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From February 15th to April 15th 2009, a period characterised by two episodes of Saharan dust

outbreaks in Italy, particulate matter (PM) samples were collected at two stations (urban and

suburban) in Rome. Some samples were selected and analysed using the SEM-EDS technique to

characterise PM, focussing especially on the mineral contribution. Samples were representative both of

days affected by Saharan dust episodes and days without this contribution. Cluster analysis allowed the

attribution of each of about 67 000 analysed particles to one of the seven main statistical groups based

on their composition. Characteristics of the particulate components identified using SEM-EDS analysis

were verified by PIXE analysis carried out on filters collected in a suburban area. Ultimately, the

contribution of crustal particles was revealed to be consistently high, highlighting the importance of

local and regional mineral contributions, as well as those of Saharan origin. Therefore, quantifying all

mineral contributions to resuspended particulate could lead to significant reductions of the PM level

also on days not influenced by Saharan dust, thus limiting conditions when PM10 daily limit value

(DLV) established by European legislation is exceeded.
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Environmental impact

PM concentration values measured in Italy can be influenced by the

PM10 daily limit value established by European Union. Focussing th

that comparison between single-particle and whole-sample analy

highlighted the complex composition of many particles. Moreove

affected by Saharan dust compared to those without such inflow. A

variation of the Si/Al ratio values, probably also due to re-suspende

a primary goal for politicians because this could lead to reduce PM1

also due to this re-suspended dusts.
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1. Introduction

Several studies1,2 have shown the impact of the mineral compo-

nent of atmospheric particulate matter (PM) on the environment

and human health. However, European legislation provides that

the contributions recognised as natural sources, including

natural particles transported from dry regions, can be subtracted

from the total PM10 value measured by the air quality moni-

toring networks of member states (EU Directive 2008/50/EC).

Previous studies have shown that the potential for Saharan

dust episodes in Europe and the Mediterranean area is high.3–7

These episodes may cause exceedances of the PM10 daily limit

value (DLV of 50 mg m�3).
advection of Saharan dust that can also cause exceedances of the

e attention on the mineral contribution to PM, the study showed

sis can help to distinguish the different sources. The authors

r, PM composition showed some differences during the days

local crustal contribution to PM in Rome was inferred by the

d particles. A correct evaluation of this contribution represents

0 DLV exceedances, in spite of negative impact on human health
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Based on a multi-year dataset representative of background

stations in Italy, Matassoni et al.6 found a decreasing influence of

Saharan dust on PM10 DLV exceedances from south to north

(from 97% in Sicily to 40% in Lazio to 8% in Emilia–Romagna

region), mainly due to the larger distance from the dust sources.

This study aims to identify the various contributions to PM,

with particular attention to the crustal mineral component, in an

intermediate location in central Italy, Rome (Lazio). At the same

time, the study highlights differences in the composition of

individual particles between days affected by Saharan dust, here

called ‘‘in-dust days,’’ and those without such inflow, here called

‘‘non-dust days.’’
2. Methodology

2.1. Sampling methods

The particulate matter was collected at two stations in the Rome

area 27 km apart from each other (Fig. 1), defined as ‘‘urban

traffic’’ and ‘‘suburban background’’ according to the criteria for

Euroairnet:8,9

Corso Francia (CF): located in the northern urban area at

a main cross roads affected by high traffic volume (41.70� N,

12.45� E) and belonging to the monitoring network station of the

Regional Environmental Protection Agency (ARPA Lazio); here

PM10 and PM2.5 samples were collected and concentration values

measured.

Castel Romano (CR): located in the southern suburban area,

about 500 m from a main road affected by high traffic volume

(41.95� N, 12.47� E) and near the car parking area of the Istituto

Superiore per la Protezione e la Ricerca Ambientale (ISPRA),

which provided the equipment for the collection of the PM10,
Fig. 1 Localisation of the Corso Francia (CF) and the Castel Romano

PM stations. Legend: 1, urban areas; 2 and 3, main roads; 4, Tevere river.
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PM2.5 and PM1 samples and for the measurement of the relative

concentration values.

To obtain an accurate sampling of the particulate matter, we

used the following equipment, in compliance with European

(EN12341, EN14907) and/or US (EPA40CFR) standards:

Tecora Charlie and Skypost PM (PM10 and PM2.5) Thermo

Partisol Plus 2025 (PM1).

The PM10 and PM2.5 daily concentration values at the CF

station were provided by ARPA Lazio using the Fai SWAM 5A

b-ray attenuation monitor and at the CR station were recorded

by Thermo TEOM 1400A equipped with an FDMS C tool kit.

Key meteorological parameters, such as temperature, pres-

sure, rainfall, humidity, wind speed and direction, were acquired

at the CR station. In addition, weather parameters were com-

plemented with NOAA Earth System Research Laboratory

charts (available at http://www.cdc.noaa.gov/Composites/day/).

Preliminary tests and previous studies10–12 led us to select

polycarbonate filters (Millipore) with a diameter of 47 mm and

0.8 mm pores and to determine optimum flows for sampling

under different conditions. The sampling time ranged from 8 to

60 minutes per hour over 24 hours total to avoid excessive

overlapping of particles on the filter, even in the case of daily

concentrations above 50 mg m�3.

