still unclear (Kelly and Fussel, 2012). Fewer studies have 

attempted to determine the water-soluble part of trace elements in particulate matter 

compared to the number of articles dealing with the determination of the total trace 

element concentrations. For comparison, Heal et al. (2005) reported similar water-soluble 

proportions for V, Cr, Fe, Zn and Cd; however, slightly lower values were observed for Cu 

and Ni and higher values for Pb in the PM2.5 collected in Edinburgh. Furthermore, Canepari 

et al. (2014) observed lower water-solubility for Co, Ni and Cu and higher water-soluble 

proportion for Pb together with agreement for the other elements in PM2.5 in the Po Valley. 

 

3.2. Chemical mass closure 

 

Relative contribution of the constituents to the PM2.5 mass concentration for each season 

is shown in Figure 3.6. Multiplying OC concentration by factors of 1.6 ± 0.2 and 2.1 ± 0.2 

are recommended to estimate the concentration of OM for urban and nonurban aerosols 

respectively (Turpin and Lim, 2001). We adopted the factor of 1.6; however, it has to be 

noted that the average organic molecular weight per carbon weight varies with season as 

the mix of organic compounds in PM2.5 varies. OM was a major component of PM2.5 

accounting for 39.7% on average. Depending on the season, the mean relative contribution 

of OM ranged between 33.3% (summer) and 45.2% (winter). Elemental carbon had a 

considerable contribution (11.3%) to the PM2.5 mass concentration as well. Besides the 

carbonaceous fractions, the secondary inorganic compounds (SO42-, NO3- and NH4+) 

represented a dominant part of PM2.5, accounting for 29.3% of its mass on average. The 

most significant inorganic ion was SO42- in summer (21.5%), fall (14.4%) and spring (15.5%) 

while in winter the contribution of NO3- was the highest (13.0%).  
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Figure 3.6. Mean composition (expressed in%) of PM2.5 for (a) summer, (b) fall, (c) winter and (d) 

spring. OM = organic matter, EC = elemental carbon, others ions = Na+, K+, Ca2+, Mg2+ and Cl- 

 

On average, 84% of the gravimetric mass could be reconstructed by the chemical 

measurements. The remaining part is related to the uncertainties in the gravimetric mass 

determination, chemical analyses and multiplication factor used for estimation of OM as 

well as the unaccounted particle-bound water and certain crustal elements. Our results are 

in line with those reported by Putaud et al. (2010) to the urban PM2.5 for Central European 

sites except for OM which showed higher levels in Budapest. 
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3.3. Particulate oxidative potential: seasonal variation and link to PM constituents 

 

Substantial temporal differences in both ascorbate and glutathione oxidation (OPAA and 

OPGSH, respectively) were observed during the sampling period. Urate was shown to be 

inert to urban PM2.5 as reported previously (Künzli et al., 2006). The extent of temporal 

variability was similar for PM2.5 mass concentration (CV=40%) and OPAA m-3 (CV=33%), 

meanwhile OPGSH m-3 was more variable (CV=67%) (Figure 3.7a). The maximum values for 

OPAA m-3 and OPGSH m-3 were 8 and 36 times higher than the lowest ones respectively. 

There was no significant correlation between PM2.5 mass concentration and OPGSH m-3 

(rs=0.31, p=0.07); however, the correlation was stronger between PM2.5 mass concentration 

and OPAA m-3 (rs=0.46, p<0.01). These findings indicate that PM2.5 mass concentration does 

not reflect the OP. The correlation analysis revealed significant association (rs=0.60, p<0.01) 

between OPAA m-3 and OPGSH m-3. No clear overall trend was apparent in OPAA m-3 and 

OPGSH m-3 over the sampling period; however, the OP of the particles, especially as 

determined as OPAA µg-1, generally increased in the summer compared to colder periods. 
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Figure 3.7. Time series of PM2.5 ascorbate (AA) and reduced glutathione (GSH) oxidative 

potential per unit volume (a) and per unit mass (b). 

 

The Spearman’s rank correlation coefficients between the OP of PM (OPAA  

µg-1 and OPGSH µg-1) and the concentration (µg g-1) of the investigated constituents are listed 

in Table 3.3. Taking into account the 14 investigated trace elements, significant correlations 

were found between OPAA µg-1 and trace element concentrations obtained after aqua regia 

extraction for Cu, Fe, Cr, Mo and Ni. Moreover, the water-soluble part of the trace elements 

(i.e., Cr, Co, Fe, Ni, Mo, Sn, Sb) generally showed stronger correlations with OPAA µg-1. 

Besides the trace elements, SO42- and WSOC are also indicators of PM oxidative activity 

with ascorbate. The capacity of PM to deplete reduced glutathione was correlated with the 

concentration of Cu, Mo and Cd obtained after aqua regia extraction, the concentration of 

Cr, Co, Ni, Mo and Sb determined after water extraction as well as the WSOC content. 

However, it has to be noted that strong correlation between PM constituents (especially 

between trace elements) may cause false associations. 
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Table 3.3. Spearman’s rank correlation coefficients between PM oxidative potential (OPAA µg-1 and 

OPGSH µg-1) and the concentration (µg g-1) of the investigated constituents. The corresponding p-

values are indicated in brackets. 

  OPAA OPGSH     OPAA OPGSH     OPAA OPGSH 

carbonaceous fractions   
aqua regia extractable part of trace 

elements 
 

water-soluble part of trace 

elements 

OC -0.45 (<0.05) -0.37 (<0.05)  V 0.01 (0.94) -0.13 (0.54)  V 0.01 (0.95) -0.21 (0.26) 

EC 0.29 (0.11) -0.08 (0.65)  Cr 0.40 (<0.05) 0.15 (0.41)  Cr 0.77 (<0.01) 0.60 (<0.01) 

WSOC 0.47 (<0.01) 0.43 (<0.05)  Mn 0.21 (0.24) 0.24 (0.19)  Mn 0.38 (<0.05) 0.11 (0.56) 

TC -0.02 (0.90) -0.17 (0.35)  Fe 0.43 (<0.05) 0.19 (0.29)  Fe 0.63 (<0.01) 0.19 (0.30) 

major water-soluble ions    Co 0.08 (0.66) 0.08 (0.64)  Co 0.68 (<0.01) 0.53 (<0.01) 

Na+ 0.10 (0.58) -0.10 (0.60)  Ni 0.38 (<0.05) 0.29 (0.11)  Ni 0.52 (<0.01) 0.36 (<0.05) 

NH4+ 0.15 (0.42) 0.22 (0.22)  Cu 0.64 (<0.01) 0.41 (<0.05)  Cu 0.51 (<0.01) 0.23 (0.20) 

K+ -0.08 (0.67) 0.05 (0.79)  Zn 0.23 (0.21) 0.12 (0.50)  Zn 0.25 (0.17) 0.03 (0.89) 

Ca2+ 0.32 (0.08) 0.41 (<0.05)  Rb -0.19 (0.29) 0.06 (0.73)  Rb -0.44 (<0.05) -0.38 (<0.05) 

Mg2+ 0.04 (0.85) 0.15 (0.39)  Mo 0.39 (<0.05) 0.48 (<0.01)  Mo 0.59 (<0.01) 0.40 (<0.05) 

Cl- 0.15 (0.42) 0.25 (0.16)  Cd 0.18 (0.33) 0.42 (<0.05)  Cd 0.06 (0.75) 0.26 (0.15) 

NO3- -0.42 (<0.05) -0.21 (0.24)  Sn 0.20 (0.28) 0.15 (0.42)  Sn 0.46 (<0.01) 0.08 (0.65) 

SO42- 0.67 (<0.01) 0.44 (<0.05)  Sb 0.17 (0.34) 0.07 (0.70)  Sb 0.33 (0.07) 0.46 (<0.01) 

        Pb -0.01 (0.94) 0.22 (0.22)   Pb 0.03 (0.87) 0.32 (0.07) 

Abbreviations: OPAA = ascorbate oxidation; OPGSH = glutathione oxidation; OC = organic carbon; EC = 

elemental carbon; WSOC = water-soluble organic carbon; TC = total carbon 

 

Correlations between the OP of PM and the trace element concentrations are in a good 

agreement with previous observations (Godri et al., 2010b; Godri et al., 2011; Künzli et al., 

2006; Nawrot et al., 2009; Yang et al., 2014). However, given the wide variety of 

investigated environments (i.e. urban, rural, kerbside, indoor), the applied OP assay as well 

as the number of investigated PM constituents make comparisons across studies difficult. 

The sources of PM, the atmospheric reactions and the meteorological parameters are key 

determinants in the chemical form, oxidation state and bioavailability of the trace 

elements. Non-destructive instrumental analytical techniques (i.e. ED-XRF, PIXE) and 

other methods based on the determination of trace element concentrations after extraction 

of trace elements in acids do not give us additional information on the trace elements (i.e. 

chemical form) only their sum concentration. A few techniques (i.e., TXRF-XANES) are 

capable to determine the species of minor elements in aerosol particles; however, they still 

display several limitations. The trace element concentrations derived by sonication-assisted 
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water extraction may not reflect the biologically available quantities; however, the stronger 

correlations obtained in this study for the aforementioned concentrations compared to the 

trace element concentrations obtained after aqua regia extraction indicate their importance 

in the OP of PM. 

None of the other studies that measured OPAA or OPGSH evaluated correlations with the 

trace element concentrations obtained after water extraction. Godri et al. (2010a) 

investigated the contribution of the bioavailable Fe to the depletion of ascorbate by 

monitoring Fe(II) concentration via complex formation using bathophenanthroline 

disulfonate; however, no clear association was found between Fe(II) concentration and 

ascorbate loss from the synthetic RTLF solution. Another previous study (Shi et al., 2003) 

showed significant correlations between hydroxyl radical formation using H2O2 as 

triggering agent and the concentration of Cu and Cr determined in the aqueous suspensions 

of PM. Experiments with soluble metals and with particles that were coated with single 

metal salts were also performed, and high ability for Cu(II), V(II), V(V), and Fe(II), and less 

ability for Fe(III) and Ni(II) to generate hydroxyl radicals in the presence of H2O2 was 

observed.  

There is generally less evidence to connect secondary inorganic compounds to certain 

adverse health effects; however, epidemiological studies do continue to show relationships 

between SO42- and various health outcomes (Kelly and Fussell, 2012). In terms of OP, SO42- 

can also modify transition metal catalyzed oxidative reactions (De Laat et al., 2004) which 

may explain the significant correlation between SO42- concentration and OPAA µg-1 and 

OPGSH µg-1. 

OC was not identified as an indicator of particulate OP, unlike results from a previous 

study (Verma et al., 2012) in which dithiothreitol assay was used. Individual organic 

compounds were not investigated in the present study, although some of them (i.e. 

polycyclic aromatic hydrocarbons and quinones) can also contribute to OP through the 

generation of reactive oxygen species (Ayres et al., 2008; Janssen et al., 2014). The 

correlation analysis showed positive relationship between both OP metrics and the WSOC 

concentration. In line with our observations, the association between WSOC content and 
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the OP of PM has already been presented in a previous study (Verma et al., 2012). Humic-

like substances (HULIS) are the major constituents in the water-soluble organic fraction 

representing approximately 1/3 part of WSOC of PM2.5 in Budapest (Claeys et al., 2012). Lin 

and Yu (2011) measured the OP of HULIS isolated from aerosol samples and recognized it 

as one of the major redox-active components in ambient PM.  

The factor analysis using Varimax rotation (Table 3.4) indicates that the relationship 

between OPGSH µg-1 and traffic derived metals are stronger compared to OPAA µg-1; however, 

secondary aerosol formation and long-range transport may play more important role in the 

case of OPAA µg-1 compared to OPGSH µg-1. Moreover, stronger associations were observed 

between the water-soluble fraction of several trace elements (i.e., Cr, Fe, Cu) and OPAA  

µg-1 compared to OPGSH µg-1 by the correlation analysis. The differences between ascorbate 

and reduced glutathione are influenced by chemical form, water solubility, oxidation 

behavior and ROS production or induction capacity of elements as well as the affinity to 

sulfhydryl group. More precise explanations would require further chemical analyses in 

order to determine the chemical form of trace elements which is still a challenging task in 

analytical chemistry.  

Table 3.4. Particulate matter sources identified by factor analysis.  

 Traffic 

Secondary 

aerosol / long 

range transport 

Biomass 

burning 
Soil dust 

Industrial 

activities 

(Aged) 

Sea salt 

OPAA 0.22 0.81 0.03 -0.16 0.07 0.24 

OPGSH 0.40 0.57 0.09 -0.27 -0.02 -0.11 

TC 0.10 -0.01 0.63 -0.15 0.56 0.24 

WSOC 0.08 0.75 0.15 -0.21 0.17 0.05 

OC -0.20 -0.45 0.74 -0.05 0.16 -0.12 

EC 0.44 0.30 -0.22 0.10 0.54 0.46 

Na+ -0.10 0.08 0.20 0.06 -0.12 0.82 

NH4+ -0.26 0.55 0.10 0.14 -0.49 -0.20 

K+ -0.13 -0.08 0.75 -0.01 0.00 0.06 

Ca2+ 0.28 0.19 -0.45 0.64 -0.26 -0.22 

Mg2+ 0.19 -0.08 -0.56 0.52 -0.27 -0.15 

Cl- -0.01 0.05 0.67 0.14 -0.12 0.28 

NO3- -0.36 -0.24 0.28 0.05 -0.59 -0.10 

SO42- 0.20 0.81 -0.27 0.18 -0.10 0.05 

Vaqua regia 0.47 -0.25 -0.13 0.58 0.18 0.18 

Craqua regia 0.83 0.17 -0.03 0.01 0.00 0.04 

Mnaqua regia 0.91 0.09 -0.02 0.08 0.02 -0.22 

Feaqua regia 0.82 0.25 -0.30 0.01 0.16 -0.01 
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Coaqua regia 0.74 0.24 -0.50 0.19 0.01 -0.02 

Niaqua regia 0.83 0.05 -0.02 -0.07 -0.01 0.04 

Cuaqua regia 0.74 0.34 0.24 0.06 -0.03 0.34 

Znaqua regia -0.06 0.08 0.23 0.18 0.79 -0.22 

Rbaqua regia 0.77 -0.37 -0.04 0.27 0.01 -0.31 

Moaqua regia 0.95 0.10 0.08 0.02 0.05 -0.03 

Cdaqua regia 0.78 -0.02 0.60 -0.07 0.05 -0.05 

Snaqua regia 0.93 0.05 0.11 0.10 0.13 -0.05 

Sbaqua regia 0.85 -0.08 0.07 0.26 -0.07 0.22 

Pbaqua regia 0.69 -0.09 0.63 -0.20 0.02 -0.19 

Vwater-soluble -0.03 -0.08 0.00 0.80 0.31 0.24 

Crwater-soluble 0.49 0.67 -0.04 0.12 0.26 0.18 

Mnwater-soluble 0.44 0.35 -0.06 0.43 0.36 -0.25 

Fewater-soluble -0.14 0.88 0.05 -0.06 0.15 -0.04 

Cowater-soluble 0.63 0.61 -0.09 -0.02 0.15 0.16 

Niwater-soluble 0.66 0.21 0.26 0.18 0.13 0.41 

Cuwater-soluble 0.30 0.43 0.21 0.60 0.12 0.13 

Znwater-soluble -0.13 0.20 0.25 0.25 0.78 -0.18 

Rbwater-soluble -0.11 -0.46 0.10 0.62 0.03 -0.41 

Mowater-soluble 0.19 0.64 -0.09 0.43 0.35 0.18 

Cdwater-soluble 0.16 -0.01 0.92 0.08 0.10 -0.01 

Snwater-soluble -0.17 0.78 -0.41 0.18 0.01 -0.15 

Sbwater-soluble 0.58 0.13 0.61 0.16 0.02 0.28 

Pbwater-soluble 0.28 0.14 0.66 -0.30 -0.02 -0.19 

Abbreviations: OPAA = ascorbate oxidation; OPGSH = glutathione oxidation; OC = organic carbon; EC = 

elemental carbon; WSOC = water-soluble organic carbon; TC = total carbon 

 

3.4. Comparison of the physical/chemical properties of PM2.5 collected in Budapest and 

Istanbul 

 

According to the gravimetric measurements, the mean PM2.5 mass concentration values 

were 22.9 and 40.0 μg m-3 in Budapest and Istanbul, respectively, for the joint sampling 

campaign (June 2010 – May 2011), the latter being considerably higher than the limit value 

of 25 μg m-3 set by the European Commission for the annual mean value for PM2.5 mass 

concentration (EC, 2008). Among the monthly collected samples, the PM2.5 mass 

concentration exceeded 8 times the limit value in Istanbul mainly between November 2010 

and May 2011 with the maximum value of 68.0 μg m-3 obtained in November 2010. A 

seasonal pattern of PM2.5 mass concentration was also observed in Istanbul similar to 

Budapest (Figure 3.1, section 3.1).  
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Lower mean concentration value for TC was observed in the case of Budapest (9.18 ± 

4.77 μg m-3) than in the case of Istanbul (12.7 ± 5.5 μg m-3) during the joint sampling 

campaign. The mean relative contribution of TC to the collected PM2.5 mass was 

approximately 40% and 30% in Budapest and Istanbul respectively. The mean WSOC 

concentration values were 2.32 ± 1.12 μg m-3 and 2.63 ± 1.45 μg m-3 in Budapest and Istanbul 

respectively. The water–soluble part of TC was about 25% in Budapest and 20% in Istanbul. 

