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graphical abstract

Highlights

e Organic carbon and elemental carbon exhibited higher concentrations during the
night hours.

e The highest values of OC and EC, OCsec and OCprim Were measured when the air
masses were coming from Northeastern Europe.

e In dusty days OCsec and OCprim Values are slightly higher than in dust free days.

e When the air masses come from WNortheastern Europe, OC is mainly
characterized by aliphatic and aromatic C-H and O-H and N-H groups.

e Organonitrate, aromatic amide and amine and carboxylic acids are mainly
present in samples of air masses coming from Northeastern Europe.

e Kaolinite and carbonate are mainly present in coarse dusty samples.
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Organic and elemental carbon were measured both in daily PM10 and PM2.5 and in 6
hour range time PM2.5 samples collected from September 2015 to October 2015 in a
coastal rural site near Brindisi in the Apulia region (ltaly), in order to determine factors

affecting the carbonaceous aerosol variations.

Carbon content (total carbon TC) represented a considerable fraction for both PM10
and PM2.5. In particular, in PM10 samples, OC varied from 1.06 to 18.32 ug m=3 with a
mean concentration of 5 + 4 yg m~2 and EC varied from 0.11 to 0.88 ug m=3 with a mean
value of 0.41 + 0.19 yg m=3. In PM2.5 samples, OC varied from 0.54 to 12.91 ug m~ with
a mean concentration of 3.5 + 2.8 yg m= and EC varied from 0.11 to 0.85 ug m= with a
mean value of 0.35 + 0.18 yg m=3. The highest values for both parameters were recorded
when the air masses were coming from NE Europe and when Saharan Dust events were
recognized. The results show that OC and EC exhibited higher concentrations during the
night hours, suggesting that stable atmosphere and lower mixing conditions play important
roles for the accumulation of air pollutants and promote condensation or adsorption of

semivolatile organic compounds.

In samples from a Saharan Dust event and in samples with the lowest and the highest
OCsec, ATR-FTIR analysis allowed us to identify organic functional groups including the
non-acid organic hydroxyl C-OH group (eg sugars, anhydrosugars, and polyols), carbonyl
C=0 group, carboxylic acid COOH group, aromatic and aliphatic unsaturated C=C-H
group, aliphatic saturated C-C-H group, and amine NH2 group. Some inorganic ions were
also identified: carbonates, sulfate, silicate and ammonium. The dusty samples are mainly
characterized by the presence of carbonate and hydrogen sulfate ions and by Kaolinite
(absorption at 914 and 1010 cmt), while in samples with air masses coming from the NE,
OC is mainly characterized by aliphatic and aromatic C-H and O-H and N-H groups
(absorptions in the range 3500-2700 cm™) and by the presence of organonitrate, aromatic
amide and amine and carboxylic acids (absorptions at 1630 and 1770-1700 cm).

keywords: PM2.5, PM10, Organic Carbon and Elemental Carbon, Secondary organic
aerosol, ATR-FTIR, dust.

1. Introduction
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In urban and rural locations, carbonaceous compounds are an important fraction of
atmospheric particulate matter (PM) (Hildemann et al. 1994; Putaud et al. 2004; Zhang et
al. 2004). In fact, it generally accounts between 10 — 43% of PM10 and 21-78% of PM2.5.
Carbonaceous PM is composed of elemental carbon (EC), which is a refractory
component, and organic carbon (OC). The latter is generally present in large amounts in
atmospheric aerosols. The organic fraction is composed of saturated and unsaturated
aliphatic compounds, alcohols, aldehydes, ketones, carboxylic acids, aromatic
compounds, amines, sugars, polyols and organic sulfur compounds (Seinfeld and Pandis
2016). Organic molecules can contribute to the Primary Organic Aerosol (POA) and
Secondary Organic Aerosol (SOA). POA is directly emitted into the atmosphere and can
originate from geological and natural sources, combustion and industrial emissions. SOA
is formed either by homogenous oxidation and subsequent condensation of organic
species in the gas phase or by heterogeneous oxidation in the aerosol phase (Robinson et
al. 2007; Khan et al. 2016). Secondary Organic Aerosol is typically characterized by a
higher oxidation degree, containing molecules with oxygenated functional groups, such as
hydroxyl and carbonyl groups (Kawamura and lkushima 1993; Kawamura and Yasui
2005). It is reported in literature that aged aerosols are expected to show a high content of
oxygenated functional groups with the presence of SOA in a higher concentration than
POA. These aerosols are then characterized by high organic matter to organic carbon
mass ratio (Aiken et al. 2008; Turpin and Lim 2001).

Instead, EC is a primary pollutant, because it is mainly released in atmosphere from

incomplete combustion of carbon-containing fuels.

Due to the relevant importance of the carbonaceous fraction of PM, many recent studies
have been carried out, but its chemical characterization and formation mechanisms are not
fully understood and have not studied in depth (Khan et al. 2016). Moreover, the
guantification of SOA and POA is a point of strong debate; several indirect methods have
been reported for their estimation and the EC-tracer method is a widely used technique
(Turpin and Huntzicker 1995; Castro et al. 1991; Lim and Turpin 2002; Harrison and Yin
2008; Genga et al. 2017).

