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Abstract We set up a microanalytical procedure for non-
volatile ions by ion chromatography (IC) and for elements
by energy-dispersive X-ray fluorescence (ED-XRF) and
inductively coupled plasma optical emission spectroscopy
(ICP-OES). We analysed NO3, SO4, NH4, Na, Mg, Ca, Fe,
S, Zn, As, Cd, Cu, Mn, Ni, Pb, Sb, Se, Ti, and V. The use
of complementary techniques yields reliable data for both
trace and crustal elements, overcoming the analytical re-
strictions characteristic of the individual techniques. Some
elements determined by two or by all three techniques can
be used as data quality markers. The application of the
procedure to a short PM2.5 monitoring campaign is also
described, aimed to the identification of fireworks tracers.

Keywords Airborne particulate matter . Fireworks
tracers . Metals . Inorganic ions . Sequential leaching .
Quality assurance

Introduction

The chemical characterisation of fine airborne particulate
matter (PM) has a key role in understanding the adverse
effects of particulate matter on human health, ecosystems
and materials, in supporting the environmental policies and
in improving models for the source apportionment of air
pollutants. Among the components of particulate matter,
inorganic ions are investigated for their significance in
secondary pollution events, whereas trace metals, because
of their chemical stability, are used to perform a reliable
identification of particulate sources (Goodarzi and Huggins
2001).
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The availability, bio-geochemical distribution and toxi-
city of an element are dictated by its particular chemical
form in a given matrix and for this reason the information
yielded by the only determination of the total element is
insufficient (Templeton et al. 2000). In the past, the appli-
cation of chemical fractionation by sequential leaching to
particulate matter samples, which allows the evaluation of
metals mobility, gave poor results because of the difficulties
in obtaining a good reproducibility on very low particulate
mass amounts.

Sequential leaching methods for 24 h low-volume loaded
filters were recently developed by Viksna et al. (2004) fol-
lowing the current need for particulate matter chemical
characterisation on routine basis. It is worth stressing that
in applying two-step or three-step sequential schemes to
small sample amounts (mg) it is necessary to apply a care-
ful control procedure in order to achieve an acceptable level
of analytical reproducibility. Furthermore, the leaching is
usually performed by means of non-pH-buffered solvents,
while the recovery of metals in a sequential extraction is
well known to be strongly dependent on the operative con-
ditions (Pueyo et al. 2001).

A two-step microanalytical leaching procedure for the de-
termination of non-volatile ions (Cl−, NO3

−, SO4
2−, Na+,

Ca2+, Mg2+ and NH4
+) by ion chromatography (IC) and

elements (As, Cd, Cu, Fe, Mg, Mn, Ni, Pb, S, Sb, Se, Ti,
V and Zn) by inductively coupled plasma optical emission
spectroscopy (ICP-OES) on low-volume 24-h PM10 and
PM2.5 samples was recently validated by the same authors
(Canepari et al. 2005a, b). The procedure, consisting of a
single extraction in acetate buffer followed by acid diges-
tion of the residual (Canepari et al. 2000), was successfully
tested for equivalence with reference methods (EN12341
1998; EMEP/CCC 1996) and, by a proper control of solu-
bility equilibrium, led to well-reproducible results.

In this work, a third step is introduced prior to leaching
and acid digestion. It is based on the determination of Al,
Fe, Mg, Mn, S and Si by energy-dispersive X-ray fluores-
cence (ED-XRF), and is aimed to improve the accuracy in
the determination of Al and Si, which were scarcely re-
covered by the two-step method. In addition, the use of
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three independent techniques (IC, ICP-OES, ED-XRF) al-
lows the development of an inter-laboratory quality control
(QC) scheme to check and quantify, sample-by-sample,
systematic errors in the leaching steps. A validation of the
ED-XRF-extended procedure, carried out on parallel PM2.5
samples to evaluate the contribution of the ED-XRF step to
the analytical error, is reported; the application of the pro-
cedure to the characterisation of a fireworks event is also
discussed.