Thus, about 10 and 6% of the PM2.5 consisted of WSOC in Budapest and Istanbul 

respectively. Further comparison cannot be made since the concentration of OC and EC 

was not determined in the PM2.5 samples collected in Istanbul. 

Besides the carbonaceous fractions, the secondary inorganic compounds (SO42-, NO3- and 

NH4+) also represented a dominant part of PM2.5 in the case of Istanbul, accounting for 

18.2% of its mass on average; however, this contribution was lower than that observed for 

Budapest (29.3%; section 3.2). The most abundant inorganic ion was SO42- in all seasons 

with a mean concentration value of 4.27 ± 2.09 μg m-3. Similar to Budapest, considerable 

seasonal differences in the concentration of NO3-, NH4+ and Cl- were observed during the 

sampling period in Istanbul. The highest concentrations of these constituents were found 

during winter. In contrast, SO42- maintained a rather stable concentration across the 

seasons. The concentration of some water-soluble ions (i.e., Na+, K+, Ca2+, Mg2+) was not 

investigated; thus, the charge balance between the anions and cations cannot be calculated. 

By comparing the mean trace element concentration values obtained for the two cities, 

the concentration of V, Ni, Co, Zn and Mn was 19.6, 5.6, 4.3, 2.3 and 2.2 times higher in 

the case of PM2.5 collected in Istanbul (Table 3.5). During the sampling period, no proof of 

any seasonal changes of trace element concentrations was found at the sampling site in 

Istanbul except for Cd (r=-0.65, p<0.05) and Pb (r=-0.61, p<0.05) which was strengthened 

by the significant negative correlation between the elemental concentrations and the 

ambient temperature. These elements achieved their maximum concentrations during 

wintertime. It is known that the lower air temperature is advantageous for rapid nucleation 

of vapors of highly volatile elements originating from high temperature combustion 

processes. 
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Table 3.5. Annual and seasonal mean concentration values (c) of trace elements (ng m-3) with 

representative statistical data for PM2.5 collected in Istanbul. The results obtained after microwave-

assisted aqua regia extraction and sonication-assisted water extraction (in brackets) are listed.  

 

Min. Max. Mean Median 
Summer Fall Winter Spring 

Mean 

c>100 ng m-3        

Fe 223 (13) 886 (72) 460 (42) 405 (40) 351 (54) 480 (45) 556 (31) 453 (37) 

10<c<100 ng m-3        

Zn 29 (26) 131 (121) 72 (63) 62 (46) 53 (41) 68 (64) 113 (100) 54 (49) 

Cu 6.7 (4.0) 26 (13) 14 (7.9) 11 (8.1) 10 (6.7) 15 (10) 18 (8.6) 12 (6.7) 

Pb 4.3 (0.37) 33 (12) 13 (3.7) 10 (2.9) 8.2 (2.5) 15 (4.2) 21 (6.0) 9.5 (2.3) 

Mn 6.3 (5.4) 25 (13) 12 (7.6) 11 (6.0) 10 (5.8) 13 (8.1) 14 (8.5) 12 (8.0) 

V 3.3 (3.1) 38 (30) 10 (8.5) 8.9 (7.6) 8.0 (6.7) 16 (12) 10 (7.6) 8.1 (7.5) 

1<c<10 ng m-3        

Ni 1.9 (1.6) 12 (10) 4.0 (3.2) 3.2 (2.5) 3.7 (3.1) 5.6 (4.7) 3.9 (2.6) 2.8 (2.3) 

Sn 0.85 (0.056) 10 (0.24) 3.4 (0.13) 2.5 (0.11) 2.1 (0.16) 2.1 (0.17) 3.3 (0.075) 3.3 (0.12) 

Sb 0.94 (0.41) 8.8 (7.4) 3.0 (1.7) 2.0 (1.2) 1.5 (0.93) 5.0 (3.3) 3.3 (1.6) 2.3 (1.0) 

Cr 1.6 (0.35) 5.2 (3.5) 2.8 (1.1) 2.3 (0.59) 3.4 (2.1) 2.9 (1.2) 2.9 (0.50) 1.9 (0.44) 

0.1<c<1 ng m-3        

Rb 0.42 (0.15) 1.6 (0.89) 0.91 (0.53) 0.95 (0.54) 0.78 (0.36) 0.98 (0.62) 0.92 (0.59) 0.95 (0.55) 

Mo 0.44 (0.18) 1.3 (0.68) 0.69 (0.36) 0.61 (0.30) 0.65 (0.37) 0.81 (0.45) 0.80 (0.33) 0.50 (0.27) 

Cd 0.17 (0.092) 1.6 (1.1) 0.56 (0.40) 0.33 (0.17) 0.27 (13) 0.68 (0.44) 0.93 (0.75) 0.36 (0.30) 

Co 0.070 (0.060) 0.48 (0.24) 0.20 (0.11) 0.17 (0.089) 0.14 (0.063) 0.22 (0.13) 0.24 (0.12) 0.21 (0.12) 

 

The source apportionment of elements by statistical tools was failed for the results 

obtained for PM2.5 collected in Istanbul due to the low number of samples collected. 

However, it should be emphasized that the correlation analysis revealed significant 

correlation between the concentration of Ni and V (r=0.98, p<0.01) for the samples 

collected in Istanbul which is understandable as these are elements originate from the 

combustion of fossil fuels. 

Generally, all investigated elements could be extracted into water with a similar extent 

(less than 10% deviation) for the PM samples collected in both cities except for Cr, Mn, Ni 

and V. Thus, the mean water-soluble proportion of Cr for the PM2.5 samples collected in 

Budapest was about 10% during the joint sampling campaign; meanwhile, the same 

percentage value for the PM samples collected in Istanbul was about 50%. In the case of 
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Mn, Ni and V, smaller variations (approximately 45% vs. 65%, 60% vs. 80%, 65% vs. 85% 

in the case of Budapest and Istanbul respectively) could be calculated for the PM2.5 samples 

collected in the two cities for the joint sampling campaign. The differences observed 

between the sampling sites for the water-soluble proportions of the above-mentioned trace 

elements suggest that the chemical form of the same element was different at the sampling 

sites. 

A considerable part of the gravimetric mass could be reconstructed by the chemical 

measurements in the case of PM2.5 collected in Istanbul; however, more chemical analyses 

would be needed in order to get an overall picture about the chemical composition of the 

urban PM2.5. 
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4. Conclusions 

 

As the majority of the people live in big cities, there is an extensive investigation on 

urban air quality all over the world. This was the first long term study on the PM2.5 size 

fraction in Budapest, Hungary aiming at the comprehensive chemical characterization and 

OP assessment of the monthly collected PM2.5 samples.  

Besides the PM2.5 mass concentration, the chemical analyses revealed considerable 

seasonal variation for the concentration of several PM constituents (e.g., OC, TC, WSOC, 

NO3-, NH4+, Zn, Rb, Cd, Pb). This observation suggests that short term PM2.5 monitoring 

campaigns (less than one year) may not represent well the urban air quality and may lead 

to false conclusions. It is clear that the mean PM2.5 mass concentration was close to the limit 

value set by the European Commission and, in light of this, regulations (e.g., introduction 

of low emission zones) might be needed to reduce of the outdoor PM2.5 mass concentration 

in Budapest in future years. 

According to our findings, both OP metrics (OPAA and OPGSH) were associated mainly 

with traffic-related trace elements; however, other PM sources such as long-range 

transport and secondary aerosol formation could also contribute to the OP of PM2.5 in 

Budapest. The two OP metrics were related to one another suggesting that these two 

measures have common sources; however, the correlation analysis revealed some 

differences. It is thought that these OP metrics may have become better indicators in 

epidemiological studies than other PM properties; however, this is still not proven.  

Istanbul – being a megacity – has a considerably larger surface area, higher population, 

higher traffic density, more industrial facilities (i.e. more emission sources) than Budapest. 

The PM2.5 mass concentration was significantly higher at the sampling site in Istanbul than 

in Budapest which suggest that action plans are urgently needed there as well. 
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1. Introduction 

Outdoor locations (i.e., urban, rural, industrial sites) are well characterized in terms of 

PM mass concentration and chemical composition over almost the entire world due to the 

existing regulations on the mass concentration of PM10 and PM2.5; however, less 

information is available about PM in indoor microenvironments, particularly in offices 

(Chatoutsidou et al., 2015; Sangiorgi et al., 2013; Saraga et al., 2011). Office buildings are 

generally located in big cities near traffic intersections and busy roads in order to make 

them easily accessible for the employees. These buildings are generally equipped with 

heating, ventilation and air conditioning (HVAC) system to improve the air quality and 

create an acceptable feeling of comfort for the office workers. The inlet of the HVAC 

system is generally located on the roof of the buildings where the air is thought to be less 

polluted due to the distance from the traffic-related sources compared to the ground level. 

The filtering effect of the mechanical ventilation system, indoor sources and sinks of 

aerosol particles as well as the different microclimatic conditions (i.e., temperature, relative 

humidity) all have an influence on the size and chemical composition of the indoor 

particles as well as on the indoor/outdoor PM mass concentration ratio (Meng et al., 2007). 

However, it is still a challenge to determine the indoor generated part of the concentration 

of indoor PM2.5 mass and the PM constituents. Substantial fraction of outdoor particulate 

matter pollution infiltrates indoors (Hänninen et al. 2004). Building occupants have some 

influence on the infiltration by operating windows and doors and many studies have shown 

that during the summer time infiltration levels are higher than in winter (Hänninen et al. 

2011). 

Many indoor activities (e.g., cooking, smoking, incense and candle burning) as well as 

re-suspension of settled dust may contribute to indoor PM2.5 mass concentration in 

residential homes (Urso et al., 2015); however, fewer indoor sources are apparent for 

offices. Particle emission from printers, photocopiers and multi-task devices are well-

known sources for ultra-fine particles, but these have almost no impact on the PM2.5 mass 

concentration (e.g., Destaillats et al., 2008; He et al., 2007). Re-suspension of settled 

particles (with aerodynamic diameter larger than 1 μm) from indoor surfaces are common 
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particle sources in offices (Chatoutsidou et al., 2015). Furthermore, in-situ ozone-initiated 

chemistry with reactive volatile organic compounds could lead to the formation of 

secondary organic aerosol (Weschler and Shields, 1999). However, it is likely that particles 

of outdoor origin are still the most important determinants of PM2.5 in these environments 

compared to the indoor generated particles. 

The spatial and temporal variation of particulate OP is not as well characterized as the 

mass concentration and chemical composition of PM. Moreover, only limited information 

is available about the OP of indoor PM. In the frame of the European Union project 

OFFICAIR (on the reduction of health effects from combined exposure to indoor air 

pollutants in modern offices), indoor and outdoor PM2.5 samples were collected in office 

buildings to facilitate (i) the OP assessment and chemical characterization of the particles 

and (ii) the investigation of the relationship between particulate OP and PM constituents. 

Furthermore, the aim of this study was to fill gaps and answer questions regarding the 

indoor and outdoor environment. 
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2. The OFFICAIR project 

OFFICAIR (http://www.officair-project.eu/) was a European collaborative project 

which received funding from the European Union in the 7th Framework Program under 

the Theme: ENV.2010.1.2.2‐1. OFFICAIR officially started on the 1st November 2010 and 

it ran for 3 years. The project was coordinated by the University of West Macedonia and 

had 15 partners from 11 countries. The aim of the OFFICAIR project was to clarify, study 

and describe possibilities on the reduction of health effects from combined exposure to 

indoor air pollutants in modern offices. The project encompassed several tasks; however, 

only the relevant parts are described here.  

Briefly, 24 office buildings were selected in Hungary (mostly in Budapest) according to 

predefined criteria and 4215 office workers were invited to fill in an online questionnaire. 

This anonymous questionnaire consisted of 156 questions grouped into 7 issues: (i) personal 

data (e.g., age, gender, life style); (ii) medical history (personal and family); (iii) work data 

(e.g., job title, type of contract); (iv) psycho-social environment at work (e.g., stress, over-

commitment); (v) psycho-social environment not related to work (e.g., life-related stress, 

personality); (vi) psycho-physical aspects (e.g., mood, symptoms) and (vii) physical 

environment (e.g., air quality, noise in the office). Ultimately, 1445 questionnaires were 

submitted in Hungary. Besides the questionnaire, a general checklist containing 126 

questions on the building (e.g., location, building materials, HVAC system, cleaning 

schedule) was completed by the facility managers. At the end of this milestone, a technical 

report was created after the analysis of the questionnaire data and was supplied to the 

facility managers and to the companies which took part in the survey. 

Then a “detailed investigation” was carried out in 5 Hungarian office buildings selected 

from the 24 previously investigated buildings on the basis of the following three factors: (i) 

a unified quantitative ranking score (based on the questionnaire data analysis); (ii) number 

of available workers (at least 50 workers) and (iii) some exclusion criteria (e.g., buildings 

with smoking permitted). The detailed investigation consisted of the sampling of some air 

pollutants (i.e., passive sampling of VOCs, NO2 and O3; PM2.5 sampling) as well as the 

monitoring of some physical parameters (i.e., air exchange rate, temperature, relative 
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humidity) in the indoor and outdoor environment for 5 days (from Monday 9 AM until 

Friday 5 PM) at 5 locations per building (four indoor and one outdoor location; except for 

the PM2.5 sampling which was performed in one office and at one outdoor location only) in 

two seasons (summer 2012 and winter 2012-2013) in 8 countries (Finland, France, Greece, 

Hungary, Italy, Spain, Portugal and The Netherlands). The chemical analyses and OP 

assessment took place at central laboratories (ELTE was designated as central laboratory for 

the determination of the concentration of O3, gravimetric determination of the PM2.5 mass 

collected onto filters and the subsequent chemical analyses). A modified questionnaire 

including eye health assessment, a more detailed checklist to collect more precise 

information at the room scale, and a time activity diary were also included in this step. 