As described by Castro et al. (1991), this technique may give correct estimates of SOA
if: the amount of SOA is negligible in samples used to calculate OC/ECmin ratio; the
composition of primary fossil fuel carbonaceous sources is temporally and spatially
constant; the contribution of other primary OC and EC sources is small. Frequently this is

not the case, such as in receptor sites where biomass burning and bio aerosol primary
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sources could be present. It has to be pointed out that due to diverse primary emissions
the definition of a unique (OC/EC)prim ratio can lead to large uncertainties. Moreover,
biomass burning leads to a high OC/EC ratio; therefore estimation of secondary OC from
such a ratio could lead to over estimation regarding its contribution to particulate mass and
total carbonaceous species (Querol et al. 2013; Pio et al. 2011; Genga et al. 2017).
Notwithstanding, the EC-tracer method can serve as a suitable first order approach to
estimate secondary OC.

In literature, several papers can be found on the study of carbonaceous fractions of
particulate matter in the Italian peninsula (e.g., Lonati et al. 2007; Perrone et al. 2011;
Sandrini et al. 2014; Khan et al. 2016; Genga et al. 2017) and also across Europe (Pio et
al. 2011; Putaud et al. 2004; Putaud et al. 2010), but data available for Southern Italy are
quite limited. The Apulia region is in the South of Italy and it is located in the center of the
Mediterranean Sea. Due to the particular position of this site, the study of particulate
matter is very interesting. In fact, in the Mediterranean Basin the sources and the
composition of PM are very complex due to the presence of human activities in the
industrialized regions, the transport of desert dust from northern Africa and the
anthropogenic activity on the sea itself.

The purposes of this study are: to quantify the trend of carbonaceous aerosols during
the day and in the warm season; to study the correlation existing among some
meteorological parameters on carbonaceous PM concentration; to evaluate the secondary
organic carbon in PM; to obtain information on the composition of the carbonaceous PM
studying OC and EC levels, the functional groups of carbonaceous matter, and to account
for the potential effect of long-range transports on them.

In order to study the functional groups present in carbonaceous aerosols, ATR-FTIR
analysis has been performed. FTIR coupled with attenuated total reflectance (ATR) is a
new technique developed recently and it allows for the direct analysis of samples without
further preparation. Moreover, it has the ability to detect compounds in small quantities
(Takahama et al. 2016). It should be pointed out that, while isolated molecules show
absorption bands characterized by a series of narrow peaks, spectra of condensed phase
show peaks significantly overlapping due to heterogeneous broadening of bands from
similar bonds vibrating in slightly altered chemical environments (Kelley 2012). This is the
case for atmospheric PM, as it comprises a mixture of many different components, with the
organic fraction alone consisting of thousands of different types of molecules (e.g.,

Hamilton et al. 2004). This evidence poses challenges for interpretation and quantification.
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For this purpose, a monitoring campaign was carried out; in particular 24-h and 6-h
sampling campaigns have been performed. Elemental carbon and organic carbon
concentration levels in PM10 and PM2.5 collected samples are presented and discussed.

2. Material and methods

2.1 Sampling site and devices

The sampling site was located in the Brindisi rural coastal area, in the Apulia region
(south-eastern part of Italy). The area around the sampling site (BR rural) was highly
agricultural and the sampling site was about 12 km south of the city of Brindisi. It was
located 0.7 Km away from the sea at an elevation of 30 m a.s.l. The four lane motorway
“Strada Statale 613” is located around 1 km away. A one month campaign (September
17th — October 16th) was carried out with the aim of characterizing PM10 and PM2.5 on a
daily basis, and PM2.5 on a 6-hour basis.

FAI Instruments Hydra Dual Channel samplers were used for particulate matter
collection on 47-mm-diameter pre-heated quartz substrates. PM mass concentrations
were determined by the gravimetric method, conditioning substrates before and after
sampling (at 25 °C for 48h and 50% humidity). The uncertainties on mass concentrations
are lower than 5%.

2.2 OC and EC analysis

In this study, elemental and organic carbon were measured by Sunset Laboratory
Thermal-Optical Carbon Aerosol analyzer (Birch and Cary 1996) with NIOSH protocol
(NIOSH 1998; Genga et al. 2017). A 1.5 cm? punch of the quartz substrates was analyzed.

For the determination of OC and EC, the NIOSH protocol proceeds in two phases. First, in
an atmosphere of pure helium, carbon is volatilized by four temperature steps for OC
determination. Afterwards, in a mixture of oxygen and helium, the carbon, which remains
on the filter, is heated and oxidized in six temperature steps allowing EC determination.
The carbonaceous substances evolved from the filter are quantitatively oxidized to carbon

dioxide and subsequently reduced to methane, then they are detected with a high
5


http://www.sciencedirect.com/science/article/pii/S1352231011004080#bib2
http://www.sciencedirect.com/science/article/pii/S1352231011004080#bib21

OCoO~NOUAWNE

sensitively flame ionization detector (FID). Uncertainties in EC and OC measurements are
of the order of 5%. A denuder was not used during sampling, leading to a net positive bias
of 3.7% (Genga et al. 2017).

2.3 ATR-FTIR analysis

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy ATR-
FTIR spectra were obtained using a Vertex 70 FTIR spectrometer from Bruker. The
measurements were carried out in ATR mode using a multiple reflection ATR accessory
(Benchmark from SPECAC, UK) with horizontal geometry, equipped with a ZnSe crystal.
ATR-FTIR spectra were obtained in the spectral region 400-4000 cm. The resolution was
2 cm™ and the number scans was 100 for each spectrum. All spectra presented were

baseline corrected. Filters were scanned before and after sampling.

