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1. INTRODUCTION 

The study participants of 24 European centres of the former European community respiratory 

health survey I (ECRHS I) – cross-sectional study (1989-92)1 are currently under re-investigation 

(follow-up study). The primary goal of the ECRHS II project (http://www.ecrhs.org [08.05.2002]) 

is the assessment of incidence, course, and prognosis of respiratory diseases, in particular asthma 

and change of pulmonary function. 

In order to assess the impact of fine particulate air pollution on respiratory health, in the ECHRS II 

centres an annual average of PM2.5 is being determined using a standardised procedure. In addition, 

the elemental composition of the PM2.5 samples is analysed by energy-dispersive X-ray fluores-

cence spectrometry (ED-XRF), a non-destructive method. 

The elemental analysis of 1926 PM2.5 samples collected in the framework of the ECRH II study has 

been completed in summer 2002 and will be presented in this report. The report aims to describe 

the method of the elemental analysis and its quality assurance procedures. 

The used methodology has been developed for the PM2.5 elemental analysis in the European multi 

centre study EXPOLIS2 (Air Pollution Exposure Distribution of Adult Urban Populations in 

Europe). The outline of the presented report is based on the work and knowledge gained during the 

Elemental Analysis Study (EAS) in EXPOLIS. A detailed EAS methodology paper concerning the 

elemental analysis of PM2.5 by energy dispersive X-ray fluorescence spectrometry has been pub-

lished by Mathys et al.3. 

 

 

1.1 BACKGROUND 

Many epidemiological studies have shown statistically significant associations between ambient 

particle mass concentration with a variety of human health endpoints, including mortality, hospital 

admissions, respiratory symptoms and changes in pulmonary mechanical function. The general 

internal consistency of the epidemiologic data base enhances the confidence accorded the reported 

results and has contributed to increasing public health concern. However, there remains uncertainty 

regarding the shapes of particulate matter exposure-response relationship and the ability to attribute 

observed health effects to specific constituents of suspended particles. 

Airborne particulate matter is not a single pollutant, but rather a mixture of many subclasses of 

pollutants with each subclass containing many different chemical species. In this chapter a short 
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introduction in physical and chemical properties of particulate air pollution as well as the main 

health effects will be presented. 

The presented elemental analysis methodology was designed to investigate the elemental composi-

tion of PM2.5 sampled in the ECRHS II framework. The chemical analyses were conducted 

applying energy-dispersive X-ray fluorescence spectrometry. The interest in the composition of 

aerosol particles lies in the areas of: (1) explaining and inventorying the observed mass, (2) attrib-

uting ambient particles to pollution sources and (3) establishing the effects of aerosols on health 

and welfare. 

The U.S. Clean Air Act Amendments of 1990 list 189 compounds, among them inorganic com-

pounds of 12 elements, As, Be, Cd, Co, Cr, Hg, Mn, Ni, P, Pb, Se and Sn as hazardous air 

pollutants. The WHO Air Quality Guidelines for Europe recommended air quality guideline values 

or risk assessments for As, Cd, Cr, Hg, Ni and Pb. The purpose of the elemental analysis in 

ECRHS is therefore to provide a valuable tool for elemental analysis on particulate matter, to iden-

tify the distribution of elemental compounds on PM2.5 filters, as well as to evaluate the respective 

contributions of different source categories ambient PM2.5 concentrations. 

 

 

1.2 PHYSICAL AND CHEMICAL CHARACTERISTICS OF 
PARTICULATE AIR POLLUTION 

Airborne particulate matter (PM) includes a wide range of particles of different sources, sizes and 

compositions. The term is used for all solid and liquid particles that are suspended in the atmos-

phere as non-gaseous phases such as smoke, dust and droplets of liquids (i.e. acids, water)4. 

Particles can either be directly emitted into the atmosphere by anthropogenic activity or wind or 

can form during condensation of vapours and are then termed primary particles. Primary particles, 

once emitted, undergo chemical and physical transformations that result in a continuous change of 

their chemical composition and particle size distribution. Particles formed in the atmosphere by 

chemical reactions between gaseous phases (e.g. SO2, NO2 and hydrocarbons) are termed secon-

dary particles. 

Particulate matter are ubiquitous in our environment and can come from natural or anthropogenic 

sources and processes ranging from airborne plant spores and pollen, sea spray and ash to particles 

abraded during mining activity, combustion products, exhaust fumes and dust from construction or 

demolition plants. Both natural and anthropogenic particulate material can occur from either pri-

mary or secondary processes. 
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1.2.1 SIZE AND SIZE DISTRIBUTION OF AIRBORNE PARTICLES 

Particle diameters span more than four orders of magnitude, from a few nanometres to 100 mi-

crometers. The size of the particles is one of the most important parameter affecting the transport 

scale of aerosols, their atmospheric deposition and migration through the environment, and their 

environmental and human effects. Thus, size is the main determinant of the behaviour of particulate 

matter. Mass and volume distributions of PM are usually bimodal and accordingly two fractions, 

coarse and fine, with different physical properties and usually different sources can be defined5. 

Particle size is often described by the so-called equivalent diameter, which is the diameter of a 

spherical particle with the same physical behaviour as the particle in question. The coarse fraction 

of PM has an equivalent diameter of >2.5 µm and the fine fraction an equivalent diameter of <2.5 

µm. 

The terms “fine” and “coarse” were originally intended to apply to the two major atmospheric par-

ticle distributions which overlap in the size range between 1 and 3 µm. Therefore the defined size 

ranges of fine and coarse particles are handled different in literature. The fine fraction is often fur-

ther divided in a nucleation and accumulation range. Coarse mode particles are usually generated 

by various mechanical attrition processes. Nucleation mode aerosols are generated by processes 

involving condensation of hot vapours or are formed through gas-to-particle conversions whereas 

accumulation mode particulate matter is formed from nucleation mode particles through coagula-

tion or condensation of vapours. 
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Figure. 1: Typical size distribution of airborne particles, indicating some formation pathways6. 
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The term “aerodynamic diameter” is a slightly different definition of the particle size: the aerody-

namic diameter is used when describing settling behaviour and is the diameter of a spherical 

particle with equivalent settling velocity as the particle in question and a density of 1gcm-3. In epi-

demiological studies particles with a 50% cut off at 2.5 µm (PM2.5) or with a 50% cut off at 10 µm 

(PM10) in aerodynamic diameter are often being used to study particle exposure and adverse health 

effects. In recent years the cut off has been shifted towards ultrafine and nucleation mode particles 

for use in epidemiological studies. So far only a few studies have investigated the relationship be-

tween chemical compounds of particulate matter and adverse health effects 

 

 

1.2.2 CHEMISTRY 

Unlike gaseous pollutants (SO2, NO2, CO, O3), which are all well defined chemical entities, atmos-

pheric particles comprise a complex mixture of chemical constituents. The chemical composition 

of particles is dependant on the processes by which they were formed and the origin of the parti-

cles. Chemical fingerprinting can therefore be used as a method of source identification. 

The major constituents of atmospheric aerosols are sulphates, nitrates, carbonaceous compounds, 

water, hydrogen ions, ammonium ions and material of geogene origin4. 
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Figure 2: Typical composition of atmospheric particles (PM2.5) 

 

-4- 



  ECRHS II – WP 7: Description of the Methods 
   

Studies in which the chemical composition has been determined as a function of particle size have 

shown differences between the fine and coarse mode of particulate air pollution7. Fine mode parti-

cles often contain sulphates, nitrates, carbon compounds (elemental and organic carbon) and 

metals, coarse mode particles contain geogene material (reported by tradition as elements silicon, 

calcium, carbonates, aluminium, iron although in fact being present as ions or in complex com-

pounds) and sea salt, organic material such as plant or animal fragments and many kinds of dust 

(soil dust, road dust, coal and ash). 

 

 

1.2.3 SOURCES 

Most particulate matter is emitted or suspended by natural processes and from natural sources. 

However, anthropogenic sources are dominant where fine particulate matter, which is often formed 

by chemical reactions in the atmosphere, is concerned8-15. On a global scale natural sources domi-

nate due to their emission from large area sources. In contrast, anthropogenic emissions are likely 

to exceed the contributions from natural sources over relatively smaller areas, such as cities. Im-

portant natural sources are wind erosion in dry areas16, volcanic activity17, fires18, sea spray19, and 

cosmic dust20. Anthropogenic sources are exhaust fumes, combustion products, soot and industrial 

processes, but also road dust and dust from mining, agriculture, construction and demolition (a 

good overview of anthropogenic emissions is given by the US Environmental Protection 

Agency18). However there are also some sources where the distinction between natural sources and 

man made emissions is more difficult to make (e.g. biomass burning or soil dust emissions). 
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2. METHOD 

2.1 ECRHS II AIR POLLUTION EXPOSURE ASSESSMENT 

The ECRHS II air pollution protocol consists of three parts: the collection of historic air pollution 

data (Work Package 5 (WP5)), the measuring of current PM2.5 concentrations (WP6), and the ele-

mental analysis of PM2.5 (WP7). 

The elemental analysis (WP7) within the ECRHS II project has the following objectives: 

• To assess the chemical elements contained on the collected ambient PM2.5 samples. 