The sampling period for PM analysis, February 15th to April

15th 2009, was selected according to a previous experiment6 and

the TAU model Desert Dust Forecast of the Weather Research

Centre of Tel-Aviv University (images available at http://wind.

tau.ac.il/dust8/dust.html).13

Within this period, 9 in-dust-day samples complemented by

another 21 non-dust-day samples (30 days of samples overall)

were selected.
2.2. Operating procedure of the SEM-EDS analysis

The analysis of individual particles was carried with a Scanning

Electron Microscope (Zeiss EVO MA15) equipped with an

Oxford Inca 250 energy dispersive detector.

The system employs the Inca Suite software (version 4.13,

Oxford Instruments, UK) for elemental and morphometric

sample analysis, which is controlled by a computer after the

initial instrumental conditions are set.

The portions of each of the 150 selected filters (five samples—

relating to three PM fractions at CR and two PM fractions at

CF—for each of the 30 days considered) were mounted on

aluminium stubs (12.5 mm diameter) and metallised with carbon.

The thresholds for the recognition of individual particles were

chosen by taking blank portions of filter as references and

comparing them to backscattered electron (BSE) images with

secondary electron (SE) ones,10,14 so as to allow detection of the

maximum number of particles while avoiding the recognition of

false particles. This procedure prevented the correct identifica-

tion of the carbonaceous, organic and biological particles, which

were not the objective of the study. In any case, careful choice of

thresholds allowed the recognition of sulfate particles even in the

finer fractions.

We set minimum size thresholds for the recognition of particles

in PM10 and PM2.5 fractions to ensure that a significant number

of particles of various sizes were analysed. Assuming a charac-

teristic density of 2.7 g cm�3 for crustal particles, particles with
J. Environ. Monit., 2011, 13, 732–742 | 733



ECD (Equivalent Circle Diameter) less than 1.5 mm (corre-

sponding to an aerodynamic diameter of 2.5 mm) were excluded

from the analysis of PM10 samples, whereas particles with ECD

less than 0.6 mm (corresponding to an aerodynamic diameter of

1 mm) were excluded in the analysis of PM2.5. However, the

detection limit of particles in the PM1 samples was determined by

the smallest feature width.

The acquisition time of the X-radiation produced by samples

was set at 8 s for particles containing silicon and at 4 s for the

other particles. The X-ray spectrum acquired for each detected

particle was processed through the XPP15 correction procedure

implemented in the Inca software package (Oxford Instruments,

UK).
2.3. SEM-EDS data acquisition and pre-treatment

The analyses were performed using the following operating

conditions: working distance 9 mm, acceleration voltage 20 kV

and beam current 0.1 nA. These settings allowed for the detec-

tion of between 400 and 1000 particles (20–40 particles per field

of view), which ensured the representativeness of the entire

filter.10 The setting of the numbers of particles for detection

allowed for the recognition of at least 10 fields for each analysed

sample. Each analysis session always started with an initial beam

calibration process through a sample of cobalt.

The following data were acquired with the aim of achieving

complete information on the PM:

- spectra and total counts of X-rays, from which is obtained

the composition of individual particles as a percentage by weight

of the elements (wt%);

- morphological characteristics of each particle, such as area

(A), length (largest F�eret’s diameter), width (smallest F�eret’s

diameter), aspect ratio (the ratio of the minimal to the maximal

F�eret’s diameter), perimeter (p) and the ECD ([4A/p]½);

- BSE images of fields and particles analysed.

A selection of SE images was also manually obtained. These

data were then stored in electronic format for subsequent pro-

cessing.

Only elements with a significant number of particles (at least

1% in one or more of the various fractions of PM) were

considered during data analysis and interpretation, excluding C

and O because they are components of the filter.

Ultimately, we selected the following elements for this study:

Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Mn, Cr, Fe, Cu, Zn, Mo, Br,

Ba and Pb.

The data were then grouped by dividing Saharan dust-affected

days (in-dust) from those without this contribution (non-dust).

About 6.5% (1% in the PM10 samples, 9% in the PM2.5 samples

and 14% in the PM1 samples) of over 71 000 particles analysed

were excluded from further processing; these particles were

mainly composed of C and O or, much less frequently, by other

underrepresented elements.
2.4. PIXE analysis of the Castel Romano samples

PIXE analysis (Particle-Induced X-ray Emission) was performed

on all of the particulate fractions sampled in the suburban area

(CR) to complete the study and to obtain information on mass

concentration of elements. Samples collected in the urban area
734 | J. Environ. Monit., 2011, 13, 732–742
(CF) were not analysed by PIXE due to the very low particulate

load collected on these filters: indeed, the sampling flow at CF

was set at the lowest level to allow the detection of single particles

by SEM.