2.4 Statistical analysis

Multivariate statistical analysis was performed on data obtained from 6 hour PM2.5
samples. Principal Component Analysis (PCA) was used with the purpose of finding PM
samples with similarity in chemical composition, using mathematical functions which best
describe the relative distances between the samples. In this work Statistica 10.0 tools
were used to perform PCA. Before applying PCA the following conditions were tested: 1.
normal distribution of data; 2. redundancy of the variables used to discriminate between

groups; 3. homogeneity in the variance/covariance matrices of variables across groups .

3. Results and discussion

3.1 Overview on results

In Table 1 means and deviation standards of concentrations of PM10 and PM2.5
sampled for 24 hours, Total Carbon (TC) and Total Carbonaceous Aerosols (TCA) at the
rural site during the warm period from 17" September to 16" October 2015 are reported.

PM10 concentrations varied from 6.8 to 62.6 yg m 3 with a mean value of 22 + 14 yg m3,

while PM2.5 concentrations varied from 2.8 to 28.0 yg m 2 with a mean value of 11 + 6 ug
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m 3. Other sites of the Apulia region show PM levels comparable to the concentrations

observed, as reported in Contini et al. (2014). The highest PM10 values were reached on
17t 18" and 19" of September, in which the mass concentration threshold, fixed by
European Union and lItalian Law at 50 uyg m=3, was exceeded (EU-Directive 2008/50/CE).
On 18t of September the PM2.5 threshold was exceeded, too.

Figure 1 shows PM10 mass concentrations versus the corresponding PM2.5 mass
concentrations: the regression line equation is reported as well. It can be noted that PM2.5
and PM10 increase linearly and are well correlated (r=0.91, p<0.05). The dependence of
PM10 on PM2.5 is generally an index of common emission sources which influence both
PM fractions; this evidence was also seen in another sub urban site in the near province of
Lecce (Perrone et al. 2016).

The amount of total carbon, both organic and elemental carbon inside each sample was
evaluated (Table 1). It can be noted that the carbon content (Total Carbon TC) represents
a considerable fraction for both PM10 and PM2.5. During sampling days, TC shows
average values of 24 wt% and of 34 wt% for PM10 and PM2.5, respectively. In particular,
in PM10 OC varied from 1.06 to 18.32 yg m=3 (mean concentration: 5 + 4 ug m=3,
corresponding to 22 wt% of the total PM10); EC varied from 0.11 to 0.88 ug m~3 (mean
value: 0.41 + 0.19 yg m~3, corresponding to 2 wt% of the total PM10). In PM2.5, OC varied
from 0.54 to 12.91 uyg m~2 (mean concentration: 3.5 + 2.8 uyg m=3 accounting for 31 wt% of
the total PM2.5) and, finally, EC varied from 0.11 to 0.85 uyg m=2 (mean value: 0.35 + 0.18
ug m~3 contributing to 3 wt% of the total PM2.5).

The concentration levels and the trend observed are in agreement with the results
obtained in other rural sites in the Italian peninsula (Sandrini et al. 2014) and European
areas (Pio et al. 2011; Querol et al. 2008; Querol et al. 2004; Samara et al. 2014).

They show that, for urban-background sites of southern Europe, the (OC+EC)/PM10
ratio varies from 10% up to about 20% for PM10 mass concentrations varying within the
10-70 pyg m~2 range. While, the (OC+EC)/PM2.5 ratio varies from 20% up to about 40%

for PM2.5 mass concentrations, which is in accordance with the results of this study.

As expected, the EC values measured in the studied rural Brindisi (BR rural) site are

lower than that reported for urban sites, only due to the primary nature of EC emissions.
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As shown in Figure 2, OC gives the greatest contribution to the Total Carbon in both PM
fractions. Moreover, it is clear that organic carbon is mostly distributed in the fine fraction
(70 wt%), and EC is mainly fine (89 wt%).

This could be related to the origin of OC and EC. As is known in literature (Pio et al.
2011), EC is primary and it is mainly due to incomplete combustion, which releases sub-
micrometric particles characterizing the fine fraction of PM (Smekens et al. 2005). For this
reason, EC is considered a tracer for emissions from biomass burning sources and fossil
fuel combustion sources (road transport). Instead, OC could be generated: 1) from
incomplete combustion activities, which can be the source of sub micrometric particles
(Thorpe and Harrison 2008), and 2) from biological particles (plant debris, pollen, etc.)
mainly present in the coarse fraction (Bauer et al. 2002).

3.2.1 OC/EC ratio

The OC/EC ratio in PM10 varies from 4.3 to 25.1 (mean value: 11.3 ), while in PM2.5 it
varies from 3.6 to 19.6 (mean value: 9.2). The higher values observed during summer,
which are similar to those observed at other rural sites in Italy (Sandrini et al. 2014), may
be due to a regional influence of SOA coming from anthropogenic and biogenic sources.
Moreover, in both PM10 and PM2.5 a good correlation between OC and EC is also
observed (r=0.81, p<0.005 for PM10 and r=0.83, p<0.005 for PM2.5).

The positive but scattered correlation shown (Fig. 3) could be due to a predominant
POA source with variable OC/EC emission factors, or to a mix of POA and SOA which
tend to correlate because of a similar transport pattern from the sources to the receptor
site. In the POA/SOA model based on the OC/EC ratio, the presence of a predominant
primary organic source (e.g., emissions from vehicles, biomass combustion, etc.) is
suggested (Na et al. 2004). While, secondary organic carbon in addition to primary organic

carbon has to be considered where the OC/EC ratios show higher values.

It is worth noting that OC/EC mean ratio is higher for PM10 than for PM2.5, indicating
and confirming that EC is mainly fine, while there is an OC portion that is present in the
coarse PM.

