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Abstract: Atmospheric aerosols are today a key issue in air pollution, mostly related to public
health. Two test areas in Ferrara, one in the city center (urban location) and one in the industrial
area (industrial location), were studied in June–July 2016 using the SEM technique to identify the
environmental impact of some potential pollutant sources. Collection was performed using adhesive
tapes applied on the surface of road signs, which allows to select particulate matter moving on air
with diffusion movement and to exclude the particles usually deposed by the gravitational process.
Dimensional characterization has shown that, usually, smaller particles tend to aggregate themselves
in bigger polycrystalline particles with the geometric diameter of up to 10 µm. Micro-analytical
data have revealed a wide heterogeneous range of compositions: more abundant silicate followed
by carbonate, chlorine, sulphate, carbon, and organic. This preliminary study has highlighted that
the Renaissance city of Ferrara is affected by an environmental problem linked to the presence of
particulate matter induced by industrial activities, as is the case with some of the most polluted cities
in the world. The observations and analytical data pointed out the need for further investigation to
better define the features of the fine particulate matter. This will be useful to preserve the cultural
heritage of this Medieval-Renaissance city.

Keywords: cultural heritage; particulate matter; scanning electron microscopy; passive sampling

1. Introduction

In 1999, the European Community established limit values for airborne particulate
matter (PM) in urban air related to its size with the 99/30/EC Directive [1]. For this reason,
the Member States were encouraged to prepare action plans and strategies to abate the
high concentration of particulate matter through physical and chemical characterization of
the PM10 fraction (the fraction of aerosol particles with the aerodynamic diameter less than
10 µm) and PM2.5 fraction (the fraction of aerosol particles with the aerodynamic diameter
less than 2.5 µm). Therefore, in the last decades, atmospheric particulate matter has been
subject to many studies, most of them with chemical scope [2–4].

The high presence of particulate matter in the atmosphere has not only produced
effects on human health [5–9] but it also might have caused the deterioration of monu-
ments [10,11]. Environmental studies have shown that these negative effects could be
related to the size and chemical composition of airborne particulates [12,13]. In addition, it
is important to take in consideration that human activity, such as industry, fuel combustion,
and agriculture, would increase the concentrations of some contaminants, which could be
related to the causes of deterioration [14].

Generally, the aerosol in urban areas was made from a mixture of primary particles
emitted from several sources, which could be anthropogenic and/or natural. The major
elements in the aerosol may result from crustal origin from re-suspended dust [15,16] or
from industrial activities [17,18]; for example fuel oil, cement and ceramic industries [19,20],
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coal combustion processes [21], products of refuse incineration [22,23], or traffic pollutants
from vehicle exhausts [24,25], motor oil [26], tire and brake abrasion [27], or wood burning
processes for domestic and commercial purposes [28,29]. Knowing the chemical composi-
tion of the analyzed particles could allow to recognize the sources of the pollutants and to
implement mitigation plans in the areas most subject to pollution. In many cities around
the world, airborne particulate pollution has created serious damage to monuments and
cultural heritage sites [30–32], and, if not promptly acted upon, fractures, black crusts, and
other important deteriorations could be created on the surface of the buildings.

As far as urban aerosols are concerned [33], characterization by size is continuously
analyzed through cascade impactors, drum samplers, and so on [34,35]; however, the
composition of the variety of the particles is a bit difficult, which has subsequently led
to an insufficient environmental dataset on the effect of different components on cultural
heritage sites.

Many plausible mechanisms have been proposed to explain the effect of particulate
matter on historical buildings, including chemical composition of the particles. In addi-
tion, PM acts as a vehicle for the atmospheric transport of organic substances or metallic
composts adsorbed on their surface [36–39]. Accordingly, the ability of atmospheric partic-
ulate matter to transport foreign substances could be the cause of the deterioration of the
monuments and of the cultural heritage sites [40–42]. The walls and facades of important
buildings and historical monuments become dirty due to the presence of metal particles
and/or oxides that could create black crusts on the surfaces of the buildings [43–45], which
require human intervention to be removed.

