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ABSTRACT 

In the present paper total suspended particulate matter (TSP) was collected at the S. Marco Museum 

in Florence during seasonal monitoring campaigns carried out in 2013 and 2014. The analyses 

focused on the determination of TSP chemical composition: main ions, organic carbon (OC), 

elemental carbon (EC), water soluble organic compounds (WSOC) and levoglucosan, which is 

considered the specific marker for wood burning. The analysis of TSP composition in Florence 

historical center is of interest to assess what the damage caused to the surfaces of the urban 

monumental heritage could be.  TSP higher value has been registered during December 2013 (58,6 

µg/m
3
 ± 7,3 µg/m

3
) while the lower value has been registered in July 2013 (28,5 µg/m

3
 ± 2,2 

µg/m
3
).  OC and EC were also higher in winter with respect to summer. Sulphate is characterized 

by quite constant values during all the examined periods while ammonium and nitrate were higher 

in winter. The seasonal contribution of different sources such as combustion processes (from traffic 

and wood burning) and soil dust resuspension has been evidenced. In particular during winter a high 

concentration of levoglucosan, the specific marker for wood combustion, has been determined. 

Finally, all the data obtained were correlated with those previously determined in another study 
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carried out in 2003 at the Baptistery of San Giovanni in Florence in order to evaluate any possible 

change in the atmospheric pollution composition. 

 

Keywords: TSP, ions, organic carbon, elemental carbon, levoglucosan, monumental heritage 

1. INTRODUCTION 

Atmospheric pollutants, in addition to the negative effects on human health, are also responsible for 

the degradation of building materials in archaeological sites and monumental complexes located in 

urban environment  (Brimblecombe, 1992, et al., 2005; Camuffo, et al., 1983; Sabbioni, et al., 1995; 

Saiz-Jimenez, 2003) and in particular in city centres where traffic is recognised to be the major 

cause of pollution. The use of fuels such as fossil fuels, coal and wood have caused a significant 

worsening of air quality, implying an increasing rate of damage of architectural surfaces directly 

exposed to local combustion sources (Brimblecombe, 2003; Bonazza et al., 2005, 2007; Comite et 

al., 2012, 2018, 2019; La Russa et al., 2018; Lamhasni et al., 2019; Ortega et al., 2019; Vidorni et 

al., 2019; Garcìa-Florentino et al., 2020). 

The conservation of cultural heritage and its protection against possible damage caused by air 

pollution has become consequently the focus of many scientific studies during the last decades 

(Barca et al., 2010, 2014; Belfiore et al., 2013; Gulotta at al., 2013; La Russa et al., 2013, 2017; 

Fermo et al., 2015; Comite et al., 2017, 2020; Ruffolo et al., 2015). Nevertheless, most of the 

campaigns aimed to study multi-pollutants have been carried out mainly to assess air quality 

because of the negative effects of atmospheric pollution on human health and less attention has 

been paid to the effects on materials. 

In addition, the chemical characterization of particulate matter (PM) has been widely addressed in 

numerous studies aimed at the identification of its mobile and stationary sources of emission 

through the application of multi analytical approaches and of statistical methodologies (Atzei et al., 

2014; Daellenbach et al., 2016, 2017; Bozzetti et al. 2017; Bove et al., 2016). 
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 PM is responsible of different effects on heritage building surfaces.  Since it contains acidic species 

and carbonaceous particles (Comite et al., 2018) that can act as catalyst in the formation of nitric 

and sulphuric acid (Vidal et al., 2019), it could be corrosive especially in environments with high 

relative humidity and temperature. Furthermore, PM is the main cause of soiling because of the 

presence of carbonaceous particles (organic carbon, OC, and elemental carbon, EC, also known as 

black carbon), which are responsible for stone darkening. This phenomenon is more pronounced in 

porous stones where particle penetration is favored. In fact, stones characterized by higher porosity 

and surface roughness exhibits the highest darkening rate (Comite et al., 2017). 