The PIXE analyses were carried out at the 3 MV Tandetron

accelerator of the LABEC laboratory (National Institute of

Nuclear Physics, Sezione di Firenze), where a beam line is fully

dedicated to the analysis of atmospheric aerosol and specific

procedures have been developed for the analysis of different

kinds of aerosol samples.16 These analyses were performed by

bombarding filters with a 3.06 MeV protons beam, collimated to

a rectangular spot (1 � 2 mm2). Acquisition times for each

sample were 60 s for PM10, 300 s for PM2.5 and 400 s for PM1.

During irradiation, the filter was moved in front of the beam so

that most of the area of deposit was sampled. Elements from Na

to Ca were measured using an SDD (Silicon Drift Detector),

while other elements with higher atomic numbers were measured

using an Si(Li) detector. The instrumental set-up is reported in

Chiari et al.17 and Calzolai et al.18

The PIXE spectra were analysed using the GUPIX software

package.19 Having information on the sampling parameters such

as area of storage, air flow rate and duration of sampling, the

elemental concentrations were obtained using a calibration curve

based on a set of Micromatter thin standards with a known areal

density. The detection limits were about 10 ng m�3 for elements

with low atomic numbers and about 1–2 ng m�3 for elements with

medium to high atomic numbers. The elements detected in the

samples were as follows: Na, Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr,

Mn, Fe, Ni, Cu, Zn, Br, Sr and Pb. In addition to the elements

measured in the SEM-EDS, V, Cr, Ni and Sr were also analysed;

however, P, Mo and Ba were not analysed by PIXE.
3. Results and discussion

3.1. Identification and assessment of Saharan dust inputs

Movements of the air masses in the period between February 15th

and April 15th 2009 were investigated with the aim of establishing

the origin of the particulate matter collected on the filters and

distinguishing the in-dust days from non-dust days. According to

Matassoni et al.,6 the back-trajectories were computed using the

HYSPLIT (HYbrid Single-Particle Lagrangian Integrated

Trajectory) model and results were integrated and validated

using other available data.

Following the procedure mentioned above, two main Saharan

dust input periods were revealed, namely from March 1st to

March 4th (Fig. S1†) and from March 28th to April 1st (Fig. S2†),

amounting to 9 in-dust days during the study period. In addition

to the samples related to the Saharan dust episodes, other

samples representative of 21 non-dust days were selected to be

investigated with SEM and analysed with EDS.

The analysis of the synoptic conditions revealed a system of

‘‘low-high’’ cells that was characteristic of the in-dust days and

differs both from the 1968–1996 climatology as well as from the

mean of the sampling period (Fig. S3†). Such reconstruction

confirms the meaningful meteorological differences occurring

between in-dust and non-dust days,6 and accounts for

a comparative analysis of the related data allowing the
This journal is ª The Royal Society of Chemistry 2011



identification of peculiar features in the distribution of the single

particles.

The mean values of the PM10 and PM2.5 concentrations,

measured at CR and CF and associated with the days chosen for

the study, are listed in Table S1†. Six days with PM10 DLV

exceedance (three of them occurring during in-dust events) were

identified at the CF station, whereas no exceedances were

revealed at CR confirming the suburban typology of this station.

The exceedances occurring during the non-dust days were mainly

due to anthropogenic causes, above all traffic pollution.6 More-

over, it is noteworthy that wind and rain effectively contributed

to decreasing the daily concentration of PM10 (Table S1†).

According to the methodology suggested by Escudero et al.,4

already employed in a similar context,6,7 the Saharan contribu-

tion to the PM10 concentration at the CF station has been

quantified. The differences between PM10 values of in-dust days

and the monthly moving 30th percentile calculated for non-dust

days on the same dates account for two of the three DLV

exceedances that occurred in the urban area during the in-dust

days (Fig. S4†). Only the exceedance that occurred on March 30th

remains, since the PM10 concentration only dropped to 58 mg m�3

after the subtraction of the background value (corresponding to

20 mg m�3) calculated for the CR station on the same day.
3.2. Cluster analysis of SEM data

Preliminarily, the particles composed of only one among the

selected elements (hereafter referred to as ‘‘mono-elemental’’)

amounted to 10% of particles on in-dust days and 19% on non-

dust days.

Among these mono-elemental particles included those

composed of Fe, and, in decreasing order, S, Si, Na and Ca in the

PM10 and PM2.5 fractions; conversely, the PM1 fraction included

particles clearly composed of S, followed by those composed of

Fe, Si (particularly during in-dust days), Na and Ca (Fig. S5†).

The elemental composition of the other 55 400 particles was

statistically analysed using the MYSTAT software package, ver.

12 (Systat Software, Inc., Chicago, IL), with the aim of dis-

tinguishing the sources of the different fractions of particulate.

A search for homogeneous particle clusters was performed

through a cluster analysis using the non-hierarchical k-means

method. This technique is often employed in PM investiga-

tions,20,21 in this case measured the dissimilarity between objects

by Euclidean distance.

The analysis was performed by testing several solutions with

a cluster number from five to twelve for all of the ten groups of

data (three fractions at CR and two fractions at CF, both for in-

dust and non-dust days) and by selecting the initial seed points

on the basis of the Principal Component Analysis results. The

optimal solution, obtained in such a way as to make the resulting

clusters comparable to each other in the different PM fractions

and typologies, subdivides all analysed data into seven clusters.

