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Abstract: Wildfires across the Mediterranean ecosystems are associated with safety concerns due
to their emissions. The type of biomass determines the composition of particulate matter (PM)
and gaseous compounds emitted during the fire event. This study investigated simulated fire
events and analysed biomass samples of six Mediterranean species and litter in a combustion
chamber. The main aims are the characterization of PM realized through scanning electron microscopy
(SEM/EDX), the quantification of gaseous emissions through gas chromatography (GC-MS) and,
consequently, identification of the species that are potentially more dangerous. For PM, three
size fractions were considered (PM10, 2.5 and 1), and their chemical composition was used for
particle source-apportionment. For gaseous components, the CO, CO2, benzene, toluene and xylene
(BTXs) emitted were quantified. All samples were described and compared based on their peculiar
particulate and gaseous emissions. The primary results show that (a) Acacia saligna was noticeable
for the highest number of particles emitted and remarkable values of KCl; (b) tree species were
related to the fine windblown particles as canopies intercept PM10 and reemit it during burning;
(c) shrub species were related to the particles resuspended from soil; and (d) benzene and toluene
were the dominant aromatic compounds emitted. Finally, the most dangerous species identified
during burning were Acacia saligna, for the highest number of particles emitted, and Pistacia lentiscus
for its high density of particles, the presence of anthropogenic markers, and the highest emissions of
all gaseous compounds.

Keywords: biomass burning; combustion chamber; gaseous emissions; particulate emissions; PM;
VOCs; EDX; SEM; forest fire

1. Introduction

Combustion is widely identified as one of the major sources of worldwide air pol-
lution, mainly releasing carbonaceous material in both gaseous and aerosol phases [1].
Particularly, biomass burning, such as wildfire [2], forest fire [3] and crop residue burning
from agriculture [4], emit several trace gases, including carbon monoxide (CO), carbon
dioxide (CO2), nitrogen oxides, particulate matter (PM) and volatile organic compounds
(VOCs) [5]. PM is harmful to human health [6], it reduces atmospheric visibility [7], and it
is considered a relevant pollutant that plays a role in climate change [8,9].

PM can affect atmospheric chemistry in two main ways: (1) by acting as cloud con-
densation nuclei, thus, influencing the formation and lifetime of cloud cover and precipita-
tion [10] and (2) by scattering/absorbing light and altering the Earth’s radiation budget [11].
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The international classification of PM with significant effects on human health describes
three dimensional categories: PM10, PM2.5 and PM1, which are represented by all particles
below 10, 2.5 and 1 µm, respectively [12]. As shown by Wang et al. [12], the smaller the
particles, the higher the risk for human health.

On the other hand, the emissions of CO and VOCs in combination with nitrogen
oxides trigger the photochemical production of secondary pollutants, such as ozone [13],
which severally affect the chemical composition of the atmosphere and result in adverse
effects on human health [14]. Within the large category of VOCs, aromatic hydrocarbons
represent a major component of the identified emissions from Mediterranean wildfires [15].
Among them, benzene, toluene and xylene (BTX) are the dominant emissions and are
significant pollutants regarding their health hazards [16]: benzene has been classified as a
carcinogen by IARC [17]; toluene causes symptoms, including sore throat and irritation
of the upper respiratory tract [18]; and mixed xylene (o-, m- and p-) inhalation affect the
respiratory and cardiovascular systems [19].

In recent decades, wildfires across the Mediterranean Basin increased in size and sever-
ity due both to climate and land-use changes [20]. Although Mediterranean ecosystems are
highly resilient to fire, the increasing frequency of fire events might go beyond vegetation
adaptive thresholds, thus, altering the vegetation recovery capacity [21]. Particularly, the
pine forest is one of the most fire-prone Mediterranean ecosystems [22], and high fire
severity might alter the recovery capacity through increased mortality in the aerial seed
bank [23].

Beyond health and safety concerns, forest fires are responsible for the fragmentation
of ecosystems, the degradation of soils, the instability of mountain slopes and the loss
of biodiversity and ecosystem services, such as carbon sequestration [24,25]. It is well
established that parameters, such as the type of biomass, moisture content and heat intensity
during the fire event, determine: (a) the compounds and their abundances in smoke
plumes [26], (b) the composition of the particulate matter [27] and (c) the volatile organic
compounds (VOCs) emitted [15].

Consequently, the species composition or the biomass type of a specific ecosystem
contributes in a peculiar way to the gaseous and particulate emissions. For this reason, both
the particulate and gas emission characterization and quantification during controlled com-
bustion of Mediterranean forest species can improve emission inventories, endorse climatic
projections for the future and are suitable for the source apportionment of pollutants [28,29].

Different studies [28,30–32] provided significant and detailed information about
gaseous compounds and PM tracers from fire experiments but did not analyse the specific
contribution to the emission from the particular species. In fact, although experiments
conducted in the field are more representative of real conditions, they cannot help in identi-
fying a single plant type contribution. Conversely, the combustion chamber specifically
allows investigation on these peculiar differences related to forest fire events [33]. Recently,
Guo et al. [5] conducted an extensive combustion experiment on dominant tree species in
the Chinese boreal forest ecosystem of gaseous pollutants and PM considering different
types of fuel.

However, only fine particulate matter (PM2.5) was considered in the analysis. Similarly,
Alves et al. [29] gave valuable information about gaseous and particulate emissions from
the open burning of vine, olive, willow and acacia; however, only PM10 was considered. A
previous study [34] reported the gaseous and particulate emissions from different plant
tissues (leaves, branches and litter) of Mediterranean species considering the contribution
of the different phases of burning. However, it could not distinguish the size of emitted
particles nor the particulate elemental composition but only the total amount released
during the experiment.

Considering this lack of information and the implication of PM on human health, we
focused our present work on the particle size and elemental composition of particulate
matter derived from controlled biomass burnings of a Mediterranean protected forest in
southern Italy, along with their emitted gaseous compounds. The main aim of this study is
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to characterize the particulate (PM10, 2.5 and 1) and gaseous emissions of six Mediterranean
species and litter.

To reach this aim, for all sampled species, we analysed: (a) the total amount of particu-
late emitted, the relative PM size fraction and the chemical composition of all particles’ size;
and (b) the most representative emitted compounds of four trees (Acacia saligna, Casuarina
equisetifolia, Eucalyptus camaldulensis and Pinus halepensis), two shrubs (Juniperus oxycedrus
subs macrocarpa and Pistacia lentiscus) and litter (mixed material: i.e., needles, leaves and
little branches) from fire experiments in a Mediterranean pine forest reserve.

Through the particles and gaseous characterization from biomass burning of each
species, we attempt to identify the species that are potentially more dangerous for human
health in terms of the emitted particles and gaseous compounds. The study area, a coastal
forest close to a large harbour and an industrial area, could be representative of many other
human settlements, especially in the Mediterranean area.

2. Materials and Methods
2.1. Study Area and Field Data Collection

The study area is located at the southern part of Metaponto Natural Reserve, Basilicata
Region, South of Italy (40◦21′24.5′′ N 16◦49′39.3′′ E; Figure 1a). It is one of the first protected
sites created in Basilicata (1972; about 240 ha) and is located between the mouths of Bradano
and Basento rivers. This reserve was founded to hold back the anthropization of the coast,
preserve cultivated areas through the afforestation and safeguard wetland ecosystems at
the mouths [35]. The reserve hosts two areas belonging to Natura 2000 network of the
Basilicata Region, which have recently become Special Areas of Conservation (IT9220085
Costa Ionica Foce Basento and IT9220090 Costa Ionica Foce Bradano, Ministerial Decree of
21 February 2013).
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Figure 1. (a) Study area location and boundaries of the southern part of the Metaponto Natural
Reserve where we conducted a sampling transect (image source: Google Earth) and (b) a wind rose
showing the prevailing winds in the study area (average from January–August 2019). Meteorological
data were provided by Protezione Civile of the Basilicata Region.