 Numerous studies have contributed to deep knowledge of environmental pollution effects such as 

soiling on building materials. The methods employed generally consist of exposure in outdoor 

environments of standard samples, for example surface surrogates (Fermo et al., 2018) or marble 

mock-up samples (Fermo et al., 2018; Vidorni et al. 2019) at specific interval time, in order to 

determine areas at risk (Vidal et al., 2019) and to acquire data that could be useful for mathematical 

modeling (Saba et al., 2018) or for assessing pollutants sources using multivariate analysis (Ozga et 

al., 2014). Alternatively, particulate matter monitoring campaigns with active sampling systems 

could be performed (Ghedini et al, 2011). Even if all these studies mentioned above have focused 

on the chemical characterization of urban aerosol aiming at the protection of outdoor 

monumental heritage against atmospheric pollution impact, the importance of atmospheric 

particulate matter monitoring in urban centres where most of the historical monuments are located, 

needs to be deepened and emphasized. Within a previous study carried out by some authors of the 

present work, atmospheric pollution in the city centre of Florence in the proximity of the Florence 

Baptistery was collected and characterized (Ghedini et al., 2011). 

In the present study total suspended particulate matter (TSP) was collected at the S. Marco Museum 

in Florence during seasonal environmental monitoring campaigns carried out in 2013 and 2014. The 

analyses conducted by applying different methodologies and focused on the determination of the 

TSP constituents (ions, levoglucosan, carbonaceous fraction and water soluble organic compounds) 
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that are responsible in causing damage, including soiling, on architectural surfaces. Finally, all the 

data obtained were correlated with those previously determined in 2003 for the Baptistery of San 

Giovanni in Florence in order to evaluate any possible change in PM sources contribution and so in 

the atmospheric pollution of the city, to which monuments are subjected. 

 

2. MATERIALS AND METHODS 

2.1 Site of investigation  

Florence is the most populous city in Tuscany region, it has a humid subtropical climate, with hot 

summers with moderate or light rainfall and cool, damp winters and summer temperatures higher 

than along the coasts. The city is a major production and commercial centre in Italy. Traffic is one 

of the main factors affecting air quality in the city centre. 

The site selected in this study is a religious complex of Florence called San Marco. It includes a 

church and a cloister, now a famous museum (Museum of San Marco). The basilica is one of the 

old town's churches, which dominates the homonymous square and it serves as a landmark for the 

surrounding urban area.  The site is surrounded by roads with high vehicular traffic. The complex is 

located where a monastery once stood in the 12th century. In 1437 Cosimo il Vecchio de’ Medici 

decided to rebuild the entire complex, the work was entrusted to Michelozzo, and the decoration of 

the walls was carried out by Fra Angelico, and his assistants. Since so important masters worked in 

this complex, this attests to its high artistic value. 

 

2.2 Sampling 

Atmospheric particulate matter, and in particular total suspended particulate matter (TSP), i.e. the 

was collected during a total 

number of 5 seasonal sampling campaigns conducted in 2013 (during July and December) and in 

2014 (during April, July and October). Environmental monitoring was carried out on the loggia of 

the Museum of San Marco using simultaneously two sampling lines of particular matter (each of 
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them including two sampling heads), placed at a distance of 40 cm from each other (figure 1), one 

positioned pointing towards the interior of the loggia (innermost) and the other outermost directly 

exposed to the busy street Via Giorgio La Pira (in figure 1 the position of the sampling heads are 

indicated), in order to evaluate the possible differences between a direct expose to traffic and a 

more protected situation. Each line included two sampling heads since they worked in sequence one 

after the other to avoid changing the filter every day. The sampling was conducted at around a 

height of 8 m above street level, employing two TCR TECORA instruments and using quartz fiber 

filters previously treated at high temperatures (700 ° C) for about an hour and then placed in dryers 

before being weighed. This process allowed the elimination of possible organic substances present 

on the filters. Weighing of white filters and filters after sampling were carried out using a 

microbalance with precision of ± 1 μg. The sampling air flow rate was 40 L min -1 for the duration 

of 60 minutes every 90 minutes. The active sampling was 16 over 24 hours for each sampled filter, 

to obtain a sufficient amount of particulate deposited on the filters. 

2.3 Analytical techniques 

TSP samples collected underwent analyses as follows:  

-The determination of organic carbon (OC) and elemental carbon (EC), has been carried out on 

quartz fiber filters using a TOT (Thermal-Optical Transmittance) Sunset instrument following the 

methodology conventionally used for their determination in the aerosol particulate matter (Fermo et 

al. 2006a; Piazzalunga et al., 2013). 

-Main ions analysis (Na
+
, K

+
, Ca

2+
, Mg

2+
, NH

4+
, NO2

−
, NO3

−
, SO4

2−
, Cl

−
, HCOO

-
, CH3COO

-
, 

CH3SO3
- 
, C2O4 

2-
) was performed by IC analysis using a ICS-1000 HPLC system equipped with a 

conductivity detector (Piazzalunga er al., 2013). Levoglucosan was determined using the same 

instrument equipped with an amperometric detector by following an analytical procedure reported 

elsewhere (Piazzalunga et al., 2013). 
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-Finally WSOC (water-soluble organic compounds) analysis was performed using a TOC-VCPH 

Shimadzu instrument in accordance with a methodology already described (Fermo et al., 2015).  