3.2.2 Secondary organic aerosol estimation
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The estimation of primary and secondary organic carbon (OCpim and OCsec,
respectively) is largely dependent on the applied methodology and a direct measurement
is not possible. In this paper, the OC/EC minimum ratio method was used to evaluate the
secondary organic carbon concentrations from the measured EC (Turpin and Huntzicker
1994; Pio et al. 2011; Querol et al. 2013; Genga et al. 2017), using equation (1):

OCmeas=[(OC/EC)min*ECmeas]+OCsec (1)

where OCmeas and ECmeas are the measured organic and elemental carbon, and
(OC/EC)min is defined as the minimum ratio observed in aerosol samples collected from

the sampling site.

The (OC/EC)min ratio was estimated through the graphical method, called “EC tracer”
method, as shown in Figures 3 a and b (Pio et al. 2011). To confirm the results obtained, a
sensitivity test was performed with all the data, first by sorting the OC/EC ratio values of
the data and then by choosing the lower 5% ratio value samples, with a minimum of three
samples for small datasets. The obtained values are in agreement with those derived by
the “EC tracer” method, so the latter was used. The minimum ratio was 4.8 for PM10 and
4.7 for PM2.5. The good agreement between the two calculated (OC/EC)min ratios
suggests the same carbonaceous source for PM10 and PM2.5 in this site. It has to be said
that carbonate may also be present as additional aerosol carbon, even if it is usually a
small amount (Seinfeld and Pandis 2016), this may cause an over estimation of OC and
then OCsec.

As is shown in Figure 4 a and b, where (OC/EC)min ratios versus ECmean is reported for
different European sites differentiated in urban (background, kerbside and tunnel),
industrial, rural and remote, the studied site (BR rural) presents values in the range of
those reported for rural sites. This evidence may be due to a joint contribution of local
emissions and regional transport, where the importance of regional and long range
transported OCsec is greater and (OC/EC)min ratios are higher. In fact, in Figure 4 it can be
seen that the (OC/EC)min ratios have lower values where there are higher average EC
concentrations, contrary to sites with lower pollution levels. This tendency seems to reflect
the regional transport of primary and secondary OC to rural and remote areas, along with
the higher relevance of EC emissions from fossil fuel combustion in urban areas.

The mean primary and secondary organic carbon concentrations in PM10 fractions are
3.04 yg m=2 and 1.97 ug m=3, respectively; while in PM2.5 they are 1.95 uyg m=2 and 1.59
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bug m~3, respectively. Primary organic carbon is composed by 81 wt% of fine fraction, while

secondary organic carbon is composed by 65 wt% of fine fraction.

3.2.3 Variation of carbonaceous aerosol on a 6 hour basis

Figure 5a shows the variation of OC and EC mass concentration in PM2.5 samples
each collected for 6 hours. It clearly appears that OC concentration increases at night and
decreases during the day. This may be due to synergic effect of the lower temperature at
night and increase of the boundary layer during the warmer part of the day. The first effect
promotes the transfer of semi-volatile organic compounds to the solid phase, leading to
adsorption on particles (khan et al. 2016). This causes the increase of the organic
component concentration during night and then the decrease of the concentration of OC
during the central hours of the day. The increase of the boundary layer is confirmed by the
change in the wind speed shown in Figure 5b: from 08:00 to 18:00 local time the wind
speed increases corresponding to a dilution of organic carbon. We should consider that in
rural areas the difference between night and day is less evident than in urban areas,

where emission sources, like vehicular traffic, are closer.

Despite the high variability of EC data, EC seems to increase in the early hours of the
morning (06:00-12:00), probably due to local emissions, after which the concentration
trend is similar to OC, decreasing with the increasing of the wind speed and increasing

again during the evening when the wind speed is minimum.

In this paper we have differentiated carbonaceous compounds in organic carbon and
elemental carbon and measured them by a thermo-optic analyzer. The thermograms are
characterized by the presence of 11 peaks, namely OC1, OC2, OC3, OC4, Pyrol, EC1,
EC2, EC3, EC4, EC5 and EC6. Considering the single peaks of the thermogram used to
measure OC and EC, it clearly appears that the peaks from OC1 to EC2 show the same
trend observed for OC (Fig. 6), while the EC3, EC4, EC5 and EC6 peaks present the
behavior of EC.

The normality of the data was tested before performing statistical analysis on data of the
6 hour samples. Histograms and boxplots were drawn and Shapiro-Wilk test was applied
(assumption p<0.05 not met). The results show that data of OC, EC, OCsec and OCprim
were not normally distributed. Consequently, LogOC, LogEC, LogOCsec and LogOCyprim

10
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were used instead OC, EC, OCsec and OCyprim for statistical analysis. A positive statistical
correlation between OC and EC was confirmed for all data (Table 2 a, b and c), as also
shown in paragraph 3.2.1 for the 24 hour samples. OC, EC, OCypiim and OCsec showed a
negative relationship with wind velocity. This is probably due to the clearing and diluting
function of wind (Pindado et al. 2009) and also to the variation of the boundary layer

(Ferrero et al. 2010; Pecorari et al. 2013), as discussed in the previous paragraph.

The correlation with temperature was positive but not so high. A positive correlation
between OC and temperature may be due to the contribution of the secondary organic
carbon (Grivas et al. 2004).