The vegetation is mainly classified as Mediterranean pine forest (e.g., Pinus halepensis
and Pinus pinea), which is characterized by one of the highest flammability indexes in
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Europe [36]. In the understory, the secondary tree-shrub layer is mainly given by species
of the Mediterranean scrub, such as Pistacia lentiscus, Juniperus oxycedrus ssp. macrocarpa,
Rhamnus alaternus and Phyllirea latifolia. Secondary species include Acacia saligna and
Eucalyptus sp. as well as other psammophytes species.

The site was selected as a case study for its specific combination of proneness to
fire, strong human activity (tourism and agriculture) and presence of protected areas. In
addition, the area has a special interest related to blazes because a major fire that recently
affected the northern side of the Natural Reserve [37]. To provide a complete description of
the physical characteristics of the study area, Figure 1b shows a wind rose, which reports
the direction and the intensities of prevailing winds.

Samples were collected on 3rd and 4th August 2019 via a 2 km transect within the
study area (Figure 1a). Overstory and understory woody plants and litter were collected
from at least three different individuals per species along the transect, ensuring, at the same
time, a good representation of the local population mainly composed by Acacia saligna,
Casuarina equisetifolia, Eucalyptus camaldulensis, Pinus halepensis, Juniperus oxycedrus subs
macrocarpa and Pistacia lentiscus. Leaves/needles and small woody branches were collected
at sampling heights of 4 m and 1 m for overstory and understory vegetation, respectively.
All the samples were air-dried (leaf water content of 10% ± 2) before the combustion
experiments and original plant materials were not washed to remove dust as we aimed to
simulate natural conditions during forest fires.

2.2. Combustion Chamber

Biomass samples were burned using a combustion chamber, which consists of a stain-
less steel chamber and an exhaust chimney as described in detail in previous studies [33,34].
The chamber is equipped with a stainless-steel burning basket of 16 × 16 cm, which is
covered by a grid where the biomass is located for combustion. The heating is provided by
an epiradiometer equipped with ceramic-coated wires [34].

A hundred grams of sample for each different species and litter were positioned on
a sample-holder, and combustion was started by the epiradiometer. The chamber was
continuously flushed using an electrical fan to ensure the optimal mix with oxygen during
combustion and the optimal circulation of gases and particles throughout the chamber and
the chimney. The airflow was maintained at a constant rate of 0.5 m s−1 and continuously
monitored with an anemometer. There were, overall, seven combustion experiments were:
one for litter and six for the above-mentioned species.

2.3. CO and CO2 Measurements

The concentrations of CO and CO2 were measured at a rate of 6 points per minute
using a portable analyser MRU NOVA PLUS (MRU ITALIA Srl, Thiene (VI), Italy) sampling
directly from the exhaust chimney. The calibrations were performed by the instrument
manufacturer before the cycle of experiments reported here.

2.4. VOCs Sampling

The VOCs identified in this study were benzene, toluene, m-p-xylene and o-xylene
(BTX). The VOCs sampling line consisted of a glass tube connected perpendicularly to the
exhaust chimney through a Teflon tube to a trap filled with 200 mg of Tenax. The trap
outlet was connected to a syringe allowing the manual collection of 200 mL of air during
each of the three different phases of burning (pre-ignition, flaming and smouldering). Each
manual sampling occurred for about 1 min to be representative of the whole phase.

A Teflon filter with 1 mm pores (Whatman plc 7590-004, © Copyright Cytiva, Global
Life Sciences Solutions, Marlborough, MA, USA) was used to remove particles in front of
the sorbent trap. During the pre-ignition, the sampling was performed when the smoke was
starting to appear. During the flaming phase, we sampled as soon as the flame appeared.
Finally, during the smouldering phase, the sampling occurred 10 s after the flame turned
off. The black of the chamber was collected before each combustion experiment.
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VOCs retained on the adsorption traps were first thermally desorbed using a thermal
desorption unit (Unity 1, Markes International Limited, Llantrisant, UK) and then analysed
with a GC-MS MSD 5975C (Agilent Technologies, Wilmington, NC, USA), equipped with
a 30 m long HP-5ms capillary column (J&W Scientific USA, Agilent Technologies, Palo
Alto, CA, USA) with an inner diameter of 0.25 mm. The ramp consisted in an initial
temperature of 35 ◦C that was held for 5 min, followed by an increase of 4 ◦C per minute,
up to 250 ◦C. The chromatograms obtained were analysed using Agilent MassHunter
Qualitative Analysis 10.0.

2.5. Particulate Sampling

During each combustion experiment, an isokinetic sampling line was used for the
collection of PM on a nitrocellulose filters (0.2 µm porosity). To achieve isokinetic sampling
of PM, the flow rate through the sampling system was adjusted to the same flow rate of the
fluid moving inside the exhaust chimney using a needle valve placed between the filter
and the sampling pump [34]. Particulate matter was sampled for the entire combustion
experiment. Filters were used as substrate to perform a quali-quantitative analysis of PM
through scanning electron microscopy.

2.6. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

To characterize the particulate emissions from biomass burning, the particle size and
elemental composition of PM fixed on nitro-cellulose filters were obtained through scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) analysis,
respectively [38,39]. A Phenom ProX (Phenom-World BV, Eindhoven, The Netherlands)
scanning electron microscope was used, equipped with X-ray analyser.

Every combustion experiment resulted in a filter where PM was collected. For each
filter, three different portions of approximately 1 cm2 were selected and fixed to the head
of the carbon-based stub (PELCO Tabs, Ted Pella, Inc., Redding, CA, USA) and thus were
observed through SEM/EDX analysis, after having fluxed them with compressed air. For
particulate size analysis and number count, SEM images were performed in backscattered
electron configuration, with an incident electron energy of 5 keV, in order to limit the surface
charging as previously described by Baldacchini et al., 2019. Sixty random images with a
scan size of 150× 150 µm were acquired for each filter, at a resolution of 1024 × 1024 pixels.
SEM images were analysed with Gwyddion open-source software, in order to obtain the
number and the dimensions of particles originating from the combustion [40].

The number of particles in the image, together with the diameter of the equivalent
sphere (deq) of each particle, was obtained by applying a colour threshold-based grain
analysis [41,42]. Particles with a deq comparable with the size of a single pixel (0.146 µm)
were excluded, resulting in a lower cut-off at about 0.3 µm in the diameter of the analysed
particles. Particles with a deq larger than 10 µm (which accounted for less than 0.1% of
the total detected particles) were also excluded, resulting in a final data set composed of
PM 10–0.3 particles. For particle density analysis, data were divided in three dimensional
groups: PM 2.5–10 (all PM included between 2.5 and 10 µm), PM 1–2.5 (all PM included
between 1 and 2.5 µm) and PM 0.3–1 (all PM included between 0.3 and 1 µm).

For the elemental analysis of trapped particles on filters, between 18 and 63 images
(lateral size included between 5 and 50 µm; 1024 × 1024 pixels) per sample were further
acquired, in backscattered electrons configuration and at an electron voltage of 15 kV. Then,
a range between 220 and 290 particles per species were analysed. Per each particle, deq
was obtained by averaging their two main Feret diameters [43], as measured by ImageJ
software [44]. Through dedicated Phenom Pro Suite software, EDX spectra for the elemental
analysis were obtained by positioning the laser beam in the centre of selected particles [38].

The main elements identified in the particles were C, N, O, Na, Mg, Al, Si, Cl, K, Ca,
Cr, Mn and Fe. Trace elements observed were P, S, Sc, Ti, V, Ni, Cu, Zn, Mo, Sn, Sb, Ba,
Ce and Pb. As described in Baldacchini et al. [42], a semi-quantitative estimation of the
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elemental composition was obtained by calculating the weighted volume percentage (W%)
occupied by each element x over the number of selected particles.