2. 4 Quality Assurance/Quality Control 

All the analytical methodologies applied have been submitted to a procedure of QA/QC.   

As regards the cabonaceous fraction analysis, LOD is 1 μg/cm
2 

in the worst case (Piazzalunga et al. 

2013) which corresponds to a LOD of 0.5 μg/m
3
 (in case of a sampling rate of 1m

3
/h) and of 0.2 

μg/m
3 

 (in case of a sampling rate of 2.3 m
3
/h). Since in the present work the sampling rate is 40 

L/min, i. e.  2,4 m
3
/h, LOD is slightly higher than 0.2 μg/m

3
. Uncertainty is lower than 5%. 

As regards ions analysis, in a previous work (Fermo et al., 2006b) the procedure for recovery 

evaluation of all the ionic species has been optimized.  Estimate of the technique uncertainties and 

LOD were carried out as described in detail in Fermo et al., 2006b and in Piazzalunga et al, 2013. In 

particular uncertainty varies between 0.8% (for sulphate) and 4.8% (for levoglucosan). LODs 

determined for quartz fiber filters (Piazzalunga et al. 2013) vary between 1.5 ng/m
3
 (for Mg 

2+
)  and 

89.3 ng/m
3
 (for Na

+
) for a sampling rate of 2.3 m

3
/h. 

The uncertainty of the WSOC method was estimated to be 15% while LOD was 0.1 μg/m
3
. 

3. RESULTS 

Comparing the two TSP concentration trends, internal and external (named inner and out in the 

following figures), we can observe that the internal ones are slightly lower only in December 2013 

and in July 2014 while for the remaining sampling period the trends are quite similar (figure 2).  

Considering average TSP concentrations (see figure 3) the higher value has been registered during 

December 2013 (58,6 µg/m
3
 ± 7,3 µg/m

3
) while the lower value has been registered in July 2013 

(28,5 µg/m
3
 ± 2,2 µg/m

3
). In general the values measured for the more inner samples are slightly 

lower or comparable with those detected for the outermost ones indicating that the inner position is 

affected by almost the same particulate matter impact in terms of mass per volume. 
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From the point of view of the carbonaceous fraction, both OC and EC concentrations (figure 4a and 

4b) presented considerably higher values during winter 2013 showing as maximum values 21,4 

µg/m
3
 ± 3,6 µg/m

3
 and 5,2 µg/m

3
 ± 0,9 µg/m

3
, respectively (registered in the outermost position) 

while in summer OC and EC higher values were 6,97 µg/m
3
 ± 0,65 µg/m

3
 and 1,58 µg/m

3
 ± 0,24 

µg/m3 at the inner position in July 2013. The lower OC and EC values have been obtained in July 

2014.  

In figure 5 main ions concentrations are reported taking into account all the samples inner and out 

(having available for the ions a lower number of data and since there are no significant differences 

between inner and out samples, it was decided in this case to calculate an overall average value).  

Among cations (figure 5a) calcium is present in the higher concentration. Sodium is the second one 

in order of importance and shows a quite fair agreement with chloride in 2014 (figure 5b) 

suggesting a probable marine origin for these ions. Ammonium shows the higher value during 

wintertime and a concentration trend that is in accordance with nitrate. Sulphate is characterized by 

quite constant values during all the examined periods (figure 5b). Together with main ions also 

short chain organic acids have been quantified (figure 5c). 

Oxalate shows a constant concentration for all the analysed periods. Oxalate has been also 

associated to biomass burning source (Saarikoski et al. 2007) but its constant contribution indicates 

the presence of multiples sources.  Formic acid is higher during July 2013 while during April 2014 

and July 2014 a higher contribution due to methane sulphonic acid has been observed. This specie 

is considered as a marker for marine aerosol transportation (La Russa et al., 2017). 

Levoglucosan, the specific marker for biomass combustion (Piazzalunga et al., 2011a, Piazzalunga 

et al., 2013, Vassura et al., 2014, Pietrogrande et al., 2017, Massimi et al., 2020) has been also 

quantified. The higher concentration has been registered during winter (table 1) and the value is in 

good accordance with what registered in the cold season for other cities affected by wood 

combustion source (Piazzalunga et al., 2011a) indicating the importance of biomass burning also in 

Florence.  
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WSOC (water soluble organic compounds) were also determined (Table 2). These compounds 

represent an important fraction of OC. Higher concentrations were reached during wintertime while 

the percentage contribution with respect to OC is quite constant during the different seasons. 

