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Abstract

The paper presents methodological innovations introduced in the characterisation of urban aerosol collected in Italy

in a recent campaign. Two complementary ion beam analysis (IBA) techniques were used to analyse Nuclepore filters

used in continuous streaker samplers to collect airborn particles in four Italian towns. Na to Pb elemental concen-

trations were obtained by particle induced X-ray emission (PIXE), while time of flight secondary ion mass spectrometry

(ToF-SIMS) produced, on the same samples, time trends for several elements and molecular fragments. In addition,

light attenuation measurements were used as a tracer for black carbon. The data produced by these three techniques

was merged into a unique data set to address the characterisation of particulate matter sources. Correlations between

elemental concentration trends (PIXE) and relative trends for molecular fragments (ToF-SIMS) and black carbon (light

attenuation) have been studied by cluster and principal component analysis.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ion beam analysis (IBA) has in the last years

become a relatively common approach for analy-

sing the elemental composition of particulate

matter. The latter has been stimulated by the
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successful use of methods, such as particle in-

duced X-ray analysis (PIXE) [1], particle induced

gamma-ray emission (PIGE) [2] and Rutherford

backscattering spectrometry (RBS) [3] in aerosol

studies. Nuclepore and other polycarbonate filters

are frequently used as substrates for particulate
sampling, even though they can present, due to

their composition, severe background problems in

the detection of light elements (e.g. H, N, O, C, B).

Using two-stage streaker samplers (PIXE Inter-

national Corporation, Tallahassee) it is possible to
ved.
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collect fine aerosol particles on Nuclepore filters

continuously for a period variable between a few

hours and some weeks. In urban aerosol sampling,

a hourly resolution may be adopted corresponding
to the use of one filter for 7 days continuous

sampling [4]. The advantage of using these types of

streaker samplers is that measurements with PIXE

can be performed scanning the beam automati-

cally over the multi-hours samples and in a rela-

tively short time: actually the streaker sampler has

been originally designed [4] for IBA applications.

On the other side, this particular type of filters
requires non-destructive analytical techniques,

since the time sequence of particulate deposition

forms a continuous ‘‘streak’’ where 1 mm corre-

sponds to a few hours of sampling. Some widely

used analytical techniques, such as inductively

coupled plasma mass spectrometry (ICP-MS), are

difficult to be applied in this case since they would

require to cut the filters in about 170 thin slices
(1 mm wide), thus loosing the advantages offered

by streaker samplers.

Investigations, as described above, usually aim

at elemental analysis. The study of correlations

between elemental concentration time series con-

tributes in identification of particulate matter

sources [5]. Other methods must be used when one

wants to obtain chemical speciation. In view of this
aspect, a recent and exploratory work was under-

taken in which time-of-flight secondary ion mass

spectrometry (ToF-SIMS) in static mode was used

as a complementary tool to PIXE in the analysis of

Nuclepore streaker filters [6]. In that study, a

method was developed to analyse streaker samples

by ToF-SIMS in their entirety without the need of

cutting the filter. Simultaneous detection of sur-
face-specific information such as low Z elemental

ions ðZ < 11Þ together with mean Z elemental ions

ð116 Z < 82Þ and molecular fragment ions (e.g.

SO�
4 , NO�

3 , NHþ
4 ) were shown to be feasible. In

addition, static SIMS seemed also suitable for

observing secondary chemistry going on at the

surface of particles as the technique analyses the

top monolayer of the sample. In that preliminary
phase, the comparison between PIXE and ToF-

SIMS was not carried on the same samples but it

was simply observed that the two techniques gave

reasonable results on similar samples [6].
The present study discusses the combined use of

PIXE and ToF-SIMS in the frame of a coordi-

nated study to characterise particulate matter in

four major Italian towns [7]. Both analysis meth-
ods have been used on the same samples, namely

four streaker filters exposed during the same days

in the four towns. This setup gave us the oppor-

tunity to compare elemental concentrations trends

deduced for the same elements by both techniques

(in arbitrary units in the case of ToF-SIMS) and to

merge all the results in a unique data base for

successive statistical analysis. Prior to the PIXE
and ToF-SIMS measurements, the samples were

scanned optically [8]. The latter gives an estimate

of the black carbon concentration trend [7], thus

completing the analytical tools utilized in this

work.
2. Material and methods

All the samples used for the present study were

collected during a coordinated campaign in four

major Italian towns [7]. In each town a two-stage

streaker sampler was installed and a weekly sam-

pling started on January 18th 2001.