This was obtained as a product of the composition C (as percentage) of each element x
on each particle i (Cxi, as obtained by the EDX software) and the corresponding particle
volume Vi, as obtained by the diameter of the equivalent sphere deq (Vi = 4/3 π (deq/2)3).
Then, for each element x, these volumes were summed together, and the sum was normal-
ized by using the total analysed particle volume. The resulting W% for each element x was
obtained using the following equation:

W%x =
∑N

i=1 Cxi ×Vi

∑N
i=1 Vi

(1)

O was excluded from the whole analysis, since it is homogeneously bound to all kinds
of molecules, and thus it cannot be used as discriminating factor. However, we kept C
and N in our analysis, since they are key elements of organic matter and, as showed by
Garcia-Hurtado et al. [28], organic matter emitted during biomass burning represents over
90% of the total emitted mass.

2.7. Statistical Analysis and Principal Component Analysis

Statistica software, v 8 (StatSoft Italia srl, Padua, Italy) was used for statistical analysis
in this study. PM density variability on filters from different samples (the six species and
litter), was analysed using one-way ANOVA, following confirmation of normality using
the Shapiro–Wilk test. Significant differences (thus, the identification of homogeneous
groups) were identified using a post-hoc test, namely a multiple comparison test, which
was used to determine the significant differences among the six species and litter in an
analysis of variance setting. The Tukey HSD test revealed homogeneous groups (p < 0.05).

Principal component analyses (PCA) were performed on the W% data of the whole
analysed elements. The large number of initial variables, identified by all 26 analysed
elements, was reduced by grouping specific elements. Groups were created by summing
three or more elements among them, and two criteria were followed: (a) the elemental
source apportionment, i.e., elements characteristic of specific sources and usually found
associated in the same particle, such as the Steel and Road marker groups; (b) elements
appearing only once—i.e., recorded only in one species, here grouped as Residual Metals.

For PCA performed on PM data, the final list of 16 variables is C, N, Na, Mg, Al, Si, P,
S, Cl, K, Ca, Ti, Fe, Steel marker (Cr + Mn + Ni), Road marker (Cu + Sb + Zn) and Residual
Metals (Sc + V + Sn + Ce + Mo + Ba + Pb). For PCA performed on gaseous components,
the considered variables are CO, CO2, benzene, toluene, m-p- xylene and o-xylene. Only
for gaseous components, values of E. camaldulensis were excluded from the case list due to
issues with the instrumental setup at the end of the combustion campaign.

3. Results
3.1. Particle Size Distribution

The mean particle density, calculated as the number of particles per square millimetre
(#PM/mm2), for each species and litter is shown in Figure 2A. Results from the Tukey
HSD-test are also shown, and letters evidence the homogenous groups: species that share
the same letter, and thus the same group, do not present significant differences (p < 0.05).
The highest number of particles was found for A. saligna (88,570.4 #PM/mm2) and the
lowest for J. oxycedrus (5940 #PM/mm2).



Forests 2022, 13, 322 7 of 27

Forests 2022, 13, x FOR PEER REVIEW 7 of 28 
 

 

The particle density for A. saligna was more than two-times higher than C. equiseti-

folia, which was the second in number of particles (38,449.6 #PM/mm2). Except for P. len-

tiscus (24,365.9 #PM/mm2) and the before mentioned species, all the other samples show a 

density value within 10,000 particles per mm2. 

The distribution over the three main PM size fractions (PM 2.5–10, PM 1–2.5 and PM 

0.3–1) is reported in Figure 2B. For all the samples, more than 91% of the particles had an 

aerodynamic diameter below 1 μm (PM 0.3–1). C. equisetifolia, P. halepensis and P. lentiscus 

reported values higher than 98%, while A. saligna showed the lowest value for the same 

size fraction (91.8%). Values varied from 0.9% (P. halepensis) to 7.9% (A. saligna) for the size 

range 1–2.5 μm. The coarse particles (PM 2.5–10) resulted as less than 1% ranging from 

0.07% (C. equisetifolia) to 0.6% (litter). 

 

Figure 2. (A) The total particle density presented as number of particles on mm2 ± standard error 

for litter and species sampled in the study area; homogeneous groups were calculated through 

Tukey HSD-test, and are represented by the letters (a–c) above each column. (B) Particle size frac-

tions (PM 2.5–10, PM 1–2.5 and PM 0.3–1) expressed as a percentage for the litter and species sam-

pled in the study area. 

3.2. Particles Chemical Composition: SEM-EDX Analysis 

The elemental composition of particles, represented by the weighted percentages 

(W%) shows the predominant presence of C and N. Their average values were 29.3 ± 3.0, 

19.0 ± 1.7 and 44.8 ± 1.9, respectively, while the average sum of all other elements was 6.9 

± 1.0. The considerably higher W% values recorded for C and N, for all species and litter 

at each dimensional class, are separately presented in Table 1. 

Table 1. The weighted volume percentages (W%) of carbon (C) and nitrogen (N) at the three main 

PM size fractions detected through scanning electron microscopy (SEM-EDX) on combustion filters. 

Maximum values are indicated in bold. 

Sample C (W%) N (W%) 
 PM 10 PM 2.5 PM 1 PM 10 PM 2.5 PM 1 

A. saligna 26.63 26.19 25.99 21.10 20.33 20.41 

C. equisetifolia 30.62 24.98 25.13 18.71 18.94 19.00 

E. camaldulensis 34.43 32.96 31.59 17.18 18.72 17.65 

J. oxycedrus 26.96 26.17 28.46 20.89 22.44 21.00 

P. halepensis 29.72 27.77 29.82 19.93 20.79 20.29 

P. lentiscus 26.03 25.21 29.50 16.80 20.47 21.04 

Litter 30.61 27.78 28.64 18.60 21.68 19.33 
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The particle density for A. saligna was more than two-times higher than C. equisetifolia,
which was the second in number of particles (38,449.6 #PM/mm2). Except for P. lentiscus
(24,365.9 #PM/mm2) and the before mentioned species, all the other samples show a density
value within 10,000 particles per mm2.

The distribution over the three main PM size fractions (PM 2.5–10, PM 1–2.5 and PM
0.3–1) is reported in Figure 2B. For all the samples, more than 91% of the particles had an
aerodynamic diameter below 1 µm (PM 0.3–1). C. equisetifolia, P. halepensis and P. lentiscus
reported values higher than 98%, while A. saligna showed the lowest value for the same
size fraction (91.8%). Values varied from 0.9% (P. halepensis) to 7.9% (A. saligna) for the size
range 1–2.5 µm. The coarse particles (PM 2.5–10) resulted as less than 1% ranging from
0.07% (C. equisetifolia) to 0.6% (litter).

3.2. Particles Chemical Composition: SEM-EDX Analysis

The elemental composition of particles, represented by the weighted percentages
(W%) shows the predominant presence of C and N. Their average values were 29.3 ± 3.0,
19.0 ± 1.7 and 44.8 ± 1.9, respectively, while the average sum of all other elements was
6.9 ± 1.0. The considerably higher W% values recorded for C and N, for all species and
litter at each dimensional class, are separately presented in Table 1.

The W% of the other identified elements are graphically divided into two groups
for each sample and PM fraction (Figures 3 and 4). The threshold for W%, chosen to
discriminate the elements, was 0.3%. Thus, the two resulting groups were (a) major
elements (Na, Mg, Al, Si, Cl, K, Ca, Cr, Mn and Fe; Figure 3) with W% > 0.3 and (b) trace
elements (P, S, Sc, Ti, V, Ni, Cu, Zn, Mo, Sn, Sb, Ba, Ce and Pb; Figure 4) with W% < 0.3.
The threshold was considered as an average value among all species and litter for each
element. For the PM chemical composition, results are shown following the classification
of PM: PM10 (PM < 10 µm), PM2.5 (PM < 2.5 µm) and PM1 (PM < 1 µm).
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Table 1. The weighted volume percentages (W%) of carbon (C) and nitrogen (N) at the three main
PM size fractions detected through scanning electron microscopy (SEM-EDX) on combustion filters.
Maximum values are indicated in bold.