The actual legislation is limited in specifying a certain mass of particles per cubic
centimeter [46,47], irrespective of their size and composition. This is particularly unsat-
isfactory since smaller particles (≤1 µm) are believed to be more relevant in regard to
damaging cultural heritage sites [48,49], compared with bigger ones. Moreover, certain
types of aerosol particles are more chemically active than others [50,51].

It is also important to better understand the physical and chemical nature of ambient
aerosols and the processes responsible for their formation and diffusion: aerosol particles
are commonly modelled as spheres to make straightforward calculations of their geomet-
rical properties and physical behavior. However, particles collected on filters, used for
sampling urban air, display a very large number of shapes and sizes [52–54]. Disregard-
ing this variety might result in not adequately considering the effects of processes such
as the absorption of volatile molecules of pollutants and water, chemical reactivity, and
gravitational settling. Even though there are studies that individually characterize PM, not
enough attention is commonly given to their morphometric features.

The aim of this study is to define the chemical composition and morphological features
of the total particulate matter collected with a non-conventional passive method in the
city of Ferrara, in order to highlight the possible existing differences (compositional and
temporal) between the urban location and the industrial ones. This information could
be crucial in better understanding the possible relationship between particulate matter
pollution and the damage made to the cultural heritage site in the historical center of the
city of Ferrara.

2. Materials and Methods
2.1. Study Area, Sampling and Meteorological Conditions

Two test sites in the city of Ferrara were considered in this work: in the city center,
called “urban location” (44◦50′29.7′′ N and 11◦36′43.0′′ E), and in an industrial area, called
“industrial location” (44◦51′44.2′′ N and 11◦33′23.6′′ E). The city of Ferrara is located in the
north-eastern part of Italy, south of the Po Valley (Emilia Romagna region—Figure 1), at
about 40 km north from Bologna and around 60 km from the Adriatic Sea.
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Figure 1. Map of the sampling sites. On the top left is the Emilia Romagna with the city of Ferrara.
On the right side is the map of Ferrara city, where the industrial location (in the yellow circle, top
left) and the urban location (in the yellow circle, bottom right) are shown: the red circle shows the
position of the ARPA active sampling location for PM10 monitoring. On the top right, an example of
adhesive tapes applied on the surface of the road signs is shown.

The city of Ferrara is characterized by a historic center, rich in ancient buildings
and historic churches [45,55,56]. The walls and facades of this buildings and monuments
become dirty due to the presence of metal particles and/or oxides that create black crusts
on the surfaces of the buildings [45].

In the northern part of the city, there is a high-traffic highway (A13) and two impor-
tant industrial zones: a chemical industry named “Polo Chimico” and an extended area
(Cassana), where many small factories/industries have their headquarters, which is named
“Piccola Media Industria (PMI)” (Figure 1, “industrial location”). These areas are the princi-
pal sources of atmospheric pollution in Ferrara with an intense environmental impact. The
Piccola Media Industria site is characterized by many industries with different activities,
but the urban solid waste incinerator present here is the most important cause of pollution.
In these areas, the major emissions are nitrate oxides (NOx), sulphate oxides (SOx), carbon
oxides (CO), volatile organic compounds with the exclusion of methane (NMVOC), total
suspended particles (PTS), hydrochloric acid (HCl), and ammonia (NH3) [57].

PM samples were collected during June and July 2006 (between 27 June and 14 July),
using adhesive tapes positioned both in the industrial and in the urban location. In
the industrial location, the sampling points were selected around the urban solid waste
incinerator (in the yellow circle on the top left side of the map in Figure 1); on the other
side, in the urban location, they have been selected in a crossing way with high traffic (in
the yellow circle at the bottom of the map in Figure 1).

In each sampling area, adhesive tapes were applied on the surface of road signs,
and situated at the same height (about 2 m above ground level) in horizontal position
(Figure 1a): in the industrial location, ten sampling road signs were selected, and one in
the urban location was selected. In every road sign, four adhesive tapes were placed on
the surface and collected at different times, 4 days, 8 days, 14 days, and 18 days, in order
to verify if temporal variation can affect the composition of PM. The adhesive tapes used
were in polypropylene. This non-conventional type of collection was preferred because it
allows to select particles that move on air with diffusion movement and to exclude particles
usually deposed following gravity rules.