Experimental

The following reagents were used: MilliQ deionised wa-
ter (Millipore Corp., Bedford, MA), HNO3 (65%, RPE,
Carlo Erba, Milan, Italy), H2O2 (30%, Suprapur, Merck,
Darmstadt, Germany), HF (40%, Suprapur, Merck), glacial
CH3COOH (RPE, Carlo Erba), HCl (30%, Suprapur,
Merck), CH3COOK (p.a., Sigma–Aldrich), NaHCO3 and
Na2CO3 (p.a., Merck), ion chromatography (IC) and in-
ductively coupled plasma (ICP) standards (1000 mg l−1,
CertiPUR, Merck).

For the ED-XRF analyses a Spectro X-LAB 2000 spec-
trometer (Spectro Analytical Instr. GmbH, Kleve) has been
used. Four targets have been employed, two secondary
(molybdenum and cobalt), a Barkla scatter (aluminium ox-
ide) and an HOPG Bragg crystal; with respect to these tar-
gets the spectrometer was operated respectively at 40 kV
and 7.5 mA (molybdenum), 49 kV and 6.1 mA (aluminium
oxide), 30 kV and 10.0 mA (cobalt), 20 kV and 15 mA
(HOPG).

The energy-dispersive Si(Li) detector is cooled by liquid
nitrogen and operates at 148 eV; each spectrum was col-
lected for a total time of 900 s. Quantitative analyses of
XRF spectra have been performed by using the Turboquant
software package.

It was decided to use the ED-XRF technique for the
determination of Al, Fe, Mg, Mn, S and Si, whereas the
other elements of this study were determined, with higher
analytical reproducibility, by the ICP-OES technique. The
detection limits for the analyses by ED-XRF of airborne
particulate loaded filters are reported in Table 1. LOQs for
ICP-OES analyses are reported elsewhere (Canepari et al.
2005a).

Table 1 Detection limits for airborne particulate 24 h-collected on
Teflon filters analysed by ED-XRF

Element Detection limits
On filter area (ng cm−2) Concentration in air (ng m−3)

Mg 236 120
Al 154 78
Si 110 76
S 49 25
Mn 9.1 4.6
Fe 67 34

These values have been calculated using the three times square root of
the number of background counts according to the IUPAC definition
(IUPAC 1978; Winefardner and Long 1983)

To calculate element concentrations in the loaded filters,
multielement standards were first used to create a cali-
bration method. Afterwards, the calibration was checked
and refined by analysing 18 real loaded filters (47 mm
Teflon, 1 µm pore size supported by polypropylene ring,
Pall Co.) 24-h collected at the site of the Institute for At-
mospheric Pollution of CNR (National Research Council
of Italy), in the semi-rural area of Montelibretti (Rome),
by a low-volume sampler operating at the flow rate of
20 l/min (Ambient Dust Automatic Monitor, OPSIS). Af-
ter ED-XRF analysis, these filters were re-analysed by
ICP-OES (Simultaneous Vista MPX, VARIAN), perform-
ing direct dissolution of the samples by HF acid diges-
tion (Bettinelli et al. 2000) in microwave oven (Mile-
stone Ethos Touch Control equipped with HPR 1000/6S
rotor). In this case the ICP-OES equipment was arranged
with Teflon components. Before analysing real samples,
the analytical protocols of both acid digestion and ICP-
OES analysis were optimised and checked on the SRM
NIST 1648 coarse urban dust; percentage recoveries higher
than 95% and RSDs on 12 replicates below 5% have been
obtained.