• To describe the distribution of chemical elements on PM2.5 across Europe and over time. 

• To create a data set, containing for each study centre the PM2.5 bound elemental analyses 

summary statistics over time. 

 

2.2 PARTICIPATING CENTRES 

The 21 European centres having joined the work packages WP6 and WP7 of the air pollution pro-

tocol are shown in the map below. 

 

Figure 3: Participating centres in ECRHS II 
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2.3 PM2.5 SAMPLES 

PM2.5 concentrations were measured in 21 ECRHS II centres to estimate ‘background’ exposure in 

these cities. One PM2.5-sampler per centre was thus installed within the original sampling area. 

Annual mean values of PM2.5 were determined from PM2.5 measures made using the “Basel PM2.5 

Sampler” (Further information can be found at: http://www.bgiusa.com [08.05.2002]). 

The equipment contained an EPA-WINS impactor, a 47 mm filter holder for Gelman Teflo filters 

(R2PJ047, 47 mm, 2 µm), a Graseby-Andersen PM10 inlet and a PQ100 pump. The Basel PM2.5 

sampler is a special version of the weatherproof portable PM10 sampling system with rigid tripod 

which was adapted for ECRHS II by BGI. The EPA-WINS is a single jet well impactor designed to 

remove particles with 50% cut size at 2.5 µm aerodynamic diameter at 16.7 lmin-1. Whatman fiber-

glass filters (∅ 32 mm 1820032) and silicone oil (Dow 704) were used for the impaction surface. 

Oil and filter were replaced after 96 operating hours at maximum. Tetra Gun Grease was used for 

greasing the “O”-rings. The pump was programmed and calibrated to 16.67 lmin-1 at 20 °C and 

1013 mbar. 

 

Every month for a year, each centre collected 6 samples on 7 days, over a two-week measuring 

period. This protocol results in a total of 84 days (72 filters) per centre to derive an annual mean. In 

addition, for each measurement period one unexposed filter per centre was determined as field 

blank filter. Whereas for the first six field blank filters the air could circulate (by diffusion only) 

during a certain time, for the rest of the field blanks the storage containers (plastic boxes) were kept 

closed and no air could circulate. 

A standardised protocol was developed by the University of Basel study partners, who were re-

sponsible for pre- and post-weighing all Teflon filters in a central laboratory in Aarau 

(Switzerland). After post-weighing, all filters were stored at ~4 °C and have been transferred to the 

Geochemical Laboratory of the University of Basel for elemental analysis. 

 

Annual and winter mean concentrations vary substantially being lowest in Iceland and highest in 

centres in Northern Italy. Annual PM2.5 mean concentrations ranged from 4 µgm-3 to 45 µgm-3 and 

winter mean concentrations ranged from 5 µgm-3 to 69 µgm-3. Seasonal variability did not follow 

the same pattern across all centres. 

Table 1 gives the number of the available filters for elemental analysis per centre and the start and 

the end of the PM2.5 sampling. Note, that each 7th filter was a field blank filter and thus, about 15% 

of the 1926 analysed samples are expected to have very low concentrations for most of the ele-

ments, i.e. below the detection limit. The mass loading of the exposed filters depends on the centre 
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and ranges from ~0.02 mg to ~0.5 mg in low polluted centres and in high polluted centres from 

~0.2 mg to ~4 mg. 

 

Table 1: Date of elemental analysis for the participating centres (in alphabetical order). 

City City code Sampling period 1. Measurement period (2001) 2. Measurement period (2002) Total # filters

   # filters Date of analysis # filters Date of analysis  

Albacete AL Dec 00 - Nov 01 27 26.05. - 27.05. 70 19.03 - 25.03 97 

Antwerp City AC Nov 00 - Oct 01 17 09.05. - 10.05. 66 25.03 -28.03 83 

Antwerp South AS Oct 00 - Oct 01 21 10.05. - 11.05. 63 14.03 - 19.03 84 

Barcelona BA Jun 00 - Sep 01 70 22.05. - 26.05. 34 12.03 - 14.03 104 

Basel BS Oct 00 - Sep 01 59 17.05. - 20.05. 37 08.03 - 12.03 96 

Erfurt ER Aug 00 - Aug 01 54 24.04. - 26.04. 34 06.03 - 08.03 88 

Galdakao GA Jun 00 - Sep 01 61 26.04./11.05. - 13.05. 44 30.03 - 02.04/05.04 - 06.04 105 

Gothenburg GO Jun 00 - May 01 69 07.05.-09.05./07.06. - 08.06. 13 06.03 82 

Grenoble GN Nov 00 - Oct 01 36 09.04. - 10.04. 47 03.03 - 06.03 83 

Huelva HU Jun 00 - Sep 01 70 17.04. - 20.04. 40 02.04 - 03.04 110 

Ipswich IP Oct 00 - Sep 01 39 29.05. - 30.05. 40 28.02 - 03.03 79 

Norwich NO Aug 00 - Dec 01* 51 14.06. - 15.06. 64 27.02 - 28.02/06.04 - 09.04 115 

Oviedo OV Jul 00 - Sep 01 58 30.05. - 02.06. 49 28.03 – 30.03/03-04 - 04.04 107 

Paris PS Nov 00 - Oct 01 21 10.04. - 11.04. 63 23.02 - 27.02 84 

Pavia PA Sep 00 - Sep 01 49 20.05. - 22.05./28.05. 42 21.02 - 23.02 91 

Reykjavik RE Oct 00 - Dec 01* 51 14.05. - 17.05. 67 05.02 - 08.02 118 

Tartu TA Oct 00 - Sep 01 35 05.04. - 07.04. 49 18.02 - 21.02 84 

Turin TU Sep 00 - Aug 01 48 01.05. - 03.05. 36 13.02 - 15.02 84 

Umea UM Jun 00 - Jun 01 62 22.04.-24.04./15.06. - 16.06. 24 11.02 - 13.02 86 

Uppsala UP Jun 00 - May 01 60 27.04.- 01.05./15.06.- 16.06. 22 08.02 - 11.02 82 

Verona VE Sep 00 - Jul 01 36 11.04. - 12.04./17.04. 28 04.02 - 05.02 64 

Total   994 02.04. - 16.06 932 04.02 - 10.04 1926 

* The months October 01 to December 01 are not included in the total of “ECRHS-months”, but elemental analysis have 
been performed on these filters. 
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2.4 ELEMENTAL ANALYSIS ON PM2.5 SAMPLES 

The most common interest in elemental composition of particulate matter derives from concerns 

about health effects and the utility of these elements to trace the sources of suspended particles. 

The purpose of ECRHS-WP7 is therefore to identify toxic compounds on PM2.5 filters, as well as to 

evaluate the respective contributions of different source categories to PM2.5 exposures and to clarify 

whether PM2.5 are qualitatively comparable or different across Europe. 

Because no single analytical technique is able so far to detect and quantify all relevant inorganic and 

organic elements and compounds in the expected concentration ranges – main components but also 

trace elements – complementary methods have to be found. These methods should necessarily be non-

destructive, since the analyte mass is small and cannot be split. 

Several non-destructive methods have been developed for analysing aerosol samples including 

proton induced X-ray emission (PIXE)21-23 which is very difficult to apply to samples on Teflon 

filters, neutron activation analysis (NAA)24-26, which can only be done in laboratories with access 

to a nuclear reactor and which has the disadvantage that sulphur, lead and cadmium cannot be de-

tected efficiently and mainly X-ray fluorescence (XRF)27-30. 

 

 

2.5 ELEMENTAL ANALYSIS ON FILTER MEDIA BY 
ENERGY-DISPERSIVE X-RAY FLUORESCENCE 
SPECTROMETRY 

The first commercial (in that time wavelength dispersive) X-ray fluorescence spectrometer became 

available about 50 years ago. Within this time period X-ray spectrometry had become a firmly es-

tablished method of instrumental analysis for inorganic solid matter, covering 95% of all elements 

in the periodic table in the percent to ppm region. The two versions of XRF – wavelength- and en-

ergy-dispersive (WD-XRF, ED-XRF) – belong today to the most frequent instrumental techniques 

world-wide in material science for bulk analysis (chemical main components, trace elements) of envi-

ronmental samples, but also of ceramics, glass, minerals, ores, rocks or soils. XRF displays high 

analytical specificity combined with moderate to high sensitivity and high dynamic range covering 

several concentration decades, but also good accuracy and high versatility. 

A specific and challenging problem of dust analysis is the small available mass for analysis, its a-

priori unknown elemental composition and its chemical complexity with elements varying from 

main component level to trace elements. 
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Although WD-XRF displays a higher sensitivity for low-atomic number elements than ED-XRF, the 

latter technique was used for the analysis of air ECRHS filters for two main reasons: 

 

• The WD-XRF method is characterized by high spectral resolution, which minimizes peak 

overlap. It requires high excitation power, which may produce excessive sample heating, 

embrittlement and potential degradation of the filter material (disintegration of organic materi-

als). ED-XRF applies a 100 to 1000 times lower excitation energy and hence avoids sample 

damages. 