Ferrara is characterized by a subcontinental cold-temperate climate, with weak winds,
shortage of precipitations, and a high relative humidity. Land-level morphology and
climate conditions facilitate the instauration of acute phenomena of atmospheric pollution,
as reported in [57].

During the sampling period, the meteorological data were collected in the ARPA
active sampling location (Figure 1—44◦50′29.7′′ N and 11◦36′43.0′′ E). The sampling period,
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characterized by the absence of precipitations, was between June–July 2006, and the
meteorological data during this period were in according with the seasonal averages. The
dominant winds were in direction of W to E and from E-S-E to W, and their average velocity
was about 5 m/s (Figure 1). Relative humidity values were constantly measured in two
different times of the day, at noon and midnight, with values ranging, in the first case,
between a minimum of 30% and a maximum of 82%, and, in the second case, between a
minimum of 43% and a maximum of 82%. The average air temperature was measured at
2 m from the ground every 12 h, fluctuating between a minimum of 21 ◦C and a maximum
of 31 ◦C in the first part of the day (until noon), and a minimum of 17 ◦C and a maximum
of 26 ◦C in the second part of the day (from noon to midnight).

2.2. Analytical Methods

Morphological characteristics, sizes, and elemental analyses of individual particles
were identified by a Scanning Electron Microscopy (SEM) EVO® 40 Series (Carl Zeiss AG,
EVISA, Oberkochen, Germany) equipped with an Energy Dispersive X-ray Spectrometer
(EDS) (Oxford instruments Inca 300 EDS system, Oxfordshire, UK) for X-ray microanalysis,
at the Centro di Microscopia Elettronica of Ferrara University. The particle size and the
surface morphology of the sampled aerosol particles were investigated in high resolution
mode (up to 20,000×) with a working voltage of 20 kV, which corresponds to the detection
limit of 1 µm particle size. High-resolution images of particles were obtained by the
regulation of vacuum inside the instrument chamber. The analyses were qualitative and
were performed in the manual mode [58,59]. SEM-EDS measurements were performed on
the adhesive tape samples. Portions of the samples were mounted on aluminum support
SEM “stubs” with a double sided tape, which had a conductive graphite base. The samples
were then coated with a thin layer of gold (coating) film by electric arc high vacuum method
using an Edwards S150 Sputter Coater and then analyzed by SEM. The EDS technique
is able to characterize the chemical composition of particles whose diameter is greater
than 1 µm [60]. The SEM technique has been considered useful in order to evaluate the
geological characteristics of PM [61–63], to be able to determine the possible sources of the
particles observed and to better understand the possible relationship between PM pollution
and its impact on monuments [64,65].

The calculation of the oxides considered the proportion pertaining to atomic weights
(AW) and molecular weights (MW):

weight oxide % = weight % of the element ×MW oxide/AW element

The oxides were calculated for Si, Al, Fe, Mg, Ca, Na, K, Mn, Zn, Ti, and S in the case
of silicate, carbonate, mixed, and sulphate particles. The particles called “mixed” were
those particles not well identified and devoid of elements that predominate over the others.
In the case of chlorine particles, oxygen was rarely present; therefore, it was necessary to
process the data obtained directly from the microanalysis, i.e., relating to the elements. In
the case of carbon particles (from traffic), the data provided by the microanalysis were
used because they were anthropogenic particles and the transformation into oxides of the
elements did not make sense.

Finally, in the case of carbonate particles, it was useful to process the data using the
CIPW (Cross, Iddings, Pirsson, and Washington) regulatory calculation [66], thanks to
which the molecular proportions have been calculated starting from the percentages by
weight of the oxides.