Full details of the samplers, their cut-off diam-

eters and their control units can be found else-
where [9]. Briefly, in a streaker sampler, particles

are separated on different stages: an impactor

deposits the aerosol coarse fraction (2.5 lm<

Dae < 10 lm) on a Kapton foil while the fine frac-

tion (Dae < 2:5 lm) is collected on a Nuclepore

filter having 0.4 lm pores. Sampling flux is 1 l/min.

The two collecting plates (Kapton and Nuclepore)

are paired on a cartridge which rotates at constant
speed for a week: this produces a circular contin-

uous deposition of particular matter (‘‘streak’’) on

both stages. In this work we have analysed the fine

fraction only.

Black carbon trends were obtained with a sim-

ple optical method described in [8]. Briefly, if the

composition of the deposit (e.g. the particulate

matter accumulated on a filter) is constant, the
light absorption will depend exponentially on the

deposit thickness: I ¼ I0e�lx [10]. The absorption

coefficient l is determined primarily by the aerosol

black carbon content and to a minor extent by the
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rest of the aerosol [11]. The quantity lnðI0=IÞ,
measured with an hourly resolution along the

streaks, describes with good approximation the

time behaviour of black carbon and roughly, if its
concentration in the aerosol is not varying so

much, the total particulate matter. In the following

we use the acronym ‘‘OPT’’ for the quantity

lnðI0=IÞ.
The elemental composition of the streaker

deposits was then measured by the PIXE external

beam facility in Florence, based on a Van de

Graaff accelerator: this facility has been used sev-
eral times in the past for aerosol studies and it is

extensively described in [12]. For this experiment

the beam (3 MeV protons) was focussed in a

rectangular spot (width: 1 mm, height: 3 mm) and

it was moved along the streak in steps corre-

sponding to 1 h of aerosol sampling. Each step

took 5 min of beam time, which means that

scanning the whole streaker required about 15 h
with, on average, 3 lC collected per step.

The elemental thickness was obtained by com-

paring the streaker yields with a sensitivity curve

[counts lC�1 lg�1 cm2] measured in the same

geometry on a set of thin standards certified within

5% (Micromatter Inc.). All X-ray spectra have

been fitted for 24 elements (Na, Mg, Al, Si, P, S,

Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As,
Se, Br, Sr, Zr, Pb) using the GUPIX software

package [13].

Several molecular fragments and elements have

in addition been measured by ToF-SIMS at the

facility of the University of Antwerp following the

approach described in [6]. Briefly, a focussed Gaþ

ion beam was rastered over an area of 300 · 300
lm2 with a primary ion current of approximately
0.2 pA for 5 min. Using a pulsed low energy

electron flood gun (�18 eV) for charge compen-

sation [6,14], the mass resolution ðm=DmÞ obtained
on this insulating substrate is �1700 for Hþ and

�1400 for H�. This mass resolution is sufficient to

distinguish between inorganic (m=z under nominal

mass) and organic compounds (m=z above nomi-

nal mass). The background in the spectra is a
factor 10 higher with the use of electrons for

charge compensation in comparison to spectra

taken on conducting substrates. The primary ion

dose was kept below the static limit of 1014 ions/
cm2. The secondary ion intensities were collected

in both the negative and the positive mode for

50 points (size¼ 300 · 300 lm2) on each filter,

approximately equally spaced. This corresponded
with one analysis point (about 15 min of particu-

late matter deposition time) for each 3.4 h of

sampling. The time needed for the analysis in one

mode took about 250 min. At each new sampling

point the reflector voltage had to be adjusted for

optimal mass resolution. Taking into account

these conditions, we were able to measure one

mode every day. To interpret the data, each peak
area had to be calculated summing the counts in