• High sensibility WD-XRF is a sequential method where the investigated analyte has to be 

known a-priori. ED-XRF is basically a simultaneous method, where the entire information is 

stored as an energy spectrum, and is analysed after exposure. 

 

ED-XRF is a much younger technique than WD-XRF, the available literature in the field of filter 

analysis therefore scarce. 

 

 

2.5.1 PRINCIPLE OF ENERGY DISPERSIVE X-RAY SPECTROMETRY 

An understanding of the nature and origin of characteristic X-ray spectra requires some knowledge 

of atomic structure. All atoms consist of a dense central nucleus, containing protons and neutrons 

with electrons revolving around this nucleus, like satellites around the earth. The electrons are 

grouped in shells designated K, L, M, N, etc. in order of increasing distance from the nucleus and 

energy states of the electron (see figure 4). 

 

 

 

 

 

 

 

 

 

Figure 4: Schematic representation of an atom 
consisting of a nucleus and the electron 
shells. 
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Laboratory-grade XRF technologies use an X-ray tube to irradiate the samples with primary X-

rays. The ED-XRF technologies produce X-rays of known energy-bands. By exposing a sample to 

an X-ray excitation source having energy close to, but greater than, the binding energy of the inner 

shell electrons of the element, an inner shell electron is discharged. Electrons cascading in from 

outer electron shells fill the electron vacancies resulting (figure 5). Electrons in outer shells have 

higher energy states than inner shell electrons; therefore, to fill the vacancies, the outer shell elec-

trons give off energy as they cascade down into the inner shell vacancies. There are three electron 

shells generally involved in the emission of X-rays during the ED-XRF analysis of environmental 

samples: K, M, and L shell electrons. The emission of X-rays is termed X-ray fluorescence. Each 

element gives off X-rays of different energy levels. The specific type or energy of the emitted X-

ray is unique to a given element and is called a “characteristic” X-ray. By measuring the different 

energies of X-rays emitted by a sample exposed to an X-ray source, it is possible to identify and 

quantify the elemental composition of a sample. Observing the characteristic X-rays produced by 

the sample can make a qualitative analysis of the samples. The quantity or intensity of each energy 

of X-rays emitted is a function of the concentration of the target analytes. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematic representation of the mechanism 
of X-ray fluorescence of a lead atom leading 
to the emission of an Pb Kα X-ray 
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The X-ray secondary fluorescence from excited elements spans a range of measurable energies. 

This energy is measured in kilo electron volts (keV). A typical emission pattern, also called an 

emission spectrum, from a given element will have multiple intensity peaks generated from the 

emission of K, L, or M shell electrons. 

The energy of each intensity peak is characteristic for the excited element. The magnitude area of 

the intensity peaks is related to the mass or concentration of the element. The magnitude of these 

peaks is measured in “counts” per time unit, and this unit of measure relates to the number of X-

rays photons measured per unit of time. For most elements, the K and L emissions are used for 

identification and quantification (Intensities: IK > IL > IM). 

 

ED-XRF technologies consist of a source for sample excitation, a detector, a sample chamber, and 

an emission or fluorescence energy analyser, such as a multichannel analyser (MCA). Most XRF 

technologies are menu-driven from a personal computer (PC). An overall view of the working 

principle of an ED-XRF device with implemented secondary targets is shown in figure 6. 

 

 

 

 

Figure 6: Overall view of the working principle of an ED-XRF device with implemented secondary targets (figure: 
SPECTRO A.I.). 

 

 

2.5.2 MEASURING DEVICE 

The used device for the elemental analysis of ECRHS II-WP7 was an X-Lab 2000 (SPECTRO 

Analytical Instruments, Germany). The instrumental specifications are summarised in table 2. 
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Table 2: Technical description of used ED-XRF device for elemental analysis 

ED-XRF Device X-Lab 2000 

Manufacturer SPECTRO Analytical Instruments, Germany (1998) 

Principle Secondary target excitation 

Tube Palladium end-window 

Detector (Li)Si; cooled with liquid nitrogen 

Elements to analyse Theoretically all between sodium (Z=11) and uranium (Z=92) 

Max. Voltage [kV] 50 

Max. Power [W] 400 

 

All analyses on provided 47 mm Teflon filters were conducted with the X-Lab 2000, applying indi-

rect excitation by using four different secondary targets. These produce quasi-monochromatic 

radiation for certain energy regions. Figure 7 shows the spectra of a PM2.5 filter for all four instru-

mental operating conditions. Depending on the fluorescence intensity, an automatic current 

regulation guarantees an optimal pulse output, which implies a detector dead time of about 50 per-

cent or less. A palladium end-window tube was used as X-ray source without primary collimator. 

An N2-cooled Si(Li) detector with the required electronics (amplifier, ADC, multichannel analyser) 

was used for detection. Escape and pile-up peak, tail and shelf corrections were made using the X-

Lab 2000 software package of SPECTRO A.I. (version 2.2 R 03 j). 

The software allows the use of a background (blank filter) spectrum to correct for signals, which 

are not associated with the load of the sample. Thereby, a spectrum of a blank Teflon filter is sub-

tracted from each sample spectrum before the analyte’s intensities are extracted, and the elemental 

concentrations are calculated. Table 3 summarises the operating parameters of the measuring de-

vice, which were selected for PM2.5 filter analysis of ECRHS II. 

Table 3: Instrumental operating conditions for elemental analysis on PM2.5 filters with the X-Lab 2000 spectrometer 

 Condition 1 Condition 2 Condition 3 Condition 4 

Tube voltage [kV] 40 50 40 15 

Tube current [mA] 3.6* 6.0* 4.0* 5.0* 

Secondary target Molybdenum Barkla Scatterer 

Corundum 

Cobalt Barkla-Scatterer 

HOPG 

Counting time [s] 500** 1000** 500** 500** 

Vacuum + + + + 

Elements analysed Fe - Y, Hf, Ta, W, Pt, 

Hg, Tl, Pb, Bi, Th 

Zr, Nb, Mo, Ag - Ce, U Ti, V, Cr, Mn, Na - Ca 

 
* variable; dead time controlled 
** including dead time 
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Figure 7: Spectra of a loaded Teflon filter for the four used analytical conditions (for details see table 2) 
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2.5.3 CALIBRATION 

Almost all analytical techniques for elemental analysis are calibrated by measuring the signal ob-

tained from a set of calibration standards. The measured signal is then assumed to be a linear 

function of the concentration of the appropriate element in the standard. This is at least true for the 

concentration range of all elements in PM2.5 samples. For membranous filter materials, the aerosol-

loaded filter could be considered as thin layer and the matrix and enhancement effects are negligi-

ble. Under ideal conditions, the measured data would form an exact linear function of 

concentration. However, errors always occur on real data and the regression analysis, based on 

least square minimisation, is used to calculate the best-fit calibration line. The calibration is there-

fore a plot of an independent variable (x), the concentration, and a dependent variable (y), the 

analytical signal. 

 

bxay +=  

 

Based on minimising the sum of the squares of the differences 

 

2

1
)ˆ( i

n

i
i yy −∑

=

 

 

where  is the estimate of the analytical signal , derived for a specified concentration  in the 

i-th calibration standard. Various indicators of the goodness of fit are available to assess the cali-

bration data. One – and probably the most easiest to use – is the correlation coefficient calculated 

as 

iŷ iy ix

 

∑

∑

=

=

−

−
= n

i
i

n

i
i

yy

yy
r

1

2

1

2

)ˆ(

)(
 

 

For perfect fit r = 1 and for a good calibration data set r > 0.98, given a sufficient number of obser-

vations. 

 

Investigations into the composition of airborne particles are currently carried out in many countries. 

Large numbers of air particulate matter samples collected on filter substrates are being analysed, 

but only few appropriate standard materials are available to support this work. Several approaches 

-16- 



  ECRHS II – WP 7: Description of the Methods 
   

have been employed in the last years in order to supply standard materials to meet this need. These 

include the use of pipetted elemental solutions onto filters, thin glass films with varying elemental 

concentrations on filter substrates, and deposited particulate matter onto filters31-35. There are, how-

ever, several drawbacks which prevent them from being widely used in current PM studies. These 

include inhomogeneity at microanalytical levels, the dissimilarity of matrices for comparable 

analysis, or the deposited material having very dissimilar element patterns compared to today’s 

particulate matter composition. Although many methods have been proposed for preparing the nec-

essary standards, none of them seems to be satisfactory. Commercially available thin-film stan-

dards are very rare and do not cover the requirements for the multielement analysis of aerosol sam-

ples. It is important to use standards for the calibration procedure, which are very similar to the 

elemental content and the elemental distribution as they appear on real filter samples36. This con-

cerns not only the elemental composition but also the size distribution of the aerosol sample and the 

filter substrate. The production of standard material based on Teflon filters is described in litera-

ture37 but cannot be applied in our laboratory because of the lacking infrastructure. As no “perfect” 

standard material was available for elemental analysis on Teflon filters, the following standard 

material to calibrate the X-Lab 2000 has been used: 

 

• Breitländer: NO A1; Welding Fume on a cellulose acetate filter  

37 mm cellulose acetate filter spiked with a welding fume simulated aqueous solution 

containing concentration ranges of selected elements which corresponds to current 

threshold limit values of contaminants in workroom atmospheres. 