Sample C (W%) N (W%)

PM 10 PM 2.5 PM 1 PM 10 PM 2.5 PM 1

A. saligna 26.63 26.19 25.99 21.10 20.33 20.41

C. equisetifolia 30.62 24.98 25.13 18.71 18.94 19.00

E. camaldulensis 34.43 32.96 31.59 17.18 18.72 17.65

J. oxycedrus 26.96 26.17 28.46 20.89 22.44 21.00

P. halepensis 29.72 27.77 29.82 19.93 20.79 20.29

P. lentiscus 26.03 25.21 29.50 16.80 20.47 21.04

Litter 30.61 27.78 28.64 18.60 21.68 19.33

As a general trend in all species and litter, with decreasing the PM size, the W% of the
main crustal elements (Al and Si—predominant silicate components) decreased, with a
corresponding increase of the K, Cl and Fe for major elements (Figure 3). For trace elements,
with decreasing the PM size, we observed an increase of many metals, such as Ti, Cu, Zn,
Mo, Sn, Ba and Ce (Figure 4).

A. saligna diverges from other species for remarkable levels of Cl and K for all PM
fractions: the quantity of the two elements always exceeded the other samples by one order
of magnitude (Figure 3). Values of N resulted above the average for PM 10 class (Table 1,
bold value). Minor concentrations, but still observable, were also found for Ca and Fe,
which were recorded in the PM10 and PM2.5 classes (Figure 3a,b). Regarding elements in
traces, S had the highest concentration (Figure 4a), and it was always found in particles
that also included K, Cl and Na.

C. equisetifolia stood out for the Fe quantity, which showed the highest value for PM2.5
(Figure 3b) and PM1 (Figure 3c). Other major elements were in the average range, without
any notable characterization, except for the Cr presence at high W% values for the 2.5
dimensional class and Mg for PM10 and PM2.5. In addition, Al observed at PM2.5 class
showed relatively high values, especially when compared to Si. K also showed high levels
when compared to Cl and Na for PM10, while this difference gradually spread downward
with PM2.5 and PM1. Ti was found in all size fractions as well as S and Ba, while Ce was
recorded for PM2.5 and PM1 (Figure 4).

E. camaldulensis showed the highest values in all classes of C (Table 1, bold values). We
observed significant high values of Al and Si, related to 1:1 in PM10 and 2.5 (Figure 3a,b),
with Al higher than Si for PM1 (Figure 3c). Fe showed similar values to C. equisetifolia, P.
halepensis, and litter for PM10 (Figure 3a) while being remarkably higher in PM2.5 and PM1
(Figure 3b,c). In addition, Cl, K and Na were set in the same value range for all classes.
Concerning minor elements, E. camaldulensis was characterized by notable values of Ti for
PM10 (Figure 3a), Ni and Pb for PM2.5 (Figure 3b) and Ba for PM1 (Figure 3c).
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J. oxycedrus samples always presented W% values of N above the average (Table 1,
bold values). For this species, Ca was the element with a higher concentration at all PM size
fractions (Figure 3). No other remarkable concentrations were observed for major elements,
except for the higher K levels when compared to Cl and Na (Figure 3). Furthermore, J.
oxycedrus showed the lowest values of Fe (Figure 3). For minor elements, very high values
of S were recorded for PM10 (Figure 4a) while most of Cu and Zn were found in the PM1
fraction (Figure 4).

P. halepensis is notable for very high values of Si in PM10 (Figure 3a) and Ca in
PM2.5 (Figure 3b) while presenting low values of Fe in PM2.5 and PM1 (Figure 3b,c).
It is noteworthy that P. halepensis reported very high values for several minor elements;
particularly remarkable values of S and Ni for PM10 (Figure 4a); S, P, Sn and Ba for PM2.5
(Figure 4b); and S and Ti for PM1 (Figure 4c). In addition, P. halepensis in all dimensional
classes always showed W% values of C above the average (Table 1, bold values).

In P. lentiscus, we recorded tremendous values of Si and Fe in PM10 (Figure 3a), which
were at least 1.7-fold and 3.4-fold higher than other samples, respectively. It is interesting
to note that Na has comparable values with Cl and K (Figure 3a). Observed particles with
high levels of Na showed the comparable presence of Cl and lower percentages of K. High
values of K in PM2.5 (Figure 3b) and Fe in PM2.5 and PM1 (Figure 3b,c) were also recorded.

Regarding minor elements, Ti presented 2.5-fold and 1.7-fold higher values than the
average in PM2.5 and PM1, respectively (Figure 4b,c). Sc and V were found in negligible
traces for all PM classes only in P. lentiscus (W% ≤ 0.006). We also noticed high values of
Cu in PM2.5 (Figure 4b) and the presence of Zn in PM1 (Figure 4c). Moreover, together
with J. oxycedrus, it was the only species that showed traces of Sb (Figure 4b,c). Finally, P.
lentiscus showed the highest values of S in PM1 (Figure 4c).

Values of litter were usually lower compared to other samples, except for Ca, Cr and
Mn in PM1 (Figure 3c), which were slightly higher than the others. Traces of S and Ti were
detected for all the PM classes in the litter, along with P in PM10 and PM1 (Figure 4a,c).
Finally, together with P. halepensis, litter samples present in all dimensional classes W%
values of C above the average (Table 1).

3.3. CO, CO2 and VOCs Emission

The peak of temperature reached during the combustion, the minimum level of O2
concentration (%) and the emission factors of CO2, CO and BTX (g Kg−1) are shown
in Table 2. Values for E. camaldulensis are not reported because of a technical issue that
occurred during the measurements of this last species. The peak of temperature—that is the
maximum temperature reached during the whole combustion process—was determined
for every species and ranged from 648.3 ◦C in A. saligna to 833.86 ◦C in P. lentiscus and
occurred during the flaming phase.

Table 2. Peak of temperature, oxygen (O2), carbon dioxide (CO2), carbon monoxide (CO) and BTX
emitted during combustion experiments for each sample. Maximum values are indicated in bold for
each compound, except for O2, where minimum values are indicated.

Sample Peak of Temperature
(◦C)

O2
(%)

CO2
(g Kg−1)

CO
(g Kg−1)

Benzene
(g Kg−1)

Toluene
(g Kg−1)

Xylene
(g Kg−1)

A. saligna 648.3 18.1 1351.50 100.73 0.52 0.15 0.02

C. equisetifolia 767.0 19.0 698.25 78.55 0.27 0.06 0.01

J. oxycedrus 667.0 17.7 892.31 109.34 0.55 0.26 0.06

P. halepensis 703.5 18.6 1238.50 92.27 0.47 0.13 0.02

P. lentiscus 833.9 18.9 1564.20 121.86 1.28 0.43 0.06

Litter 671.7 17.7 1617.00 96.87 0.36 0.14 0.03
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O2 levels decreased suddenly as soon as the flaming phase started, reaching a mini-
mum level of 17.7% in J. oxycedrus and in the litter. Less oxygen was consumed during the
combustion of P. lentiscus, where the O2 level reached 18.9% in concentration. The burning
of litter showed the highest CO2 emission factor (1617.00 g Kg−1), which was more than
twice that measured in C. equisetifolia (698.25 g Kg−1). P. lentiscus, instead, showed the
maximum CO emission factor (121.86 g Kg−1), while again C. equisetifolia had the minimum
CO emission factor (78.55 g Kg−1) among the studied species.

The studied compounds were mainly released during the flaming and smouldering
phases during the burning of each species. Particularly, benzene was the most emitted
compound, followed by toluene and xylene, respectively. P. lentiscus always showed the
highest values for BTXs emissions, and C. equisetifolia always showed the lowest values.
Benzene oscillated from a minimum of 0.27 g Kg−1 (C. equisetifolia) to a maximum of
1.28 g Kg−1 (P. lentiscus). Toluene reported maximum values for P. lentiscus (0.43 g Kg−1)
and minimum values for C. equisetifolia (0.06 g Kg−1).

Xylene presented 0.06 g Kg−1 as the highest emission value (P. lentiscus) and 0.01 g Kg−1

as the lowest emission value (C. equisetifolia). J. oxycedrus showed the same maximum
values as P. lentiscus for xylene and the second highest values for toluene (0.26 g Kg−1) and
benzene (0.55 g Kg−1).