It is well known that carbonaceous particulate matter (PM) is more complex than its
inorganic counterparts because it contains a large number of compounds, is emitted from
biogenic and anthropogenic sources, and can be created or transformed in the
atmosphere (Seinfeld and Pandis 2016). Even if the knowledge of the molecular
composition has increased, it is not clear which mixture of compounds constituted each
peak of the thermogram, but surely they could be differentiated by volatility and
oxidizability, in decreasing order from OC1 to EC6. Moreover, recent studies have been
aimed at investigating the associations between OC-EC sub-fractions and health outcome
(Wagner Et al. 2014), because many studies indicate that short-term exposure to carbon-
containing particles is associated with more adverse health effects compared to exposure
to undefined particulate matter (PM2.5 and PM10) (Janseen et al. 2011; Mauderly et al.
2011).

In order to study the possible variation in chemical composition of the particulate matter
during the day, Principal Component Analysis (PCA) was carried out using sub-fraction of
OC and EC derived by each thermogram (namely OC1, OC2, OC3, OC4, Pyrol, EC1,
EC2, EC3, EC4, EC5 and EC6). PCA allows us to investigate similarities and differences
among 6 hour PM2.5 samples. Normality of the data was tested observing histograms,
boxplots and applying the Shapiro-Wilk test (assumption p<0.05 not met) before applying
statistical analysis: OC1, OC2, OC3, EC1, EC2 and EC3 did not show normal distribution.
Redundant variables were eliminated and a logarithmic transformation was applied to
OC1, OC2, OC3, EC1, EC2 and EC3. Chemical parameters (OC1, OC2, OC3, OC4, Pyrol,
EC1, EC2, EC3, EC4) provided data sets structured in a multidimensional matrix (9
variables for 130 samples), which were subjected to multivariate statistical treatment using

the software package STATISTICA 10.0.
11
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The score plot in the sub-space of the first three Principal Components (PCs),
explaining 93% of total variance, is shown in Figure 7. The ellipses corresponding to a
95% confidence limit are also drawn in Figure 7 and their areas can be assumed to define
clusters boundaries. In table 3 factor loadings of the original variables are reported. It is
well evident the high correlation among OC1, OC2, OC3, Pyrol, EC2, EC3 fractions,
confirming the correlation between the total OC and total EC pointed out in paragraph
3.2.3. Instead, the OC4 fraction shows coordinates different from the other ones.

Examining Figure 7, analyzed samples are clustered into two well defined clusters (1
and 2). Analyzing each sample belonging to the two different clusters, it can be seen that
cluster 2 includes samples collected on 17", 18" and 19" of September, while cluster 1
includes all the other samples. It can be noted that these two clusters are mainly
separated along the PC2 and the loading analysis (Table 3) explains that the
discrimination along PC2, leading to separation of cluster 1 from cluster 2, is due to the
contribution of OC4. It can be said that OC4 differentiates samples of cluster 2 from
samples of cluster 1. Perrone et al. (2011) observed in samples collected in Lecce, a site
not so far from the studied site, that the peak of the thermogram which occurs within the
220-250 s time interval could be due to the presence of carbonates besides organic
carbon. As the fourth temperature step (OC4) occurs in the range 220-250 s time, it is
probably due to the presence of carbonate ions besides other organic components. And so
it is possible that the presence of carbonates leads to a differentiation between the two

clusters.

Moreover, it can be noted that in cluster 1 along PC3 the PM sampled in the 06:00-
12:00 range time are differentiated from the PM sampled in 12:00-18:00 range, this is due
to the higher positive loading of EC1 and higher negative loading of EC4. Instead, samples
from the 00:00-06:00 and 18:00-24:00 range are spread over the entire cluster 1, showing
no particular differentiation.

This evidence may suggest that the PM collected in the two different time ranges
(06:00-12:00 and 12:00-18:00 hours) are well characterized by different chemical

composition and that the main difference is due to two fractions, mainly EC1 and EC4.

3.3 Discussion of specific pollution events

12
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In Figure 8a the trend of PM10 and PM2.5 concentrations is shown. A considerable
increase in concentration during the days 171, 18", 19" September was observed, when
the threshold of 50 ug m2 prescribed by the Italian law for PM10 was exceeded. The same
trend has been observed in other cities of the Apulia region (Fig. 8b) monitored by the
environmental protection agency (ARPA Puglia). This evidence suggests that, during the
days with high concentration values, an atmospheric phenomenon affecting the whole
region occurred and was, therefore, not due to local sources. Moreover, these days in
September are characterized by an increase of the coarse fraction (PM2.5/PM10 ratios
showing values between 0.43 and 0.46 (Fig. 8a)). This evidence could be due to a
Saharan dust event. In fact, the Italian peninsula is characterized by presence of natural
particles mainly belonging to Sahara-Sahel desert (Perrone et al. 2016; Rodriguez et al.
2002; Mallone et al. 2011; Peteraki et al. 2002), and it was reported by Perrone et al.
(2016) that this event has the greatest impact on PM10 because Saharan dust is

essentially characterized by coarse particles.

To confirm this hypothesis, 7-days back-trajectories were evaluated with Hysplit. Figure
9 (only the back-trajectories of 17th September are reported as an example,
http://aeronet.gsfc.nasa.gov/) shows that this event is associated with a transport from the
SW direction, belonging to the North Africa region. Moreover, in Figures 10 a and b, the
map of the dust load, obtained from the BSC-DREAM8b model, and the vertical profile,
obtained by Dust Regional Atmospheric Model (DREAM) developed by Euro-
Mediterranean Centre on Insular Dynamics (ICoD), are reported. These figures highlight
the presence of a dust load on the entire Italian peninsula (as an example the map for the
sampling day 17th September is shown in Figure 10a and the presence at ground level in
Lecce. Back trajectories indicate extensive transport of air masses from the southeast on
17t 18t 19" September, thus confirming Saharan Dust events, while during the
remaining sampling days Saharan Dust events were not observed.