One of the clusters is referred to as VMC (Variable Mixing

Cluster), indicating that its elemental composition is not well

defined compared to the other clusters.

Table 1 provides the mean of the major elements character-

ising the seven clusters, named according to the prevailing

elements. The percentage distribution of the examined single

particles is shown in Fig. 2 where data have been arranged to
This journal is ª The Royal Society of Chemistry 2011
show frequency of observations within the clusters both for PM

size and Saharan dust outbreaks.

Some binary and ternary plots have been generated to gain

better knowledge of the different PM sources and to verify the

fitness of the chosen clusters. These plots show the polyphasicity

of many particles and moreover suggest a possible interpretation

of such features. To make the diagram interpretation straight-

forward, only the particles that were really composed of all

considered elements have been taken into account, whereas those

lying on the axes have been excluded.

3.2.1. Crustal contribution to PM. The percentage distribu-

tion of the [Si, Al] cluster in several fractions clearly showed its

prevalence during the in-dust days (over 50% at CR station),

which ascribes a prevailing Saharan origin to the particles within

this cluster. A similar consideration can be argued about the [Si]

cluster, although its increase during the dust-affected days was

very slight. In any case, the persistence of the two above-

mentioned clusters during the days that were lacking in Saharan

dust outbreaks suggests a crustal contribution yielded by resus-

pension of dust coming from proximal (regional) areas as well as

of materials previously carried from distal sources. However,

contribution of traffic and in smaller amount of industrial

sources cannot be excluded.

The particles that comprise Saharan dust are created by

a natural sandblasting process that removes small particles

originating from surface fracturing of larger particles.22–24 These

small particles are composed mainly of mineral aggregates, but

they can also be monophasic (in particular quartz and ‘‘clay’’

minerals). The [Si–Al] binary graphs (Fig. 3) represent this

concept well, showing that the dots of the cluster are in greater

numbers in the central area. As a comparison, the compositions

of some pure silicates have been reported in the graphs.

In the zone of transition toward the [VMC] cluster, owing to

the increase of other elements, there is a trend of contempora-

neous decrease in the Si and Al content of the particles. Another

ideal line links the centre of the [Si, Al] cluster area with the 100%

corner on the Si axis, therefore suggesting a trend characterised

by an increase in Si and the simultaneous decrease in Al as long

as the composition of pure quartz has been attained.

As a matter of fact, the Si–Al diagrams do not show strong

differences in the composition of PM, either between in-dust and

non-dust days or between urban and suburban areas. In any case

the [Si, Al] and [Si] clusters are more compact during in-dust days

(smaller extension of the confidence ellipse at 95%; cf. Fig. 3).

However, the Si/Al mass ratios are in the range of 1.5–3.9

(Fig. 3) and are therefore consistent with those evidenced in other

papers and connected with the aggregation of several clay

minerals along with quartz.21,25

The mean composition of the [Si, Al] and [Si] clusters suggests

that the more representative elements in the particles are Fe, Ca

and S, other than those characterising the cluster itself. The

particles containing Fe and Ca could be mainly related to

proximal (local or regional) sources, as the particular soil

composition of the Roman Magmatic Province can account for

them (see the following paragraph). Conversely, the S content is

associated with the covering of many [Si, Al] and [Si] cluster

particles by sulfates;25,26 in addition, such a covering may also

occur in particles from other clusters.
J. Environ. Monit., 2011, 13, 732–742 | 735



Table 1 Weight percent average and standard deviation of the main elements characterizing clusters identified, non-dust days (above) and in-dust days
(below)

Cluster

CR CF

PM10 PM2.5 PM1 PM10 PM2.5

Non-dust days
[Si, Al] Si (44.3 � 10.7)

Al (17.5 � 7.1)
Fe (8.2 � 7.1)

Si (48.8 � 10.1)
Al (19.3 � 7.6)
Fe (8.7 � 8.4)

Si (57.2 � 14.6)
Al (16.0 � 9.9)
Fe (7.0 � 9.3)

Si (50.9 � 6.9)
Al (18.5 � 4.9)
K (11.2 � 10.3)

Si (49.9 � 7.2)
Al (18.3 � 6.9)
Fe (8.4 � 8.1)

[Fe] Fe (76.4 � 17.1)
Na (4.5 � 7.6)

Fe (78.9 � 15.9)
S (7.5 � 8.7)

Fe (70.3 � 15.1)
S (12.2 � 12.7)

Fe (81.1 � 17.5)
Si (4.3 � 4.4)

Fe (78.9 � 20.1)
Na (5.2 � 8.8)

[VMC]a Ca (36.8 � 30.5) Si
(17.5 � 15.1)
Na (15.1 � 21.3)
Cl (8.2 � 12.5)

Si (25.5 � 15.0)
Ca (20.7 � 13.2)
S (13.7 � 11.9)
Al (7.1 � 6.9)

S (16.1 � 17.0)
Si (15.5 � 18.1)
Zn (11.1 � 23.8)
Cu (8.9 � 22.5)