Finally, one office building was selected in Hungary for an “intervention study”. The 

investigation of indoor air quality improvement by changing the floor cleaning product 

habitually used to a product characterized by low emission of VOCs has been carried out 

in two offices (one situated in the intervention area and one in the control area) and at one 

outdoor location. Emission of VOCs from the original and the alternative floor cleaning 

product was evaluated by test chamber experiments. One week prior to the change of the 

cleaning product, indoor air quality was assessed for 5 consecutive working days through 

(i) active sampling of VOCs three times a day (with 120 min sampling time); PM2.5 sampling 

for 8 h daily without filter replacement (results are not shown here); (iii) real-time 

monitoring of NO2, O3, temperature and relative humidity. Then the floor of the selected 

offices was cleaned with the low VOC-emission product for 4 weeks 2-5 times per week on 

average. After this intervention, indoor air quality was evaluated again by applying the 

same protocol. 
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3. Experimental part 

3.1. Description of the sampling sites and instrumentation 

For highlighting regional similarities and differences in aerosol characteristics, sampling 

sites were selected in different regions across Europe. PM2.5 samples were collected in 

Finland (FI), Greece (GR), Hungary (HU), Italy (IT) and The Netherlands (NL) in a total of 

20 office buildings (n = 5 for GR and HU, n = 4 for IT and n = 3 for FI and NL). The location 

of the sampling sites is depicted in Figure 4.1. 

 

 

Figure 4.1. Location of the sampling sites in Europe. The number of the investigated office buildings 

is also indicated on the map. 
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PM2.5 was sampled at one indoor and one outdoor location per building for 

approximately 100 h (from Monday 9 AM until Friday 5 PM) during summer 2012. The 

sampling campaign was repeated in winter 2012/2013. In order to investigate spatial 

variability within an office building, parallel indoor sampling (n = 2) was performed in one 

Dutch building (NL3) in April and May 2013. The indoor and concomitant outdoor PM2.5 

samples were collected onto quartz fiber filters (Ø 47 mm and Ø 37 mm, Whatman QM-A) 

supplied by GE Healthcare (Little Chalfont, Buckinghamshire, UK). Field blank samples were 

also collected. Before sampling, filters were wrapped in aluminium foil and pre-treated at 

550°C in an electric oven for 8 h in order to eliminate any possible organic contaminants. 

Thereafter filters were conditioned in an acclimatized room for 48 h at 20 ± 1°C and 50 ± 5% 

relative humidity, and then weighed on a Mettler Toledo XP26DR balance with a readability 

of 2 µg. Low-volume aerosol samplers equipped with a PM2.5 head operating at a constant flow 

rate of 0.24 - 2.3 m3 h-1 were used. We performed our PM sampling method as well as the 

gravimetric analysis in accordance with the BS EN 12341: 2014 standard. The sampling head 

was placed at 1.2 m height (sitting height) in the indoor locations. Two sampling strategies 

were applied for the outdoor PM2.5; at the air inlet of HVAC systems or at the same height as 

that which the indoor sampling took place since, in some cases, it was not possible to perform 

the outdoor sampling at the inlet of the HVAC system. In the case of Greece and Hungary, all 

buildings were selected in the corresponding capital cities: Athens and its metropolitan area 

and Budapest. Two of the Dutch monitored buildings were located in Delft, while one was in 

the resort settlement of Noordwijk. Two of the Italian buildings chosen were in Florence, one 

in the center of Milan and another one in the metropolitan area of Milan. Furthermore, office 

buildings located in a small (Varkaus) and in a medium sized city (Kuopio) were selected in 

Finland. The main characteristics of the monitored buildings are compiled in Table 4.1. The 

windows of the offices were generally kept closed throughout the study; however, episodes of 

opened windows were registered during the summer sampling campaign in some office 

buildings. During the sampling period, indoor and outdoor air temperature and relative 

humidity were monitored close to the PM samplers with a time resolution of 5 min. 
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Table 4.1. Characteristics of the office buildings. 

a The building was converted in 2000.

Building 

ID 

Completion 

year 
Location 

Outdoor source for air 

contamination (< 50 m) 

Total number of storeys (storey 

number for indoor sampling) 

Intake position of the 

HVAC system (m) 

Outdoor sampling 

height (m)  

FI1 2009 Kuopio; commercial/residential area car parking, busy road 6 (2) façade (25 m) 4 

FI2 2003 Varkaus, industrial, residential area car parking, railway 4 (2) façade (10 m) 1.5 

FI3 2004 Varkaus; city center, densely packed housing car parking, busy road 3 (2) façade (12 m) 1.5 

GR1 2003 Athens; suburban, with larger gardens car parking 2 (0) façade (8 m) 1.5 

GR2 2004 Athens; commercial area busy road, quarry works 2 (1) façade (25 m) 3.5 

GR3 2010 Athens; commercial/residential area busy road, railway station 7 (3) roof (20 m) 13.5 

GR4 1994 Athens; industrial area 
car parking, busy road, 

highway 
2 (0) roof (10 m) 1.5 

GR5 1996a Athens; industrial area car parking 2 (2) roof (8 m) 3.5 

HU1 2007 Budapest; commercial/residential area busy road 8 (4) façade (30 m) 30 

HU2 2006 Budapest; commercial/residential area car parking, busy road 16 (11) roof (65 m) 66 

HU3 1995 Budapest; city center, densely packed housing car parking, busy road 11 (3) roof (37 m) 38 

HU4 2008 Budapest; commercial/residential area 
car parking, busy road, 

railway 
8 (3) roof (27 m) 28 

HU5 2009 Budapest; industrial/residential area car parking, busy road 8 (3) roof (30 m) 31 

IT1 1970 Milan; commercial area car parking 7 (2) roof (25 m) 10 

IT2 2006 Milan; commercial area car parking, low-traffic road 5 (3) roof (20 m) 15 

IT3 2009 Florence; commercial/residential area car parking 4 (2) roof (22 m) 22 

IT4 2009 Florence; commercial/residential area car parking 4 (2) roof (22 m) 15 

NL1 1965 Noordwijk; rural area car parking 4 (3) roof (15 m) 16 

NL2 1999 Delf; industrial/residential area car parking, busy road 5 (1) roof (20 m) 21 

NL3 2003 Delf; commercial/residential area car parking 7 (3) roof (30 m) 31 
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Moreover, 8-h long PM2.5 sampling was also carried out during the working hours in the 

Hungarian office buildings during the summer campaign in a selected office (different 

(HU1-3) or same (HU4-5) office than in the case of the above-mentioned 100-h long PM2.5 

sampling campaign) and at the air inlet of the HVAC system (next to the other outdoor 

sampling device). The office buildings were selected in Budapest along the Danube from 

north to south corresponding to a distance of 10 km (Figure 4.2).  

 

 

Figure 4.2. Map of (a) Hungary and (b) sampling sites in Budapest along the Danube River indicating 

the location of the selected buildings. 

 

The monitored buildings were all situated less than 50 m far from roads characterized 

by a high traffic, which can be considered as the main source of PM at the investigated 

sites. Besides the monitoring of the temperature and relative humidity values, air flow rate 

measurements in the selected indoor environments were performed by using a 

thermoanemometer supplied by Ahlborn (Holzkirchen, Germany). The fresh air input 

supplied by the HVAC systems was estimated twice during the monitoring week (on 

Mondays and Fridays) by taking into account the fresh air velocity values and the geometry 

of the air-conditioning grills. Samples were collected onto quartz fiber (Ø 47 mm, 450 µm 

thickness, 3 µm pore size; Whatman QM-A grade) and Teflon (Ø 47 mm, 40 µm thickness, 

2 µm pore size), both types of filters being supplied by GE Healthcare (Little Chalfont, 

Buckinghamshire, UK). Filters had been conditioned prior to sampling at 20 ± 1 °C and 50 

± 5% relative humidity for at least 48 h and then weighed on a Mettler Toledo XP26DR 

balance with a readability of 2 µg. Indoor and outdoor PM sampling was performed 
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simultaneously by using Skypost low-volume aerosol samplers supplied by Tecora Sarl 

(Fontenay sous Bois, France) with a flow rate of 2.3 m3 h-1. In each building, one indoor 

and one outdoor PM2.5 samples were collected simultaneously in summer 2012 on five 

consecutive days from Monday to Friday for 8 h (during the work shift of employees) 

alternating the sampling onto quartz fiber (Mondays, Wednesdays and Friday) and Teflon 

filters (Tuesdays and Thursdays) daily. The aerosol sampler used indoors was insulated with 

PhoneStar Tri sound-proof panels consisted of multi-layer cellulose and sand with a 

thickness of 15 mm (Wolf Bavaria GmbH, Heilbronn, Germany) and equipped with an 

exhaust pipe in order to reduce its operational noise and to avoid overheating respectively. 

Within each office building, a suitable sampling spot was selected in order to avoid any 

hindrance for the occupants, and to minimize the effect of re-suspension of particulates in 

the direct environment of the instruments. Similar to the above-mentioned indoor 

sampling, the inlet of the instrument used for indoor sampling was set up in a height of 120 

cm. In total, 50 PM2.5 samples were collected: 25 indoor and 25 corresponding outdoor 

samples. Each set contained 15 and 10 samples collected onto quartz fiber and Teflon filters 

respectively. The sampled filters were transported to the laboratory after the daily 

replacement in sealed Petri-dishes and stored at 4 °C until gravimetrical analysis. Prior to 

the determination of the mass concentration, samples were conditioned for at least 48 h at 

20 ± 1 °C and 50 ± 5% relative humidity. Field blank filters were also obtained. 

  



 

79 
 

3.2. Sample preparation and analytical procedures 

 

The PM2.5 samples collected for about 100 h were subjected to (i) trace element 

determination by ICP-SF-MS after microwave-assisted aqua regia extraction and 

sonication-assisted water extraction; (iii) ion chromatographic analysis for the major water-

soluble ions as well as (iii) OC/EC determination by the TOT method. In contrast, PIXE 

was used for the elemental characterization of the PM2.5 samples collected for 8 h. 

 

3.2.1. Determination of the aqua regia extractable part of trace elements 

 

A new analytical method for the determination of the trace elements in PM2.5 has been 

developed since the mass of the particles collected by the low-volume aerosol samplers in 

the OFFICAIR project was significantly lower than those obtained for the urban PM2.5 

samples collected by high-volume aerosol sampler (chapter III). In order to reach lower 

LOD/LOQ values, the inner surface of the vessels of the digestion system was decreased by 

using quartz inlets as well as higher purity reagents were used.  

Trace elements were determined by ICP-SF-MS after vapor-phase microwave-assisted 

aqua regia extraction in Teflon vessels with quartz inlets. At first, the quartz inlets were 

filled with 5 mL of HCl + HNO3 (3:1 v/v) solution (both acids were of Normatom® quality) 

and then approximately one-third of each loaded and blank filters was placed into the 

inlets. After this step, the quartz inlets were inserted into Teflon vessels containing 2 mL 

of 30% w/w hydrogen peroxide and 8 mL of deionized water. Generally, five samples 

(containing one acid blank and one or two acid + quartz fiber filter blank) were subjected 

simultaneously to microwave-assisted extraction performed at 190 °C for 45 min in an 

Ethos One instrument fitted with a segment turn table supplied by Milestone (Milestone, 

Sorisole, Bergamo, Italy). Quartz inlets were cleaned by 5 mL of cc. HNO3 at 190 °C for 20 

min before each run. After the extraction procedure, samples were evaporated close to 

dryness on a hot plate (Cole Palmer, Vernon Hills, United States). Finally, 5 mL of 5% v/v 

HNO3 solution was added to the pre-concentrated samples and filtered through 0.22-μm 
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pore size PVDF filters into polyethylene centrifuge tubes. Before analysis, 50 µL of an 

internal standard solution containing In in 1 mg L-1 concentration was added to each 

solution. An ELEMENT2 (ThermoFinnigan, Bremen, Germany) ICP–SF–MS instrument 

was used for monitoring of 16 elements as follows: Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Rb, 

Sr, Mo, Cd, Sn, Sb and Pb. The other operating conditions of the ICP-SF-MS method are 

summarized in Table 4.2. The calibration curves were constructed with five standard 

solutions diluted from a Certipur® ICP multi-element standard solution VI and 1000 mg 

L-1 Certipur® standard solutions of Sn and Sb.  

 

Table 4.2. Operating conditions of the ICP-SF-MS 

Plasma power (W) 1180  

Ar outer gas flow rate (L min-1) 1.00  

Ar intermediate gas flow rate (L min-1) 16.0  

Ar aerosol carrier gas flow rate (L min-1) 0.83  

Sample uptake (mL min-1) 0.50  

Nebulizer type Meinhard 

Spray chamber double pass 

Sampler cone Ni, 1.0-mm Ø orifice 

Skimmer cone Ni, 0.7-mm Ø orifice 

Monitored isotopes  
27Al, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn,  

85 Rb, 88Sr, 95Mo, 112Cd, 120Sn, 121Sb, 208Pb 

Internal standard 115In 

Resolution 4000 (medium) 

Data acquisition peak jumping 

Dwell time (s) 0.1 

Replicates  15 

Abbreviations: Ø = diameter 

The accuracy of the method was checked by analyzing two reference materials, SRM 

1648a and SRM 2786 corresponding to urban and fine particulate matter respectively. 
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Aliquots of 1 mg of the SRMs (n=5) were subjected to microwave-assisted aqua regia 

extraction as described above. 

 

3.2.2. Water-soluble fraction analyses 

 

Another strip (one-third) of each loaded and blank filters was placed into polyethylene 

tubes and 5 mL of deionized water was added. Then, samples underwent a 150-minute 

sonication-assisted water extraction at room temperature. After sonication and filtration, 

3.2 mL of each sample was acidified by 280 μL of cc. HNO3, In as internal standard was 

added and the resulting solutions were analyzed by the ICP-SF-MS method described in 

Section 3.2.1. There is still no option to check the accuracy of the extraction method; 

however, the SRM 1648a standard (n=5) was also subjected to this procedure. 

After sonication‐assisted extraction and filtration, 1 mL from each sample was diluted 

five times and subjected to IC analysis. The concentration of the major water-soluble anions 

and cations were determined by the IC method described previously in Chapter III (Section 

2.2.2). For the determination of the accuracy of the IC method, the SRM 1648a standard (n 

= 5) was used. Moreover, a two-level spiking procedure was applied as recovery study. For 

this, one-third of the 47-mm Whatman Q-MA grade (n=3) laboratory blanks (n=3) each 

were spiked each either with 50 μL or 250 μL of a multicomponent anion and cation 

standard solution of 100 μg mL-1 for each ion. The remaining one-third parts (blanks) and 

spiked filter cuts were subjected to the sonication-assisted water extraction and analyzed 

by IC. After the sonication-assisted water extraction and dilution of the samples with 

deionized water, the expected ion concentrations in the spiked solutions were 0.2 μg mL-1 

and 1 μg mL-1. The LOD values were also investigated by two different methodologies 

(multiple injection of standard solutions as well as determination of the ions leaching from 

the quartz fiber filter).  
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3.2.3. Determination of organic and elemental carbon 

 

Filter stripes of 1 cm2 were cut from each loaded and blank filters and sent on ice to 

Florence in order to be used for determination of OC and EC by the TOT method 

(EUSAAR-2 protocol) in a Sunset OC/EC analyzer (Sunset Lab, USA).  