The PM sampled with adhesive tapes was compared with the PM sampled on Teflon®

filters from the station of the Regional Environmental Protection Agency (ARPA Emilia
Romagna) located in Corso Isonzo in the center of Ferrara, which is 250 m farther from
the urban location of the sampling with adhesive tapes. The sampling system of the
control units of the ARPA fixed monitoring network was completely similar to that of an
impactor [67]. The ARPA monitoring station considered was one of the traffic stations in
which PM10 was measured with a beta radiation absorption analyzer, corresponding to
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one of the automated methods with certification of equivalence to the reference method
envisaged by the legislation: the gravimetric method.

3. Results

SEM-EDS analysis showed the wide compositional variety of the particles collected in
the two different sites.

Figure 2 shows the percentage of the average of particles observed on the filters
collected in the two different sampling sites (urban location and industrial location) at
the different sampling periods (4, 8, 14, and 18 days). It can be seen that no substantial
differences were observed between the two sampling sites related to the mass of the
particles collected.

Figure 2. Percentage of the average of particles observed on the filters collected in the two different
sampling sites (urban location and industrial location). The blue part represents the PM collection
after 4 days; the red part, after 8 days; the green part, after 14 days; and the yellow part, after 18 days.

The EDS on the adhesive tape revealed a composition mainly of carbon and oxygen
(Figure 3a), as well as the gold obviously used for the cover. The presence of copper could
be linked to the metallization which involves the use of a copper disk on which the gold
layer was applied. The adhesive tape has proven to be suitable for SEM observations, but
it tended to degrade itself with increasing sampling times. Figure 3b,c shows two different
examples of evident alterations and bulges on the adhesive tapes, making them unusable
for SEM-EDS observations.

The morphological analysis of geometric diameter of the particles collected highlighted
the prevalence of particles with diameters higher than 10 µm (68.1%) at both sampling sites.
Carbon particles, mainly cenosphere (typical of the combustion of motor vehicle fuels),
were easily recognizable through the typical rounded shape and diameter between 30 and
40 µm (Figure 4a), and organic particles, mainly pollen, with rounded or elongated shapes
and a diameter ranging from 10 to 30 µm, were also observed (Figure 4b). Cenosphere and
pollen were important in the aggregation processes, as very often they acted as a “base”
for the smallest particles, with dimensions less than 10 µm, deposited on their surface in
increasing quantities and creating large aggregates, even up to 50 µm. These particles,
which settled on cenosphere or on pollen, had a highly variable composition, from silica
to carbonate, and from chlorinated to carbonaceous. A similar behavior was observed for
chlorides, which tended to grow on the surface of the cenosphere (Figure 4c).
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Figure 3. SEM images of the adhesive tape: (a) before the sampling (scale: 60 µm) and relative X-ray microanalysis; (b) and
(c) after 14 days of sampling.

Figure 4. Some example of rounded particles: (a) cenosphere; (b) pollen; (c) NaCl particles growing on a cenosphere.

Instead, considering each sampling site, the particles collected revealed that dimen-
sional variations are related to temporal variations. Figure 5 shows the mean values
(expressed in percentage) of multiple measurements collected for each sampling period
(4, 8, 14, and 18 days). In detail, from the quantitative point of view, an increase in the
percentage of the particles with geometric diameters higher than 10 µm with the increasing
of time was observed (Figure 5). The presence of particles with diameter >10 µm increased
on filters exposed to sampling for a longer time: from 55% of particles, after a 4-day sam-
pling, to 81% of particles, after an 18-day sampling. This could probably be related to a
progressive aggregation of the smaller fraction of particulate matter during the time (which
in fact decreased with the sampling time), forming larger particles (>10 µm).
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Figure 5. Relative percentages of the mean values of multiple measurements related to the dimen-
sional differences of particles collected for each sampling periods analyzed (4, 8, 14, and 18 days).

The microanalysis showed different kinds of particles: 90% of inorganic particles
(silicates, carbonates, sulphates, chlorides, C-particles, and agglomerates) and 10% of
organic particles.