3.4. Principal Component Analysis

Principal component analysis (PCA) based on correlation, was applied to the W% data
of the 13 detected elements and three groups, as described on Section 2.7. The analysis
was performed for the three-dimensional classes, CO, CO2 and the BTX emissions data
recorded during combustions experiments. The analysis highlights the most discriminant
elements for the analysed species.

The factor coordinates of variables (Figure 5a,c,e,g) and the factor scores (Figure 5b,d,f,h)
of the two first principal components (PCs) are plotted in Figure 5. The eigenvalues of
the two PCs, which measure proportion of variance, were at 38.03% and 22.28% for PM10,
31.53% and 28.17% for PM2.5, 35.38% and 26.83% for PM1 and 79.49% and 15.14% for
gaseous emissions, for PC1 and PC2, respectively.

Based on the results obtained by PCA, to systematize the complex composition of
PM described by PCs and to guide the reader, we roughly divided the elements and
compounds into two main groups: endogenous and exogenous. Endogenous elements are
mainly emitted during biomass combustion since they are basic components of organic
matter: C, N, K, Cl, Na, Ca, Mg, P and S mostly pertain to this group [28,45–47]. Exogenous
elements are related to particles deposited on leaves and plant surfaces, which are re-
emitted during combustion. Among these, Si, Al, Ti and Fe at low concentration (Fe < 3%)
are considered natural crustal components (mainly generated from soil resuspension) while
Steel marker, Road marker and Residual Metals associated with higher Fe concentration
have anthropogenic origin [38,48–50].
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For each class is reported the factor coordinates of variables graph (a,c,e,g), and the factor scores
corresponding representation (b,d,f,h). Brown rings are used for C-based particles, yellow rings for
particles rich in N, grey for Si-rich particles and red rings for Fe + Steel markers. For panel d.2, blue
and light blue rings represent high and medium CO2 emission, respectively; the green ring represents
high BTXs and CO concentrations.

Regarding PM, PCA discriminates the six species and litter for the three-dimensional
classes and highlights the main driver elements that differentiate the particles, or groups of
them per each species in all classes: Carbon (C-based); Nitrogen (N-based); KCl particles;
Silicon (Si-based); and Anthropogenic particles, represented by Fe, Steel marker, Residual
Metals and Road marker. The last group, despite showing less discriminating power in
PCA, allows differentiating the vegetational types (trees VS shrubs).

Different coloured rings were adopted to highlight the principal characterizing ele-
ments and compounds. When it was impossible to draw a complete ring, an open polygon
describes the group to which species belong. To describe the presence of endogenous
elements, brown and yellow rings were adopted, for C- and N-based particles, respectively.
Grey rings were used to highlight Si-rich particles, which represent the “natural part” of
the exogenous group. The anthropogenic part of the exogenous group is evidenced with
red rings for Fe + Steel Marker, Road marker and Residual Metals (Figure 5).

Clusters emerging from PCs analysis are not straightforward. In fact, for each di-
mensional class, a different pattern is evidenced. Nevertheless, most samples showed a
coherent particulate elemental composition across all dimensional classes. For example,
C-based particles were consistently found in E. camaldulensis for all PM sizes (brown rings
on Figure 5). As a general output, PC1 discriminates samples dominated by Si-based
particles from N-based particles at all PM classes (grey and yellow rings on Figure 5).

In Figure 5b, starting from the top right to the bottom left, species with high concen-
tration of C (E. camaldulensis) up to species with high concentration of N (J. oxycedrus, A.
saligna) are displayed accordingly, but the same trend is not visible for PM2.5 and PM1
(Figure 5d,f). It is noteworthy that Fe particles were always associated with the Si-based
particles; in fact, red rings were usually included in grey rings (Figure 5b,d,f). For all PM
sizes, A. saligna was always well separated from other samples and this was unsurprising
considering its KCl enormous presence (Figure 5).

P. lentiscus emerged as a Si-based species in PM10 and PM2.5 (Figure 5b,d), and it
was always associated with Fe, Steel marker and Road particles. C. equisetifolia strongly
correlated with Steel marker and presented Si and Fe concentrations mainly for PM2.5 and
PM1 (Figure 5d,f). E. camaldulensis presented Fe, Steel marker and Residual Metals for PM1
and only Metals for PM10.

P. halepensis and litter generally presented endogenous particles, both C and N-based
and others, such as Ca/P/Mg/S. Moreover, P. halepensis was associated with the Metals
group for PM 10 and PM2.5 (Figure 5b,d). It is noteworthy that litter in all PM classes was
always placed in the proximity of the intersection of the Cartesian axis, suggesting that litter
is not characterized by any specific elements, except for Ca for all PM sizes (Figure 5). We
highlight the variability of technological markers among species and dimensional classes:
in PM10, the largest part of Fe-Steel markers as related to P. lentiscus (shrub species); in
PM2.5, the same markers were related to C. equisetifolia and P. lentiscus (tree + shrub); and
in PM1, only E. camaldulensis and C. equisetifolia were strongly related to Fe-Steel particles
and Residual metals (tree species).

Regarding PCs analysis for gaseous components (namely CO2, CO and BTXs) the CO2
concentration was evidenced as the main driver of the analysis: species were grouped and
distributed on the Cartesian plane following mostly its differential concentration. The high-
est levels of carbon dioxides were found in litter and P. lentiscus, medium concentrations in
A. saligna and P. halepensis, evidenced by blue and light blue rings, respectively, in Figure 5h,
and the lowest were recorded for J. oxycedrus and C. equisetifolia.
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The second main trend evidenced by PCA is the clustering of the two shrub species: P.
lentiscus together with J. oxycedrus (green ring). They both evidenced the highest levels for
all gaseous components, except CO2. The only species showing the significantly higher
amounts of all gaseous components was P. lentiscus, and this pertains to both clusters
evidenced by PCA (intersection of blue and green rings). On the other hand, C. equisetifolia
showed the lowest emissions for every recorded gaseous compound, and it is not included
in any cluster.

3.5. Main Particles Characterization

A total of 1800 particles were analysed by SEM/EDX on the whole filter set from all
species and litter. According to their chemical composition and based on their dimensional
and morphological characteristics and also considering the drivers evidenced by PCA,
seven main categories of particles were identified: Potassium chloride (KCl particles), Iron
and steel-based (Fe-steel), Carbon-based particles (C-based); Nitrogen-based (N-based),
rich in Sulphur (S particles), Silicon-based (Si-based) and rich in Calcium (Ca particles).
The C-based particles category is divided into two sub-categories: spherical particles and
soot agglomerates.

The categories are shown on a dedicated image (Figure 5) and related to the species in
which a determined particles category resulted as most representative. A brief description
for each category is reported here, showing the percentages of the characterizing elements,
the eventual presence of recurring associated elements, their peculiar morphology and
dimensions:

• KCl particles: Cl < 12%, K < 14%, elements mean ratio is Cl/K = 0.85, partially (<30%
of particles) associated with Na (% < 2), their dimensions are mostly between 1 and
2.5 µm, and the morphology is characterized by single or agglomerates of square-
shaped particles with sharp edges (Figure 6a).

• Fe-steel particles: 15% < Fe < 50%, always associated with Cr (% < 10) and Mn
(% < 6), occasionally with Ni (% < 5), their dimensions vary between 0.3 and 10 µm
nevertheless, they are mostly <2 µm (Figure 6b), and the morphology is irregular
polygonal or stick shape and sharped edges.

• C-based: (a) spherical particles, 35% < C < 50%, usually associated with K and Si
(% < 0.5), and the dimensions are mostly <2.5 µm; (b) soot agglomerates, C > 40%,
usually associated with K, Si, Na and S (% < 0.5), and their dimensions vary between 1
and 10 µm and present irregular morphology (Figure 6c,d).

• N-based: always spherical particles, 25% < N <40%, always associated with K and
less frequently with S, Cl, Si and Na, not necessarily all together; their dimensions are
mostly <2.5 µm (Figure 6e).