 

3.2.4. Elemental determination by PIXE 

 

Elemental composition (for Z > 13) of the PM2.5 samples collected for 8 h onto Teflon 

and quartz fiber filters was determined by PIXE at the Laboratory of Ion Beam Application 

of ATOMKI (Debrecen, Hungary). The samples were irradiated with a proton beam of 2 

MeV energy and of 5-6 nA current at the beam spot size of 5-mm diameter at the PIXE 

chamber (Kertész et al., 2008) installed at the left 45° beamline of the 5 MV Van de Graaff 

accelerator. The irradiation time of one sample lasted approximately 25–35 min and the 

accumulated charge was 8 μC. The X-ray spectra were recorded with a Canberra model of 

a Si(Li) detector with a 30 mm2 active area placed at a 135° observation angle. To prevent 

the detector from the scattered protons, a 24-μm thick mylar absorbent was used. In the 

case of samples collected onto quartz fiber filters, an additional 24-μm thick Al foil was 

used to absorb the X-ray photons of Si. The evaluation of the PIXE spectra was performed 

by the PIXECOM program code (Uzonyi and Szabó, 2005). For calculation of the 

concentration values, blank corrections were also taken into account. The spectra of the 

field filter blanks were recorded under similar experimental conditions, the area of the 

main X-ray lines of the elements were determined. These data together with the fit error 

of the area and of the irradiation dose are stored in a blank file. The PIXECOM program 

makes the blank correction by modifying the measured peak areas of the sample using the 

peak area values stored in the blank file corrected to the actual dose (including dead time 

correction). 

The aerosol deposit on Teflon membrane filters were considered as thin samples, since 

the matrix effects were negligible in this case. In order to determine the concentration 
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values on the quartz fiber filters, the procedure described by Zitnik et. al. (2005) was 

followed. The aerosol deposition depth of loaded quartz fiber filters was measured by 

micro-PIXE at the scanning nuclear microprobe of Atomki (Kertész et al., 2009). 

 

3.2.5. Scanning electron microscopic measurements 

 

Scanning electron microscopy with energy-dispersive X-ray detection (SEM/EDX) was 

used for the investigation of the surface of loaded filters (20 kV accelerating voltage, 4 nA 

beam current, integration time of 100 s) and of paper sheets (30 kV accelerating voltage, 

1.1 nA beam current, integration time of 100 s) by FEI Quanta 3D dual beam scanning 

electron microscope (FEI Company, Hillsboro, USA) equipped with a silicon drift detector. 

The SEM can be considered as a complementary technique for the explanation of the PIXE 

results (especially the differences observed in the LOD values on quartz fiber and Teflon 

membrane filters), since the particle distribution on the surface of the filters is an important 

factor in the case of analytical techniques such as PIXE.  

 

3.3. Determination of oxidative potential through antioxidant depletion 

 

The OP of the field blank and loaded filters was assessed by antioxidant depletion using a 

synthetic respiratory tract lining fluid (RTLF) model. The procedure was described in 

details in Chapter III (Section 2.3). Only one modification has been done; 5-mm discs (n=3) 

were punched with a Harris Uni-CoreTM punch from the loaded and field blank filters 

instead of the 2-mm discs.  

3.4. Statistical data evaluation 

 

Pearson’s linear (r) and Spearman’s rank correlation coefficients (rs) with a two-tailed 

test of significance (p) were produced to show relationships between different PM 

characteristics by using the software package of IBM SPSS Statistics for Windows, version 
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21 (IBM Corp., Armonk, NY, USA). Significant correlation was defined as p<0.05. The 

Shapiro-Wilk test was used to determine the distribution of data and subsequently the type 

of the correlation analysis (parametric /Pearson’s correlation/ or non-parametric 

/Spearman’s rank correlation/). 
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4. Results and discussion 

4.1. General considerations and the analytical performance of the applied methods 

 

Analytical chemistry is considered only as a necessary tool for environmental studies to 

obtain answer for emerging issues, thus the description of the methods is generally not 

comprehensive. Moreover, the method validation is crucial. The goal of the recent 

development work was to quantify trace, minor and major PM constituents from the same 

loaded filter by different analytical techniques. Accuracy, linearity, sensitivity, precision, 

LOD and LOQ were investigated in all cases; however, some results are discussed here. 

In the case of the microwave-assisted aqua regia extraction of the trace elements, the 

efficiency of the extraction step was tested by two available SRMs which have very similar 

matrix. Apart from Cr and Sb, small deviation values were obtained for all certified 

elements in the case of SRM 1648a (Table 4.3). The considerable deviation for Cr is in line 

with other literature data (Ashley et al., 2001; Mateus et al., 2013) indicating the presence 

of insoluble Cr(III) oxides. Significant deviation for Cr was not observed for SRM 2786 

indicating the presence of different Cr species in this SRM compared to SRM 1648a. The 

higher deviation value for Al might be due to the higher silicate content of SRM 2786. To 

our knowledge, significant deviation for Sb in the case of both SRMs has not been reported 

yet. The loss of Sb might be linked to the evaporation process and it was perhaps due to the 

volatility of the compound formed during the extraction procedure. The boiling point of 

SbCl5, presumably formed during the aqua regia extraction procedure, is 79 °C (Weast et 

al., 1985). Therefore, the disadvantage of the evaporation step of our method can be 

considered to be the information loss on the quantitative determination of Sb. We can state 

that the extraction procedure is very efficient; however, we cannot ensure that the 

extraction efficiency is the same for the SRMs and for the PM2.5 samples. The water-soluble 

proportion of the elements for the SRM 1648a and SRM 2786 is also shown in Table 4.3. 

Among the elements with certified values, V, Co, Sb and Zn showed a considerable 

difference in the water-soluble proportion for the two SRMs indicating that the chemical 

form of these elements are different in the SRMs.  
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Table 4.3. Figures of merit for SRM 1648a and SRM 2786 urban and fine particulate matter certified reference materials subjected to microwave-assisted 

aqua regia and sonication-assisted water extraction compared to the certified/reference values (n=5) 

  SRM 1648a   SRM 2786 

 mean ± SD (mg kg-1)  mean ± SD (mg kg-1) 

Element 
Certified 

value 

Aqua regia extractable 

(Deviation%, mean ± SD) 

Water-soluble  

(Recovery%1, mean± SD) 
 

Certified / 

reference value 

Aqua regia extractable 

(Deviation%, mean ± SD) 

Water-soluble  

(Recovery%1, mean± SD) 

Al 34300 ± 1300 31400 ± 1300 (-8.6 ± 3.7) 159 ± 32 (0.5 ± 0.1)  33480 ± 700 27800 ± 2100 (-17 ± 6) 308 ± 8 (0.9 ± 0.1) 

V 127 ± 11  138 ± 3 (+8.3 ± 2.6) 44.1 ± 2.2 (35 ± 2)  85.5 ± 6.5 91.7 ± 3.5 (+7.2 ± 4.1) 5.61 ± 1.02 (6.6 ± 1.2) 

Cr 402 ± 13  148 ± 10 (-63 ± 2) 5.78 ± 0.40 (1.4 ± 0.1)  462.2 ± 1.5 404 ± 19 (-13 ± 4) 3.78 ± 0.32 (0.8 ± 0.1) 

Mn 790 ± 44  884 ± 34 (+9.0 ± 1.5) 270 ± 8 (34 ±1)  780 ± 39 755 ± 48 (-3.2 ± 6.2) 266 ± 22 (34 ± 6) 

Fe 39200 ± 2100 40700 ± 1200 (+3.8 ± 3.0) 236 ± 63 (0.6 ± 0.2)  48900 ± 2400 49100 ± 800 (+0.3 ± 1.6) 241 ± 32 (0.5 ± 0.1) 

Co 17.93 ± 0.68  18.7 ± 1.6 (+4.1 ± 8.9) 4.65 ± 0.16 (26 ± 1)  19.55 ± 0.96 18.3 ± 0.5 (-6.1 ± 2.6) 1.97 ± 0.35 (10 ± 2) 

Ni 81.1 ± 6.8 89.9 ± 6.5 (+5.2 ± 3.6) 27.2 ± 1.8 (34 ± 2)  n.a. 249 ± 12 14.5 ± 1.3 

Cu 610 ± 70 602 ± 38 (-1.3 ± 6.2) 175 ± 13 (29 ± 2)  n.a. 755 ± 60 132 ± 11 

Zn 4800 ± 270 4730 ± 210 (-1.4 ± 4.3) 2660 ± 160 (55 ± 3)  1793 ± 88 1690 ± 70 (-5.6 ± 3.8) 630 ± 69 (35 ± 4) 

Rb 51 ± 1.5 46.9 ± 1.6 (-8.0 ± 3.1) 3.85 ± 0.02 (7.6 ± 0.1)  n.a. 46.6± 2.6 4.53 ± 0.34 

Sr 215 ± 17 222 ± 11 (+3.0 ± 5.1) 61.0 ± 2.9 (28 ± 1)  n.a. 255 ± 14 87.8 ± 7.6 

Mo n.a. 15.4 ± 1.4 8.99 ± 0.44  n.a. 133 ± 7 15.8 ± 1.7 

Cd 73.7 ± 2.3 80.6 ± 4.9 (+6.5 ± 2.2) 42.1 ± 2.6 (57 ± 4)  n.a. 6.77 ± 0.46 1.87 ± 0.32 

Sn n.a. 84.3 ± 22.3 8.49 ± 1.57   n.a. 92.7 ± 5.5 17.9 ± 3.2 

Sb 45.4 ± 1.4 8.1 ± 3.3 (-82 ±7) 17.2 ± 0.6 (38 ± 1)  192.1 ± 9.4 23.3 ± 1.9 (-88 ±1)  28.2 ± 4.7 (15 ± 2) 

Pb 6550 ± 330 5790 ± 420 (-9.7 ± 5.7) 62.8 ± 31.3 (1.0 ±0.5)   n.a. 216 ± 14 2.96 ± 0.69 

Explanations and abbreviations: 1 recovery was expressed as the ratio of measured mean concentration and the certified/reference value (%); n = number of replicates; 

n.a. = not available; SD = standard deviation 
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The elemental content (ng g-1) accessible by microwave assisted aqua regia extraction of 

the 37-mm and 47-mm Whatman QM-A quartz fiber filters was very similar; however, the 

47-mm Pallflex® TissuquartzTM quartz fiber filter, used for other purposes in the OFFICAIR 

project, was characterized by considerably lower elemental content for almost all elements 

(Table 4.4). The LOD and LOQ values (ng mL-1) determined for the aqua regia extraction 

procedure (calculated for samples containing aqua regia only) varied widely (Table 4.4.) 

and higher values were obtained for Al, Fe and Zn. Two examples for the LOD values (μg 

m-3) concerning the whole procedure (PM sampling, microwave-assisted aqua regia 

extraction, ICP-MS analysis) are also listed in Table 4.4. Besides the elemental content of 

the filter, it is clear that the sampled air volume (230 m3 and 24 m3 for the PM2.5 samples 

collected in Greece and Hungary respectively) also significantly affect the LOD values.  

 

Table 4.4. Mean elemental content of 37-mm (n=3), 47-mm Whatman QM-A (n=8) and 47-mm 

Pallflex® TissuquartzTM (n=12) quartz fiber filters (ng g-1; ± SD); LOD and LOQ values for the aqua 

regia extraction procedure and the LOD values for the elements investigated in the PM2.5 samples 

collected in Greece and Hungary for 100 h 

  elemental content (ng g-1) 
 aqua regia 

extraction  

 PM2.5 

(Greece1) 

PM2.5 

(Hungary2) 

Element 
37-mm 

Whatman 

47-mm 

Whatman 

Pallflex® 

TissuquartzTM 

 LOD 

(ng mL-1) 

LOQ 

(ng mL-1) 

 LOD 

(ng m-3) 

LOD 

(ng m-3) 

Al 87600 ± 21500 86500 ± 11100 < 2160  9.11 30.2  6.05 42.3 

V 12.2 ± 4.8 10.7 ± 1.0 < 5.10  0.021 0.071  0.002 0.036 

Cr 2260 ± 745 1780 ± 172 419 ± 149  0.56 1.85  0.33 2.54 

Mn < 273 259 ± 50 < 128  0.54 1.80  0.10 0.50 

Fe 7800 ± 890 6400 ± 1130 5000 ± 1320  5.85 19.5  3.03 17.5 

Co 13.5 ± 4.0 10.1 ± 2.4 < 6.05  0.025 0.085  0.006 0.032 

Ni < 858 < 629 < 404  1.70 5.67  0.25 1.94 

Cu < 292 < 214 < 138  1.93 6.43  0.20 3.98 

Zn < 1670 < 1230 < 788  3.31 11.0  1.48 10.9 

Rb < 259 < 190 < 36.6  0.51 1.71  0.069 0.30 

Sr 265 ± 74 398 ± 56 < 31.0  0.43 1.45  0.14 0.96 

Mo 61.4 ± 9.1 68.0 ± 9.4 67.3 ± 10.9  0.10 0.34  0.061 0.31 

Cd < 27.0 < 19.9 < 12.8  0.18 0.60  0.014 0.12 

Sn < 292 < 215 < 137  1.93 6.44  0.18 1.33 

Sb < 80.6 < 59.1 < 11.4  0.16 0.53  0.060 0.27 

Pb < 135 < 99.3 < 63.9  1.29 4.31  0.14 0.91 

Abbreviations and explanations: 1 47-mm Whatman QM-A quartz fiber filter, 2.3 m3 h-1 flow rate, 100 h 

sampling time; 1 47-mm Whatman QM-A quartz fiber filter, 0.24 m3 h-1 flow rate, 100 h sampling time; SD = 

standard deviation.  
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The analytical capabilities of the IC method applied for the separation and quantitative 

determination of major cations and anions are listed in Table 4.5. Two different 

methodologies were applied to determine the LOD for the IC method. The instrumental 

LOD was independent of the type of the filter applied for the collection of PM2.5 since only 

a standard solution with a concentration close to the LOD was used. The LOD values were 

calculated as three times the standard deviation of the concentration values calculated from 

the peak area. In order to have more realistic LOD for the investigated ions, procedural 

LODs were calculated by using one-third of the quartz fiber filters with a diameter of 47-

mm (field blank; n=6). Again, the LOD values were calculated as three times the standard 

deviation of the concentration values calculated from the peak area. As expected, the 

procedural LOD values were always higher than the instrumental LOD values especially in 

the case of Na+ and Cl-; however, it was impossible to determine the procedural LOD values 

for some ions (i.e., Br-, Li+, and K+) because no peak was observed for them in the 

chromatogram. Another drawback of applying the procedural LOD is that the contact area 

between water and the quartz fiber filter was different depending on whether smaller or 

larger filter was used. Accordingly, the procedural LOD has to be calculated for all filter 

types and dimensions; however, this gives a more realistic LOD value. 