− Agglomerates (Figure 6a) were composed by different kinds of small particles that
joined together to form a single particle. The spectrum showed the prevalence of
silicates with the high peak of Si, Al, Fe, as well as Mg. The aggregates on the adhesive
tapes appeared as a single monodisperse particle: they were not surrounded by other
particles, such as those with a small size. This suggested that aggregation occurred
directly in the atmosphere and not after being captured by sampling.

Figure 6. Cont.
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Figure 6. Cont.



Geosciences 2021, 11, 227 9 of 22

Figure 6. Some examples of the particles collected on adhesive tapes and analyzed by SEM-EDS, on the left side, the photo
image of the particles, and on the right side, the related spectrum: (a) aggregates; (b) silicate; (c) carbonate; (d) chloride; (e)
sulphate; (f) carbon particle; (g–i) Chenopodiaceae pollen; (j) lichens.

− Silicates (Figure 6b) with variable shapes, from rounded to elongated or irregular
globular. The spectrum showed high peaks of Si, followed by Al, Fe, Mg, Ca, K,
and sometimes small peaks of Na, Ti, and Zn. The natural ones originated form
airborne soil dust from windblown soil dust and re-suspension of dust from roads.
The anthropic ones could be assumed as fly ash particles originating from different
kinds of combustion processes (coal-fired plants, traffic, and urban sources).

− Carbonates (Figure 6c) showed high peaks in Ca and Mg with impurities of Al,
Fe, Cl, alkali (Na, K), and Si. These particles were probably of limestone and/or
dolomitic origin. Limestone was distributed as crustal minerals and was widely used
in building manufacturing and in metallurgic processes, and dolomite was generally
used in metallurgical, chemical, and glass industry, in fertilizers, in ceramics, and
as filler in paper and plastic industry. The content of Al, Fe, and Si could be related
to impurities present both in dolomites and in limestone. The presence of narrow
quantities of Cl and alkali could be explained with the presence of airborne halite
particles in the atmosphere.

− Chlorides (Figure 6d) showed a high value of Cl and Na, and K was also present.
Generally, these kinds of particles are natural particles originating from marine aerosol;
however, knowing the sampling area, which is rich in industrial activity, they were
probably related to the fertilizer industry.

− Sulphates (Figure 6e) were less abundant than others and were characterized by high
peaks of S and Ca. They could be related to the presence of gypsum particles.

− C-particles (Figure 6f) presented a large size and a rounded shape typical of traffic
particles coming from the combustion of oils. The spectrum showed high peaks of
C and O and very small Ca, Cl, and alkali peaks, which was probably related to the
impurities present in the atmosphere.
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Organic particles were mostly represented by pollens whose spectrum was char-
acterized by C and O high peaks (see Figure 6g). The pollens analyzed belong to the
Chenopodiaceae family form walnut (Figure 6g), pine (Figure 6h), and chicory (Figure 6i).
Moreover, lichens (Figure 6j), one of the most important sources of natural stone degrada-
tion [68,69], were observed.

4. Discussion

On the Teflon® filters from the station of the Regional Environmental Protection
Agency (ARPA Emilia Romagna), it was possible to characterize the particles observed
at SEM-EDS as silicate (Figure 7a), carbonate, and C-particles (Figure 7b). Organic par-
ticles were also observed, belonging to the Chenopodiaceae family: for example, poplar
pollens (Figure 7c).

Figure 7. Some examples of the particles collected on Teflon® filters by ARPA Emilia Romagna and observed by SEM-EDS:
(a) silicate; (b) C-particle; (c) organic particle.

Figure 8 shows the compositional differences between the inorganic and organic
particles collected on the adhesive tapes in the urban location (our sampling) and on the
Teflon® filters by ARPA Emilia Romagna, expressed in percentage. Since the sampling
time on the Teflon® filters by ARPA is 5 continuous days, we compared the data only
with the samples collected after 4 days, in order to have a more similar comparison. The
data obtained show a very similar value percentage of the organic and inorganic particles
collected in the same period of time.

Figure 8. Average percentage of the inorganic and organic particles collected on the adhesive tapes,
which were collected in the urban location and compared with particles collected on the Teflon®

filters by ARPA Emilia Romagna.
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The data obtained with the microanalysis were processed in order to obtain the weight
percentage (wt%) of the relative oxides. These values were then compared with each other
discriminating them on the basis of dimensional characteristics.