• S particles: 1% < S < 5%, always associated with K, Cl and Ca (% < 0.5) and Si, P and
Na (% < 0.3), irregular shaped, high dimensional and morphological variability, and
they can reach large dimensions (even >10 µm) (Figure 6f).

• Si-based: 5%< Si <20%, almost always associated with Al, in ratios Al/Si included
between 0.25 and 0.3, and K (% < 5), less frequently with Ca (% < 5), Na and Mg
(% < 0.5), and with an irregular polygonal or rounded shape, always with smoothed
edges and high dimensional variability (Figure 6g).

• Ca particles: 8% < Ca < 25%, usually associated with K (% < 0.5), Si and S (% < 0.3),
irregular-rounded shape, and the dimensions vary between 1 and 10 µm (Figure 6h).
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Figure 6. Characteristic SEM images showing the morphology and main elements characterizing the
chemical composition of the seven categories identified in relation to species and litter: (a) Potassium
chloride particles in A. saligna; (b) Iron and steel-based particles in C. equisetifolia; (c) Carbon-based
spherical particles for E. camaldulensis; (d) Carbon-based soot agglomerates for E. camaldulensis;
(e) Nitrogen-based particles for J. oxycedrus; (f) rich in Sulphur particle for P. halepensis; (g) Silicon-
based particle for P. halepensis and (h) rich in Calcium particles for litter.
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4. Discussion
4.1. Particle Size Distributions and Density

Particulate matter and gaseous pollutants emitted by forest fire contribute to atmo-
spheric pollution and vary with the species burned [34]. Several studies investigated the
amount of particulate emitted from combustion experiments [11,51,52]. Different tech-
niques have been adopted to identify the dust produced during combustion (i.e., optical
counters and low-pressure cascade impactors), and the results are usually expressed as a
ratio of mass/volume.

Differently, in our study, the total particle density was estimated by SEM imaging
coupled with grain analysis over filters, and the results are expressed in number of par-
ticles/area (Figure 2A). Consequently, our results are not directly comparable with the
previous literature unless considering a relative comparison among the same species. We
seek other studies that compared particle density from combustion experiments of the
same species analysed in our study. Many studies reported the results of smoke emissions
from prescribed burning activities that concerned mixed vegetation or different types of
biomass combusted together [27,46,53].

We found only one study [54] that considered separate combustion of the same genus
analysed in our research (i.e., Pinus pinaster, Eucalyptus globulus and Acacia longifolia).
Accordingly with our work, Gonçalves et al. [54] found comparable values of PM emission
for Eucalyptus and Pinus, with higher particle emission for the former. Conversely, we
found different outcomes for Acacia. As shown in Figure 2, the number of particles counted
on Acacia filters was noticeably higher than other samples; this could be ascribed to the
extraordinary values of K and Cl that we recorded through filter analysis that will be
discussed later in this section. Even if mostly made by natural components, this large
number of emitted particles recorded for A. saligna could be considered as a risk factor in
terms of emissions during forest fire.

Figure 2B presents the size of particulates, expressed as relative abundances (%), that
we found on filters after combustion experiments. This is a crucial trait to be monitored
as the behaviour of PM within the human respiratory system depends on their size. As
described by Leonelli et al. [55], while the PM10 is not retained by the upper airways, fine
particles (PM2.5) represent the thoracic fraction of particles.

PM1 corresponds to the very fine particles (diameter of 1 µm or less) that can permeate
inside the alveoli. In our study, the frame that emerged in terms of number of particles
per size fraction is coherent with the typical atmospheric PM size distribution generally
observed [56], and it is characterized by the domination of fine particles (primarily soot-
related) as also reported in other analysis of fires in laboratory-based experiments [57–59].

In comparison to other species, A. saligna showed different results and emerged for
dimensional size distribution (Figure 2B). In fact, it is the only species that showed such a
significant presence of fine particles (PM 1–2.5 = 7.9%). This is likely due, once again, to
Acacia’s exceptional values of K and Cl, whose nature is characterized by this dimensional
distribution (Figure 3b). C. equisetifolia and P. halepensis are the species that emitted a higher
amount of very fine particles (PM 0.3–1 ≥ 99%).

It is well known that, the smaller the diameter of the PM, the higher the health risk
it creates, as finer particles can carry toxic substances deeper into the human respiratory
system [60]. This particle property makes clear the importance of the quali-quantification
analysis of particles with very fine aerodynamic diameter for health hazards, considering
that these fine dust fractions usually suffer from a lack of chemical characterization [61].

4.2. Particles Chemical Composition

Apart from the size distribution of the emitted PM, we identified the elemental compo-
sition of particles as the health effects caused by PM are dependent not only on its physical
but also on chemical properties [62]. Except for O, which was excluded from the analysis,
the most abundant elements recorded were C and N.



Forests 2022, 13, 322 18 of 27

Their relative abundances strongly characterize the composition of particles emitted,
thus, giving important information about species characterization. If we compare the
elemental composition of particles recorded in previous studies developed with the same
detecting instrument (SEM/EDX, Phenom Pro-X, as described Section 2.6), we observe a
significant higher presence of C and N. Baldacchini et al. [39] analysed particles on leaves
show an average value of C, N and O of 85.1%. Sgrigna et al. [38] analysed particles on
cellulose filters that show the average value of the same elements of 71%. In the present
study, the sum of these elements represents the 93%.

Among the most abundant elements, Al, Si, Ca and Fe were recorded in all the samples
(Figure 3). They are usually recognized as “natural elements”, and can be classified as
earth’s crust aerosol group or associated with resuspended soil [50,63,64]. However, even
if Fe is abundant in nature, it can also originate from anthropogenic sources. In fact, Fe is
also a tracing element for traffic PM and, in general, is a technological marker [39,65]. Si
and Ca can be also found as components of plant tissues [66].

Na, Cl, K and Mg are classified as natural tracing elements and are found within
different salt compounds, usually typical components of sea spray aerosol [67]. Further-
more, elements, such as K and Mg, could also originate from the plant tissues [66]. On
the other hand, Cu, Zn, Mo, Ce, Pb, Ba, Cr, Mn and Ni have anthropogenic origins; par-
ticularly Cr, Mn, Ni and part of the above-mentioned Fe are considered to be steel plant
fingerprints [38,68,69].

K, Na and Cl were observed across all species and litter (Figure 3). This is consis-
tent with previous studies that analysed smoke particles from field and indoor burning
experiments [70,71]. The presence of K is usually ascribable to the results of volatilization
of plant tissues during combustion [70] and it is widely considered as marker of biomass
burning [27,32,49,52,53,72]. In this context, we recorded tremendous values of K and Cl for
A. saligna, which were always associated in the same particle (Figure 3a). This peculiarity is
likely linked both with (1) plant traits and (2) site characteristics.

First, A. saligna is a halophyte species frequently used in reforestation programs for
semi-arid regions. It can tolerate salt spray, extreme winds and sandy soil [73]. As well
described by Rahman et al. [74], one of the key mechanisms of salt tolerance in plants
may be associated with the increasing of the retention of K+ ions in photosynthetic tissues
by preventing the absorption of Na. Other analyses on remaining minerals in the ashes
from leaves and stems burning confirm the presence of KCl (sylvite) associated with Acacia
species [45]. Thus, the presence of a considerable part of these elements can be likely
ascribed as an intrinsic Acacia species characteristic.

Furthermore, as described in Section 3.2, the Cl/K ratio in A. saligna is always in the
same range for all analysed particles (0.85) with the same morphological characteristics.
This describes the presence of the two elements in potassium chloride salt form (KCl), while
the relative percentages of K and Cl in other species are likely also an indicator of biomass
combustion [5,70]. Na was found, and it was often associated with Cl and K (Figure 3). This
denotes the presence of NaCl, a kind of salt that is likely derived from marine spray. NaCl
was likely accumulated on tree leaves before their collection, also considering the sampling
area proximity to the Ionian Sea and the southeastern predominant winds (Figure 1b).