In tables 3 and 4 the correlation matrices calculated for the two period, winter (December 2013) and 

summer (July 2013-July 2014) are reported. The most significative coefficients, highlighted in bold 

characters, have allowed to make some hypotheses on the chemical species present in the two 

seasons. The presence of ammonium nitrate is confirmed during winter (with a coefficient of about 

0,7).  A very good correlation between Cl
- 
and Na

+
 during both seasons indicates the presence of 

NaCl. Chloride is also well correlated with magnesium, especially in summer.  A certain correlation 

exists between SO4
2- 

and NH4
+ 

in summer (indicating the presence of ammonium sulphate) while in 

winter these two species are anticorrelated. 

Considering the mass balance reported in figure 6, OC concentration has been converted into OM 

(organic matter) using a conversion factor of 1,6 in accordance with what reported in the literature 

(Vecchi et al., 2009a). It should be emphasized that the fraction indicated as unknown in figure 6 

mainly contains the contribution of soil dust that was not directly quantified in this work. Ions 

fraction includes all determined cations and anions. 

4. DISCUSSION 

As regard TSP average concentrations (figure 3) it can be observed that, as expected, during 

wintertime higher values have been measured.  It is interesting to observe the difference between 

July 2013 and July 2014 probably due to a higher contribution of resuspended dust during summer 

2014 as it is also confirmed by the higher unknown fraction for this period (figure 6). If we compare 

meteorological parameters (available at: https://www.ilmeteo.it/portale/archivio-meteo/Firenze) in 

July 2013 and in July 2014, the wind speed is almost the same, i.e. on average about 22 Km/h and 

20 Km/h in 2013 and 2014, respectively). However, July 2014 was characterized by more frequent 

wind gusts up to 56 Km/h, just on July 8
th

, when a maximum in TSP concentration has been also 
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observed (figure 2). Some wind gusts have been also registered in April 2014 just during the days 

during which TSP was sampled.  This phenomenon is probably responsible of dust transportation 

which brings to the observed increase of this contribution (reported in figure 6 as unknown since 

silicates which are the main constituent of this contribution have not been quantified in this work) 

on TSP mass as observed in April 2014 and July 2014 (figure 6).  During summer elements 

associated to the crustal component such as calcium, magnesium and sodium are very well 

correlated among them (table 4). 

In general, the values measured for the more inner samples are slightly lower or comparable with 

those detected for the outermost ones. Furthermore, the values of TSP measured during our 

campaign are in accordance with the results found in the work of Ghedini et al., (2011) also carried 

out in Florence city center. It is interesting to note that even in that case higher TSP, concentrations 

attributed to a marked drought that favoured dust suspension (with a contribution of about 40%), 

have been registered during summer. Our values in the last 3 cases are higher than  50% (figure 6), 

indicating a significant contribution due to resuspension or dust transportation. In fact it is known 

that earth crust contribution is heavily influenced by climatic conditions and has a seasonal pattern 

with higher values in the hot seasons (Diapouli et al., 2017). Furthermore, as stated before, April 

and July 2014 were characterized by intense wind gusts that could be responsible for dust 

transportation. 

TSP concentrations determined in the present study are also in accordance with the concentrations 

determined by Perrone et al., (2016) for TSP samples collected in Milan which, from the point of 

view of PM source contribution, is not so different from Florence (Vecchi et al., 2008). 

While in our study we measured OC values of 21.4 and 5.2 µg /m
3
 in winter and summer 

respectively, in Perrone et al., (2016) OC is around 26 and 9 µg /m
3
 for the same two seasons. EC in 

our study is 6.97 and 1.58 µg /m
3
 in winter and summer respectively while in Perrone et al., (2016) 

it is around 6 µg /m
3
 in winter and 2 µg /m

3
 in summer. It is worth to notice that the values in 
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Perrone et al., (2016) have been obtained for a traffic site indicating that also for San Marco site this 

source considerably contributes to PM emission.   