The values obtained from the silicate particles were plotted in binary variation dia-
grams in which the components Al2O3, FeO, MgO, CaO, K2O, and Na2O were plotted
with respect to silica oxide (SiO2). The diagrams in Figure 9 show particles less than
10 µm and more than 10 µm, which were compared with each other and with the major
natural components.

Figure 9. Cont.
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Figure 9. Cont.
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Figure 9. Binary diagrams of silica oxide, compared with other element oxides, and expressed in
weight oxide percentage (wt%), based on the data of Deer et al. [70], and related to: (a) Al2O3 vs.
SiO2; (b) FeO vs. SiO2; (c) MgO vs. SiO2.; (d) CaO vs. SiO2; (e) K2O vs. SiO2; (f) Na2O vs. SiO2.

In detail, considering the diagram Al2O3 vs. SiO2 (Figure 9a), the particles show
different values of silica oxide (between 0% and 100%) while very low values of aluminum
oxide were observed with a maximum of 45 wt%; furthermore, there were no marked
compositional differences between particles of different sizes. To verify the relationship
between the compositions of the analyzed particles and the common particles from natural
contribution, the compositions of clays, alkali-feldspar, and concrete were plotted in the
diagram, using the data available in Deer et al. [70], which reports the analyses representa-
tive of the common particles from natural contribution. This comparison allowed to verify
a significant contribution of natural elements. In particular, the group of particles charac-
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terized by a concentration of Al2O3 between 20 and 45 wt% had compositions comparable
with those of clay minerals (kaolinite and illite) and alkaline silicates (feldspars), the origin
of which could be defined as mainly natural, attributable to the clayey-silty matrix of the
soils. However, it should be noted that some particles were characterized by a spherical
shape, so they could be related to the combustion product of silicate particles. In addi-
tion, particles that deviated from the main trend were: (i) particles with low SiO2 values,
generally characterized by spherical shapes that often aggregated on larger carbonaceous
particles; and (ii) Al2O3 particles with the composition similar to that of a common cement.
It was not a coincidence that these particles were mostly present in the samples collected in
the industrial location.

The FeO vs. SiO2 diagram (Figure 9b) shows that particles with SiO2 < 60 wt% had
a strong dispersion related to FeO concentrations and that there were no significant com-
positional differences between particles of different sizes. Furthermore, the composition
of some clay minerals (illite, montmorillonite, and vermiculite) was comparable with that
of the analyzed particles. On the other hand, high concentrations in SiO2 (>60 wt%) and
low FeO contents (<3 wt%) were correlated exclusively on the coarser particles, and these
compositions were not comparable with the chemistry of the common natural contribution.

MgO concentrations were comparable with those of FeO, and, in particular, the MgO
vs. SiO2 diagram (Figure 9c) shows that there was no correlation between the two oxides.
The particles showed different values of silica oxide (between 0% and 100%) while very
low values of magnesium oxide were observed, with a maximum of 20 wt%. In addition,
the presence of particles with anomalous MgO enrichments (around 20 wt%), with a
composition similar to that of enstatite, should also be noted, even if these values still
suggest the presence of non-natural products. In addition, in this case, the composition of
some clay minerals (illite and montmorillonite) and biotite was plotted, which falls into the
most abundant group of particles (below 10 wt% of MgO), confirming that the collected
particles had a composition comparable to that of natural contribution, commonly present
in the soils.

In the diagram CaO vs. SiO2 (Figure 9d), the clay minerals (illite, montmorillonite, and
vermiculite) fell into the largest group of particles with CaO values < 10 wt%. Two groups
were identified; a first group with trends along the mixing line between concretes and
silicates (wollastonite), and a second group closer to the composition of the soils (clays).

