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Introduction 

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 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. 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. 



3 
 

Objectives 

The research projects focused on the assessment of indoor and outdoor air quality, 

especially on the chemical characterization and OP assessment of PM2.5. The spatial and 

temporal variation of particulate OP is not as well characterized as the mass concentration 

and chemical composition of PM. Moreover, there was no information available about the 

OP of indoor PM. 

One of the field campaigns was carried out in Budapest, Hungary 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 oxidative potential of PM2.5 collected for 36 months at an urban site heavily affected 

by road traffic in Budapest. Moreover, the investigation of the link between OP metrics 

and the concentration of the PM constituents was targeted. This was the first study in 

which the mass concentration and chemical composition of PM2.5 was investigated over a 

long period in Budapest. Furthermore, none of the existing studies focused on the OP of 

PM over a long period. 

In the frame of the OFFICAIR project (on the reduction of health effects from combined 

exposure to indoor air pollutants in modern offices), indoor and outdoor PM2.5 samples were 

collected for 8 h and 100 h in office buildings across Europe in two sampling campaigns 

(summer and winter). The aim of the study was 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 goal of the project was to 

fill gaps and answer questions regarding the indoor and outdoor environment. This was the 

first study on the investigation of indoor particulate OP. 

The above mentioned objectives require several analytical methods which directed us 

to the development and validation of new analytical methods for the investigation of 

several PM constituents down to trace levels. 
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Materials and methods 

I. Characterization of urban air pollution 

Sampling was conducted at the Széna Square urban site in the center of Budapest 

between June 2010 and May 2013. On the first week of each month, one sample was 

collected for 96 hours from Monday morning to Friday morning by high-volume aerosol 

sampler. Different sized strips of field blank and loaded quartz fiber filters were subjected 

to different chemical analyses such as (i) microwave-assisted aqua regia extraction followed 

by inductively coupled plasma mass spectrometric (ICP-MS) determination of the trace 

elements, (ii) sonication-assisted water extraction followed by ICP-MS determination of 

the water-soluble part of the trace elements and ion chromatographic investigation of the 

major water-soluble ions, (iii) organic carbon (OC) and elemental carbon (EC) 

determination by thermal – optical transmission method (EUSAAR-2 protocol) and (iv) the 

investigation of total carbon (TC) and water-soluble organic carbon (WSOC) by a C/N 

analyzer. The ability of the particles to deplete physiologically relevant antioxidants 

(ascorbic acid (AA), reduced glutathione (GSH)) in a synthetic respiratory tract lining fluid, 

i.e., OP, was assessed. To aid interpretation, the OP metrics were listed 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. The former are considered as exposure metrics, while latter ones point out the ability 

of the particles to deplete physiologically relevant antioxidants. 

 

II. Assessment of indoor air quality 

Two different PM2.5 sampling methodologies were applied in the frame of the OFFICAIR 

project. PM2.5 samples were collected in Finland, Greece, Hungary, Italy and The 

Netherlands in a total of 20 office buildings. PM2.5 was sampled by low-volume aerosol 

samplers onto quartz fiber filters 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 
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Dutch building. Loaded as well as field blank filters were subjected to different chemical 

analyses in order to determine the concentration of the aqua regia and water extractable 

parts of trace elements, major water-soluble ions, OC and EC.  

The other PM2.5 sampling methodology (8-h long PM2.5 sampling during the work shift 

of employees) was carried out during the working hours in a selected office and at the air 

inlet of the HVAC system in 5 office building in Hungary during summer 2012. In each 

building, indoor and outdoor PM2.5 samples were collected simultaneously on five 

consecutive days from Monday to Friday alternating the sampling onto quartz fiber and 

Teflon filters daily. Elemental composition (for Z > 13) of the PM2.5 samples was determined 

by proton-induced X-ray emission spectrometry. The acellular method mentioned above 

and based on the determination of antioxidant consumption was applied for the assessment 

of the particulate OP. 

 

III. Statistical data evaluation for both studies 

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 

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/). 

  



6 
 

Results, thesis statements 

I. Characterization of urban air pollution [2,5] 

T1. The PM2.5 mass concentration ranged between 7.8 and 40.2 µg m-3 at Széna Square, 

Budapest over the sampling period with a mean value of 21.0 µg m-3 and showed a seasonal 

pattern with about two-fold higher mean value during winter in comparison to summer. 