• Breitländer: NO B1; Welding Fume on a cellulose acetate filter  

37 mm cellulose acetate filter spiked with a welding fume simulated aqueous solution 

containing concentration ranges of selected elements which corresponds to current 

threshold limit values of contaminants in workroom atmospheres. 

• Institute of Inorganic and Applied Chemistry, University of Hamburg; Multielement 

Standards  

A multielement solution dropped onto membranous filters. The production and accuracy of 

the standard material is described and published31, 34. 

• National Institute of Standards & Technology: SRM 1648; Urban Particulate Matter 

This standard material was prepared from urban particulate matter collected in the St. 

Louis, Missouri area. The technique to apply the powdery material onto a 2 µm Mylar foil 

was developed in the Geochemical Laboratory of the University of Basel and is described 

by Handschin38, 39. 

• National Institute of Standards & Technology: SRM 2710; Montana Soil  

Deposited sediments from the Silver Bow Creek (Montana area) with high concentration of 
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copper, manganese and zinc. The powdery material was applied to a 2 µm foil simulating a 

very thin layer using the above mentioned technique. 

• National Institute of Standards & Technology: SRM 3087a; Metals on Filter Media The 

standard material consists of potentially hazardous elements deposited on membrane filters 

of a mixed cellulose ester type to be used to determine the levels of these elements in in-

dustrial atmosphere. 

• United States Geological Survey: 88GLA2 MAG-1; Marine Mud  

Consisting of the bottom sediment from the Wilkinson Basin of the Gulf of Maine. The 

powdery material was applied to a 2 µm foil simulating a very thin layer applying the 

above mentioned technique. 

 

Using the described standard material and assuming that the calibration function is linear in the 

covered concentration region, the correlation coefficients shown in the following table have been 

calculated. The differences in the number of used standards can be explained by the fact that the 

standard material is certified only for a certain number of elements and that standards have been 

excluded if no signal (counts) for a certain element was measured. 

Some of the correlation coefficients are below the values that one may expect. This may be ex-

plained by the very heterogeneous standard materials used (solution on different filter media, 

powder on foil). It is very likely that this is caused by the usage of very different elemental compo-

sitions on all kind of carrier material. The correlation coefficients would be better if a dilution of a 

single element standard had been used instead. Therefore, the “cut-off” for a good calibration (us-

able for quantitative analysis) and a calibration with only informative character for a given element 

is set at r ≥ 0.9. The calibration for elements with a 0.8 ≤ r < 0.9 is only used for qualitative state-

ments and they are printed in italic letters in table 4. Calibration lines with an r < 0.8 can’t be used 

for calculating any concentrations and the results of these elements have to be treated with care 

(printed in bold letters). From the latter group only Na, Mg and P will be included in the results 

files because they have a certain importance as far as the question of source apportionment is con-

cerned. 
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Table 4:  Number of used standards, calibration range (lowest and highest concentration on standards) and Pearson 
correlation coefficients (r) for the linear calibration function (printed in italic: 0.8 ≤ r < 0.9, printed in bold: r < 0.8) 

Element  Number of used standards Calibration range 
[ngcm-2] 

Correlation coefficient
r 

11 Na Sodium 19 830.2-26602.6 0.408 
12 Mg Magnesium 23 326.0-33876.6 0.713 
13 Al Aluminium 25 738.0-121012.1 0.862 

14 Si Silicon 12 43576.4-544366.5 0.951 

15 P Phosphorus 11 207.1-1991.8 0.423 
16 S Sulphur 20 468.8-93488.4 0.978 

17 Cl Chlorine 20 423.2-58049.3 0.921 

18 K Potassium 17 1089.0-39648.4 0.988 

20 Ca Calcium 26 495.5-23488.4 0.990 

22 Ti Titanium 24 123.0-8429.4 0.996 

23 V Vanadium 28 2.9-13284.0 0.999 

24 Cr Chromium 24 7.6-26400.0 0.997 

25 Mn Manganese 35 6.3-49900.0 0.989 

26 Fe Iron 35 65.2-635512.6 0.980 

27 Co Cobalt 17 4.3-5000.0 0.999 

28 Ni Nickel 35 2.8-11700.0 0.989 

29 Cu Cooper 33 3.6-96900.0 0.996 

30 Zn Zinc 34 8.3-45700.0 0.987 

31 Ga Gallium 9 3.8-63.9 0.989 

33 As Arsenic 26 8.6-13284.0 0.998 

34 Se Selenium 22 2.2-6642.0 0.995 

35 Br Bromine 16 1.2-934.9 0.997 

37 Rb Rubidium 20 10.2-279.0 0.993 

38 Sr Strontium 22 3.5-620.1 0.995 

39 Y Yttrium 12 4.5-52.4 0.487 
40 Zr Zirconium 4 23.3-235.9 0.996 

42 Mo Molybdenum 4 3.0-2710.0 0.368 
47 Ag Silver 6 16.4-66.3 0.941 

48 Cd Cadmium 15 14.7-3984.0 0.996 

49 In Indium 10 0.1-9.6 0.168 
50 Sn Tin 9 1.6-340.7 0.973 

51 Sb Antimony 24 1.8-21400.0 0.949 

53 I Iodine 7 19.0-711.6 0.977 

55 Cs Caesium 16 0.6-201.1 0.307 
56 Ba Barium 28 44.3-21100.0 0.990 

57 La Lanthanum 20 6.6-80.5 -0.492 
58 Ce Cerium 20 10.7-164.8 -0.486 
62 Sm Samarium 15 0.9-14.7 0.929 

69 Tm Thulium 4 0.1-0.8 0.962 

72 Hf Hafnium 4 4.1-8.2 -0.155 
80 Hg Mercury 8 6.4-1340.0 0.453 
81 Tl Thallium 6 0.6-2.4 0.994 

82 Pb Lead 35 4.4-12247.0 0.993 

83 Bi Bismuth 3 0.2-0.6 1.000 

92 U Uranium 11 2.5-47.0 0.591 
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2.5.4 COMPENSATION OF BACKGROUND SIGNALS 

When low concentrations/masses close to the detection limits have to be measured, several points 

become essential which can be disregarded in main component analysis. The spectrum that is used 

to calculate the elemental concentration on samples is not only influenced by the present elements 

on the filter but also by the filter medium itself, and signals coming from parts of the measuring 

device. This means that the calculated concentrations may not represent solely the filter load. 

Therefore the raw analytical results have to be proceeded to extract the signals originating from the 

aerosols on the filter media. To separate the signals of the filter loads from the background signals 

mainly two different methods can be applied: 

 

• Calculation and subtraction of elemental concentrations on blank filters  

For a set of a few blank filters the mean concentration of each element would be calculated 

using the above described calibration. These concentrations – influenced by either the filter 

media and/or signals from the measuring device would then be subtracted from the results 

of each measured filter. 

• Subtraction of a background spectrum before calculating any concentrations  

The software of the X-Lab 2000 allows to use a background spectrum to correct for sig-

nals, which are not associated with the load of the sample. The subtraction of a background 

spectrum results in a spectrum, which should be free of any spectral lines other than from 

the sample load. To use this opportunity a spectrum of a blank (unused) filter is subtracted 

from each sample spectrum before the elemental concentrations are calculated. 

 

Within the elemental analysis study of ECRHS II the subtraction of a background spectrum was 

chosen because this correction is made on a very early stage on the way from count rates to ele-

mental concentrations, which helps to minimize unpredictable errors. 

 

The application of background spectra is based on unused blank filters and doesn’t correct perfectly 

for all energy regions since the selected blank filter is one of 25 measured, slightly different, sam-

ples and it was chosen by chance. Since the Teflon filters can be expected as very clean, the visible 

peaks (Ca, Fe, Ni, Cu, Zn and Ga) in figure 8 origin of the parts of the measuring device like sam-

ple chamber, sample changer or sample holder which are known to contain the mentioned 

elements. 

 

Within the one year brake between the two measuring series of ECRHS II the analytical perform-

ance of the detection system has slightly changed which resulted in a raised background-to-peak 
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relation in some energy regions (especially condition 1 as can bee seen for a loaded filter in figure 

8 ). Since the original background spectrum would not have produced adequate results a new back-

ground spectrum has been created and used for the second measurement period. The usage of two 

different background spectra may lead to slightly different results between the two measuring 

periods (see also chapter 3). This is especially true for those elements with low count rates or 

concentrations close to the detection limit. 

 

It has to be mentioned here that possible contaminations due to the sampling or the handling of the 

PM2.5 samples would not be corrected using the subtraction of a background spectrum. Therefore it 

is recommended to determine elemental concentrations on field blank filters and to check whether 

any elements are present in unexpected high concentrations or not. 
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Figure 8:  Comparison of the used background spectra for both measurement periods 
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2.5.5 SENSITIVITY AND LIMIT OF DETECTION 

 
2.5.5.1 Sensitivity 

A method is said to be sensitive if a small change in concentration causes a large change in the 

measured signal. The sensitivity of an analytical technique refers to the gradient (slope) of a meas-

ured signal (counts) versus concentration of standard specimen, and is expressed as the 

accumulated count rate per unit concentration mass (see figure 9). The sensitivity for a certain ele-

ment is therefore defined as the slope of the analytical calibration curve. For thin specimens or 

samples with a big area but only small mass like filters, the sensitivity is stated in terms of intensity 

per unit mass (counts per ng) per analyte. 