All the other PM samples used in this work were collected
at a traffic station in the centre of Rome by using two
identical automatic low volume samplers (SWAM 5A, FAI
Instruments, Italy) placed side-by-side at about 3 m above
ground level. Parallel 24-h PM2.5 or PM10 samples were
collected on Teflon filters from 1 to 8 January 2004, at
the flow rate 38 l/min, obtaining 20 pairs of twin samples.
PM2.5 or PM10 masses were automatically determined in
situ by 14C beta rays attenuation. Sampled filters were put
into separate containers, stored at 5◦C in the absence of
light and analysed within a few days.

After ED-XRF detection, the samples were extracted in
acetate buffer solution (0.01 M, pH 4.5) in ultrasonic bath
for 15 min; then the extracts were divided into two portions:
one was analysed for anions (Cl−, NO3

− and SO4
2−) and

cations (Na+, Ca2+, Mg2+ and NH4
+) by ion chromatogra-

phy (DX 100 IC, DIONEX Co.) and the other for elemental
content (Al, As, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb, S, Sb, Se,
Si, Ti, V and Zn) by ICP-OES equipped with a quartz torch
and an ultrasonic nebulizer (U 5000 AT+, Cetac Technolo-
gies Inc.). After extraction, each filter was put into a PTFE
vessel and 4 ml of 65% HNO3 + 2 ml of 30% H2O2 were
added; after digestion in microwave oven the mineralised
solution was filtered on HNO3 pre-washed cellulose ni-
trate filters (25 mm, 0.45 µm Millipore), and analysed by
ICP-OES (Canepari et al. 2000). ICP calibration was daily
performed by a matrix-matched six-point multi-elemental
solution set. The sum of the element content in the extract
(e) and in the mineralised residue (r) was considered alike
total content in calculations, since, although the mass bal-
ance is affected by incomplete dissolution of silicates in the
solid residue by HNO3/H2O2 digestion, the mass loss was
assessed to be negligible for all the considered elements
except Al, Cr and Si (EN12341 1998). Blanks of the two-
step method resulted to be lower than 30% of the measured
values for all the elements.
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Results and discussion

Validation of ED-XRF-extended leaching method

To quantify the analytical error introduced in the two-step
method by including the new ED-XRF step, a new vali-
dation of the overall method was carried out by follow-
ing a scheme based on pairs of equivalent real loaded fil-
ters. Twenty pairs of PM2.5 samples were divided into two
groups of ten pairs each. One group was used as check
group (c), and both filters (A and B) of each pair were
treated by the old two-step method previously validated
for equivalence with reference methods (EN12341 1998;
EMEP/CCC 1996). The second group was used as test
group (t), and the filter A of each pair was treated by the
EDXRF-extended method whereas the filter B was treated
by the old two-step method. In this way if any differences
were found between results of groups c and t, these should
only be attributed to the possible alteration of the loaded
filters due to the EDXRF-step. In both groups, within each
pair of twin filters, samples to be treated as filter A or B
were randomly chosen. Mean relative per cent differences
(σ%) in the determination of each element were calculated
as averages of the relative error of each pair:

σ%i,f = (|mAi,f − mBi,f| × 2/(mAi,f + mBi,f)) × 100

where mA and mB are the masses (ng) of the element i in
the fraction f (extract e, mineralised residue r, sum of the
two fractions t) measured on the filters A and B of the ten
pairs, respectively. Al, Cr and Si were not included in this
part of the study, as it is well known from the literature
(EN12341 1998) that they are not quantitatively recovered
by HNO3/H2O2 digestion. The results of the validation tests
are reported in Table 2. Also, the effect of the wide vari-
ability of the real particulate sample concentration on the
reliability of the results was assessed by the linear regres-
sion mAi,f = amBi,f + b (in case of equivalence a=1 and
b=0) and outcomes are also reported in Table 2.

Results of Table 2 show that a general worsening of the
reproducibility is observed when the ED-XRF step is added
to the procedure. Nevertheless, with few exceptions (i.e. Se
and Zn in the test group), σ% values were lower than 25%.