Ca (31.7 � 26.6)
Si (27.7 � 13.7)
Fe (8.6 � 8.5)
Al (8.1 � 5.5)

Al (16.4 � 14.5)
K (14.9 � 21.8)
Ca (14.6 � 22.0)
Si (13.3 � 16.1)

[S] S (38.6 � 7.1)
Na (34.4 � 10.1)
Ca (14.6 � 9.2)

S (42.1 � 24.4)
Na (20.1 � 24.6)
K (8.0 � 12.5)

S (53.4 � 14.2)
Na (27.7 � 19.0)
K (11.8 � 16.1)

— Na (44.3 � 12.3)
S (43.2 � 10.6)
Ca (6.5 � 10.4)

[Si] Si (82.3 � 10.4)
Al (4.3 � 4.5)

Si (79.8 � 8.0)
Al (5.8 � 6.9)

— Si (85.6 � 9.9)
Al (4.1 � 4.8)

Si (73.4 � 10.3)
Al (14.6 � 10.2)

[Ca, S] Ca (44.3 � 10.1)
S (36.0 � 8.0)

Ca (62.1 � 15.8)
S (21.3 � 17.5)

Ca (53.9 � 16.4)
S (27.3 � 19.2)

Ca (43.0 � 13.7)
S (37.9 � 8.7)
Na (8.7 � 10.7)

Ca (46.7 � 11.3)
S (38.5 � 6.7)
Na (6.8 � 8.7)

[Cl, Na] Cl (57.8 � 5.6)
Na (37.0 � 4.3)

Cl (60.0 � 7.0)
Na (35.7 � 6.8)

— Cl (48.8 � 13.1)
Na (35.4 � 10.3)

Cl (57.2 � 9.7)
Na (37.0 � 7.2)

In-dust days
[Si, Al] Si (44.3 � 8.5)

Al (17.6 � 5.9)
Fe (9.5 � 6.1)

Si (49.6 � 8.4)
Al (19.2 � 5.0)
Fe (9.5 � 5.8)

Si (51.7 � 7.5)
Al (20.1 � 6.4)
Fe (9.3 � 7.9

Si (51.0 � 7.3)
Al (19.0 � 5.8)
Fe (9.0 � 5.2)

Si (51.1 � 9.6)
Al (19.5 � 6.6)
Fe (10.5 � 8.6)

[Fe] Fe (72.3 � 16.7)
Si (6.8 � 6.8)

Fe (77.7 � 12.0)
Na (5.0 � 7.8)

Fe (60.3 � 15.4)
S (8.4 � 8.3)

Fe (86.0 � 8.3)
Si (4.7 � 3.2)

Fe (84.4 � 9.7)
Na (4.2 � 8.4)

[VMC]a Si (19.8 � 9.5)
Na (15.1 � 10.5)
S (13.9 � 11.0)
Ca (12.9 � 10.4)

Si (30.9 � 10.0)
S (15.7 � 10.4)
Al (11.3 � 7.4)
Fe (10.5 � 12.9)

Si (18.5 � 18.5)
S (17.7 � 15.0)
K (12.8 � 17.0)
Na (7.2 � 9.9)

Ca (25.9 � 23.8)
Si (21.0 � 13.2)
Fe (13.0 � 17.0)
Al (7.6 � 8.2)

Si (28.8 � 17.0)
S (17.5 � 12.8)
Ca (11.7 � 13.8)
Fe (11.3 � 17.5)

[S] S (51.3 � 12.6)
Na (22.1 � 16.5)
K (18.3 � 11.9)

S (41.2 � 11.8)
K (33.4 � 17.6)
Na (15.6 � 13.9)

S (57.0 � 9.7)
K (26.9 � 14.4)
Na (15.7 � 15.4)

— S (44.0 � 8.9)
Na (40.6 � 17.4)
K (12.0 � 18.4)

[Si] Si (78.2 � 10.1)
Al (5.4 � 4.1)

Si (78.4 � 8.8)
Al (6.2 � 5.4)

Si (75.4 � 9.2)
Al (6.6 � 7.9)

Si (83.3 � 9.1)
Al (6.1 � 5.5)

Si (81.9 � 8.4)
Al (8.1 � 8.0)

[Ca, S] Ca (42.7 � 11.6)
S (36.8 � 12.7)

Ca (41.6 � 14.0)
S (35.5 � 11.4)

Ca (49.1 � 13.4)
S (34.9 � 20.0)

Ca (53.6 � 4.7)
S (41.5 � 3.7)

Ca (50.7 � 10.7)
S (40.9 � 10.2)

[Cl, Na] — — — — —

a VMC as variable mixing cluster.
3.2.2. Other mineral contributions. The Fe-rich particles

found in PM can be related to two different sources: on the one

hand, there is the natural influence of crustal contributions to

PM; on the other hand, there is the contribution of anthropic

sources.27

According to the analyses performed by the authors, the [Fe]

cluster, widespread in all of the three PM fractions without any

difference between CR and CF stations, seems to be more

important than previously reported in the literature. Neverthe-

less, its percentage of incidence was higher during non-dust days

(even over 40%), mainly in the urban environment where the CF

station was located (Fig. 2).