When the calibration function is non-linear, the sensitivity varies with the concentration or amount 

of the analyte. This is not the case analysing filter material as the calibration is based on linear in-

tensity/concentration functions for all elements. 

 

 

 
 

 
 
 
 
 
 
 
 

 

 

Figure 9:  Relationship between sensitivity and detec-
tion limits; after Potts et al.40 

 
 
 
2.5.5.2 Limit of Detection 

The term “limit of detection” (LoD) is probably one of the most abused in instrumental analysis. 

There is not only a general lack of agreement in specifying the relative magnitude of detection limit 

data, but no convention exists as to the name to be attached to such units. The minimal detectable 

amount or limit of detectability may be best described using the definition given by Birks41: «The 

lower limit of detection is the amount of analyte that gives a net line intensity equal to three time 

the square root of the background intensity, or, in statistical terms, that amount that gives a net 

intensity equal to three times the standard counting error of the background intensity». 
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In case of filter analysis “amount” signifies an elemental concentration given in ng per mg filter 

load (ppm) or in absolute terms ng per square centimetre filter area. 

 

 

 

 

 
 
 

 

 
 
Figure 10:  Schematic representation of a weak 

peak on a uniform background to 
visualize the detection limit. Figure 
after Bertin42 

 

 

Using the above figure one can see how a limit of detection is calculated: supposing a constant 

background of 100 counts, the standard counting error for the background can be calculated as  

 

NN =σ  

10100 ==Nσ  

 

Consider the signal lying at a level of 3-σN  above the mean background. Based on normal distribu-

tion statistics, there is a 99.9% probability that this signal does not belong to the background signal. 

This threshold is then taken as a measure of a detection limit for an analysed element. 

The magnitude of the σ-interval depends not only from noise level, but also from sample matrix. 

For example is the detection of arsenic in a lead rich sample (or vice versa) not possible by using 

the most sensitive α-lines as the two peaks lie very close to each other and therefore a signal can 

hardly be found using the above conditions. A handicap of this approach is the fact, that the back-

ground level is not easy to quantify if several elements of similar atomic number are present as 

main components (e.g. Na-Mg-Al-Si, or Ti-V-Cr-Mn-Fe-Co-Ni-Cu-Zn). 
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To sum up the above statement one may state: 

• Sensitivity is defined as the gathered pulses per concentration or mass unit of a given analyte 

and corresponds to the slope of the calibration curve. 

• The detection limit is defined by the spectral intensity of an analyte, which is higher than three 

times the square root of background noise at analyte energy, representing a 3 sigma (3σ) confi-

dence level. 

• Sensitivity and detection limit depend on many factors such as sample matrix, sample load and 

composition, measuring time, spectral line energy and hardware specification. 

• A general, and in the same time reliable statement as to sensitivity and detection limit of a 

given analytical procedure is not possible. Hence sensitivity and detection limit have to be de-

termined individually for each element, each matrix and each preparation. 

 

Considering the above definition the X-Lab 2000 software calculates the detection limit for each 

detectable element and each sample individually. Using the information of all 1926 analysed 

ECRHS samples the detection limits for all analysed elements with a reasonable calibration can be 

summarized as shown in table 5. Because of the very different filter loads and the changing relative 

elemental composition the detection limit rather span a broad range. Since about 15% of the ana-

lysed samples were field blanks, it can be expected that at least 15% of the samples show 

concentrations below LoD for each element. If less than 15% of the sample show a concentration 

below LoD for certain elements one can assume that the background correction for the specific 

element is not satisfactory or field blank filters were contaminated (see chapter 2.5.4). 

 

2.5.5.3 Choice of Reported Elements 

Since the elemental composition of PM2.5 samples could not be known a priori, the elemental 

analysis project was planed to quantify as many components as possible. ED-XRF theoretically 

detects elements with an atomic number between Z = 11 and Z = 92. The used standard material 

allowed the determination of 36 elements of epidemiological and/or toxicological importance. 

In this report, only 28 elements are reported for three main reasons. (1) There is an insufficient 

calibration for some elements (e.g. mercury) and therefore quantification is not possible (see chap-

ter 2.5.3). (2) The second reason is an analytical problem, which doesn’t allow to separate certain 

peaks of elements (e.g. yttrium) from the background-noise of the spectrum. (3) Furthermore, ele-

ments (e.g. barium, silver) which never or only occasionally reached a concentration above the 

LoD are not reported neither. The reported elements are shown in table 5. 
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Table 5: Summary statistics of the LoD for selected elements (average, standard deviation, maximum, minimum) based 
on data from the analysed 1926 ECRHS II PM2.5 samples. 

Element Samples below LoD average LoD SD max. LoD min. LoD 
 [Number] [%] [ngcm-2] [ngcm-2] [ngcm-2] [ngcm-2] 

Na 319 16.5 269.2 11.6 300.0 230.0 

Mg 476 24.6 58.1 9.4 110.0 48.0 

Al 263 13.6 19.7 1.0 26.0 18.0 

Si 335 17.3 100.0 0 100.0 100.0 

P 601 31.1 46.1 12.1 50.0 5.0 

S 320 16.6 30.0 0.0 30.0 30.0 

Cl 321 16.6 29.3 4.2 30.0 3.0 

K 170 8.8 28.2 1.5 32.0 24.0 

Ca 748 38.7 99.8 3.3 100.0 11.0 

Ti 354 18.3 1.7 0.1 1.9 1.4 

V 711 36.8 1.9 0.2 6.0 1.6 

Cr 1901 98.4 2.0 1.9 15.0 1.5 

Mn 261 13.5 2.1 0.1 2.2 1.7 

Fe 110 5.7 8.6 1.5 14.0 6.4 

Co 1356 70.2 4.6 0.6 6.7 2.9 

Ni 524 27.1 8.8 0.4 10.0 7.2 

Cu 140 7.3 7.8 0.6 8.9 6.4 

Zn 102 5.3 5.2 0.4 6.2 4.3 

Ga 688 35.6 1.0 0.1 1.2 0.8 

As 950 49.1 4.1 0.8 7.8 2.4 

Se 1009 52.2 6.9 0.9 9.2 4.4 

Br 223 11.5 2.7 0.3 3.2 1.7 

Zr 1874 97.0 12.6 1.2 18.0 8.3 

Cd 1072 55.5 19.7 1.8 25.0 11.0 

Sn 1875 97.1 26.4 1.9 31.0 18.0 

I 964 49.9 60.4 4.6 69.0 41.0 

Pb 204 10.6 8.4 1.0 11.0 5.6 

Bi 1254 64.9 0.4 0.4 2.0 0.2 
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2.5.6 PRECISION AND ACCURACY  

Although precision and accuracy in instrumental analysis are discussed in some detail in the 

literature40, the situation in air filter analysis is less well described, but fairly complex. 

Air filters with their low mass load of typically 10 to 100 µgcm-2 generally display moderate to low 

analyte spectral intensities. Therefore counting statistics are crucial and have to be improved by 

prolonged – but yet efficient – exposure times. 

While precision can be validated for each element and each filter individually, and be defined in 

terms of confidence/probability, the analytical accuracy is much more difficult to estimate. Unfor-

tunately not many standard or reference materials exist so far, that contain certified concentration 

or mass data for all main or minor components of importance. As a consequence, all available stan-

dards were used for calibration, and could, therefore, not be used as independent samples for 

accuracy assessment. 

All measurements of continuous parameters are made with a reference to an arbitrary standard or 

unit. These measurements are not exact and are only estimates of the true value. The amount by 

which a measured value differs from the true value is the uncertainty of the result. However, the 

magnitude of the uncertainty is not known exactly – otherwise the true (exact) value could be cal-

culated. The best that can be done is to state the probability that the error does not exceed a certain 

value. The description of uncertainty in analytical techniques is based upon the two fundamentally 

different terms precision (connected with counting statistics) and accuracy (connected with system-

atic influences). Figure 11 shows a graphical representation of precision and accuracy. 

 
  

 
 

low precision

high precision

high accuracylow accuracy 

 
 
 
 
 
 
 
 
 
 
Figure 11: Graphical representation of 

accuracy and precision af-
ter Schroll43 
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The random uncertainty in the value for the measurement or the corresponding uncertainty in the 

estimate of concentration is represented by precision, which is conveniently expressed by the term 

standard deviation or relative standard deviation. 

A way to increase the precision of an instrumental method like XRF is to increase samples expo-

sure time to an excitation source. This is commonly referred to as increasing counting time. The 

measurement of the X-ray emissions occurs concurrently with the excitation of a sample. By in-

creasing a sample’s exposure time, more emission counts are registered. This increases the data 

gathered for a sample, and allows the averaging out of natural variation in emissions, therefore, 

increasing the precision. 