Accuracy of the IC measurements was checked again by analyzing SRM 1648a in five 

replicates (Table 4.5). This SRM is certified only for Cl, Na, K, Ca and Mg. Thus, the 

recovery rate for Cl−, Na+, K+, Ca2+ and Mg2+ was 102%, 99%, 30%, 87% and 38% 

respectively. The lower recovery rates might be due to occurrence of insoluble silicates, 

carbonates and biomass provenance, the consequence of which is lower accessibility by 

sonication-assisted water extraction. The concentration of NO3−, PO43−, SO42− and NH4+ 

could also be determined with RSD values less than 5%. Since SRM 1648a gives scarce 

information on its major ion content, a two-level spiking method on Whatman quartz fiber 

filter (Ø 47-mm) was also applied. The recovery values were higher than 80% for each ion 

independently of the concentration of the spike applied (Table 4.5). 
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Table 4.5. Instrumental and procedural detection limits (LODs) as well as recovery by spiking with two standard solutions and accuracy and precision 

tests with urban particulate matter standard reference material (SRM) 1648a of the ion chromatographic method applied for analysis of indoor and 

outdoor PM2.5  

  
Instrumental1 and procedural 

LOD  
  

Recovery test through a two-level spiking 

method 
  Accuracy and precision tests 

Sample 
0.1 μg mL-1 

standard 

solution 

Field blanks 

(Ø 47 mm 

Whatman QM-A)  

 Laboratory blanks 

(Ø 47 mm Whatman QM-A)  

 SRM 1648a 

       

n 10 6   3 3 3  - 5 

       blank + 0.2 μg mL-1 + 1.0 μg mL-1      

Ion μg mL-1  ng mL-1 Recovery (%; ± SD)  
Certified  

(mg kg-1; ± SD) 

Determined 

(mg kg-1; ± SD) 

F- 0.007 0.007  7.4 ± 0.9 80 ± 3 81 ± 2  n.a. <1210 

Cl- 0.005 0.068  25.3 ± 1.4 88 ± 3 91 ± 2  4543 ± 47 4650 ± 130 

Br- 0.006 n.d.  n.d. 87 ± 2 86 ± 3  n.a. <1080 

NO2- 0.009 0.013  27.2 ± 1.2 86 ± 2 89 ± 2  n.a. <425 

NO3- 0.007 0.011  35.7 ± 0.9 90 ± 1 89 ± 2  n.a. 13900 ± 300 

PO43- 0.008 0.022  406 ± 2 93 ± 2 90 ± 3  n.a. 15800 ± 600 

SO42- 0.006 0.009  13.0 ± 0.9 90 ± 2 89 ± 2  55100 ± 36002 53900 ± 17802 

Li+ 0.004 n.d.  n.d. 93 ± 2 93 ± 2  n.a. <108 

Na+ 0.005 0.126  357 ± 3 105 ± 3 97 ± 3  4240 ± 60 4180 ± 130 

NH4+ 0.005 0.018  3.8 ± 0.2 92 ± 2 99 ± 2  n.a. 20000 ± 700 

K+ 0.008 n.d.  n.d. 90 ± 3 91 ± 3  10560 ± 490 3170 ± 80 

Ca2+ 0.006 0.022  33.1 ± 0.8 97 ± 3 93 ± 3  58400 ± 1900 50700 ± 900 

Mg2+ 0.005 0.007   8.6 ± 0.3 95 ± 3 92 ± 3   8130 ± 120 3090 ± 130 

Abbreviations and explanations: 1 expressed as three times the standard deviation of the concentration of a 0.1 μg mL-1 standard solution injected 10 times; 2 certified 

value is given for S, determined SO42- concentration was converted to S concentration; n = number of replicates; n.a. = not available; n.d. = not detectable; SD = 

standard deviation. 
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The LOD values for the PIXE measurements are listed in Table 4.6. Twenty-one (Al, Si, 

S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Br, Sr, Ba and Pb) and 11 elements 

(K, Ca, Ti, V, Cr, Mn, Fe, Cu, Zn, Sr and Pb) could be monitored by the PIXE in the PM2.5 

samples collected onto Teflon and quartz fiber filters respectively. Determination of S, a 

major PM2.5 constituent, was hampered due to the Al absorber used in the case of quartz 

fiber filters in order to suppress the intensive peak of Si in the X-ray spectrum. Generally, 

this Al absorber caused difficulties in the identification and quantitative determination of 

other constituents especially in the case of elements with low Z value (i.e., Cl, K). Fewer 

particles could be identified on the surface of the quartz fiber filters by SEM because the 

aerosol particles penetrated into the deeper regions of the filter with a filamentary 

structure. Besides the Al absorber, the larger layer thickness as well as the filamentary 

structure of this type of filter caused further decrease in the intensity of X-ray radiation 

coming from the particles and consequently an increase in the LOD. This latter value varied 

from 2.4 to 29 ng m-3 depending on the element (Table 4.6). The LOD values were higher 

for all elements identified in the samples collected onto quartz fiber filters than those 

calculated for the Teflon filters by a factor of 1.5 - 3.0 except for the elements with higher 

Z value (i.e., Cu, Zn, Sr and Pb). Moreover, quartz fiber filters were characterized by higher 

blank values than the Teflon filters. 

The precision of the PIXE measurements for the major constituents (Al, Si, S, K, Ca, 

Fe, Zn) in samples collected onto Teflon filters expressed as the RSD was generally between 

1 and 15%, while for the other elements (i.e., Ti, V, Cr), these RSD values ranged between 

20 and 55%. In the case of samples collected onto quartz fiber filters, K, Fe and Zn could 

be determined with a RSD varying between 20 and 50% and for the other elements (i.e., 

Ca, Ti, V, Cr, Mn) between 35 and 75%. Generally, the precision was roughly twice worse 

than in the case of the values reported by Horemans and van Grieken (2010). The decreased 

precision for certain trace elements in the present study is the consequence of the sampling 

schedule (8 h), which was preferred in this study in order to estimate the exposure of 

employees to PM2.5 during the work shift. 
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Table 4.6. Detection limit values for the investigated elements determined by PIXE in the case of 

quartz fiber and Teflon field blank filters (n=3). The volume of air considered for the calculation 

was 18.4 m3. 

 element quartz fiber filter Teflon filter 

 ng m-3 

Al n.a. 20 

Si n.a. 8.9 

S n.a. 5.7 

Cl n.a. 5.0 

K 15 5.1 

Ca 15 4.9 

Sc n.a. 4.8 

Ti 5.7 3.1 

V 5.4 2.4 

Cr 5.4 2.6 

Mn 4.9 3.0 

Fe 10 3.3 

Co n.a. 4.5 

Ni n.a. 4.1 

Cu 4.3 5.4 

Zn 4.2 6.7 

As n.a. 15 

Br n.a. 27 

Sr 13 28 

Ba n.a. 13 

Pb 11 29 

n.a. = not available 

 

Unfortunately, during the present sampling campaign, there were no parallel 

samplings on Teflon membrane and quartz fiber filters, so we could not make any direct 

comparison of the PIXE results. However, in the work of Zitnik et al. (2005), the results on 

polycarbonate and quartz filters were compared and it was demonstrated that the 

uncertainty introduced by the matrix effects of the thin quartz material was about 20% in 

the case of light elements (S, Cl, K) and lower than 10% in the case of heavier elements 

(i.e., Fe, Cu, Zn). 
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4.2. Indoor and outdoor PM2.5 mass concentration 

 

Table 4.7 presents the temporal variability of the indoor and outdoor PM2.5 mass 

concentration values determined for samples collected for about 100 h in the European 

office buildings. Considerable spatial and temporal differences in the outdoor PM2.5 mass 

concentration values could be observed among the study areas and seasons. The lowest 

average values were obtained in Finland for both seasons, while the highest mean values 

were measured in Greece and in Hungary during summer and winter respectively. The 

highest seasonal variation for outdoor PM2.5 mass concentration was observed in Hungary 

where also the highest contrast was recorded between the ambient temperature values 

during the summer (mean value: 26.3 °C) and the winter campaigns (mean value: 3.6 °C). 

 

Table 4.7. Minimum, mean and maximum mass concentration (μg m-3) of indoor and outdoor PM2.5 

observed for the summer and winter sampling campaigns (100 h sampling time). 

  PM2.5 mass concentration (μg m-3; min - mean (median) - max) 

 summer winter 

  indoor outdoor indoor  outdoor 

FI 2.6 - 3.4 – 5.3 3.7 - 7.5 - 12.0 3.4 - 4.8 - 6.3 4.8 – 6.2 – 8.7 

GR 8.7 - 13.3 - 16.8 14.5 - 25.4 - 31.2 5.5 - 14.3 - 18.5 9.5 - 20.8 - 26.0 

HU 5.5 - 9.4 - 17.1 9.3 - 16.2 - 27.8 12.9 - 21.3 - 32.3  34.7 - 41.1 - 47.3 

IT 8.9 - 10.5 - 12.6 9.3 - 10.1 - 11.1 6.1 - 11.0 - 17.7 8.6 - 27.8 - 62.4 

NLa 4.2 - 5.2 - 6.1 9.4 - 10.8 - 12.2 5.0 - 8.4 - 12.8 6.1 - 23.7 - 33.6 

All 2.6 – 9.0 (8.7) - 17.1 3.7 - 15.4 (12.1) - 31.2 3.4 – 13.2 (12.9) - 32.3 6.1 - 25.4 (25.5) - 62.4 
a Additional samples collected in April and May 2013 are included in winter and summer results respectively. 

Abbreviations: FI = Finland; GR = Greece; HU = Hungary; IT = Italy; NL = The Netherlands 

 

The indoor/outdoor PM2.5 mass concentration ratios obtained for both sampling 

campaigns (100 h sampling time) are listed in Table 4.8. A strong correlation (r=0.74; 

p<0.01) was observed between the indoor and outdoor mass concentration values. The 

indoor PM2.5 mass concentration was always lower than the corresponding outdoor value, 

except for two cases when the outdoor PM2.5 mass concentration was lower than 10 μg m-3 

in Finland and Italy. The indoor/outdoor PM2.5 mass concentration ratio values obtained 

for the summer and the winter campaigns were compared (paired t-test) and no association 
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was found between them. Less than 20% difference in the indoor PM2.5 mass concentration 

values was obtained in the case of the Dutch building where parallel indoor sampling was 

carried out.  

 

Table 4.8. Minimum, mean and maximum indoor outdoor PM2.5 mass concentration ratios observed 

for the summer and winter sampling campaigns. 

  indoor/outdoor mass concentration ratio  

(min – mean (median) - max)  

  summer winter 

FI 0.35 - 0.50 - 0.71 0.66 - 0.80 - 1.02 

GR 0.45 - 0.53 - 0.60 0.57 - 0.68 - 0.86 

HU 0.28 - 0.62 - 0.94 0.27 - 0.52 - 0.73 

IT 0.89 - 1.05 - 1.35 0.28 - 0.58 - 0.73 

NLa 0.42 - 0.48 - 0.58 0.24 - 0.48 - 0.81 

All 0.28 - 0.62 (0.58)- 1.35 0.24 - 0.61 (0.58)- 1.02 
a Additional samples collected in April and May 2013 are included in winter and summer results respectively. 

Abbreviations: FI = Finland; GR = Greece; HU = Hungary; IT = Italy; NL = The Netherlands 

 

The collected PM2.5 mass on the filters exposed to PM sampling for 8 h in Hungary varied 

between 44 and 417 μg and between 90 and 516 μg for the indoor and outdoor samples 

respectively. Minimum, maximum and mean mass concentration (μg m-3) of indoor and 

outdoor PM2.5 collected for 8 h onto quartz fiber or Teflon filters can be seen in Table 4.9. 

 

Table 4.9. Minimum, maximum and mean mass concentration (μg m-3) of indoor and outdoor PM2.5 

collected for 8 h onto quartz fiber and Teflon filters in Hungary. 

  Indoor       Outdoor     

  Min. Max. Mean ± SD   Min. Max. Mean ± SD 

HU1 2.9 8.4 5.3 ± 2.0   4.7 14.9 9.1 ± 4.1 

HU2 12.2 15.5 13.1 ± 1.4   16.2 23.3 20.8 ± 2.9 

HU3 4.7 8.2 6.7 ± 1.7   7.3 16.5 11.2 ± 3.6 

HU4 6.4 22.7 13.0 ± 6.7   7.6 28.2 15.3 ± 8.4 

HU5 5.9 11.4 8.3 ± 2.1   6.8 11.2 8.7 ± 1.7 

 

In the case of only one sample collected at HU4, the outdoor PM2.5 mass concentration 

was approximately 10% higher than the target value of 25 μg m-3 for ambient PM2.5 annual 

mean mass concentration set by the European Commission through Directive 2008/50/EC 
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(EC, 2008) and by WHO for 24-h PM2.5 guideline value (WHO, 2005) (Figure 4.3). 

Nevertheless, the PM2.5 mass concentration exceeded the guideline annual mean value of 

10 μg m-3 established by WHO (WHO, 2005) in 50% of the samples. However, it should be 

emphasized that (i) the sampling height for the outdoor samples was always between 

approximately 30 and 60 m above street level and (ii) sampling was carried out during 

summer, which is typically characterized by lower PM2.5 mass concentration compared to 

those during the colder seasons (Table 4.7 and chapter III). In two cases, the mass 

concentration in the indoor environment were also higher than the 15 μg m-3 limit value 

established by the Flemish government (Figure 4.3).  

 

 

 

Figure 4.3. Plot of indoor and outdoor mass concentration values of PM2.5 collected onto quartz fiber 

and Teflon filters for 8 h in five modern office buildings. 

 

By plotting the corresponding indoor and outdoor mass concentration pairs, good 

correlation was observed (r=0.84; p<0.01) also for the PM2.5 samples collected for 8 h (Figure 

4.3). The indoor/outdoor PM2.5 mass ratios varied between 0.45 and 0.96 (Figure 4.4). 

Nevertheless, two anomalous indoor/outdoor ratios of 0.26 and 1.47 were observed when 

the PM2.5 sampler was placed close to the office door (HU1) and in a shared space of the 
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workers (HU5), respectively (Figure 4.4). In the shared space a photocopier, a water 

dispenser, a hot drink and a sweet vending machines could be found. Therefore, in this case 

an increase in the so-called foot traffic, characterized by resuspension of settled particles 

(Cheng, 2010), could be responsible for the indoor/outdoor value higher than one, since 

the contribution of the ultrafine particles produced during photocopying to the PM2.5 mass 

is negligible. This outcome on the indoor/outdoor mass concentration ratio is in agreement 

with literature data: 0.37 - 0.88 (Horemans and van Grieken, 2008); 0.71 and 0.73 (Riain et 

al., 2003); and 0.64 ± 0.14 (Sangiorgi et al., 2013) and also with our findings obtained for 

the samples collected for 100 h (0.24 – 1.35). Even though the outdoor mass concentration 

values varied day after day, there were no considerable differences in the interday variation 

of the indoor/outdoor mass concentration values except for the two above-mentioned cases 

(Figure 4.4) indicating a relatively uniform operation of the HVAC systems of the buildings 

justified by two factors: i) the estimated fresh air input varied less than 25% between the 

two measurements performed on Monday and Friday in each case; ii) either the windows 

were sealed and could not be opened or office workers were not allowed to open them. 

 

Figure 4.4. Indoor/outdoor mass concentration ratios of PM2.5 collected for 8 h in offices and at the 

air intake of the mechanical ventilation system of office buildings (HU1 – HU5) onto quartz fiber 

(on Mondays, Wednesdays and Fridays) and Teflon filters (on Tuesdays and Thursdays). 
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4.3. Oxidative potential of the indoor and outdoor PM2.5 

 

The OP of PM2.5 also varied markedly across the investigated European sites (Figure 4.5). 