This result suggests a proximal (local or regional) origin of at

least a portion of the [Fe] cluster particles, probably due to the

widespread presence of Fe in the soil of the Lazio (FeO topsoil

map at http://www.gtk.fi/publ/foregsatlas/)28 and, in particular,

of the Roman area, where volcanites (rich in femic minerals such

as pyroxenes and spinels) outcrop, slightly north of the urban

area and not far from the CF station; however, an anthropic

contribution due to the traffic cannot be excluded. It is worth
736 | J. Environ. Monit., 2011, 13, 732–742
mentioning that, even in this cluster, a polyphasic composition of

many particles occurs.

In the [VMC] cluster, many particles are still affected by a [Si,

Al] composition, but with greater amounts of other elements

such that a femic nature can be argued for some of these parti-

cles. In any case, it is quite clear that the particles belonging to

the [VMC] cluster represent transition terms among the elements

of other clusters. Finally, then, this cluster cannot only be related

to one source.

With regard to the PM10 and PM2.5 fractions, it is noteworthy

that a Ca component prevails, especially during non-dust days

and in the urban environment (ideal tendency line towards 100%

of Ca, as can be seen in Fig. S6†).

During in-dust days, such a component was less evident in the

urban environment (CF station) and did not appear at all in the

suburban environment (CR station), making a proximal source

probable. This source may be connected with the outcropping of

Ca-rich soils that occurs in the Lazio and, in particular, in the

Roman area where, as previously reported about the [Fe] cluster,

there is an occurrence of volcanic rocks not far from the CF
This journal is ª The Royal Society of Chemistry 2011



Fig. 2 Particle number (percent) of the different clusters identified in

each fraction of PM at the two locations (CF and CR): non-dust days

(above) and in-dust days (below). Figures included mono-elemental

particles, attributing to the different clusters.

Fig. 3 Si–Al binary graphics for the PM10 at CR station, non-dust days

(a) and in-dust days (b). Graphics showed compositions of some minerals

and confidence ellipses of 95% (prediction and mean) for [Si, Al] and [Si]

clusters. See color legend in Fig. 2.
station (CaO topsoil map at http://www.gtk.fi/publ/

foregsatlas/).28

3.2.3. Anthropic contribution. S-rich particles are usually

recognised as a marker of anthropic influence, mainly when they

occur in the finer fractions. Therefore, the [S] cluster assumed

great importance only in the PM1 fraction (Fig. 2), where it was

absolutely dominant (incidence equal to or greater than 60%). As

far as the PM2.5 fraction is concerned, it was characterised by

a greater sulfur amount, mainly in the urban environment, in

comparison with the PM10 fraction, thus confirming its anthro-

pogenic origin. Ternary plots relative to PM2.5 (Fig. 4) show also

closeness with the [Ca, S] cluster.

In Fig. 4, three trending lines, starting from the ‘‘Others’’ vertex,

can be argued:21 the first one, elongated towards the S + Cl + P

composition and characterised by a low percentage of Ca, repre-

sents the aggregates of quartz–silicatic particles, along with salts

of secondary origin such as (NH4, Na, K, Mg)x(SO4, PO4, Cl)y;

the second line, tending towards (Ca) composition, describes

particles composed of quartz–silicatic aggregates along with

CaCO3; and the third line, tending towards the value 0.55 on the

Ca axis, represents the theoretical point of CaSO4 in the graphs.

These particles of impure CaSO4 come mainly from the

interaction of the pollutant SO2 with the Ca-carbonatic mineral

component.2,29 Moreover, the reduced importance of the Ca

component during the in-dust days was apparent, evidenced by

the lack of a corresponding ideal tendency line.

Since Ca–S binary plots (Fig. S7†) display a better definition of

the [Ca, S] cluster during in-dust days compared to non-dust days

(smaller extension of the confidence ellipse at 95%), at least a few

gypsum particles probably can be ascribed to Saharan dust

outbreaks.30

Other elements characterising the [S] cluster are Na and K; Ca

is also present because of the already described contiguity with
This journal is ª The Royal Society of Chemistry 2011
the [Ca, S] cluster (Table 1). Occurrence of sodium sulfate

particles can be related to a double factor: particles characterised

by an almost unitary Na/S atomic ratio are conceived to be

secondary pollutants, such as NaHSO4 or CH3SO3Na; the excess

of S or Na, along with the presence of other cations, may suggest

that some particles result from aggregation of CaSO4, NaCl and

Na2SO4.26 On the other hand, as previously outlined, sulfur tends

to cover pre-existing solid particles; in fact, its widespread

occurrence in many particles clearly demonstrates that secondary

sulfates nucleate heterogeneously on primary solid particles.25,26

3.2.4. Sea contribution. The [Cl, Na] cluster, clearly related to

marine aerosols, mainly occurred in the 2.5–10 mm fraction on

non-dust days; by contrast, it totally disappeared during in-dust

days (Fig. S8†), probably due to the behaviour of the hygro-

scopic NaCl particles that favour aggregation with silicate

particles,31 which are more abundant in the Saharan dust

outbreaks. An alternative explanation could be connected to the

dynamics of Saharan dust downfall—whose transport takes

place at relatively high altitudes (1000–5000 m above sea level)

without necessarily involving the lowermost layers—which may

imply an atmospheric circulation limiting the proximal marine
J. Environ. Monit., 2011, 13, 732–742 | 737