In A. saligna, Na is always significantly lower than K and Cl (1 order of magnitude). In
all other species the three elements Na, Cl and K show different mutual relationships and
are often found associated in the same particle, with highly variable relative percentages.
This suggests the presence of salt aggregates dominated both by KCl (as in A. saligna) and
NaCl (as in P. lentiscus) and when not associated with Na and Cl, K is bonded to other
elements (Ca, S and Mg), within typical particles from biomass burning.

The presence of Fe is noticeable for all species (except for A. saligna and J. oxycedrus)
and the highest values of all samples were recorded for the PM2.5 class (particularly for
C. equisetifolia and P. lentiscus; Figure 3b). Furthermore, mainly in C. equisetifolia and E.
camaldulensis but also P. halepensis, P. lentiscus and litter, the presence of Ni, Cr and Mn was
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found at all PM classes. The iron presence, together with these elements suggests the direct
effect of steel plant on these species [60,68].

We hypothesize that particles accumulated on collected leaves and branches are
preserved until the burning process, and re-emitted as PM within the re-suspended fumes.
This is supported by the direction and the intensities of winds at our study area (Figure 1b).
In fact, the prevailing winds blow from the south-east, where the industrial area of the
city of Taranto (Apulia, South Italy) is located. It is likely that, when the winds blow from
the SE, the site is influenced by anthropogenic sources mainly related to steelworks, iron
foundries and by the presence of heavy metals, which characterize the Taranto industrial
area [69].

In addition to Fe, Ni, Cr and Mn, E. camaldulensis, C. equisetifolia and P. halepensis also
showed relatively high heavy metals (HM) concentrations. In this respect, it is important
to indicate the values of Sn, Ba, Ce and Pb, recorded for the above-mentioned species
(Figure 4). The presence of HM confirms the probable effect of air pollutants deposition on
sampled leaves, which are typical of the ambient air concentrations of polluted urban or
industrial areas [28].

Regarding trace elements, we noticed that Mo, Sn, Ba, Pb and Ce were only found on
tree species while Cu, Zn and Sb were observed only for shrub species. As Mo, Sn, Ba and
Pb are identified as heavy metals originating from human activities [38,65], this finding
corroborates the thesis that particles containing these elements are drifted through the
south-east winds and are intercepted by trees canopy. On the other hand, Cu, Zn and Sb,
commonly classified as road traffic markers and abrasion products, and found on shrubs,
are related to road dust resuspension [38,75].

The finer the particles (from PM10 to PM1), the higher percentage values of the above-
mentioned elements were found (Figure 4). Namely, Cu, Zn, Sb, Ba and Ce showed higher
values both in PM2.5 and PM1; Ni, Sn and Pb only in PM2.5; and Sc, V and Mo only in PM1.
This is not surprising considering that fine particles are mostly linked to anthropogenic
sources that involve high-temperature processes [76] and the city of Taranto, where the
wind blows from, include well-developed oil refineries, chemical works, some shipyards
for building warships, in addition to the already mentioned steel factory [69].

As described in Section 3.4, all the aforesaid elements pertain to the exogenous group
of particles. Conversely, among trace elements S and P can be ascribed to the endogenous
component of particles [77–79]. The two elements are widely recognized as biomass
emission burning [80], and their presence depends on fuel composition [81]. S significantly
appears more abundant in P. halepensis, at all PM classes, followed by J. oxycedrus and
A. saligna for PM10 and P. lentiscus and J. oxycedrus for PM1, but it has been recorded in
all species and litter at different percentages. This is supported by Figas et al. [82], who
explained that, apart from the content of SO2 in the air and the richness of soil soluble
sulphates, the content of S in the plant depends on the plant species.

Furthermore, it is noteworthy that, differently from exogenous trace elements, no
relevant relationship was found between the S presence and the particle dimensions.
Similarly, P has been recorded in all species at least in one PM class except for J. oxycedrus,
and, like S, when the percentage values are averaged among all species, no differences
were evidenced between the three dimensional classes. It originates from soils and it is an
essential nutrient of plants [83] but it is also likely related to plant species. It is noteworthy
how in P. halepensis, which showed the highest values for P, this element was always
recorded in association with particles containing S.

Finally, among trace elements, also Ti was found in almost all species (except A. saligna).
This element has an ambivalent nature: it can be associated with both crustal/natural
components [84,85] and anthropogenic particles [86]; thus, the description for Ti is not
straightforward. In general, we mainly observed the natural origin of Ti, since it is mostly
bounded to natural components, such as K, Cl and S or crustal elements (Si).
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The only exception was found for litter, where Ti is also associated with Fe, Zn and
Cu. This association (Ti + Fe and Ti + Cu + Zn) together with the location (litter) suggests a
possible anthropogenic origin of Ti from vehicular emissions [49].

For both anthropogenic and natural elements, especially Ca, can be hypothesized a
conservative and accumulation process of material within the litter. Similarly, an accumula-
tion of steel plant leaf-deposited particles (identified through the markers Fe, Cr and Mn)
is probable. It is noteworthy that the other HM, characterizing the species (Ni, Cu, Zn, Mo,
Sn, Ba and Ce), are not found in the litter burning. This absence could inform or in HM
leaching at deeper levels within the soil or in a less abundant presence of these pollutants
in the air (thus deposited on sampled leaves), with respect to steel plant markers (abundant
at all levels and species).

4.3. CO, CO2 and VOCs Emission

As also shown in other studies, CO2 emissions occurred primarily and reached the
highest peak during the flaming phase, while CO was mainly released in a second moment,
during the smouldering phase [34,87,88]. These results are in good agreement with what
found by Vicente et al. [27], who studied forest wildfire emissions in Portugal, obtaining
values from 1029 to 1655 g kg−1 for CO2 and from 67 to 383 g kg−1 for CO. Our study
presents lower CO2 emission when compared to what Akagi et al. [89] found, which ranged
from 1489 (boreal forest) to 1686 g Kg−1 (savanna), and to what was reported by Andreae
and Merlet [1] for extratropical forests wildfires, which had a CO2 emissions factor that
ranged from 1569 g Kg−1 (extratropical forest) to 1613 (savanna and grassland).

The emission factors obtained for CO, instead, are a bit higher if compared with the
study of Andreae and Merlet [1] (65 g Kg−1 on savanna and grassland and 107 g Kg−1

on extratropical forest) while are in the range of what was found by Akagi et al. [89] (63
and 127 g Kg−1, respectively, for savanna and boreal forest). BTX emission factors were
calculated as well since they are dominant aromatic compounds in forests wildfires [15].
According to Faix et al. [90] and Struppe et al. [91], aromatic compounds are emitted upon
thermal degradation of biomass, essentially from wood lignin. Benzene was a predominant
compound among the BTX, especially in P. lentiscus, with values of 1.28 g Kg−1, that were
reasonably close to the values for emissions from extratropical forests (1.11 g Kg−1, [78]).

Andreae and Merlet [1], on the contrary, found lower benzene emissions in wildfires
of different ecosystems, reaching these levels only for biofuel burning or charcoal making.
Other species showed minor benzene emissions that were 4.7-fold less (C. equisetifolia). P.
lentiscus also showed the highest levels of Toluene and Xylene. Toluene emission factors
obtained are in the range of what was studied by Akagi et al. [78] and Andreae and
Merlet [1] (respectively, (0.48 and 0.40 g Kg−1) on extratropical forests. The xylene levels
that we report are quite lower than what was reported in other studies, more comparable
with savanna and grasslands or tropical forests.

The temperature was monitored in real-time during every combustion event, and
since it was measured with a thermocouple at the base of the flame, it should be intended
as the maximum temperature also among the flame profile, as showed by Wotton and
Martin [92]. The highest temperatures recorded occurred always during the flaming phase,
and these were in accordance with the results found in similar combustion experiments.