the peak region and subtracting the continuum

background underneath, due to the irregular peak

shape induced by residual surface charge on insu-

lating samples.
3. Results

The PIXE results, i.e. concentration time series

for each detected element and statistical analysis

to identify the particulate matter sources, to-

gether with the information deduced by the

optical analysis of Nuclepore streaker frames are

fully described elsewhere [7]. For the ToF-SIMS

results we selected a relevant set of mass peaks to
compare with PIXE, i.e. Na, Al, K, Fe, Cu, Pb

and NHx in the positive mode spectra and NOx,

SOx, HS, HSOx, NaSOx and Br signals in nega-

tive mode spectra. It may be useful to mention

here that ToF-SIMS spectra tend to be very

complicated, resulting in only a minor fraction of

the peaks that can be positively identified. In

particular, many organic fragments could be de-
tected, which have been excluded from the anal-

ysis since it is very difficult to link them to a

specific molecule or molecule fragment. More-

over, many of the element/fragment signals were

weak and it was difficult to distinguish them from

the background as the support is a polycarbonate

filter, which is a source itself of interfering or-

ganic fragments. We have only considered for
analysis charged fragments and/or molecules

which signals were at two sigma level over the

background measured with a clean Nuclepore

substrata.
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Our first goal was to check whether or not the

time series obtained by ToF-SIMS could be

merged with the PIXE data into a unique set. We

therefore selected elements detected by both tech-
niques and we compared their time trends. In Fig.

1 we report the data for Fe, which is one of the

most abundant elements in particulate matter.

Although the data time spacing is not the same

(1 h for PIXE and about 3.4 h for ToF-SIMS) in

all the four towns both the techniques gave similar

trends for Fe concentration. In some cases (see

Fig. 1) the lower time resolution of ToF-SIMS
data does not allow the detection of fast and short

Fe concentration changes. In other cases, the dis-
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Nuclepore streaker frames of Florence (a), Genoa (b), Milan (c) and N
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Table 1
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K 0.73 0.50

Fe 0.66 0.50
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agreement between the two techniques could be

attributed to the relatively small analysis areas and

to the smaller thickness analysed (a few mono-

layer for particulate matter) by ToF-SIMS, both
the characteristics resulting in larger statistical

fluctuations. The same picture was observed for

the other elemental species measured by both the

techniques.
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Table 2

Factors composition obtained by PCA, after VARIMAX rotation, for the data sets of Florence (Panel A), Genoa (Panel B), Milan

(Panel C) and Naples (Panel D)