Fig. 4 Others–Ca–S + Cl + P ternary graphics for the PM2.5 at CR, non-

dust days (a) and in-dust days (b). Others is the sum of all the elements

considered in the analysis do not appear in the other vertices. See color

legend in Fig. 2.
contribution. The alignment of many particles with the ideal

connection line from the origin of the diagram to pure end-

member composition (halite) attests to a polyphasic composi-

tion, which accounts for the substantial attribution to the [VMC]

cluster.
3.3. PM morphological analysis

Particle morphology was investigated using two parameters

automatically obtained by SEM image analysis software: the

diameter of the ideal circular (spherical) particle equivalent to

that of the real particle (ECD) and the aspect ratio (i.e., the ratio

of the minimal to the maximal F�eret’s diameter).
738 | J. Environ. Monit., 2011, 13, 732–742
Fig. S9†, summarising the percent distribution of the particles

of the different clusters according to their size, reveals that [S]

cluster particles prevailed, usually in the PM1 fraction. Analo-

gously, it has been established that the amount of [Si, Al] cluster

particles decreases with a reduction in diameter size, therefore

confirming that crustal particles dominate in PM10 whereas

anthropic particles are more abundant in PM1. With regard to

the [VMC] cluster, its particles were more frequent in the coarser

fraction probably due to the presence of Ca-rich particles.

It is worth noting that, during in-dust days, the [Si] and [Si, Al]

clusters became more widespread even in the finer fractions

(PM2.5 and PM1), indicating a significant contribution of

Saharan dust to this fraction. Finally, the [Cl, Na] cluster was

completely absent from the finest fraction.

The distribution of the particles into several size fractions

points out a maximum with respect to diameters ranging from

1 to 2.5 mm and a small amount of particles with an equivalent

diameter >5 mm. These features are mainly related to a couple of

concomitant factors: dealing with the equivalent circular dia-

meter, the maximum sizes of the particles are often under-

estimated; the crustal particles, sampled by an instrument that

yields an aerodynamic ‘‘cut’’ at the nominal threshold of 10 mm,

as a matter of fact looked to have a diameter centred at about

6 mm, considering a mean density of 2.7 g cm�3.

The aspect ratio diagram (Fig. S10†) shows the strongest

irregularity of the [S] cluster particles opposite to the uniformity

of the [Cl, Na] cluster particles. Such a feature, also evidenced by

the SE images displaying the prevalent elongated morphology of

the sulfate particles and the more rounded morphology of the

silicate and NaCl particles, is in agreement with the literature on

this subject.32
3.4. PIXE results

Table 2 shows the elemental concentration values (mean values

with standard deviation, minimum and maximum) for the

various PM fractions.

The sum of the concentrations of all the elements detected by

PIXE was generally much lower than the PM concentration

measured by TEOM both for PM10 and PM2.5 fractions

(Fig. S11†). Note that PM1 has not been measured.

The average particulate fraction determined by PIXE analysis

was 18% for PM10 and 11% for PM2.5, with higher percentages

during Saharan episodes (in-dust days) due to the higher

contribution of the soil component and lower percentages during

the most polluted days when carbon compounds are predomi-

nant. The PM mass fraction which is not explained by PIXE is

mainly composed of H, C, N and O, major aerosol elements that

cannot be detected by this technique.

The average percentages by weight of the elements in the

various fractions of PM, both for in-dust and non-dust days,

were calculated to facilitate comparison with data from indi-

vidual particle analysis (Fig. S12†).

As already stated on the basis of SEM-EDS analysis, data

reduction proves the progressive predominance of S with

decreasing size fraction of PM, the increased importance of Si

and Al on in-days and that of Ca during non-dust days (at least

for the PM10 fraction). However, the increased importance of Fe

on non-dust days and in the PM2.5 fraction compared to PM10,
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Average ratios of concentration values (Si to other major

elements ratio) for the different fractions of PM, non-dust days (above)

and in-dust days (below).
as evidenced by cluster analysis of particles (see Fig. 2), has not

been confirmed.

The relationship between average percentages of elements

during the in-dust and non-dust days (Fig. 5) showed that the

more typical crustal elements—such as Si, Ti and Al—principally

increased during Saharan episodes, especially in PM2.5. Fe and

Ca also assumed greater importance during in-dust days, but

only in the finer fractions.

It should be noted that individual particle analysis by SEM-

EDS demonstrated the importance of the [Fe] cluster and Ca

component of the [VMC] cluster, especially on non-dust days,

strongly suggesting a local origin of these elements. In fact, this

contradiction with PIXE analysis results could be explained, at

least in part, by a decreased incidence of the [Fe] cluster during

in-dust days due to the contribution of large amounts of silicate

particles, without implying a similar decrease in the amount of

Fe, as also frequently occurs within [Si, Al] cluster particles

(Table 1).