In the diagram K2O vs. SiO2 (Figure 9e), plagioclase, biotite, clay minerals (vermi-
culite), and leucite were plotted, which allowed to compare the chemical composition of
the analyzed particulate with the composition of biotite, plagioclase, and vermiculite. Of
note were the particles with high K2O values (about 20 wt%), which could be produced by
the interaction between the alkalis present in organic ash and the silicate matrix during
the combustion processes [71,72]. In fact, these particles had a chemistry similar to that
of leucite, which could testify the reaction of feldspar with the alkaline elements from the
organic substance [73]. Therefore, this reaction could probably favor the combustion pro-
cesses of silica-undersaturated phases [74], which are not present in the natural sediments
of the Po Valley.

Finally, in the Na2O vs. SiO2 diagram (Figure 9f), all of the analyzed particles showed
very low Na2O values (equal to or close to zero or below 1 wt%). These concentrations
were comparable with those of common clay minerals (illite and vermiculite) and biotite.
Moreover, higher values (around 10 wt%) were observed; these concentrations were higher
than those that characterize the common natural contribution. In this case, the compositions
were comparable with silica under-saturation phases and with nepheline, an uncommon
mineral, which is not present in the sediments of the Po Valley.

Carbonate particles were mainly made up of calcite and dolomite; in many cases, they
also showed the presence of oxides such as Al2O3, K2O, and Na2O. For this reason, a ternary
diagram was created by relating carbonates, excess oxides, and elemental carbon. The
values were obtained using the CIPW regulatory calculation method, with which the weight
percentages of carbonates of Ca, Mg, Ca and Mg, Fe of the oxides of Ca, Mg, Al, K, and Na,
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as well as elemental carbon, were calculated; the latter two types were considered to be
in excess, following the calculation of carbonates. From the ternary diagram of Figure 10,
it could be observed that most of the particles tended to concentrate in the vertex of the
carbonates. It should be emphasized that pure carbonates were stable at room temperature,
while mixed compositions were obtained only at high temperatures or in combustion
processes. The presence of mixed compositions could suggest the anthropic origin of many
of the carbonates analyzed. This was particularly evident for iron-rich carbonates and for
samples that often had excessive amounts of unburnt carbon. The presence of elemental
carbon could confirm an anthropic origin, e.g., typical of the combustion of fuels (petrol
and diesel). Other particles, on the other hand, tend to disperse toward the apex of the
excess of oxides (CaO, MgO, Al2O3, K2O, and Na2O), which could suggest the presence,
e.g., of nitrates [75–77].

Figure 10. Ternary diagram between elemental carbon, carbonates, and major oxides (surplus in
CaO, MgO, K2O, Na2O, and Al2O3), expressed as weight oxide percentage (wt%).

For chlorine particles, the values of the elements of Cl, Na, and K, obtained by micro-
analysis, were considered. The values were plotted in a ternary diagram, discriminating
the particles not from dimension but for their composition, as the chlorine was not only
present in chlorine particles, but also in silicate, carbonate, and mixed ones. Looking at
the ternary diagram (Figure 11), it could be seen that the particles were mixed chlorides
of Na and K (mostly from Na than from K). This could suggest a natural origin, e.g., sea
spray [78–80]. The silicate, carbonate, and mixed particles, instead, exhibited a completely
different behavior: most of them were in fact distributed on the Cl-K side, with a disper-
sion parallel to the Na-K side. This could suggest that the Cl present in these particles
was almost always linked to K, from which an anthropic source was deduced, e.g., of
fertilizers [81,82].

For mixed particles, main oxides (SiO2, Al2O3, FeO, MgO, CaO, K2O, and Na2O)
and elemental carbon were considered. As described above, the particles called “mixed”
were those particles not well identified and devoid of elements that predominate over
the others. This type of particles showed a typically silicate composition, but with high
percentages of carbon, the contribution of which probably derived from the fact that most
of these particles were aggregates deposited on cenosphere or pollen. Observing the binary
diagram (SiO2 vs. Al2O3—Figure 12), it could be seen that the mixed particles tend to
distribute themselves in the same way as the silicate particles but are translated toward the
lower values. This could be explained by a possible dilution: the presence of C acts as a
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diluent and therefore the relative percentages by weight of the oxides had lower values
compared with those of the silicate particles [83,84].