Factor 1 Factor 2 Factor 3 Factor 4

Panel A: PCA – Florence

NO 0.57 0.57 0.25 0.39

S-SIMS 0.36 0.13 0.83 0.12

HS 0.23 0.09 0.91 0.00

NO2 0.01 0.93 0.29 0.05

SO 0.33 0.37 0.79 )0.01
NO3 0.12 0.93 0.24 0.07

SO2 0.37 0.72 0.47 )0.16
Br-SIMS )0.05 0.73 0.02 )0.52
SO3 )0.10 0.35 0.83 )0.17
SO4 0.90 0.20 0.27 0.02

HSO4 0.94 0.12 0.24 0.11

NaSO4 0.18 )0.34 0.01 0.75

OPT )0.77 )0.04 )0.11 )0.58
Al-PIXE )0.74 0.13 )0.15 )0.47
S-PIXE )0.31 )0.29 0.23 )0.75
Pb-PIXE )0.73 )0.08 )0.09 )0.62

% variance 27 23 22 16

Panel B: PCA – Genoa

NO 0.00 0.26 )0.74 )0.01
S-SIMS )0.03 0.87 0.16 0.08

HS 0.02 0.86 0.13 0.22

NO2 0.72 0.39 )0.43 0.13

SO 0.18 0.85 )0.28 )0.06
NO3 0.70 0.36 )0.43 0.15

SO2 0.47 0.76 )0.26 0.06

Br-SIMS 0.68 0.25 )0.15 )0.33
SO3 0.39 0.83 )0.23 0.00

SO4 )0.53 0.53 )0.15 )0.33
HSO4 )0.85 0.00 0.03 )0.34
NaSO4 )0.63 )0.09 0.36 )0.21
OPT 0.93 0.03 0.04 0.08

Na-PIXE 0.35 0.02 0.56 0.59

Al-PIXE 0.01 0.17 )0.16 0.77

S-PIXE )0.21 0.13 0.69 )0.08
Pb-PIXE 0.80 0.12 0.12 )0.17

% variance 29 25 13 9

Panel C: PCA – Milan

NO 0.23 0.63 )0.11 0.51

S-SIMS 0.85 )0.17 )0.15 0.19

HS 0.81 )0.17 0.17 0.16

NO2 )0.07 0.89 0.24 )0.20
SO 0.85 0.07 )0.29 0.04

NO3 0.10 0.93 0.06 )0.27
SO2 0.84 0.38 )0.13 )0.08
Br-SIMS )0.02 0.03 0.78 )0.21
SO3 0.78 0.56 )0.01 )0.03
SO4 0.86 0.26 )0.27 )0.07
HSO4 0.88 0.03 )0.27 0.04

(continued on next page)
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Table 2 (continued)

Factor 1 Factor 2 Factor 3 Factor 4

NaSO4 0.06 )0.27 0.10 0.80

OPT )0.26 0.61 0.46 )0.21
Al-PIXE )0.14 0.05 0.70 0.20

S-PIXE )0.09 0.13 0.88 0.19

Mn-PIXE 0.36 0.69 0.14 0.13

Br-PIXE )0.31 0.20 0.80 )0.08

% variance 31 21 18 8

Panel D: PCA – Naples

NO 0.78 0.34 0.10 )0.30
S-SIMS 0.90 )0.22 0.20 )0.13
HS 0.92 )0.16 0.23 )0.10
NO2 )0.19 0.83 )0.28 0.07

SO 0.66 0.14 0.59 )0.10
NO3 )0.16 0.84 )0.23 0.02

SO2 0.30 0.82 0.22 )0.02
Br-SIMS )0.33 0.68 )0.09 0.29

SO3 )0.11 0.87 0.24 0.19

SO4 0.43 )0.19 0.81 0.13

HSO4 0.50 )0.22 0.77 0.11

NaSO4 0.69 )0.13 0.06 )0.13
OPT )0.47 0.37 )0.45 0.58

Na-PIXE 0.77 )0.26 )0.16 0.33

Al-PIXE 0.32 )0.18 )0.81 0.13

S-PIXE 0.03 0.11 0.20 0.93

Pb-PIXE )0.49 0.35 )0.29 0.68

% variance 30 23 17 12

Elements and fragments detected by ToF-SIMS in negative mode, tracers of some sources detected by PIXE (with this label) and OPT,

have been considered. In the last row the percentage of variance associated to each factor. Factors loading greater than 0.6 are marked

in bold character.
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mode. Since ToF-SIMS can only measure relative

trends [6] we created, for each sampling site, a

normalized table including the data of the SIMS

elements/fragments signals, the hourly values for

OPT (deduced by optical analysis, see para 2) and

the hourly concentration of some elements mea-

sured by PIXE. In addition, tracers of specific
particulate matter sources were defined, e.g. in

2001 when the sampling took place, leaded gaso-

line was still quite commonly used in Italy and,

therefore, following the results reported in [7], we

chose the Pb data obtained by PIXE (Pb-PIXE) as

a tracer for traffic (with the exception of the Milan

data where Br-PIXE was preferred as traffic tracer

since we revealed a significant contribution to Pb
concentration from industrial sources). We used

S-PIXE as a tracer for oil combustion and, in
Milan only, Mn-PIXE as tracer for industry. Al-

PIXE and Na-PIXE were assumed to be tracers of

soil dust and sea-salt aerosol, respectively. The

OPT variable has been included in the statistical

analysis since for all four sampling sites it has

shown a correlation with traffic [7].

The obtained data sets were both analysed by a
varimax-rotated principal component analysis,

PCA [15], and by cluster analysis using an

Euclidean distance and a complete linkage algo-

rithm [16], the latter being the same approach of a

previous preliminary work [6]. In this work, where

we exploit for the first time the combined use of

PIXE and SIMS, we compare, as a cross-check,

cluster analysis and PCA, being aware that the
data set available for each sampling site (50 points)

is relatively small. In PCA, only components with
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eigenvalue greater than 1 (before rotation) have

been considered and, in all the cases, a percentage

of global variance ranging from 76% to 88% has

been accounted for. Both the methods (PCA and
cluster analysis) produced the same overall picture

with slightly fluctuations in their results, thus

confirming their reliability.