Linear regression parameters (Table 2) are also affected
by the environmental variability of real samples, reflect-
ing the dependence of the analytical data reliability on the
broadness of the concentration ranges (Rg). It is worth not-
ing that samples in the t group show narrower Rg than
those in the c group, because of the natural variability of
real samples. For example, taking into account the high
value of Rg, the reliability of Cd results in the check group
can be considered as satisfactory despite the high σ% value;
a similar situation is found for Zn in the test group.

As and Se contents were in all cases close to their DLs,
mainly in the r fraction, strongly affecting the reproducibil-
ity of these two elements. The analytical reproducibility of
the ion content in the buffer acetate extract e was assessed
in the same way, and σ% values were found to be below
30% in both sample groups.
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Fig. 1 Comparison of Mn total content determined by ED-XRF or
obtained as sum of Mn contents in the e and r fractions by ICP-OES.

These results show that the worsening in the reproducibil-
ity due to the introduction of the ED-XRF step may be
considered as negligible and that the method is suitable
for application to monitoring campaigns. In addition, since
most of the 17 elements can be detected by at least two of
the three analytical techniques, we could design an inter-
laboratory data quality control (QC) scheme, described in
the next section, that can be of help in the application of
the method to real samples.

Inter-laboratory quality control scheme

The uncertainty levels of the measurements are a critical
point mainly in destructive analytical methods like sequen-
tial leaching, where real samples are analysed and the de-
terminations cannot be repeated. A quality control system
able to perform a cross-check of both the preparative and
the detection step, either in real time or after the analyses,
is thus required, particularly for the sequential leaching of
small airborne particulate matter amounts, in order to en-
sure that the assessment of accuracy and reproducibility
is supported by the identification and quantification of the
analytical errors.

Seventeen elements were investigated as possible quality
control candidates for assessing the reliability and quality
of the analytical detection by ICP-OES and ED-XRF, or by
ICP-OES and IC or by the three techniques. On the basis
of the analytical quality of data some elements have been
selected as quality tracers. Particularly, Fe and Mn could
be accurately determined by ICP-OES and ED-XRF, Mg
was well detected by both ICP-OES and IC, and S could be
determined by all the three techniques. From the intercom-
parison of the results obtained with different techniques,
a scheme was designed for controlling the main analytical
errors.

The application of this scheme to determination of Mn
in the 20 twin samples is shown in Fig. 1 and Table 3. ED-
XRF results are compared with the sum of the Mn contents

of the e and the r fractions analysed by ICP-OES. The
excellent correspondence between the results yielded by
the two techniques (Fig. 1) is confirmed by the low values
of the per cent differences reported in Table 3:

�% = ((X technique A − X technique B) ×
2/(X technique A + X technique B)) × 100

where X is the analytical result given by the technique A or
B.

This good agreement between the ED-XRF and the ICP
analyses of Mn confirms the high accuracy of this deter-
mination. Moreover, it allows the sample-by-sample check
of possible errors due to sample manipulation, since the
two techniques are applied during different steps of the
analytical procedure.

Besides identification of casual errors, the temporal
trends of the per cent differences, �%, also give the
possibility of monitoring instrumental drifts. The cali-
bration of the ICP-OES instrument is, indeed, performed
daily, and is checked by using control charts obtained by
reading a multi-standard solution every ten samples anal-
ysed. Therefore, the linear regression of ED-XRF vs. ICP
(XXRF=slope(XICP)), whose results are shown in Fig. 1 and
Table 3 (last two columns on the right side), can be used as
check for possible drifts of the ED-XRF technique by eval-
uating the slope values (1 for perfect equivalence). These
considerations can be easily extended to other elements,
like Cu, Ti and Zn, which can be determined with good
reliability by more than one analytical technique allowing
an accurate sample-by-sample monitoring of the analytical
quality of data.

Moreover, the identification of systematic errors is also
possible, making it possible to apply a proper correction
during the data processing. The optimised method has been
applied to real samples, as reported in the following section.