Urate was not depleted by PM2.5 as reported before (Künzli et al., 2006). To aid 

interpretation, the OP metrics are depicted in OPAA m-3 and OPGSH m-3 (% depletion/m3 air) 

as well as OPAA μg-1 and OPGSH μg-1 (% depletion/μg PM) units in Figure 4.5. The former are 

considered as exposure metrics, while latter ones point out the ability of the particles to 

deplete physiologically relevant antioxidants. 
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Figure 4.5. Seasonal and spatial variation of ascorbate and glutathione oxidative potential per unit 

volume (OPAA m-3 /a/ and OPGSH m-3 /b/;% depletion/m3 air; mean ± standard deviation) and per unit 

mass (OPAA μg-1 /c/ and OPGSH μg-1 /d/;% depletion/μg PM; mean ± standard deviation) for the indoor 

and outdoor PM2.5 collected for approximately 100 h. 
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The maximum values for outdoor OPAA m-3 and OPGSH m-3 were about 30 and 90 times 

higher than the lowest ones respectively. The lowest indoor and outdoor OPAA m-3 and 

OPGSH m-3 values were obtained for PM2.5 collected in Finland, while the outdoor samples 

collected in Hungary exhibited the highest activities during both seasons. In the case of 

indoor OPAA m-3 and OPGSH m-3, PM2.5 samples collected in Hungary during winter showed 

the highest values. Seasonal variation could be observed for both indoor and outdoor OPAA 

m-3 and OPGSH m-3 with higher mean values during winter with some exceptions. On 

average, the mean indoor/outdoor OPAA m-3 ratio was 0.64 (median: 0.60) and 0.78 (median: 

0.71) for the summer and winter campaigns respectively. A considerably larger seasonal 

difference was observed for the mean indoor/outdoor OPGSH m-3 ratio with values of 3.21 

(median: 0.67) and 1.45 (median: 1.14) for summer and winter respectively. The large 

difference in the mean and median OPGSH m-3 values is due to the outliers obtained in The 

Netherlands (e.g., maximum indoor/outdoor OPGSH m-3 ratio of 25). The indoor/outdoor 

OPAA m-3 and OPGSH m-3 ratio was larger than one in 4 and 17 cases out of the 40 respectively. 

Strong correlation was observed between the indoor and outdoor OPAA m-3 (rs=0.68; 

p<0.01); however, indoor and outdoor OPGSH m-3 values were not correlated (rs=0.13). 

The spatial and temporal variability was moderate for OPAA μg-1; however, substantial 

differences were obtained for OPGSH μg-1 (Figure 4.5). The highest outdoor OPAA μg-1 and 

OPGSH μg-1 values were apparent for Hungary and Italy during summer, while the PM2.5 

samples collected in The Netherlands showed the highest depletion rate for glutathione 

regarding the indoor environment. The indoor/outdoor OPAA μg-1 and OPGSH μg-1 ratio was 

larger than one in 26 and 23 cases out of the 40 respectively. Indoor OPGSH μg-1 values were 

significantly higher than the corresponding outdoor ones in the case of all samples collected 

in The Netherlands; however, considerably lower outdoor OPGSH μg-1 levels were measured 

for the Dutch buildings compared to the other office buildings. 

In the case of the PM2.5 samples collected for 8 h, the investigation of OP could be 

evaluated only for the samples collected onto quartz fiber filters in spite of a recent report 

of Yang et al. (2014). However, in the cited report, whole quartz fiber and Teflon 

membrane filters were subjected to different OP analysis. In our study, the Teflon 
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membrane filters could not be used for OP analysis as a consequence of the alternative 

method of punching out 5 mm discs from them. This sample preparation step resulted in 

rolling up of the discs. Therefore, the PM surface could not come efficiently into direct 

contact with the synthetic RTLF during the 4-h long mechanical shaking.  

Among the three low-molecular-weight antioxidants of the synthetic RTLF, urate was 

not depleted again. Both metrics of OP varied substantially across office buildings (Figure 

4.6).  

 

 

 

 

Figure 4.6. Temporal and spatial variation of ascorbate and glutathione oxidative potential per unit 

volume (OPAA m-3 and OPGSH m-3 /a/;% depletion/m3 air; mean ± standard deviation) and per unit 

mass (OPAA μg-1 and OPGSH μg-1 /b/;% depletion/μg PM; mean ± standard deviation) for the indoor 

and outdoor PM2.5 collected onto quartz fiber filter for 8 h. Abbreviation: n.a. = not available 
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Considerable differences were observed between the minimum and maximum OPAA  

m-3 and OPGSH m-3 values. The lowest indoor and outdoor OPAA m-3 and OPGSH m-3 values 

were obtained for PM2.5 collected at HU4 and HU2 respectively. According to our results, 

HU2, HU4 and HU5 showed less temporal variability for both OP metrics. On average, the 

mean indoor/outdoor OPAA m-3 and OPGSH m-3 ratios were 0.87 (median: 0.43) and 0.83 

(median: 0.78). The indoor/outdoor OPAA m-3 and OPGSH m-3 ratio was larger than one in 2 

and 5 cases out of the 15 respectively. 

Among the investigated buildings, one order of magnitude difference could be observed 

also between the minimum and maximum values for both OPAA µg-1 and OPGSH µg-1. Taking 

into account all samples, 14% (2 cases) and 57% (8 cases) of the indoor OP µg-1 values were 

higher than the corresponding outdoor ones in the case of ascorbate and reduced 

glutathione respectively. Moreover, except for one case, the depletion of reduced 

glutathione related to the PM2.5 mass was always higher in the case of indoor samples 

collected at HU1, HU2 and HU3 compared to the corresponding outdoor values. 

 

4.4. Chemical composition of PM2.5 and chemical mass closure 

 

In the case of the PM2.5 samples collected for 100 h, the contribution of the investigated 

PM constituents to the PM2.5 mass is depicted for the summer and winter campaigns in 

Figure 4.7. For the purpose of chemical mass closure, the concentration of OM (OM = 1.6 

× OC), sea salt (from standard seawater composition using Na+ as tracer), non-sea-salt SO42- 

([nss-SO42-] = [SO42-] – 0.231 × [Na+]; the factor of 0.231 is the average mass concentration 

ratio of SO42- to Na+ in sea-water) and other ions (non-sea-salt fraction of [Ca2+] + [Mg2+] + 

[K+]) were calculated. It should be noted that the approaches used for the calculation of 

OM and sea salt contain uncertainty since (i) the average organic molecular weight per 

carbon weight varies with location and season as the mix of organic compounds in PM2.5 

varies and (ii) it is assumed that the Na+ is only formed from sea spray. 
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Figure 4.7. Contribution (expressed in%) of the PM constituents to the indoor and outdoor PM2.5 mass during summer (a) and winter (b). The outdoor 

mean temperature values are also indicated. *Samples were collected in spring (April and May); however, they are depicted among the other results 

obtained for the samples collected in summer (May) and winter (April). Abbreviations: OM = organic matter; EC = elemental carbon; nss-sulfate = non-

sea-salt sulfate  
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On average, 82% of the gravimetric mass could be reconstructed by the chemical 

measurements. OM was the major component of the outdoor PM2.5 collected in Greece and 

in Italy for both seasons, while NO3- represented the highest contribution in the case of 

PM2.5 collected in The Netherlands. The relative contribution of OM to the mass of the 

indoor PM2.5 was higher than in the case of the corresponding outdoor PM2.5 by factor of 

1.5, on average. However, the concentration of OM (expressed in μg m-3) was still lower in 

the indoor PM2.5 compared to the outdoor PM2.5 in 82% of the cases due to the low 

indoor/outdoor mass concentration ratios. Besides spatial variation, seasonality could also 

be observed for OM concentration with higher values during winter for both indoor and 

outdoor PM2.5 while the concentration of EC was relatively constant at all sites during 

summer and winter. However, higher EC concentration values were observed for the office 

buildings located in big cities (Athens, Milan) with significant road traffic than for those 

located in smaller cities (e.g., Noordwijk). 

Among the major water-soluble ions, nss-SO42-, NO3- and NH4+ were the dominant ions 

in both indoor and outdoor PM2.5. A winter peak was observed for the concentration of 

NO3-; however, no seasonality was observed for the concentration of nss-SO42- in neither 

Italy nor The Netherlands in contrast to Greece where the mean summer/winter 

concentration ratio was 2.2 and 2.3 for the indoor and outdoor PM2.5 respectively. The 

indoor/outdoor NO3- concentration ratio was considerably lower than the corresponding 

indoor/outdoor PM2.5 mass concentration ratio when the outdoor mean temperature value 

was lower than the indoor one suggesting the evaporation of NH4NO3 (the main form of 

NO3- in PM2.5) in the indoor environment. PM2.5 samples collected in Milan were 

characterized by lower sea salt content since the sampling sites were far from any coastal 

areas (>100 km) in contrast to Athens (<18 km) or Noordwijk (<1 km) where the sea salt 

accounted for up to 8 and 26% of the PM2.5 mass respectively. The sum of the molar 

concentrations of the water-soluble cations multiplied with their corresponding charge was 

almost equal to the sum calculated for the water-soluble anions (Figure 4.8). The median 

value of the cations/anions ratios was 1.04 (0.80 – 1.39) and 1.07 (0.86 – 1.36) for the indoor 

and outdoor PM2.5 respectively. 
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Figure 4.8. Scatter plot for the sum of the molar concentrations of the water-soluble cations 

multiplied with their corresponding charge and the sum calculated for the water-soluble anions. 

 

The concentration of trace elements in the PM2.5 varied widely among the sampling 

locations. The indoor/outdoor trace element concentration ratios expressed in ng m-3/ng  

m-3 and μg g-1/μg g-1 are depicted in Figure 4.9. The median values of the indoor/outdoor 

trace element concentration ratios (expressed in ng m-3/ng m-3) were lower than one; 

however, values higher than one were observed for Cr, Cu and Cd in more than 25% of the 

cases. Regarding the indoor/outdoor ratios expressed in μg g-1/μg g-1, values higher than one 

were observed for Cr, Cd, V, Rb, Sr, Pb, and Sn in more than 50% of the cases. The water-

soluble proportion of the elements expressed as the ratio of the concentration value 

obtained after water extraction and the concentration value obtained after aqua regia 

extraction is shown in Figure 4.10. The mean water soluble proportion was less than 25% 

for Al, Fe, Sn and Pb while the most water-soluble elements were V and Zn. Considerable 

differences in the water-soluble proportions could not be observed between the 

corresponding indoor and outdoor values. Similar water-soluble proportion values were 

observed for the PM2.5 collected in Greece and The Netherlands; however, slightly different 

values were apparent in the case of some trace elements such as Sn, Cr, Mn and Cd in Italy. 
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Figure 4.9. Ratios of indoor and outdoor trace element concentration values obtained for aqua regia extractions. Concentration is expressed in ng m-3 (a) 

and μg g-1 (b). Inner squares in each box correspond to the mean value. The bottom, middle and top of each box correspond to the 25th, 50th and 75th 

percentile while whiskers indicate 10th and 90th percentiles. Individual outliers are also shown. Data lower than LOD was rejected from the calculation.   
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Figure 4.10. Ratios of trace element concentrations obtained for water and aqua regia extractions for the PM2.5 samples collected in Greece (a), The 

Netherlands (b) and Italy (c). Inner squares in each box correspond to the mean value. The bottom, middle and top of each box correspond to the 25th, 

50th and 75th percentile while whiskers indicate 10th and 90th percentiles. Individual outliers are also shown. Data lower than LOD was rejected from 

the calculation.   
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Less chemical analysis (only determination of elements by PIXE) could be carried out in 

the case of the PM2.5 samples collected for 8 h. Mean concentration values of the most 

quantifiable elements defined as ng m-3 and mg g-1 for the PM2.5 samples collected onto quartz 

fiber and Teflon filters are listed in Table 4.10. On average, the sum of all analyzed elements 

in the indoor and outdoor PM2.5 collected onto Teflon filters represented about 20% of the 

indoor and outdoor PM2.5 fraction by weight. Apart from S, the major aerosol constituents (c 

> 20 ng m-3) were of natural origin such as Al, Si, Ca, Fe and K. By comparing the concentration 

of the elements in PM2.5 at the investigated office buildings both indoors and outdoors, roughly 

the same order of magnitude could be observed. In the case of HU2 and HU5, the interday 

variability of both indoor and outdoor elemental concentrations defined as mg g-1 was smaller 

(generally between 10 and 35%) compared to the values obtained for the other office buildings 

(25 - 85%). 

The outdoor concentrations of V, Cr, Mn, Fe, Cu, Zn and Pb in PM2.5 samples collected in 

this study were in good agreement with those determined for the PM2.5 samples collected at 

Széna square, Budapest, Hungary (Chapter III) by using the same type of quartz fiber filters. 

Among the elements, indoor mean concentration defined as ng m-3 was higher than the 

outdoor one for Ca, Ti and Cr by a factor of 1.2 – 2.6 in some cases (practically, in all buildings 

except for HU2). The highest indoor/outdoor value was observed for Ca in the case of HU1, 

suggesting the presence of indoor sources. Resuspension of settled dust as well as particle 

emission from paper containing calcium carbonate (CaCO3) and titanium dioxide as additives 

during the all day long letter writing, printing and posting activities could be responsible for 

the increased indoor concentrations of Ca and Ti. In the case of HU1, the indoor concentration 

of Cr defined as ng m-3 exceeded the outdoor one by a factor of 1.4, on average. One 

explanation could be the abrasion of Cr containing parts of the mechanical ventilation system. 

The ratios calculated by relating the mass of elements (mg) to the PM2.5 mass (g) were even 

higher due to the lower indoor mass concentration values. As a consequence, indoor/outdoor 

elemental ratios for Zn by using the mg g-1 concentration unit were also slightly higher than 

one for several samples collected in the case of HU1, HU2 and HU3.  
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Table 4.10. Mean concentration (ng m-3 and mg g-1) of the most quantifiable elements present in PM2.5 samples (n = 50) collected onto quartz fiber and 

Teflon filters for 8 h during working days in office buildings indicating also the indoor/outdoor elemental concentration ratios. 

 

 

Abbreviation: I/O = indoor/outdoor ratio 

  

 

 
HU1    HU2   HU3   HU4   HU5  

 indoor outdoor I/O ratio  indoor outdoor I/O ratio  indoor outdoor I/O ratio  indoor outdoor I/O ratio  indoor outdoor I/O ratio 

ng m-3 

K 35 ± 22 47 ± 14 0.7 ± 0.4  49 ± 38 105 ± 73 0.5 ± 0.1  22 ± 8 42 ± 17 0.5 ± 0.2  121 ± 106 119 ± 103 1.0 ± 0.3  37 ± 32 48 ± 41 0.8 ± 0.4 

Ca 237 ± 113 91 ± 59 2.6 ± 1.4  99 ± 22 166 ± 29 0.6 ± 0.2  209 ± 123 181 ± 34 1.1 ± 0.9  198 ± 122 170 ± 85 1.2 ± 0.6  108 ± 58 71 ± 61 1.5 ± 0.7 

Ti 7.7 ± 3.1 6.7 ± 3.2 1.2 ± 0.4  6.7 ± 2.5 16 ± 5 0.5 ± 0.2  7.6 ± 4.4 5.9 ± 4.1 1.3 ± 0.2  16 ± 7 14 ± 10 1.1 ± 0.3  7.3 ± 1.2 7.9 ± 4.0 1.0 ± 0.3 

Cr 7.6 ± 5.5 5.4 ± 1.8 1.4 ± 0.8  6.1 ± 4.2 6.5 ± 4.5 0.9 ± 0.4  6.2 ± 4.5 9.4 ± 8.4 0.7 ± 0.2  7.8 ± 6.7 6.9 ± 3.2 1.1 ± 0.3  7.8 ± 4.7 7.4 ± 4.4 1.0 ± 0.6 

Fe 39 ± 21 108 ± 77 0.4 ± 0.1  57 ± 9 204 ± 29 0.3 ± 0.1  32 ± 20 119 ± 58 0.3 ± 0.2  185 ± 155 170 ± 44 1.1 ± 0.3  75 ± 49 79 ±47 0.9 ± 0.4 

Zn 16 ± 7 21 ± 11 0.8 ± 0.4  15 ± 8 20 ± 5 0.7 ± 0.2  12 ± 7 19 ± 7 0.6 ± 0.3  29 ± 10 41 ± 21 0.4 ± 0.4  14 ± 3 16 ± 6 0.9 ± 0.3 

mg g-1 

K 6.1 ± 3.4 6.3 ± 3.2 1.0 ± 0.3  3.9 ± 1.9 7.2 ± 3.4 0.6 ± 0.1  3.3 ± 1.0 5.8 ± 4.7 0.7 ± 0.6  5.5 ± 5.1 5.7 ± 4.3 1.0 ± 0.4  3.5 ± 2.2 3.4 ± 2.1 1.0 ± 0.4 