Ratios between values of the average concentration of Si and

other elements (Fig. 6) take higher values during Saharan events

(in-dust days) in all PM fractions, confirming the increased

overall importance of this element on those days. The major

exception to the trend shown is the Si/Al ratio, which fell from

values between 2.5 and 3.2 during non-dust days to lower values,

namely between 2.3 and 2.6, during in-dust days. Previous

studies have shown a fairly constant Si/Al ratio value during

Saharan dust episodes, mostly ranging from 2.13 to 2.18;25 so,

a contribution by another aluminosilicate from a local-regional

source that altered this ratio value can be inferred. Therefore, the

ratio found during in-dust days could be the result of mixing of

two different silicate components: a proximal (local-regional)

source that influences the Si/Al ratio values recorded on non-dust

days, and a distal source that influences the Si/Al ratio values

during Saharan inputs. This could also help explain the vari-

ability of the Si/Al ratios highlighted by individual particle

analysis (ratios from 1.5 to 3.9).

The March 1st to 4th Saharan dust episode showed a Si/Al ratio

value higher than the March 28th to April 1st episode (Table 3).

Biggest differences are related to the finer PM fractions.
Fig. 5 Weight percent average ratio (in-dust days to non-dust days

ratio) for the different fractions of PM.
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Therefore, according to the back-trajectories and vertical

sections of dust concentration (Fig. S1 and S2†), it can be

assumed that the first Saharan episode is more influenced by

local contribution than the second one. Nevertheless, the

difference in Si/Al ratio values may be due to quite separated dust

sources.33

Other ratios, such as values of the mean concentration of

crustal elements versus Al, also show differences between non-

dust and in-dust days (Fig. S13†). Indeed, a similar decline in

ratio values during in-dust days was observed; however, the

ratios were still higher than values calculated for Saharan inputs.

Only the Fe/Al ratio values during in-dust days (from 0.57 to

0.58) fall within the variability reported for Saharan inputs

(values from 0.3 to 5.8), but this variability is the largest among

those examined.25 According to the SEM-EDS analysis results,

these ratio values that are higher than those from the literature

could point to a mainly local source for elements such as Na, K

and Ca, and to a lesser extent Fe.
Table 3 Si/Al ratio at the CR station during the Saharan dust episodes

Saharan dust episode

Si/Al ratio.

PM10 PM2.5 PM1

March 1st to 4th 2.38 2.51 3.02
March 28th to April 1st 2.34 2.28 2.51
All days average 2.35 2.30 2.60
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4. Conclusion

Analysis of data concerning PM sampled from February 15th to

April 15th 2009 in urban and suburban stations in Rome

confirmed the influence of episodes of Saharan dust on PM10

DLV exceedances in Italy.

Processing of the data acquired by SEM-EDS analysis high-

lighted the prevalence of complex compositions for individual

particles (about 17% were composed of a single element, mainly

Fe in PM10 and PM2.5, and S in PM1), distinguishing urban from

suburban environments and in-dust days from non-dust days.

However, the number of ‘‘mono-elemental’’ particles seems

inversely correlated to the size of the PM fraction.

Results by cluster analysis showed the following:

- In-dust days were characterised by a higher incidence of the

[Si, Al] cluster, due to the influx of Saharan dust in all PM size

fractions;

- The [S] cluster, typically connected with anthropogenic

pollution, mainly occurred in the PM1, both on in-dust and non-

dust days; however, the widespread distribution of S in the

composition of many particles also indicated a trend where

secondary sulfate grew on the aerosol particles to form a coating;

- The significance of the [Fe] cluster, highlighted by SEM-EDS

analysis of individual particles and especially on non-dust days

and in urban areas, declined after the results of the PIXE analysis

were examined, emphasising the importance of an integrated

approach to the study of PM;

- The [Cl, Na] cluster characterised non-dust days and

disappeared during in-dust days;

- The [Si] cluster increased proportionally in PM1 during

in-dust days.

The study has also shown the usefulness of the construction of

binary and ternary plots correlating the detected elements, which

can aid in the statistical interpretation of data and further clarify

relationships between the various contributions and sources.

The [S] cluster particles had dimensions (ECD) that were

mostly less than 1 mm, with an aspect ratio even greater than 2

indicating their elongated shape. Moreover, the number of

particles by [Si, Al] cluster decreased with decreasing size of

particles, showing a wide variation in shape. Finally, the [Cl, Na]

cluster particles tended to assume a shape closer to spherical

(aspect ratio from 1 to 1.2).

The PIXE analysis supported findings on the particulate

components highlighted by SEM-EDS analysis, showing

increases in crustal elements in PM during in-dust days (Si, Al

and Ti; conversely, less Ca and Fe). Trends for the main element

ratios, considering the soils and rock outcrop types near the

stations, also suggest a likely contribution by local and/or

regional natural sources.

Overall, percentages of contributions attributable to crustal

particles were always quite high. For this reason, taking into

account the contribution of resuspended particulate could lead to

relevant reductions even on the non-dust days, further reducing

PM10 DLV exceedances.
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