Moreover, the OC and EC mean mass concentrations are slightly greater in dust-
affected samples than in dust-free samples (Fig. 11); in fact, it can be noted that during the
days 17, 18t 19t September there was an increase of OC and EC. It can be also seen
that the mean OC/EC ratio, that is equal to 16 £ 5 and 14 + 2 in dust-affected PM10 and
PM2.5 samples, respectively, decreases to 10 + 3 and 8 * 3 in dust-free PM10 and PM2.5
samples, respectively. This last evidence could be explained by the smaller impact of

traffic sources and fossil fuels on the long-range air masses that transport African dust
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(Perrone et al. 2016) and by the increase of OC compound in these events. Furthermore,
in the previous paragraph it was pointed out that the OC4 fraction leads to a differentiation
of dust from dust free samples. The hypothesis that OC4 can be partially composed by
carbonates is supported by the fact that these latter compounds are considered good
tracers for Saharan dust. This is because carbonates, such as calcite and dolomite, are
found in the North African deserts of Libya, Algeria and Tunisia increasing the levels of
carbonates during Saharan dust episodes (Formenti et al. 2008).

Furthermore, OCsec and OCprim Values are larger in dust-affected samples than in dust-
free samples. It has to be said that the increase of OC on a dusty day could be due to the
presence of carbonate, as supposed in the Principal Component Analysis results. OCsec IS
equal to 6.9 + 1.2 and 5.1 £ 0.3 in dust-affected PM10 and PM2.5 samples, respectively,
and it decreases to 2.2 + 2.2 and 1.5 £ 1.3 in dust-free PM10 and PM2.5 samples,
respectively. OCprim is equal to 3.1 £ 0.5 and 2.4 £ 0.3 in dust-affected PM10 and PM2.5
samples, respectively, and it decreases to 1.8 + 0.6 and 1.6 + 0.5 in dust-free PM10 and
PM2.5 samples, respectively. This is in accordance with the trend for OC/EC ratio in dust-
free samples and in dust-affected samples, as already described.

The maximum concentration of OC and EC (Fig. 11), and also of OCsec and OCprim
values was measured 2" October. On this day, instead, back trajectories indicate that air
masses belong to Northeastern Europe (Fig. 12). In literature it is stated that, with air
masses belonging to Northeastern Europe, secondary aerosol concentration increases (di
Gilio et al. 2015). In fact, in literature it is stated that, Long Range Transport (LRT) appears
to play a dominant role in the air pollution in southern Italy, which is characterized by a
higher planetary boundary layer than that observed in Northern Italy, especially in summer.
This is a common characteristic of countries bordering the Mediterranean basin (di Gilio et
al. 2015 and therein references). Moreover, di Gilio et al. have evaluated the LRT in the
Apulia region, by the means of three-dimensional four-day BTs computed every hour and
then performing cluster analysis, and they have observed that when the air masses belong
to Northeastern Europe the secondary aerosol concentration increases (di Gilio et al.
2015).

20" September and 10" October, when an enrichment of coarse particles was
measured (Fig. 8a), the back trajectories show that the increase of PM concentrations in
the atmosphere is due to air masses belonging to the ocean and thus, probably, to the

presence of sea spray coarse particles.
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3.4 ATR-FTIR analysis

Fourier transform infrared coupled with attenuated total reflectance (ATR-FTIR)
spectroscopic method was used to determine functional groups. The representative ATR-
FTIR spectra of the PM samples collected on Quartz filters during Saharan dust days (19t
September), the day with the lowest value of OCsec (28" September) and that with the

highest value of OCsec (2" October with winds blowing from NE) are shown in Figure 13.

In table 4 the identified organic functional groups and inorganic ions are reported.
(Cucciniello et al. 2013).

The peaks around 1065 and 800 cm™ in IR spectra of both PM10 and PM2.5 samples
are mainly due to the quartz filter. In particular, the band at 1065 cm™ was due to
asymmetrical stretching vibration of O-Si-O (Maria et al. 2002) and the peak at 800 cm
was assigned to the bending vibration of O-Si-O both present in the silicate ions (SiO4*)
(Gilardoni et al. 2009). Within the spectra of PM10 and PM2.5 collected during the
Saharan dust event, a weak shoulder at 1010 cm™ appeared (Fig. 13b) and it was
attributed to absorbance of kaolinite (Al2Si20s5(OH)4). In the same samples, an additional
peak appeared at 914 cm, Ravisankar et al. (2010) show that this peak was due to
vibrations of Al-(OH) which are present in the octahedral structure of kaolinite. These
signals are more pronounced in the PM10 sample than the PM2.5 because it is richer in
coarse dust. The presence of the kaolinite absorbance confirms the Saharan dust event; in
fact Shaka' and Saliba (2004) observed the presence of the kaolinite in IR spectra of
samples collected in a sandy day on Beirut (Lebanon). The appearance of a shoulder
band between 1410 and 1435 cm™ and the peak at 870 cm™ (Fig. 13 b and c) were due to
asymmetric vibrations of CaCOs, these signals are more marked in the ATR-FTIR spectra
of coarse dust PM than in spectra of dust free samples. This evidence might indicate and
confirm the presence of dust particles transported and generated by the wind (Shaka ' and
Saliba 2004, Perrone et al. 2011; Anil et al. 2014). The presence of sulfate ions can be
recognized in all the samples, with bands at 1134 and 600 cm™. Moreover, the
asymmetrical stretching vibration of the sulfate ions is responsible for the shoulder about
1087 cm. Furthermore, in Figure 13b the shoulders at 560, 830, 1087 and 1179 cm™Y,
attributed to hydrogen sulfate ions are easily recognizable even if they are more evident in
the dust PM10 spectrum.
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Aliphatic and aromatic C-H and O-H and N-H bonds are responsible for the absorption
in the range 3500-2700 cm™ (Fig. 13d). These signals are mainly present in the sample
with NE winds, where, as previously reported, the highest values of OC and OCsec Were
observed. O-H stretching vibration of water or alcohol leads to the broad shoulder at 3400
cm® (Coury and Dillner 2008). The presence of C-OH group in PM samples may be due to
alcohols, polyols, and sugars that are originated from biogenic emissions and biomass
burning. In fact, the anhydro-sugar levoglucosan is used as a tracer of biomass burning,
and it could reach more than 10 wt% of the organic carbon originating from wood
combustion (Anil et al. 2014 and therein references). The burning of charcoal may lead to
a higher presence of aromatic compounds, too (Cucciniello et al. 2015). The water present
in PM can be recognized by peaks at 3400 and 1620 cm™.