To test the precision of the filter analysis about 5 percent of the ECRHS samples have been re-

measured (see chapter 2.5.7 and 3.4). 

 
 
Accuracy relates the agreement between the measured concentration and the “true value”. The ac-

curacy of the analytical result depends on how well all factors that could bias the determination are 

minimized or accounted for, and is ultimately limited by the accuracy with which the standards are 

characterized. The principal limitations on accuracy are (a) systematic errors due to bias in a given 

analytical procedure, where bias represents the positive or negative deviation of the mean analytical 

result from the known or assumed true value; and (b) in multicomponent systems of elements, the 

treatment of interelement effects may involve some degree of approximation that leads to repro-

ducible but incorrect estimates of concentrations. To determine the accuracy of the conducted 

elemental analysis on filter media it is necessary to conduct the measurement of well-defined stan-

dards as unknown samples. These standards have to be comparative and very similar in their 

relative composition with the used standards for calibration. Otherwise interelemental effects can 

lead to a misinterpretation of the results. 

 

Because of the very limited number of usable standards for elemental analysis on particulate matter 

no standard material was available to validate the accuracy. 
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2.5.7. QUALITY ASSURANCE 

2.5.7.1 Time Series of Loaded Control Filter 

The elemental analysis have been performed in batches of 12 samples. Each batch contained 11 

samples and one loaded control filter. The control filter has been sampled during 96 hours in Basel. 

Thus it has been sampled clearly longer as normal ECRHS II samples. The aim of such a long ex-

posure time was to get a sufficient filter load and therefore to reach signals above the LoD for as 

many elements as possible. 

This filter was the same for all measurements; it was never taken out of the auto-sampler during the 

respective measurement period and its placement in the sample chamber never changed. By han-

dling the filter that way, extra sources of error were prevented, such as changing the analysed area 

or even destroying the filter. 

The purpose of the control filter was to control for instrumental drift and to identify any problems 

throughout all analytical runs. 

 

2.5.7.2. Repeatability of Measurements 

A major advantage of ED-XRF is the fact that it is non-destructive and therefore the filters remain 

intact and can be used for further investigations. Thus it is possible to repeat the measurements on 

the same filter-specimen. 

To verify the repeatability of the elemental analysis, two filters per centre were chosen at random 

in each measurement period and measured again at the end of the respective period. In total 43 

samples from both measurement periods have been re-analysed. 

Since the filters were measured centre by centre, this repetition did not only verify the repeatability 

within each centre, but also the repeatability over different time periods. 

 

2.5.7.3 Homogeneity of the Filters 

One important – and in the calibration chapter already mentioned – problem detecting the elemen-

tal composition on filter media is the mean distribution of the deposited material on the Teflon 

membrane. If a sample is not homogeneous over its entire surface area, any chemical analysis may 

be of limited value as it depends on the location of assessment. 

To test the homogeneity of elemental distribution on PM2.5 samples a loaded filter has been virtu-

ally divided in four sectors (circle segments of 90º each; details see chapter 3.3). Elemental 

concentrations have been measured in each of this sectors and four times at the same position re-

spectively. The analysis in the four sectors were then compared to the measurement at the same 

spot to test for an inhomogeneous elemental distribution on filter media. 
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2.5.7.4 Elemental Concentration on Lab Blanks 

In order to assess whether the subtracted background spectra (see figure 5) sufficiently corrected 

for signals from the measuring device, 20 unused filters were subjected to elemental analysis, in-

cluding subtraction of background spectra. 

These blank filters are original, unused filters that were stored in a welded box until they were 

measured. 

 

.
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3. RESULTS OF QUALITY ASSURANCE 

3.1 TIME SERIES OF LOADED CONTROL FILTER 

When plotting the time series of the control filter, 3 observations were found to be systematically 

different for all elements. Exemplary the plots for iron and lead are shown in figure 12. 

It wasn’t possible to identify the source of error. Comparison of ECRHS filters contained in the 

respective batches showed that all filters in these batches were effected by some unknown error and 

therefore these 3 runs were repeated entirely (not only the control filter but also all 33 samples that 

have been measured in the same batches). Therefore the results of the original measurements have 

been discarded and replaced for the final data set by the data of the repetition. 

 

 

 
 

Figure 12: Time series of control filter results for iron and lead containing 3 unexplained outliners; N=194 

 

Figure 13 shows the time series of the control filter used during the whole measurement project 

(without the above described erroneous runs). Each figure therefore contains 191 measuring values. 

Table 6 shows the summary statistics (mean, standard deviation, coefficient of variance) of the 191 

repeated measurements. 
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For most of the elements, the time series show stable concentrations over the two measuring 

periods, indicating that no instrumental drift has occurred. Accordingly, for these elements the 

coefficient of variance is low. 

However, some elements have a rather unique course. The most remarkable is chlorine. Its con-

centration is constantly decreasing and it shows a high coefficient of variance. It is assumed that 

the loss of chlorine is due to the temperature of about 40 °C and the partial vacuum in the sample 

chamber during the analytical run. That would mean that most of the chlorine exists as volatile 

bounds (e.g. chlorinated hydrocarbons). The remarkable loss of bromine during the first few meas-

urements may be explained the same way. 

Another remarkable element is sulphur. Apparently, the concentration is varying at the beginning 

of the time series, but reached a stable level after some measurements. We presume that this con-

tamination might result from the machines pump oil or the deposition of sulphur bonds from the 

ambient air. 

For a few further elements, high coefficients of variance were observed because most of the meas-

urements were close or below the LoD, with only a few values above the LoD. Since in this report 

measurements below the LoD are replaced by a value of 1/2 of the individual LoD, a “bi-modal” 

distribution is resulting, leading to high coefficients of variance. 

For several elements an irregularity in the last five observations of the first measurement period can 

be seen. Most likely this resulted from the decision to repeat five runs after completion of the 

regular 2001 measuring period due to the change of the security foil after the first four measure-

ments and an irregular observation for one control filter. Since this repetition wasn’t planed, the 

control filter was taken out at the end of the regular measuring period and needed to be inserted 

again for the five additional measurements. The difference is probably caused by the slightly 

changed position of the control filter. This however indicates that the sample handling and the 

sample position can influence the analytical result. However there are also remarkable differences 

between the first and second measurement period for the elements Cl, Fe, Ni, Ga, Cd. The differ-

ence for chlorine is most probably due to a further loss of this element during the storage between 

the two analytical campaigns. For the other elements the observed differences are due to the two 

different background spectra used in the years 2001 and 2002. As already mentioned in chapter 

2.5.4 this spectra do not perfectly correct for signals not correlated to the sample itself and there-

fore differences in the calculated concentration can be observed. 
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Figure 13: Time series based on data from repeated measurement of the control filter (N=191) 
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Figure 13: continued 

-34- 



  ECRHS II – WP 7: Description of the Methods 
   

 

 

Figure 13: continued
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Figure 13: continued 
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Table 6:  Summary statistics (mean, standard deviation, coefficient of variance) based on data from measurements of the 
control filter, N=191; 
The mean limit of detection (LoD) is based on data from 1926 ECRHS II filter samples 

Element Mean LoD Mean concentration* SD CV** Remarks

 [ngcm-2] [ngcm-2] [ngcm-2] [%]  

Na 269.2 15912.5 976.95 6.14 a 

Mg 58.1 1728.7 134.74 7.79 a 

Al 19.7 920.7 88.35 9.60 a 

Si 100.0 1603.5 98.50 6.14 a 

P 46.1 127.4 11.39 8.94 a 

S 30.0 7218.2 405.66 5.62 a 

Cl 29.3 406.6 203.76 50.12 c 

K 28.2 1236.8 42.86 3.47 a 

Ca 99.8 381.9 41.25 10.80 a 

Ti 1.7 15.3 1.47 9.61 a 

V 1.9 5.1 1.42 28.00 b 

Cr 2.0 0.9 0.02 2.85 a 

Mn 2.1 18.9 2.05 10.87 a 

Fe 8.6 613.6 68.70 11.20 a 

Co 4.6 5.3 6.25 118.77 b 

Ni 8.8 18.1 12.77 70.44 c 

Cu 7.8 54.5 7.48 13.72 a 

Zn 5.2 185.7 12.12 6.53 a 

Ga 1.0 1.7 1.02 61.83 b 

As 4.1 16.2 3.94 24.39 b 

Se 6.9 5.8 3.69 64.04 b 

Br 2.7 21.5 5.51 25.67 c 

Zr 12.6 7.1 1.78 25.23 b 

Cd 19.7 17.9 12.09 67.36 b 

Sn 26.4 15.0 6.29 42.05 b 

I 60.4 82.6 55.42 67.11 b 

Pb 8.4 49.2 6.06 12.32 a 

Bi 0.4 0.2 0.15 72.29 b 

 
* In case the detected signal for a given element was below the LoD, the value was replaced by ½ of the individual LoD 
** Coefficient of variance = (standard deviation/mean) x 100 
 
a: Coefficient of variance satisfying  
b: Coefficient of variance high because measured concentration close to / below  LoD 
c: Coefficient of variance suspicious, for possible explanations see text 
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3.2 CORRELATION BETWEEN REPEATED MEASURE-
MENTS 

The results of the re-measurement of 43 ECRHS II samples are summarised in table 7 and figure 

14. High correlation between the first and the second measurement was observed for those ele-

ments with satisfying analytical performance. Due to poor calibration, several elements have a 

lower correlation between the first and the second measurement (see also table 4). 