Application to real samples

The optimised ED-XRF-extended extraction procedure
was applied to real samples with the aim of investigating
the element distribution between the e and the r fractions
and their possible employment for the study of source
contributions. Particularly, a short field PM10 campaign
was run over the period of New Year 2004. Twenty-four-
hour samples collected at a traffic station in Rome were
analysed by applying the above-described procedure with
the purpose of investigating the influence of the fireworks
of 1 January. The obtained results are shown in Fig. 2,
as the ratio between the concentration of each element

Table 3 Average differences
and linear regression parameters
related to other elements
identified as tracers for QC

Technique A Technique B (�±SD)% R2 Slope

Mn (tot) ICP-OES(ext+res) ED-XRF 5±11 0.98 1.09
Fe (tot) ICP-OES(ext+res) ED-XRF 0±19 0.97 1.04
S (tot) ICP-OES(ext+res) ED-XRF 3±20 0.92 1.09
S (ext) ICP-OES(ext) IC anions 1±22 0.91 0.91
Mg (ext) ICP-OES(ext) IC cations 8±20 0.96 1.04
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(fireworks event) to the mean value calculated over the sampling
period for the 17 elements: comparison between e and r fractions and
the total. For Al and Si the total is obtained by ED-XRF analysis; for
the other elements the total is calculated as the sum of the extract and
mineralised residue fractions (e+r)

in the PM10 mass (ng/mg) obtained on 1 January (XJan 1)
and its average mass concentration during the overall
sampling period (Xmean). Data are presented as ng/mg with
the purpose of making them independent of the dilution
properties of the lower atmosphere (Perrino et al. 2001).

For some elements, i.e. Al, Cu, Mg, Pb and Sb, the
XJan 1/Xmean ratio resulted significantly above 1 for the total
concentration, indicating that these elements can be seen
as tracers of fireworks events. Data in Fig. 2 show, indeed,
very diverse distributions of Al, Cu, Mg, Pb and Sb between
the extract and residue fractions. Particularly, the fireworks
event strongly contributed mainly to soluble species of Cu,
Mg and Sb, whereas Pb was augmented for its scarcely
soluble species. For many of the investigated elements the
concentration increase was mainly observed either in the e
or in the r fraction depending on the different solubility of
the element. On 1 January, for example, the increase in Cu
and Mg concentration was mainly observed in the extract.
The information on total Si cannot be considered a good
indicator of fireworks, since the additional contribution to
Si coming from this type of event may be considered neg-
ligible with respect to the Si background concentrations.
However, when the sole soluble fraction of Si is examined,
a significant contribution is recognised. The analysis of the
solubility distribution gives thus the possibility of identify-
ing new tracers, as the soluble fraction of Si, or of increasing
the sensitivity of identified source-selective tracers. In the
case of Cu, for example, a sensitivity of the soluble fraction
three times enhanced with respect to total was observed.

Conclusion

The described microanalytical procedure allows a com-
plete inorganic characterisation of small amounts of
filter-collected airborne particles (24-h low volume) by us-

ing complementary non-destructive and destructive analyt-
ical techniques. This also allowed the design of an effi-
cient quality control scheme based on sample-by-sample
cross-check of the data. The information obtained on the
total metal content is supplemented by that on the solu-
bility distribution. The choice of evaluating separately the
metal contributions in the fraction extracted under weak
acid buffered conditions and in the fraction digested under
strong acid-oxidising conditions confirmed to be useful ei-
ther for the identification or for the sensitivity enhancement
of tracers which are selective of a specific source like fire-
works. In fact, since on 1 January the PM10 mass was higher
(3.1 mg) than in the following days (2.5 mg on average), ele-
ments showing a XJan 1/Xmean ratio above 1 could have been
significantly augmented by the fireworks, whereas, con-
versely, this event contributed negligibly to elements with
XJan 1/Xmean ratio below 1. These potentials will be further
investigated in the next future by application to larger field
campaigns.
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