Moreover, still looking at the spectrum of the NE sample, the presence of ammonium is
responsible for the broad signal in the region 2800-3200 cm™*. This band overlaps some of
the organic functional group signals. The stretching vibrations of N-H bonds of ammonium
lead to bands at 3230 and 3040 cm™. The asymmetric and symmetric stretching of
aliphatic CH2 groups is responsible for the absorptions at 2920 and 2850 cm-?, while the
stretching of aliphatic CHs groups is responsible for the peak at 2960 cm™. The aliphatic
carbon (saturated aliphatic C-C-H) may contribute to the band at 1450 cm

The shoulder at 1630 cm corresponds with absorption of organonitrate, aromatic
amide and amine organic functional groups. Instead, the vibrations of the carbonyl group
(C=0) of the carboxylic acids are responsible for the shoulder between 1770 and 1700 cm"
1, Anil et al. (2014) suggested that these compounds were produced by photo-oxidation of
anthropogenic and biogenic compounds. It can be seen in Figure 13c, that these signals
are more intense in samples collected when the winds blow from the NE than from the
other directions.

Finally, nitrate ions absorbs at 1350 cm, confirmed by the shoulder at 820 cm1, while the
shoulder at 1420 cm™ was attributed to the NHa4* (Allen et al. 1194; Maria et al. 2003).
Once again, these signals are more evident in the spectrum of NE sample (2" October

sample).

Conclusions

The sampling campaign, carried out from 17" September 2015 to 20" October 2015,
has shown that the carbon content represents a large part of both PM10 and PM2.5, in
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accordance with other rural sites of southern Europe. OC and EC found in PM10 in
amounts of 22 wt% and 2 wt%, respectively, shows that OC is the greatest part of the
Total Carbon. Instead OC and EC are found in PM2.5 in amounts of 31 wt% and 3 wt%,
respectively. Moreover, it is clear that organic carbon is mostly distributed in the fine
fraction and EC is mainly fine. This evidence is related to the sources of the carbonaceus
species. In fact, EC is associated with incomplete combustion characterized by sub-
micrometric particles (traffic emissions, biomass bourning), and OC to incomplete
combustion and biological particles. The good correlation between OC and EC suggests
the presence of a predominant primary organic source and where the OC/EC ratios show
higher values, secondary organic carbon in addition to primary OC must also be
considered. Moreover, the stable atmosphere, the lower temperature and lower mixing
during night all play important roles for the accumulation of OC in PM fractions and

promote condensation and adsorption of volatile organic compounds.

The studied site is also affected by long-range transport of aerosols, such as Saharan
Dust phenomena, because countries bordering the Mediterranean basin are often
downwind from African mineral dust plumes. During these events the OCsec and OCprim
values are slightly greater than in dust free days. It should be pointed out that, as shown in
PCA and in ATR-FTIR analyses, during these phenomena the PM samples are
characterized by the presence of carbonate, which could be responsible for an
overestimation of the organic carbon mainly in these days. The highest values of OC and
EC, OCsec and OCprim were measured when the air masses come from Northeastern
Europe. The presence of more oxidized organic compounds in OCsec, When the winds
blow from NE Europe, is shown by ATR-FTIR analysis. In the NE samples there was an
increase of organic functional groups including non-acid organic hydroxyl C-OH group
(sugars, anhydrosugars, and polyols, herein indicated as alcohol group), aromatic C=C-H
group, aliphatic unsaturated C=C-H group, aliphatic saturated C-C-H group, non-acid

carbonyl C=0 group, carboxylic acid COOH group, and amine NH2 group.
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Figure

Figure captions

graphical abstract

Fig. 1 PM2.5 versus PM10 mass concentrations

Fig. 2 Mass distribution (ug m=) of Organic Carbon (OC), Elemental Carbon (EC) and
Total Carbon (TC) in PM10, PM 10-2.5 and PM2.5, bars indicate standard deviation

Fig. 3 OC versus EC for a) PM10 and b) PM2.5. The dashed line corresponds to the

minimum ratio (OC/EC)min

Fig. 4 (OC/EC)min ratios found at urban, industrial, rural and remote locations in a) PM10
and b) PM2.5 aerosol samples (Pio et al. 2011; Jones and Harrison 2005; Viana et al.