Furthermore, elements with concentrations close or below to the LoD (e.g. Cr. Co, Sn) have a lar-

ger relative error and therefore low correlation between first and second measurement (see table 7). 

Table 7: Linear regression based on data between first and second measurement of 43 randomly selected ECHRS II 
filter samples 

Element r2 Equation Remarks 

Na 0.990 y = 0.94x + 31.33 good analytical performance 

Mg 0.971 y = 1.01x + 0.13 good analytical performance 

Al 0.990 y = 0.96x – 9.78 good analytical performance 

Si 0.997 y = 0.96x + 8.17 good analytical performance 

P 0.958 y = 0.89x + 3.14 good analytical performance 

S 0.980 y = 0.98x + 114.28 good analytical performance 

Cl 0.995 y = 0.97x – 15.56 good analytical performance 

K 0.986 y = 1.00x – 6.89 good analytical performance 

Ca 0.999 y = 0.99x – 0.01 good analytical performance 

Ti 0.986 y = 1.02x – 0.58 good analytical performance 

V 0.971 y = 1.00x – 0.17 good analytical performance 

Cr < 0.001 y = 0.001x + 0.86 close to LoD 

Mn 0.977 y = 0.95x + 0.83 good analytical performance 

Fe 0.945 y = 0.95x + 0.26 good analytical performance 

Co 0.050 y = 0.95x + 4.81 close to LoD 

Ni 0.002 y = 0.05x + 34.87 unexplained 

Cu 0.665 y = 0.85x + 5.57 unexplained 

Zn 0.981 y = 0.95x + 1.41 good analytical performance 

Ga 0.229 y = 0.60x + 0.81 close to LoD 

As 0.758 y = 0.91x – 0.20 good analytical performance 

Se 0.002 y = 0.11x + 14.14 close to LoD 

Br 0.780 y = 0.78x + 4.30 good analytical performance 

Zr 0.019 y = 0.24x + 5.26 close to LoD 

Cd 0.560 y = 0.69x + 5.25 close to LoD 

Sn 0.001 y = 0.07x + 13.27 close to LoD 

I 0.067 y = 0.28x + 56.18 unexplained 

Pb 0.764 y = 0.81x + 18.40 good analytical performance 

Bi 0.011 y = -0.18x + 0.57 close to LoD 

 
Low correlation might also result due to the fact, that in case the detected signal for a given ele-

ment was below the LoD, the value was replaced by ½ of the individual LoD in the current report. 
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The unexpectedly low correlation coefficients for nickel, copper and iodine stay unexplained since 

they have a suitable calibration and concentrations far above the LoD. Similar results for these 

three elements have already been shown with the control filter. 
 

  -39- 



ECRHS II – WP 7: Description of the Methods 
   
 

 

 

Figure 14: Linear regression between first an second measurement of 43 ECRHS II samples 
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Figure 14:  continued 
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Figure 14: continued 
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Figure 14: continued 
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3.3 HOMOGENEITY OF THE FILTERS 

To answer the question about the homogeneity, a 47 mm loaded filter was virtually divided into 

four sectors and each sector was then measured separately (see figure 15). 

 
 
 

         

Irradiated area 

III  

I IV

 

Figure 15: Photography (left) of the irradiated area using 47 mm filter holders and a sch
testing the homogeneity. 
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Table 8: Mean, standard deviation and coefficient of variance of all elements measured across the four sectors on a 47 
mm sample (values printed italic represent half the LoD calculated for each measurement separately). 

  Measurements in each sector [ngcm-2]    

Element Mean LoD* Sector I Sector II Sector III Sector IV Mean SD CV [%] 

Na 269.2 15860.0 17670.0 15850.0 15330.0 16177.5 1025.3 6.3 

Mg 58.1 1594.0 1833.0 1658.0 1564.0 1662.3 120.4 7.2 

Al 19.7 905.0 1041.0 872.0 881.0 924.8 78.7 8.5 

Si 100.0 1634.0 1876.0 1693.0 1646.0 1712.3 112.1 6.5 

P 46.1 114.3 130.1 127.7 113.7 121.5 8.7 7.1 

S 30.0 7163.0 8043.0 7372.0 7066.0 7411.0 440.3 5.9 

Cl 29.3 239.0 270.2 245.6 230.4 246.3 17.1 6.9 

K 28.2 1304.0 1393.0 1317.0 1245.0 1314.8 60.9 4.6 

Ca 99.8 372.2 451.0 401.9 411.5 409.2 32.5 8.0 

Ti 1.7 17.2 18.7 18.0 17.7 17.9 0.6 3.5 

V 1.9 4.0 6.5 5.4 4.1 5.0 1.2 23.7 

Cr 2.0 0.9 0.9 0.8 0.9    

Mn 2.1 18.1 21.5 20.9 17.9 19.6 1.9 9.5 

Fe 8.6 535.0 618.0 597.0 564.0 578.5 36.5 6.3 

Co 4.6 16.7 3.1 9.9 3.0    

Ni 8.8 5.0 4.8 4.7 4.9    

Cu 7.8 92.4 66.7 65.4 67.8 73.1 12.9 17.7 

Zn 5.2 189.8 204.4 191.0 190.3 193.9 7.0 3.6 

Ga 1.0 2.5 0.6 0.6 0.6    

As 4.1 3.1 2.9 2.8 3.0    

Se 6.9 4.3 4.1 11.0 4.2    

Br 2.7 26.8 26.3 24.1 27.9 26.3 1.6 6.1 

Zr 12.6 6.5 7.0 6.5 6.5    

Cd 19.7 45.0 45.0 53.0 32.0 43.8 8.7 19.9 

Sn 26.4 15.0 15.0 15.0 15.0    

I 60.4 77.0 33.0 138.0 33.0    

Pb 8.4 140.4 101.1 97.3 114.3 113.3 19.5 17.2 

Bi 0.4 3.1 1.5 1.2 1.7 1.9 0.8 44.9 

* The value “Mean LoD” is based on 1926 analysed ECRHS samples. 
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Table 9: Mean, standard deviation and coefficient of variance for all elements measured four times at the same area on a 
47 mm sample (values printed italic represent half the LoD). 

  Measurements within the same sector [ngcm-2]    

Element Mean LoD* I II III IV Mean SD CV [%] 

Na 269.2 14450.0 14960.0 15650.0 15100.0 15040.0 493.4 3.3 

Mg 58.1 1662.0 1762.0 1639.0 1677.0 1685.0 53.7 3.2 

Al 19.7 832.0 817.0 813.0 842.0 826.0 13.4 1.6 

Si 100.0 1529.0 1505.0 1514.0 1508.0 1514.0 10.7 0.7 

P 46.1 121.6 126.9 136.1 126.1 127.7 6.1 4.8 

S 30.0 6836.0 6785.0 6788.0 6784.0 6798.3 25.2 0.4 

Cl 29.3 278.1 281.8 288.1 290.7 284.7 5.8 2.0 

K 28.2 1252.0 1277.0 1219.0 1239.0 1246.8 24.3 1.9 

Ca 99.8 358.1 337.9 330.0 346.3 343.1 12.0 3.5 

Ti 1.7 16.0 15.8 14.9 11.8 14.6 1.9 13.3 

V 1.9 3.5 3.2 5.8 5.7 4.6 1.4 30.6 

Cr 2.0 0.9 0.9 0.9 0.9    

Mn 2.1 17.5 18.7 17.2 15.7 17.3 1.2 7.1 

Fe 8.6 555.0 519.0 538.0 564.0 544.0 19.8 3.6 

Co 4.6 3.0 3.0 3.0 3.0    

Ni 8.8 4.6 4.8 4.6 4.7    

Cu 7.8 62.5 40.2 55.3 54.3 53.1 9.3 17.6 

Zn 5.2 182.8 159.9 170.5 176.3 172.4 9.7 5.6 

Ga 1.0 0.6 0.6 0.6 0.6    

As 4.1 16.4 2.7 11.6 13.5 11.1 5.9 53.4 

Se 6.9 9.6 4.2 4.1 4.1    

Br 2.7 13.7 21.0 14.7 13.5 15.7 3.6 22.6 

Zr 12.6 5.5 6.0 7.0 7.5    

Cd 19.7 20.0 28.9 44.7 9.0 25.7 15.1 58.8 

Sn 26.4 13.0 12.5 14.0 12.5    

I 60.4 122.0 25.5 31.0 90.0    

Pb 8.4 45.0 60.1 48.6 44.0 49.4 7.4 14.9 

Bi 0.4 0.2 0.5 0.2 0.2    

* The value “Mean LoD” is based on 1926 analysed ECRHS samples. 

 

 
Our comparison shows the following: 

 

• Across the elements, the mean results of the four sectors versus four measurements at the same 

area of the filter do not differ systematically. 

• The differences of the mean result of the two methods are for the most elements within the 

expected range. 