Ca 40 ± 19 12 ± 8 3.8 ± 2.1  7.5 ± 1.3 9.7 ± 3.2 0.9 ± 0.4  29 ± 12 23 ± 12 1.7 ± 1.3  12 ± 6 10 ± 7 1.3 ± 0.6  14 ± 6 9.4 ± 5.2 1.6 ± 1.0 

Ti 1.5 ± 1.1 
0.77 ± 

0.28 
1.9 ± 1.1  

0.52 ± 

0.17 

0.92 ± 

0.31 
0.7 ± 0.4  1.0 ± 0.5 

0.54 ± 

0.27 
2.1 ± 0.7  0.87 ± 0.63 1.0 ± 0.8 0.9 ± 0.5  

0.96 ± 

0.22 
1.0 ± 0.2 1.0 ± 0.2 

Cr 1.5 ± 1.2 
0.63 ± 

0.11 
2.2 ± 1.3  

0.46 ± 

0.21 

0.32 ± 

0.10 
1.3 ± 0.5  

0.84 ± 

0.53 

0.78 ± 

0.45 
1.1 ± 0.2  0.54 ± 0.45 0.48 ± 0.24 1.0 ± 0.4  

0.84 ± 

0.21 
1.0 ± 0.5 0.9 ± 0.5 

Fe 6.9 ± 4.3 16 ± 13 0.5 ± 0.3  4.3 ± 0.8 12 ± 3 0.4 ± 0.1  4.6 ± 2.2 14 ± 6 0.4 ± 0.2  8.9 ± 5.8 11 ± 7 0.9 ± 0.4  8.6 ± 1.9 11 ± 4 0.8 ± 0.3 

Zn 3.0 ± 2.1 2.5 ± 1.5 1.2 ± 0.7  1.1 ± 0.3 1.0 ± 0.2 1.1 ± 0.4  1.8 ± 0.8 2.1 ± 0.6 0.9 ± 0.5   1.6 ± 1.0 2.8 ± 1.9 0.6 ± 0.4  1.8 ± 0.4 2.3 ± 0.3 0.9 ± 0.2 
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Crustal enrichment factors (EFs) were calculated relative to the average crustal rock 

composition (Wedepohl, 1995) having Si as the reference element and they are shown in 

Figure 4.11 for both indoor and outdoor PM2.5 collected for 8 h.  

 

Figure 4.11. Crustal enrichment factors (EF) of elements determined by PIXE in the indoor and outdoor 

PM2.5 collected onto Teflon filters (n≥5) 

 

Elements (i.e., S, Cr, Cu, Zn) originating from anthropogenic activities showed the highest 

EFs (> 100), while some aerosol constituents (i.e., Cl, Mn) enriched to a lesser extent (100 > EF 

> 10) suggesting the presence of both crustal and non-crustal emission sources. To the 

contrary, the smallest EFs (< 10) were observed for elements such as Al, K, Ca, Ti and Fe and 

therefore are believed to originate mainly from soil dust. The ratio of the crustal EF of a 

constituent for the indoor PM2.5 to the crustal EF of the same constituent for the corresponding 

outdoor PM2.5 is called indoor EF (Salma et al., 2013), which is another indicator for the 

enrichment of an element compared to the I/O ratio of the elemental concentrations defined 

as ng m-3 or mg g-1. According to this definition, indoor EFs were close to one suggesting that 

the elements mainly originated from the outdoor air via the mechanical ventilation system. 

Among the investigated elements, the highest indoor EF values were observed for Ca, Cr and 

Ti (Table 4.11).  
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Table 4.11. Minimum, maximum and mean indoor enrichment factors (EFs) calculated for PM2.5 

samples collected onto Teflon membrane filters indicating the corresponding office building codes as 

well. 

 Indoor EF 

 Mean ± SD Min. Max. 

Fe 0.7 ± 0.3 0.5 (HU1) 1.1 (HU5) 

S 0.8 ± 0.5 0.5 (HU4) 1.5 (HU2) 

K 0.9 ± 0.4 0.4 (HU3) 1.4 (HU5) 

Zn 0.9 ± 0.6 0.5 (HU4) 1.7 (HU1) 

Cu 0.9 ± 0.8 0.4 (HU5) 2.8 (HU2) 

Mn 1.2 ± 0.5 1.1 (HU1) 1.7 (HU3) 

Sr 1.2 ± 0.4 0.5 (HU4) 1.3 (HU5) 

V 1.2 ± 0.4 0.8 (HU1) 1.7 (HU3) 

Al 1.2 ± 0.7 0.7 (HU4) 2.2 (HU3) 

Cl 1.3 ± 0.6 0.6 (HU4) 2.0 (HU3) 

Ca 1.8 ± 1.2 0.7 (HU2) 4.0 (HU1) 

Cr 1.8 ± 1.0 0.7 (HU4) 2.9 (HU1) 

Ti 1.9 ± 1.0 0.9 (HU2) 2.9 (HU3) 
SD = standard deviation 

 

Mean indoor EF of Ca and Ti were 4.0 and 2.5, respectively, in the case of HU1, while this 

value was close to one for the other elements of natural origin (i.e., Al, Fe) for the same 

location. This observation strengthens that the major indoor source of Ca was the letter-

making activity and the effect of resuspension was negligible.  

Accordingly, paper sheets used at HU1 were investigated by SEM/EDX and fine CaCO3 

particles could be identified on the whole surface of the samples (Figure 4.12). According to 

the indoor EFs, enrichment of Cr with a different extent in the indoor air could be observed 

for all office buildings. 



 

110 
 

0 2 4 6 8 10

0

2000

4000

6000

C
a
(K


)

C
l(

K


)

C
a
(K


)

O
(K


)

C
o
u
n
ts

Energy / keV

C
(K


)

 

Figure 4.12. (a) Scanning electron microscopic image of paper sheet used in the case of HU1 and (b) the 

X-ray spectrum of the calcium carbonate additive 

 

4.5. Correlation between oxidative potential and PM characteristics 

 

Taking into account all PM2.5 samples collected for approximately 100 h, significant 

correlation was observed between PM2.5 mass concentration and OPAA m-3 (rs=0.71, p<0.01). 

PM2.5 mass concentration also correlated with OPGSH m-3(rs=0.35, p<0.01); however, the 

correlation was not as strong at in the case of OPAA m-3. In the case of OPAA m-3, the correlation 

coefficient changed considerably when the samples were grouped into indoor (rs=0.82, p<0.01) 

and outdoor (rs=0.43, p<0.05) subcategories. Smaller deviation was observed between the 

correlation coefficients for the indoor (rs=0.21, p=0.23) and outdoor (rs=0.41, p<0.05) OPGSH  

m-3 and PM2.5 mass concentration. 

 

Table 4.12. Spearman's rank correlation coefficients between particulate oxidative potential (OPAA μg−1 

 and OPGSH μg−1) and the concentration (μg g−1) of the investigated aerosol constituents in the case of 

the 100 h-long sampling. Significant correlations are highlighted. 

 

 OPAA  OPGSH 

 
indoor 

(n=24) 

outdoor 

(n=22) 

all sites 

(n=46) 
 

indoor 

(n=24) 

outdoor 

(n=22) 

all sites 

(n=46) 

Carbonaceous fractions      

OC -0.06 0.37 0.30  0.07 0.71** 0.48** 

EC 0.13 0.49* 0.30  0.05 0.52* 0.29 

a b 
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Major water-soluble ions      

NH4+ -0.15 -0.14 -0.12  -0.39 -0.46 -0.38 

Na+ 0.14 -0.02 0.03  0.21 -0.22 -0.03 

K+ -0.24 0.63** 0.33*  -0.19 0.35 0.17 

Ca2+ -0.22 -0.20 -0.30  -0.14 -0.18 -0.25 

Mg2+ 0.08 0.01 -0.01  0.31 0.00 0.11 

SO42- -0.04 0.13 0.08  -0.16 -0.30 -0.12 

NO3- 0.29 -0.20 -0.03  0.78** -0.31 0.13 

Cl- 0.37 -0.40 -0.08  0.53** -0.27 0.08 

Aqua regia extractable part of trace elements   

Al -0.15 0.30 0.07  0.04 0.42 0.15 

V 0.07 0.42 0.23  0.17 -0.02 0.09 

Cr 0.25 0.44* 0.44**  -0.02 0.23 0.13 

Mn 0.01 0.28 0.05  -0.19 0.15 -0.11 

Fe -0.13 0.46* 0.11  -0.59 0.37 -0.18 

Co 0.15 0.43* 0.19  0.22 0.08 0.08 

Ni 0.18 0.59** 0.34*  0.19 0.29 0.26 

Cu 0.48* 0.87** 0.67**  0.65** 0.48* 0.58** 

Zn 0.13 0.40 0.24  -0.34 0.03 -0.16 

Rb -0.07 0.37 0.16  -0.37 0.07 -0.14 

Sr 0.14 0.31 0.23  0.40 0.24 0.32* 

Mo 0.44* 0.23 0.30*  0.50* 0.10 0.32* 

Cd 0.16 0.49* 0.44**  -0.10 0.53* 0.33* 

Sn 0.32 0.53* 0.42**  0.42* 0.76** 0.52** 

Pb 0.14 0.43* 0.34*  0.05 0.22 0.19 

Water-soluble part of trace elements     

Al -0.28 0.51* 0.13  -0.29 0.47* 0.00 

V 0.11 0.41 0.24  0.18 -0.03 0.09 

Cr 0.25 0.44* 0.41**  -0.02 0.29 0.16 

Mn 0.04 0.04 -0.10  -0.30 -0.15 -0.38 

Fe 0.21 0.75** 0.39**  -0.42 0.34 -0.20 

Co 0.13 0.17 0.04  0.38 -0.34 0.01 

Ni 0.23 0.56** 0.35*  0.20 0.13 0.16 

Cu 0.43* 0.76** 0.58*  0.59** 0.53* 0.54** 

Zn 0.17 0.36 0.23  -0.37 -0.02 -0.20 

Rb 0.05 0.29 0.19  -0.44 -0.01 -0.23 

Sr 0.07 0.20 0.12  0.23 0.12 0.13 

Mo 0.39 0.26 0.33*  0.35 0.15 0.27 

Cd 0.01 0.53* 0.38**  -0.37 0.38 0.09 

Sn 0.10 0.41 0.41**  0.03 0.19 0.22 

Sb 0.39 0.61** 0.55**  0.03 0.38 0.23 

Pb 0.14 0.35 0.32*  0.01 0.01 0.07 

* p<0.05 level 

** p<0.01 level 
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Carbonaceous fractions and major water-soluble ions correlated poorly with the OP metrics 

(Table 4.12) with some exceptions (e.g., OC and OPGSH). Among the investigated trace 

elements, only the concentration of Cu correlated with both OPAA μg-1 and OPGSH μg-1 in the 

case of both indoor and outdoor PM2.5. We noted considerable differences between the 

correlation coefficients obtained for the indoor and outdoor PM2.5. Significant positive 

correlations between the concentration of 8 trace elements (Cu, Ni, Sn, Cd, Fe, Cr, Co and Pb) 

and OPAA μg-1 were apparent for the outdoor PM2.5. In contrast, only 2 trace elements (Cu and 

Mo) were relevant in the case of indoor PM2.5. A similar trend could be observed for the 

correlation coefficients obtained between the water-soluble part of the trace element and 

OPAA μg-1. Fewer trace elements showed significant correlation with OPGSH μg-1 compared to 

OPAA μg-1 for both the indoor and outdoor PM2.5. 

In the case of the PM2.5 samples collected for 8 h, significant correlation was also observed 

between outdoor PM2.5 mass concentration and OPAA m-3 (rs=0.69; p=0.04). However, there was 

no relationship between indoor PM2.5 mass concentration and OPAA m-3 (rs=0.40; p=0.11) and 

also between OPGSH m-3 and both indoor and outdoor PM2.5 mass concentration (rs=-0.16; 

p=0.56 and rs=-0.44; p=0.10, respectively), indicating that PM chemical composition is more 

important than PM mass in relation to oxidative activity.  

A statistically significant correlation was observed between OPGSH µg-1 and Cr (rs=0.56; 

p=0.002) and Zn (rs=0.50; p=0.002) concentration for the whole dataset. Depending on the type 

of environment, the correlation between OPGSH µg-1 and Cr concentration (rs=0.63; p=0.02) was 

higher for the indoor PM2.5, however, OPGSH µg-1 showed a more significant association with 

Zn concentration (rs=0.59; p=0.02) for outdoor samples. 

 

4.6. Geographical location, outdoor PM sources, infiltration and indoor PM sources: Which are 

the major determinants of indoor PM2.5 mass concentration? 

 

The outdoor PM2.5 mass concentration values obtained in our study are consistent with the 

results reported elsewhere for the same areas (e.g., Kassomenos et al., 2014; Marcazzan et al., 

2001; Putaud et al., 2010; Sillanpää et al., 2006). It is well-known that urban PM2.5 mass 
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concentration values are generally higher in Central and Southern Europe than in Northern 

Europe and most of the cities have difficulties with keeping the PM2.5 mass concentration 

below the annual PM2.5 mass concentration limit value (25 μg m-3; EC, 2008). In line with this 

statement, considerably lower PM2.5 mass concentration values were apparent for the sites 

investigated in Finland and in The Netherlands compared to Greece, Hungary and Italy. 

Generally, only the indoor/outdoor concentration ratio is used to get information regarding 

whether people are exposed to higher concentration indoors or outdoors. However, this 

simple parameter does not allow for separating the outdoor particles from those generated 

indoors. Another approach estimates the infiltration factor as well as the amount of the indoor 

generated particles by using a marker compound which has no indoor source such as SO42- 

(e.g., Hanninen et al., 2004; Sangiorgi et al., 2013). Moreover, the enrichment of an element 

in the indoor PM can be evaluated by calculating the indoor enrichment factor (EF) which is 

the ratio of the crustal EF of a constituent for the indoor PM to the crustal EF of the same 

constituent for the corresponding outdoor PM (Salma et al., 2013). One of the drawbacks of 

these methods is that there is no parameter which would take into account the evaporation of 

the semi-volatile compounds (e.g., NH4NO3) due to the change of temperature when outdoor 

particles penetrate into the offices. 

Since (i) a strong correlation was observed between the indoor and outdoor PM2.5 mass 

concentration values; (ii) the indoor/outdoor PM2.5 mass concentration ratio was generally 

lower than one and (iii) the indoor/outdoor concentration ratio was also lower than one for 

all PM constituents with some exceptions, it can be assumed that, in general, the indoor PM2.5 

was not affected by any substantial indoor sources and the outdoor PM2.5 mass concentration 

was still the major factor. It is also clear that the physical position and the proper operation of 

the HVAC system (e.g., efficient filtration; optimal air exchange rate) is important to reduce 

the PM mass concentration (Morawska et al., 2009; Quang et al., 2013); however, the 

determination of the exact infiltration rate is still challenging; the selection of the indoor and 

outdoor sampling locations, the frequency of windows opening; the filtering efficiency of the 

bag filters for the different particle sizes as well as the size distribution of the PM constituents 

all having an influence besides the evaporation of the semi-volatile compounds, sink (e.g., 
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deposition on indoor surfaces), re-suspension and generation of aerosol particles. For example, 

it has been shown that an upgrade on the HVAC system could increase the overall efficiency 

of the system in removing particles from 58 to 86% (Morawska et al., 2009). Furthermore, the 

higher indoor/outdoor concentration values observed for some trace elements (e.g., Ca, Cd, 

Cu, Cr) in some cases suggest that they might have indoor sources. For example, Cd and Cr are 

associated with tobacco smoke (Slezakova et al., 2009) and office workers might take these 

compounds adsorbed on their clothes, skin or hair into the offices (thirdhand smoke). 