In Pallozzi et al. [34], where combustion experiments were performed on different
plant tissues, the peak ranged from 562 to 813 ◦C in Quercus pubescens and from 531 to
713 in Pinus halepensis. In both species, the highest temperatures were reached when the
branches, rather than leaves or litter, were burned, indicating that the heat was developed
more in presence of wood tissues. Other studies on leaf litter of Quercus robur burning,
showed a maximum temperature of 550 ◦C [33]. The values obtained are comparable also
to what was found in field studies on wildfires [92,93].
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4.4. PCA Analysis

PCA was used to describe the major differences among species and litter, based on
the elemental composition of emitted particles. It discriminated and grouped the anal-
ysed species based on their characteristic elemental composition and gaseous emissions.
Through this analysis, the main drivers are evidenced: C- and N-based particles (endoge-
nous) and Si-based and anthropogenic particles (exogenous). Both groups are represented
in all PM classes, and they coexist together in the majority of samples, neither one nor
the other category was a discriminant factor. The main example is E. camaldulensis, which
showed high levels of both endogenous and exogenous particles.

Similarly to our findings, Garcia-Hurtado et al. [28] described C-based particles as
important components of the emitted PM during burning and reported their size mainly
below 2.5 µm. Several studies [45,79] mentioned nitrogen losses due to volatilization when
combustion of the biomass is nearly complete, which is presumably due to the conversion
of most plant nitrogen to NH3, NOx and N2 gases during the combustion process [77].
Nevertheless, we found a significant amount of N within several spherical particles in our
experiments (Table 1; Figure 6e).

As suggested by Yokelson [94], who reported spherical particles from open biomass
burning, we hypothesize that these particles could have been molten, cooled rapidly
after emission and, thus, re-condensed on filters. This is also supported by Samsonov
et al. [84] who argued that organic matter burns down partially or completely and that
grains disintegrate into small particles and are lifted out of the fire by hot currents. Then,
the particles cool, forming the smoke emission.

A. saligna is always separated from all other samples, due to its strongly characterized
KCl content. Only in PM10, A. saligna is included in the yellow ring as species containing N-
based particles (Figure 5b). Makkonen et al. [95] reported that the relatively high amounts
of coarse fraction nitrogen may be an indication of nitrate formation on sea salt, producing
coarse NaNO3 and HCl vapour. This suggestion could also be consistent with Na presence
related to the particles that characterize A. saligna.

The second species strongly characterized by PCA is E. camaldulensis, which appears to
be a strong emitter of different kinds of particles. As above mentioned, it showed the highest
values for C-based particles in all classes, both in soot and spherical form (as presented in
Figure 6c,d), but it is also always included in the Si-based and technology-related group of
particles (grey and red rings, Figure 5).

It is noteworthy how a similar pattern is shown for the third best characterized species,
C. equisetifolia, which is always included in the technology-related particles group and it
showed high levels of C in PM10 and high levels of Si in PM2.5 and PM1. This species,
if we consider also the relatively high density of particles recorded on filters (as showed
in Section 3.1) could be described as the most potentially dangerous species among the
analysed ones, based on PM data outcomes.

The last tree species of sampling set, P. halepensis could be associated with E. camalduen-
sis and C. equisetifolia: it is well represented by C-based particles, and for PM10 and 2.5 by
anthropogenic elements. What is differentiating P. halepensis from the two above-described
tree species is the high S presence in all dimensional classes.

The last two species, the only sampled shrubs, J. oxycedrus and P. lentiscus, even if
not usually associated in the same group, also showed a similar pattern of characterizing
elements in the PCA: both species show the coexistence of endogenous particles and
anthropogenic particles in 2- on 3-dimensional classes. Nevertheless, the first one is also
strongly characterized by N-based particles, and the second one showed a stronger relation
with technology-related particles.

Within the anthropogenic-related particles, four different groups of elements are
included: Fe, Steel marker, Road marker and Residual metals. The only two species that
showed a strong relationship with Road marker are P. lentiscus, in all classes and J. oxycedrus
for PM10 and 1. This suggests a re-suspension influence for these species from local
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pollution sources, such as the closest roads or particles originated by the use of agricultural
machinery in the nearest farmlands [49,96].

Finally, due to the significantly high levels of dangerous elements re-emitted, together
with its relatively high density of particles, P. lentiscus is included among the potentially
more dangerous species for human health in this study.

On the other hand, Fe, Steel marker and residual metals are always characterizing E.
camaldulensis, C. equisetifolia and P. halepensis while are not associated with Road markers
(Cu, Zn and Sb). This condition could suggest two different sources of technological related
particles deposited on samples before burning. If the Road markers are related to shrub
species, the tree canopies intercept the exogenous (anthropogenic) particles.

Tree leaves could have accumulated dust coming from the urban settlements or also
from the upwind industrial area of Taranto. Thus, we can assume that PCA, considering
the emitted particles, is also discriminating the species set based on the vegetation typology.
This confirms how shrubs are mostly related to resuspension from soil/Road markers while
trees are related to windblown particles (Steel and Residual Metal).

Finally, the litter sample is always represented close to the axis interception. This
peculiar positioning denotes the general equilibrium of elements for this sample, which
likely homogenously accumulates the different kinds of elements and markers, which
characterize trees and shrubs in the study area. It is noteworthy how the litter is mostly
associated with J. oxycedrus by PCA: Ca is the main element that combines the two samples.

Ca was also found in P. halepensis and, as previously described, could be accumulated
in the litter deposits mainly made by pine and J. oxycedrus needles. This was confirmed
by Palviainen et al. [97], who identified the foliage as immediate sources of Ca to the soil
and recognize an effective retention of Ca in woody litter. Our results were supported by
literature as high values of Ca were registered in smoke particles from wildfire episodes
over central Portugal, which included Pinus pinaster and forest litter [27].

PCA performed on gaseous components confirmed two main trends evidenced by the
same analysis on particles: P. lentiscus was notable for the high emissions level, and the two
shrub species are related. The total amount of recorded BTXs was significantly higher first
in P. lentiscus than in J. oxycedrus. Thus, as found for particles emissions, PCA performed
on gaseous compounds discriminates shrubs from tree species. While for PCA-elements,
this was due to the deposited elements on the shrubs layer; in this case, we are not able
to address this clustering to vegetation type characteristics rather than intrinsic traits of J.
oxycedrus and P. lentiscus.

Furthermore, the main driver evidenced for gaseous components was the CO2 emitted.
The following ranking of analysed species and litter can be realized by observing the
differential CO2 emissions: litter; P. lentiscus, A. saligna, P. halepensis, J. oxycedrus and
C. equisetifolia. Finally, C. equisetifolia emerged as a low emitter species for all gaseous
compounds, while it was reported as one of the species with a high particle density during
PM analysis.

5. Conclusions

This study provides original data on the PM and gaseous emissions released by the
controlled burning of six Mediterranean species and litter, paying particular attention to
the size fraction, chemical composition and total amount of particulates emitted. The main
results can be resumed as follows:

• PM10 emissions from forest burning are related to species-specific characteristics
of trees and shrubs but are also strongly influenced by local environment/regional
conditions.

• A. saligna is notable for the highest number of particles emitted and remarkable values
of KCl, which is likely related to a plant protection mechanism from salinity.

• The other high vegetation types analysed in our study, the tree species E. camaldulensis,
C. equisetifolia and P. halepensis, are related to fine windblown particles: their canopies
intercept PM10 and re-emit it during burning.
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• Medium high plants observed in our study, the two shrub species, P. lentiscus and
J. oxycedrus, are differentiated from other samples by the presence of resuspended
particles from soil and/or roads.

• Litter samples demonstrated a homogenous accumulation of different kinds of ele-
ments and markers, which characterized the trees and shrubs in the study area.

• Benzene and toluene were the dominant aromatic compounds emitted.

Finally, the species identified in our study with a stronger impact on local air quality
and potentially more dangerous for human health when combusted were:

• A. saligna (the highest number of particles emitted and medium values for gaseous
emissions).

• P. lentiscus (high density of particles; anthropogenic particles, such as Fe, Steel and
Road group; highest emissions for all gaseous compounds).

• C. equisetifolia (high density of particles; technology-related particles, such as Fe with
the Steel group, although with the lowest emissions for gaseous compounds).

• We also indicate litter and P. lentiscus as the strongest contributors to greenhouse gas
emissions in the atmosphere when compared to all species analysed, considering their
significantly higher emissions of CO2.
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