Considerable change in annual mean PM2.5 mass concentration was not apparent between 

2010 and 2013. 

T2. On average, I could reconstruct the 84% of the gravimetric mass by the chemical 

measurements. Organic matter (OM) and secondary inorganic ions (SO42-, NO3-, NH4+) were 

the most dominant PM2.5 constituents contributing 40 and 29% of its mass respectively. 

Seasonal trend with a winter peak was observed for the atmospheric concentration of 

several PM constituents (i.e., OC, TC, WSOC, NO3-, NH4+, Na+, K+, Cl-, Zn, Rb, Cd and Pb). 

I could not identify changes in the yearly concentrations for the investigated compounds 

between 2010 and 2013. 

T3. The mean 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 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 the most water-soluble 

elements were V (73%), Cd (78%), Rb (81%) and Zn.  

T4. I observed temporal differences in both ascorbate and glutathione oxidation (OPAA and 

OPGSH respectively) during the 3-year long sampling period. No clear overall trend was 

apparent in OPAA m-3 and OPGSH m-3 over the sampling period; however, the OPAA  

µg-1 values generally increased in the summer compared to colder periods. 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). OP metrics were associated mainly with 
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traffic-related trace elements (e.g., Cu); however, the results suggest that other PM sources 

(i.e., long-range transport, secondary aerosol formation) may contribute to particulate OP. 

 

II. Assessment of indoor air quality [1,3,4] 

T5. I determined the indoor and outdoor mass concentration values for office buildings 

across Europe with the lowest and highest values obtained in Finland and Hungary 

respectively. I observed a strong correlation between the indoor and outdoor mass 

concentration values in the case of PM2.5 collected for 100 h (r=0.74; p<0.01) and 8 h (r=0.84; 

p<0.01). The indoor/outdoor PM2.5 mass concentration ratios varied between 0.24 and 1.35 

(mean: 0.62) and between 0.26 and 1.47 (mean: 0.73) for the PM2.5 collected for 100 and 8 

h respectively. In the case of the PM2.5 samples collected for 8 h, there were no considerable 

differences in the interday variation of the indoor/outdoor mass concentration values 

except for two cases. 

T6. On average, 82% of the gravimetric mass could be reconstructed by the chemical 

measurements in the case of PM2.5 collected for 100 h. 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 concentration 

of trace elements in the PM2.5 varied widely among the sampling locations. The median 

values of the indoor/outdoor trace element concentration ratios (expressed in ng m-3/ng 

m-3) were generally lower than one; however, values higher than one were observed for 

Cr, Cu and Cd in more than 25% of the cases. 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. 

T7. The OP of PM2.5 (collected for 100 h) 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. Seasonal variation could be observed for both indoor 

and outdoor OPAA m-3 and OPGSH m-3 with higher mean values during winter. The 

indoor/outdoor OPAA m-3 and OPGSH m-3 ratios were less than one, with 4 and 17 exceptions 
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out of the 40 cases respectively, indicating that indoor air is generally less oxidatively 

challenging than outdoors. Among the investigated PM constituents, 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 OP of indoor and outdoor PM2.5. 

T8. In the case of the PM2.5 samples collected for 8 h, I observed considerable differences 

between the minimum and maximum OPAA m-3 and OPGSH m-3 values. According to our 

results, three buildings showed less temporal variability for both OP metrics. 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. 

T9. I answered several questions regarding the indoor (office) environment.  

1. Geographical location, outdoor PM sources, infiltration and indoor PM sources: Which 

are the major determinants of indoor PM2.5 mass concentration?  

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. 

2. Indoor air vs. outdoor air: Where is it better to stay? 

If we approach the question from the angle of either the PM2.5 mass concentration or the 

values of OPAA m-3 and OPGSH m-3, it is better to stay indoors than outdoors irrespective 

of the season since the indoor/outdoor ratios were generally less than one for the office 

buildings with some exceptions. 

3. Spatial variability in an office building: How to perform representative indoor PM 

sampling? 

We obtained similar PM2.5 mass concentration values for the two offices (characterized 

by same parameters) investigated simultaneously in an office building. However, a larger 

deviation was observed for the OP metrics and for the concentration of the minor and 

trace PM constituents which suggests that the office workers may be exposed to health 

relevant PM constituents to a different extent within the same office building. 
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