 

4.7. Indoor air vs. outdoor air: Where is it better to stay? 

 

If we approach the question from the angle of the PM2.5 mass concentration, it is better to 

stay indoors than outdoors irrespective of the season since the indoor/outdoor PM2.5 mass 

concentration ratios were less than one for the office buildings with only some exceptions. 

However, recent epidemiological studies focus on the chemical composition of PM, on the 

identification of those PM constituents which may be responsible for health outcomes and on 

the toxicologically relevant features of PM rather than the PM2.5 mass concentration. The 

comparison of the mean indoor/outdoor OPAA m-3 and OPGSH m-3 ratios with the mean 

indoor/outdoor PM2.5 mass concentration ratio revealed that the mean indoor/outdoor ratios 

for the OP metrics were larger than the mean indoor/outdoor PM2.5 mass concentration ratio 

especially in the case of OPGSH m-3. Furthermore, the indoor/outdoor ratios for OPAA m-3 and 

OPGSH m-3 were larger than one in more cases than the indoor/outdoor PM2.5 mass 

concentration ratio; however, the mean indoor/outdoor ratio for the OPAA m-3 was still lower 

than one, and similarly, the mean indoor/outdoor ratio for OPGSH m-3 was lower than one in 

most of the cases. These OP results also suggest that staying indoors is generally better than 

spending time outdoors. However, the indoor/outdoor OPAA m-3 and OPGSH m-3 ratios only 

imply whether office workers are exposed to oxidatively more challenging air indoors than 

outdoors or not. The considerable spatial and temporal differences observed for the OP metrics 

suggest that the office building characterized by indoor/outdoor OPAA m-3 and OPGSH m-3 ratios 
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lower than one might have more health relevance compared to those characterized by ratios 

higher than one when the absolute indoor OP values are compared.  

If the title of this section was “Indoor particles vs. outdoor particles: Which particles are 

considered to be more relevant in terms of OP?” then the answer would be less favorable for 

the indoor environment since the indoor particles generally showed considerably larger 

oxidative activity (especially OPGSH μg-1) than the outdoor particles on a per unit mass basis in 

our study (both 8 h and 100 h long sampling). This observation (i.e., indoor/outdoor OPGSH  

μg-1 and OPAA μg-1 ratios were generally higher than the corresponding indoor/outdoor OPGSH 

m-3 and OPAA m-3 ratios) might be due to several reasons including (i) the evaporation of those 

PM constituents which are not relevant in terms of OP in the indoor environment or (ii) 

higher filtration efficiency for the above-mentioned compounds or (iii) the formation of 

reactive oxygen species in the indoor environment. 

The intensive investigation of PM oxidative activity through antioxidant depletion assays 

dates back to the early 2000s; several studies have been carried out at outdoor sites with 

different source characteristics (e.g., Font et al., 2014; Godri et al., 2010, 2011; Janssen et al., 

2014); however, little is known about the OP of indoor PM. A more complex investigation of 

the air pollutants is needed to fully answer the original question since there are also other 

health relevant air pollutants (e.g., formaldehyde, NO2, O3) and other health effects associated 

to PM constituents. 

 

4.8. Link between PM constituents and particulate oxidative activity: Which are the relevant 

PM constituents? 

 

Our findings on the correlations between the OP of outdoor PM and the concentration of 

PM constituents are in good agreement with previous observations (e.g., Godri et al., 2010, 

2011; Künzli et al., 2006; Nawrot et al., 2009; Yang et al., 2014). Previous studies have shown 

that OPAA and OPGSH are sensitive to slightly different panels of metals and PM sources; OPGSH 

is sensitive to traffic-related trace elements and OPAA is more sensitive to regional PM 

constituents (e.g., Kelly et al., 2011). The statistical analysis revealed some differences for OPAA 
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and OPGSH; more aerosol constituents were linked to OPAA than OPGSH as well as considerable 

differences were observed in the case of indoor and outdoor PM2.5. However, the source 

apportionment analysis failed due to the low number of samples collected at each site. Previous 

studies have found heterogeneous associations between particulate oxidative activity and the 

concentration of PM constituents across European sites (Künzli et al., 2006; Nawrot et al., 

2009) which may explain the low correlation coefficients observed for some PM constituents 

since all results for PM2.5 collected in Greece, Italy and The Netherlands were included in the 

correlation analysis. The heterogeneity may derive from the differences in the oxidation state, 

the chemical form as well as the bioavailable part of the same trace element at different sites 

since the sampling locations were characterized by different PM sources and meteorological 

conditions. The differences observed among the sites for the water-soluble proportions of the 

trace elements also strengthen this assumption. In the case of the indoor PM2.5, the weaker 

correlations suggest that the link between particulate OP and PM constituents is a more 

complex issue compared to the outdoor PM2.5 and that the indoor air chemistry might play a 

crucial role in the formation of reactive oxygen species and other compounds which alter the 

oxidative properties of PM. 

The pathways of particle-induced toxicity through antioxidant loss at the air–lung interface 

have already been discussed (Kelly and Fussell, 2012) and the trace elements (e.g., Cu, Sn, Ni, 

Fe) which showed strong and moderate correlations with the OP metrics in our study are in 

line with the proposed mechanism. The role of the water-soluble part of the trace elements 

does not appear to be significant since similar correlation coefficients were obtained between 

them and the OP metrics compared to the corresponding values obtained for the total trace 

element concentrations. However, firm conclusions cannot be made since the heterogeneity 

observed across the sites may have an effect as well. OC has not previously been identified as 

an indicator of OPGSH; however, earlier studies found associations between particulate OP and 

WSOC (Verma et al., 2012). The link between the OP metrics and EC might be caused by some 

redox active compounds (i.e., quinones) adsorbed at the surface of the EC rather than by EC 

itself. There is no simple explanation for the associations observed between some major soluble 

ions and OP metrics.  
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4.9. Spatial variability in an office building: How to perform representative indoor PM 

sampling? 

 

The lack of any major indoor PM sources and by applying similar air exchange rates, it is 

expected that the PM2.5 mass concentration values are similar in all offices in a modern 

building if the same mechanical ventilation system is used to supply fresh air into the offices. 

In the case of the Dutch office building (NL3), we obtained quite similar PM2.5 mass 

concentration values for the two different offices in which the monitoring campaigns were 

performed simultaneously. However, a larger deviation was observed for the OP metrics as 

well as for the concentration of the minor and trace PM constituents. The offices selected for 

this study were located on the same floor, with similar room dimensions, exactly the same 

flooring, wall and ceiling materials and office layouts. The rooms were not occupied by office 

workers during the sampling campaign, the windows were kept closed and the difference in 

the air exchange rate values were less than 5%. Consequently, it can be stated that the 

distribution of the minor and trace PM constituents was not homogenous in the air of the 

office building. Both PM2.5 samplers were applied a flow rate of 16.7 L min-1 which is 

comparable with the inhaled air volume of a healthy male and female doing sitting activity 

(approximately 9 and 6.5 L min-1 for males and females respectively; calculated from the tidal 

volume and breathing cycle) as recommended by ICRP66 (1994). These findings suggest that 

the office workers may be exposed to health relevant PM constituents to a different extent 

within the same office building even if the parameters of indoor environment are similar for 

the offices. 

 

4.10. Limitations of the study 

 

This study is the first large-scale investigation of PM2.5 oxidative activity in office buildings 

across Europe; however, the low number of samples collected at each site does not allow us to 

make any substantial comparison among the individual buildings.  
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It should be noted that the selection of the sampling time (8 h vs. 100 h) could lead to a bias 

in the determination of the real PM2.5 exposure of office workers. However, our results indicate 

that the long sampling time might not lead to significant underestimation regarding indoor 

PM2.5 mass concentration. The deviation was less than 23% between the indoor PM2.5 mass 

concentration values obtained for the 8-h daily and the 100-h PM2.5 samples and less than 18% 

for the indoor/outdoor mass concentration ratio with one exception (HU5). On average, the 

indoor PM2.5 mass concentration was only 6% higher in the case of the 8-h PM2.5 samples. 

Furthermore, less chemical analysis could be carried out in the case of samples collected by 

low-volume aerosol samplers during the 8-h day shift since the collected PM mass was 

considerably lower compared to this study. 

We assessed particulate OP through antioxidant depletion; however, other acellular assays 

are available with still no consensus regarding which one would characterize better the 

oxidative activity of PM. The different assays are sensitive towards different PM components 

(Ayres et al., 2008). However, the same methodology was used for the assessment of OP of PM 

collected at different environments which makes the comparison across these studies easier. 

The strong correlation among PM constituents (especially in the case of trace elements) 

may cause false associations when the link between OP metrics and PM constituents is 

investigated. This limitation will not help to fully understand the mechanism; however, the 

identification of the major PM sources responsible for antioxidant depletion might be possible 

by multivariate statistics. 

Since many trace elements may originate from different sources, it would be an advantage 

to have information about the chemical form of the elements which would help in the source 

apportionment as well as in the understanding of the mechanism behind the particle-induced 

toxicity. However, current instrumental analytical techniques are not capable to perform 

speciation analysis for many elements at trace levels.  

  



 

119 
 

5. Conclusions 

 

As people spend most of their time in indoor environments, indoor air quality receives more 

and more attention. In the case of office buildings equipped with HVAC system, it seems that 

outdoor air pollution is the major factor affecting indoor PM2.5 mass concentration. 

Furthermore, several parameters such as the overall efficiency of the mechanical ventilation 

system as well as the frequency of the windows openings determine the actual indoor PM2.5 

levels. Results suggest that the indoor sources of PM2.5 mass concentration might be less 

important in office building if special activity is not carried out in the offices. Accordingly, to 

set a target value for the indoor PM2.5 mass concentration might not be a priority issue in office 

buildings in contrast to the reduction of the outdoor PM2.5 mass concentration by different 

regulations (e.g., introduction of low emission zones). However, office buildings with larger 

indoor/outdoor PM2.5 mass concentration ratio values may require reconsideration of the 

performance of ventilation system. Both OPAA m-3 and OPGSH m-3 were generally lower indoors 

than outdoors; however, several offices exhibited indoor/outdoor values higher than one.  

Some questions still remain unanswered. It is clear that traffic-related trace elements (e.g., 

Cu) are the major determinants of particulate OP; however, results suggest that indoor air 

chemistry may also play an important role in the OP of indoor PM2.5. Further investigation is 

also needed on the distribution of health relevant PM constituents in indoor air. 
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Summary and outlook 

The research projects focused on the assessment of indoor and outdoor air quality, 

especially on the chemical characterization and OP assessment of PM2.5. This was the first 

study in which the mass concentration and chemical composition of PM2.5 was investigated 

over a long period (3 years) in Budapest. Furthermore, to the best of my knowledge, none of 

the existing studies focused on the OP of PM over a long period or on the indoor OP of PM.  

The mean PM2.5 mass concentration (21.0 µg m-3) in Budapest was just below the 25 µg m-3 

limit value set by the European Commission. It is clear that the reduction of the PM2.5 mass 

concentration is required in line with the directive since a limit value of 20 µg m-3 is indicated 

for 2020. Temporal differences in both OP metrics could be observed during the 3-year long 

sampling period but there was no clear overall trend. Changes in the yearly concentrations 

were not identified for the investigated compounds between 2010 and 2013; however, the 

comparison of our data with the previous data obtained at the same sampling site in 1996 and 

2002 revealed a strongly decreasing tendency for Pb. This observation highlights the need for 

the continuous (or from time to time) investigation of the chemical composition of PM2.5. 

In the frame of the OFFICAIR project, several questions have been answered regarding the 

indoor (office) environment. It can be assumed that, in general, the indoor PM2.5 was not 

affected by any substantial indoor sources and the outdoor PM2.5 mass concentration was still 

the major factor. We recognized that enveloping can contribute to the concentration of Ca in 

offices; however, its overall importance is negligible. Our results on the PM2.5 mass 

concentration and OP suggest that it is better to stay indoors than outdoors irrespective of the 

season. The role of indoor air chemistry in the OP of PM2.5 as well as the spatial distribution 

of the health relevant PM constituents within office buildings have to be investigated. 

On average, about 80% of the gravimetric mass could be reconstructed by the chemical 

measurements in the case of both studies. For this reason, several analytical methods have 

been developed and validated for the investigation of PM constituents down to trace levels.  

A more complex investigation of the air pollutants is needed to fully assess indoor and outdoor 

air quality since there are also other health relevant air pollutants (e.g., formaldehyde, NO2, O3) 

and other health effects associated to PM constituents.  
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Összefoglalás és kitekintés 

Doktori munkám a bel- és kültéri levegő minőségének vizsgálatára irányult, azon belül is 

főleg a PM2.5 méretfrakció kémiai jellemzésére és oxidatív potenciáljának meghatározására. Ez 

az első tanulmány Budapesten, mely a PM2.5 méretfrakció tömegkoncentrációjának és kémiai 

összetételének hosszútávú (3 év) meghatározására irányult. Egyik korábbi tanulmány sem 

vizsgálta az aeroszol részecskék oxidatív potenciáljának hosszútavú váltakozását, illetve a 

beltéri aeroszol részecskék oxidatív potenciáljáról sincs információ. 

A PM2.5 tömegkoncentráció értékek átlaga (21,0 µg m-3) nem sokkal volt kisebb Budapesten 

mint az Európai Bizottság által meghatározott határérték (25 µg m-3). Az irányelv alapján a 

PM2.5 tömegkoncentráció csökkentése elengedhetetlen, mivel a tervezett célérték 2020-ra 20 

µg m-3. A mintavételi időszak alatt időbeli változékonyság jellemezte az oxidatív potenciált 

mindkét antioxidáns esetén, azonban egyértelmű évszakos trend nem volt megfigyelhető. 

Jelentős változás a vizsgált alkotók éves átlag koncentráció értékeikben nem történt 2010 és 

2013 között. A Pb koncentrációját tekintve jelentős csökkenés volt tapasztalható néhány 

korábbi (1996-os és 2002-es) adattal való összehasonlítás során. Ez alátámasztja a PM2.5 

méretfrakció kémiai összetételének folyamatos vizsgálatának szükségességét.  

Az OFFICAIR projekt keretein belül néhány kérdés megválaszolásra került a beltéri (irodai) 

környezettel kapcsolatban. Kijelenthető, hogy a beltéri PM2.5 tömegkoncentrációt nem 

befolyásolta jelentős beltéri aeroszol forrás és a kültéri PM2.5 tömegkoncentráció a 

legmeghatározóbb tényező. Megfigyeltük, hogy az egész napos levélhajtogatás hozzájárul a Ca 

beltéri koncentrációjához, azonban ezen forrás különösebb jelentősséggel nem bír. A PM2.5 

tömegkoncentráció és az oxidatív potenciál értékek alapján kijelenthető, hogy évszaktól 

függetlenül jobb beltéren tartózkodni, mint kültéren. Számos kérdés azonban 

megválaszolatlan maradt (pl.:  PM2.5 alkotók koncentrációjának eloszlása egy épületen belül). 

A meghatározott PM2.5 tömeg körülbelül 80%-a volt azonosítható az alkalmazott kémiai 

mérésekkel mindkét projektben. Ehhez számos analitikai módszer került kidolgozásra. 

Egy sokkal összetettebb vizsgálatra van szükség a bel- és kültéri levegő minőségének 

jellemzéséhez, mivel számos egészségügyi szempontból jelentős légszennyező (formaldehid, 

NO2, O3) koncentrációjára nem terjedt ki a vizsgálat.   
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