2007:; www.arpa.puglia.it/web/quest/progtarantosalento). Br rural is indicated with an arrow

Fig. 5 a) Mass distribution (ug m) of organic carbon (OC) and elemental carbon (EC) in
PM2.5 collected for 6 hours (00:00-06:00; 06:00-12:00; 12:00-18:00;18:00-0:00); b) mean

variation of wind speed during the day in the sampling campaign

Fig. 6 Mass distribution (ug m) of a) OC1, OC2, OC3, OC4 and Pyrol peak and b) EC1,
EC2, EC3, EC4, EC5 and EC6 of thermogram in PM2.5 collected for 6 hours (00:00-06:00;
06:00-12:00; 12:00-18:00;18:00-0:00)

Fig. 7 Score plot in the sub-space of the first three principal components (PC1, PC2 and
PC3) related to 6 hours PM 2.5 samples

Fig. 8 a) PM2.5/PM10 ratio and PM10 and PM2.5 concentration variations during
sampling campaign; b) PM10 concentration in different city of Apulia region (South Italy)
monitored by the environmental protection agency (ARPA)

(www.arpa.puglia.it/web/guest/progtarantosalento)
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Fig. 9 7-days Back Trajectories for the day 17" September (http://aeronet.gsfc.nasa.gov/)

Fig. 10 a) dust concentration distribution for the day 17th September from BSC-DREAMS8b
(Dust REgional Atmospheric Model), by Barcelona Supercomputing Center
(http://www.bsc.es/ess/bsc-dust-daily-forecast); b) vertical profile for the day 17th
September from BSC-DREAMS8b (Dust REgional Atmospheric Model)

Fig. 11 Trend of OC and EC concentrations (ug m=3) for PM10 (OC10 and ECI10,
respectively) and PM2.5 (OC2.5 and EC2.5, respectively) during the sampling period

Fig. 12 7-days Back Trajectories for the day 2" October (http://aeronet.gsfc.nasa.gov/)

Fig. 13 a) ATR-FTIR Spectra showing the bands of particles collected on quartz filters
(black dust PM10, red dust PM2.5, blue dust free PM10, green dust free PM2.5, pink NE
PM10 and grey NE PM2.5); b) magnification of the spectra region 500-1300 cm?, c)
magnification of the spectra region 1300-2000 cm™* and d) magnification of the spectra
region 2400-4000 cm™. 2250-2400 cm CO: interference region has been removed from

the raw data
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Table

Table 1 Summary statistics for PM10 and PM2.5 sampled for 24h at Brindisi rural site

oC EC TC TCA PM OCsec OChiim OC/EC

(g m3) | (ugm?) (mgm3) | (ngm?3) | (ugm?3) (g m3) | (ug m3) (ng m3)
PM10 |5+4 041+0.19 |54+42 |[7+6 23+ 14 3+3 20+0.9 [11+4
PM25 [ 35+28 [035+0.18 |4+3 5+4 11+6 19+22 [16+08 |[9=+4




Table 2 Correlation matrix between carbonaceous particulate matter and meteorological
parameters. a) PM10; b) PM2.5 24 hours; ¢) PM2.5 6 hours

LogOC LogeC LogOCsec LogOCprim w T

a) PM10

LogOC 1

LogEC 0,81 1

LogOCsec 0,82 0,44 1

LogOCorim 0,81 1,00 0,44 1

Y -0,70 -0,77 -0,42 -0,77 1

T 0,52 0,39 0,47 0,39 -0,23 1
b) PM2.5

LogOC 1

LogEC 0,86 1

LogOCsec 0,87 0,57 1

LogOCorim 0,86 1,00 0,57 1

Y -0,68 -0,83 -0,42 -0,83 1

T 0,49 0,28 0,47 0,28 -0,13 1
c) PM2.5 6 hours

LogOC 1

LogEC 0,80 1

LogOCsec 0,79 0,33 1

LogOCorim 0,80 1,00 0,33 1

Y -0,74 -0,72 -0,45 -0,72 1

T 0,58 0,24 0,46 0,24 0,10 1




Table 3 Factor loadings of the original variables OC1, OC2, OC3, OC4, Pyrol, EC1, EC2, EC3 and
EC4

PC1 PC2 PC3
oc4 -0.527 0.841 -0.097
0cC1 -0.964 0.041 0.070
0ocC2 -0.929 0.015 0.020
0C3 -0.948 -0.004 0.020
Pyrol -0.968 -0.096 0.000
EC1 -0.799 -0.053 0.512
EC2 -0.976 -0.085 0.053
EC3 -0.957 -0.139 -0.103
EC4 -0.783 -0.180 -0.531



Table 4 Functional groups and their observed ATR-FTIR spectral frequencies

Functional groups

IR Frequency cm?

Aliphatic saturated C-C-H
Aliphatic unsaturated C=C-H
Aromatic C=C-H
Non-acid carbonyl C=0
Carboxylic acid COOH
Alcohol C-OH

Water

Amine NH;

Carbonate

Sulfate

SiO;, silicate

Ammonium NHz*

Nitrate

hydrogen sulfate

1450, 2800-3000
2900-3100
3000-3100
1640-1850
1640-1850
3100-3500
3100-3500, 1640
3400, 1625

880, 1410-1435
600-50, 1110-1090
1065, 800

1420, 3040, 3230
815-40, 1350-1380
563, 850, 1087, 1180