The PCA results and the cluster plots including

the ToF-SIMS data measured in positive mode

gave a relatively poor information. The only

molecular signals in this mode, NHþ
3 and NHþ

4 ,

group always together and show associations with
other elements depending on the sampling site. For

the data from Milan for instance, they got corre-

lated with traffic tracers (e.g. Br and OPT). For

Genoa and Naples the NHþ
3 and NHþ

4 signals were

correlated with natural source tracers (e.g. Na and

Al), while within the Florence data they formed a

separate group.

More information came from the analyses
which included the ToF-SIMS data in negative
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Florence (Table 2, Panel A and Fig. 2(a)) we find
again a cluster including Br, SO2, NO2 and NO3

probably linked to traffic but not-correlated with

any PIXE element. In this site, aggregation among

S compounds similar to those described above can

be noted again. Finally, in Genoa (Table 2, Panel

B and Fig. 2(b)) a traffic cluster including Pb-

PIXE, OPT, Br-SIMS NO2 and NO3 can be ob-

served (mainly by PCA, Table 2, Panel B). Sulphur
compounds form one separate group, while S-

PIXE shows a correlation with Na-PIXE only. It

should be noted that while the S-PIXE signal is

proportional to the total number of S atoms in the

particulate matter, irrespective of their molecular

state, S-SIMS is relative to atomic fragments only,

easily produced by the breaking of HS molecules.

Actually, molecules and/or fragments containing S
are distributed by PCA (see Table 2) in several

factors which show a variance of the same order of

magnitude (see Table 2).

Basically, the picture emerging from cluster

analysis and PCA completes with information on
molecular fragments the results in [7] where traffic
was indicated as the major particulate matters

source in all the towns.

SIMS data measured in negative and positive

mode cannot be merged in a unique data set since

they do not exactly correspond to the same anal-

ysed points on the samples. However, time trends

can be compared to single out possible correlations

among molecules/fragments. In Fig. 3, time trends
of HSO4 and SO4 (negative fragments) are com-

pared with those of NH4 (positive fragments, ni-

trates tracer). These fragments show a clear

correlation (in particular in Florence and Naples),

suggesting a common origin from (NH4)2SO4 or

(NH4)HSO4 molecules.
4. Conclusions

A coordinated analysis on particulate matter

samples collected with hourly resolution in four

urban Italian sites has been conducted, exploiting
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the features of different IBA techniques. While

PIXE is a well established powerful tool in aerosol

studies, we have explored in this work the poten-

tial of a combined use of ToF-SIMS and PIXE for
obtaining information of elements and molecular

fragments not detectable by X-ray spectroscopy

techniques.

The application of ToF-SIMS to aerosol sam-

ples clearly shows the presence of low Z elemental

ions (Liþ, Bþ, F�) and of key ions as NHþ
4 , NHþ

3 ,

SO�
4 , SO�

3 , NO�
3 , NO�

2 , HSO�
4 , NaSO4 and

numerous Carbon organic molecule fragments.
The similar time dependence of some molecule

fragments identifies ammonium sulphate and

ammonium nitrate in particulate matter and the

occurrence of sodium nitrate and sulphate in

samples collected at marine locations.

Despite the difficulty of obtaining concentration

data by ToF-SIMS, time series of elements detected

by both techniques showed similar trend. We
therefore could merge all the data and compare the

results of multivariate and cluster analysis for the

four sampling sites. This work indicates that

ToF-SIMS can play a role in aerosol studies as a

complementary tool, in particular when samples

collected by continuous samplers can be analysed

with non-destructive approaches only. Neverthe-

less, improvements to speed up sample analysis and
data reduction together with developments to

obtain more quantitative information (i.e. concen-

tration values) are still necessary to consider

ToF-SIMS as a completely asserted tool for aerosol

studies.
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