• The repeatability measurement is independent of the two procedures as the CVs are very simi-

lar. 
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We conclude that the particle distribution on the tested filter has no impact on the measurement 

precision. Thus, it is appropriate to analyse filters on one randomly selected area. The fact that not 

the whole area of the filter is analysed should not affect the measurements of the filters. 

Nevertheless it has to be mentioned that some of the analysed filters show an obvious visual inho-

mogeneous distribution of PM2.5 (see figure 16). It has not been tested whether such filters show a 

inhomogeneous elemental distribution. However we suggest to categories the filters due to their 

visual homogeneity and to include this information in the final database. 

 

 

Figure 16: Photography of filters with a homogeneous (left) and an inhomogeneous (right) PM distribution 

 

 

3.4 ELEMENTAL CONCENTRATION ON LAB BLANKS 

Since the used Teflon filters can be expected to show no chemical contamination, the occurrence of 

any chemical element on this filter media may indicate a insufficient compensation of background 

signals. The calculated elemental concentration is not only influenced by the present elements on 

the filter but also by the filter medium itself, and signals coming from parts of the measuring device 

as already discussed in chapter 2.5.4. 
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Table 10:  Elemental concentrations on lab blanks; limit of detection is based on data from 1926 ECRHS II – samples 

Element Mean LoD 1. Measurement period (2001) 2. Measurement period (2002) 

  Lab blanks above LoD Mean Conc.* Lab blanks above LoD Mean Conc.*

  N % [ngcm-2] N % [ngcm-2] 

Na 269.2 0 0.0 134.3 0 0.0 148.0 

Mg 58.1 0 0.0 26.3 0 0.0 26.3 

Al 19.7 1 6.7 10.5 0 0.0 9.5 

Si 100.0 0 0.0 50.0 0 0.0 50.0 

P 46.1 0 0.0 25.0 0 0.0 25.0 

S 30.0 0 0.0 15.0 0 0.0 15.0 

Cl 29.3 0 0.0 15.0 0 0.0 15.0 

K 28.2 1 6.7 17.0 0 0.0 14.3 

Ca 99.8 0 0.0 50.0 0 0.0 50.0 

Ti 1.7 0 0.0 2.5 0 0.0 2.5 

1.9 0 0.0 0.9 0 0.0 0.9 

Cr 2.0 0 0.0 0.8 0 0.0 0.8 

Mn 2.1 7 46.7 1.6 5 100.0 2.4 

Fe 8.6 15 100.0 70.7 5 100.0 34.9 

Co 4.6 0 0.0 2.3 2 40.0 3.7 

Ni 8.8 15 100.0 37.6 0 0.0 4.5 

Cu 7.8 13 86.7 10.6 5 100.0 12.5 

Zn 5.2 11 73.3 6.2 0 0.0 2.4 

Ga 1.0 14 93.3 2.0 0 0.0 0.5 

As 4.1 1 6.7 1.8 0 0.0 2.1 

Se 6.9 0 0.0 3.1 0 0.0 3.9 

Br 2.7 12 80.0 3.3 1 20.0 1.4 

Zr 12.6 1 6.7 6.8 0 0.0 6.2 

Cd 19.7 0 0.0 9.9 0 0.0 9.5 

Sn 26.4 0 0.0 13.0 0 0.0 13.4 

I 60.4 3 20.0 54.1 1 20.0 59.7 

Pb 8.4 8 53.3 7.2 5 100.0 8.26 

Bi 0.4 0 0.0 0.1 0 0.0 0.1 

V 

* Values below LoD have been replaced by a value of half the detection limit. Calculated concentrations may therefore 
occur below the reported mean LoD 

 

 

The analysis of 20 unused blank filter has therefore to be seen as a quality control for the compen-

sation of background signals. Three quarter of the blank filters have been proceeded during the first 

measurement period whereas only five blank filters were available during the second measurement 

period. Table 10 summarizes the results of the elemental analysis of the blank filters. 

For most of the reported elements the measured concentration on blank filters was below the de-

tection limit. However, 7 elements of the first (4 of the second measurement campaign 
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respectively) which show on more than 50% of the filters a concentration above the detection limit. 

The elements manganese, zinc, bromine and lead occur only just above the detection limit whereas 

remarkable concentrations of iron, nickel, and copper can be observed. There are however some 

differences between the elemental concentrations between the two measurement periods which are 

due to the two slightly different background spectra used in the respective time period (see chapter 

2.5.4). 

The presence of elements above detection limit indicate that the used background spectra only in-

sufficiently correct for signals not related to the filter load. This means that elemental concentration 

measured on loaded filters can be expected to be too high for those elements present above the 

detection limit on blank filters. At least for the elements iron, nickel and copper a external correc-

tion (which could be based on field blank samples which are available for all centres) may be need. 
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4 DISCUSSION 

Based on the knowledge gained during the European EXPOLIS study and the described methodol-

ogy 28 elements showing very good to at least satisfactory analytical performance can be reported 

for the ECRHS investigations. The quality assessment results indicate good repeatability and stable 

performance over the two measuring periods of several months. The use of a control filter proved 

to be a very important quality assurance tool. Possible instrumental drift could be excluded. Fur-

thermore, the control filter series indicated some problems, which were solved by repeating the 

measurement. Yet it is important to notice that the control filter cannot be compared in all aspects 

to the other samples that were measured only once. That means for example that the obvious loss of 

chlorine over the two measuring periods doesn’t have any influence on the measuring quality of the 

other samples measured only once. 

The repeatability proved to be very good for elements with good analytical performance. However, 

it has to be pointed out, that for some reported elements concentrations are not very reliable and 

precise due to either poor calibration or concentrations close to the LoD (see table 11). For these 

elements, the ED-XRF-technology reaches the limits of its analytical capability. Because they may 

be useful for source apportionment, they have been included in the data files. However, results of 

these elements, have to be interpreted with care. 

The provided data files contain raw elemental concentrations in ngcm-2. The evaluation of lab 

blanks suggests, that theses data may need further, external correction, before the elemental con-

centrations of the sampled air [ngm-3] will be calculated. The two suspected sources of errors are, 

on the one hand, the not sufficient correction with the background spectrum for signals from the 

measuring device and, on the other hand, possible contamination due to sampling and handling. 

 

We conclude that the ED-XRF technology is particularly well suited for the fast and non-destruc-

tive analysis of ambient particulate matter collected on Teflon filter media. Its multi-element 

ability, low detection limits and good sensitivity over a wide range of elements allow the simulta-

neous detection of 28 elements as major, minor or trace constituents of airborne particles. Although 

major elements such as carbon, nitrogen or oxygen are not detected, the reasonable costs and the 

short time needed for analysing a sample makes ED-XRF a valuable tool in large epidemiological 

campaigns. Furthermore, the broad range of detectable elements enables the extension to those 

elements which, even if not of epidemiological interest, are important for a characterisation of pos-

sible fine particle sources and their contribution to PM2.5 total mass. Nevertheless, several elements 
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of interest are clearly lacking due to the limits of ED-XRF and/or the low concentrations of some 

elements on the fine particle samples. 

Finally, table 11 summarises the different quality assurance results to get an overview for each 

element, with its weaknesses and strengths. Overall, an interesting array of elements with an ac-

ceptable quality level could be provided for the ECRHS II air pollution package. 

 

Table 11: Overview for all reported elements and their quality assurance remarks 

Elements CV1 rpearson
2 Samples < LoD3 R4 

   [%]  

Na satisfying poor 16.5 good analytical performance 

Mg satisfying poor 24.6 good analytical performance 

Al satisfying intermediate 13.6 good analytical performance 

Si satisfying good 17.3 good analytical performance 

P satisfying poor 31.1 good analytical performance 

S satisfying good 16.6 good analytical performance 

Cl loss of chlorine good 16.6 good analytical performance 

K satisfying good 8.8 good analytical performance 

Ca satisfying good 38.7 good analytical performance 

Ti satisfying good 18.3 good analytical performance 

V suspicious good 36.8 good analytical performance 

Cr close LoD good 98.4 close LoD 

Mn satisfying good 13.5 good analytical performance 

Fe satisfying good 5.7 good analytical performance 

Co close LoD good 70.2 close LoD 

Ni suspicious good 27.1 unexplained 

Cu suspicious good 7.3 unexplained 

Zn satisfying good 5.3 good analytical performance 

Ga close LoD good 35.6 close LoD 

As close LoD good 49.1 good analytical performance 

Se close LoD good 52.2 close LoD 

Br suspicious good 11.5 good analytical performance 

Zr close LoD good 97.0 close LoD 

Cd close LoD good 55.5 close LoD 

Sn close LoD good 97.1 close LoD 

I close LoD good 49.9 unexplained 

Pb satisfying good 10.6 good analytical performance 

Bi close LoD good 64.9 close LoD 
 

1 Coefficient of variance based on data from measurements of the control filter, N=191 
2 Correlation coefficient for the linear calibration function 
3 Number of measurements below the LoD based on data from the 1926 ECRHS II filter samples 
4 Regression coefficient based on data between the first and the second measurement of 43 ECRHS II - filter samples 
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