Figure 11. Ternary diagram between chlorine (Cl), sodium (Na), and potassium (K), expressed as
weight percentage (wt%), in which silicate, chloride, carbonate, and mixed particles were observed.

Figure 12. Binary diagram between Al2O3 and SiO2 of the mixed particles (blue and violet
colors) compared with the silicate particles (yellow and red colors), expressed in weight oxide
percentage (wt%).

The influence of carbon in the mixed particles was observed through the ternary dia-
grams of Figure 13, in which the particles were discriminated in relation to size (> 10 µm
and <10 µm). The elemental C-SiO2-Al2O3 diagram (Figure 13a) shows a similar distribu-
tion of the two types of particles: both were composed mainly of SiO2 and elemental C,
with a low value of Al2O3. Many particles deviated from the composition of the natural
contribution but seemed to approach those of inert materials and such as concrete. In the
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elemental C-MgO-FeO diagram (Figure 13b), the particles with dimensions less than 10 µm
were concentrated in the vertex of the elemental C, while the particles with dimensions
greater than 10 µm tended to scatter toward the vertices of MgO and of FeO, while keeping
the percentages of these oxides very low. Moreover, in this case, the strong contribution
of anthropogenic carbon particles is shown. Finally, in the elemental C-CaO-K2O + Na2O
diagram (Figure 13c), a greater concentration in the vertex of the elemental carbon toward
the oxides of Ca and alkalis was observed concerning particles with dimensions greater
than 10 µm. In particular, it was possible to note the presence of many plotted particles
along the elemental C-CaO side, for which C was probably to be considered as oxide; thus,
CO2. For particles with intermediate composition, the same assumptions made in the
previous cases were applied, i.e., those related to an anthropic source and the formation of
aggregates with a carbonaceous core [85,86].

Figure 13. Cont.
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Figure 13. Ternary diagram expressed in weight oxide percentage (wt%) comparing particles less
than 10 µm (colored in red) and more than 10 µm (colored in green). The diagrams are related
to: (a) elemental carbon, SiO2, Al2O3; (b) elemental carbon, MgO, FeO; (c) elemental carbon, CaO,
K2O + Na2O.

5. Conclusions

The focus of the work presented was to characterize the chemical and morphological
composition of particulate matter sampled in two different areas of the city of Ferrara. The
sampling was performed in the summer of 2006 using adhesive tapes positioned both close
to the industrial location of the city and in the urban location, in order to find out whether
important differences occur between the two areas. This information could be important in
understanding the impact of PM pollution on the cultural heritage of the city of Ferrara.

The analyses showed that there were no substantial differences between the industrial
and urban locations considered. This could suggest that the dispersion of pollutants from
the sources was fairly homogeneous in the city area.

The sampling method with adhesive substrates was indicated only for short-term
sampling (no longer than 13–15 days) and during seasonal periods with not-too-high tem-
perature and humidity, as they tend to deform, creating real swellings and compromising
SEM observation, as a result.

The particle observation highlighted that dimensional differences were related to
temporal variations; in fact, we observed an increase in the percentage of the particles
with geometric diameters higher than 10 µm, with the increasing of time. This could be
explained hypothesizing a progressive aggregation of the smaller fraction of particulate
matter during the time, which tend to aggregate each other forming larger particles directly
in the atmosphere.

On the basis of SEM-EDS microanalysis, different kinds of particles were observed:
silicates and carbonates from natural origin; chlorides and C-particles were probably
related to impurities present in the atmosphere. C-particles could affect the pollution and
deterioration of the facades of the buildings in the historic center because they are particles
that could easily accumulate pollutants.

This preliminary study highlighted that Ferrara was affected by an environmental
pollution linked to the presence of particulate matter probably induced by industrial
activities. The observations and the analytical data pointed out the need for further
investigations to better define the features of the fine particulate matter. This will be
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useful not only to prevent human disease, but also to preserve the cultural heritage of this
Medieval-Renaissance city.
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