OC is both of primary and secondary origin (Vecchi et al., 2009a; Sandrini et al., 2014) and is 

emitted by multiple sources (Bozzetti et al., 2016, Bozzetti et al., 2017, Daellenbach et al., 2017) 

including industrial emission and combustion processes while EC is of primary origin and is  

emitted by wood burning and fossil fuel (Massabò et al., 2015). Considering OC/EC ratios, it can be 

observed that, with the exception of October 2014, they are higher than 3 indicating for OC a 

prevailing contribution of secondary sources (Sandrini et al., 2014, Salma et al., 2020). In fact, the 

highest OC/EC ratios are often linked to atmospheric conditions under which the SOA (secondary 

organic aerosol) formation is large. The higher OC, and consequently OM value, has been 

registered during winter and is due to the contribution of sources such as combustion processes 

including traffic and wood burning as attested by the high levoglucosan concentration registered in 

December (Table 1). In this case it is worth to notice the high correlation in winter between 

levoglucosan and OC (0,90 in table 3) and levoglucosan and EC (0,88 table 3). In the same season 

levoglucosan correlates also with potassium (0,83 table 3) which is considered a marker for wood 

burning. Furthermore, in wintertime condensation processes due to lower temperatures are also 

present. An unexpectedly high OM value was also found during July 2013 but this could also be 

due to the contribution of biogenic aerosols (Bozzetti et al., 2016).  

WSOC represent on average 43% of total carbon (OC + EC) with a maximum value of 68% during 

wintertime. These values are considerably higher than what normally observed for PM10 fraction 

where this ratio is about 25% (Piazzalunga et al., 2011b). In accordance with the literature, biomass 

burning is also an important source of WSOC (Urban et al., 2012; Salma et al. 2020; Massimi et al. 

2020) that together with levoglucosan and potassium are considered good markers for this source. 

In a previous study carried out on powder deposits collected on surfaces of a high porous carbonate 

stone (Pietra d’Angera) of a famous historical building in Milan (Fermo et al., 2015), WSOC 

fraction represented less than 10 % of total carbon. The lower value present in the powder deposits 
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probably was due to the fact that in this specific case most of the water soluble organic substances 

migrated into the stone causing a worsening of the conservation conditions. Therefore, the presence 

of a such high concentration of WSOC must cause concern because this particulate, depositing on 

the surfaces, could represent a serious threat. 

Coming to main ions concentrations, high NO3
-
 value registered during winter is due to both the 

contribution of anthropogenic sources such as traffic and also to a minor volatility of ammonium 

nitrate during the cold season (Vecchi et al., 2009b). In fact, in winter NO3- is highly correlated 

with both OC and EC (0,90 and 0,88 in table 3). High NO3
-
 concentrations have been also linked to 

Saharan dust events (Moroni et al., 2015). As it can be observed in table 3 and 4, the correlation 

between nitrate, alkaline and alkaline earth metals (elements linked to dust resuspension) definitely 

improves in summer suggesting a common source, such as the dust resuspension, for these 

elements. Nitrate concentrations determined in our study are lower than what found for TSP 

samples collected in Milan and reported in Perrone et al., (2016) even if the seasonal trend is 

confirmed.  

Sulphates are of secondary origin coming from SO2 oxidation, being SO2 produced by combustion 

processes such as industrial activities (Ielpo et al. 2019). For example, ‘oil combustion/secondary 

sulphates’ factor (Bernardoni et al., 2011) was characterised by high S with contribution of 

secondary sulphate in all the seasons, as we have also observed in our work. Often sulphate is 

linked to long-range transport episodes from, for example, Eastern Europe countries where fuels 

with a high sulphur content and heating oil, also containing sulphur, are still employed to a large 

extend during winter. The highest values registered in July 2013 and July 2014 are  due a more 

intense photochemical activity during the hot season (figure 5b). In this way the measurement of 

high winter and summer sulphates concentration can be explained. 

In Florence (Vecchi et al., 2008) S together with K have been considered marker for traffic source 

and in particular diesel emissions. In another work potassium has been associated with non-exhaust 

traffic emission and in particular road/tyres source (Wahlin et al. 2006). Anyway, accordingly to 
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these studies, potassium can be associated to traffic emissions.  

Potassium together with levoglucosan, is also a marker for wood burning and its maximum 

concentration registered during December 2013 (figure 5a), together with the high correlation 

between potassium and levoglucosan (table 3), again confirms the importance of the source wood 

combustion.   

From the literature it is well known that sea salt is mostly related to the coarse mode and exhibits 

significant seasonal variability as well. Even if sea-salt concentrations are highest in costal sites 

where they can reach a contribution higher then 10 % (Diapouli et al., 2017), nevertheless the 

contribution of this source for inland cities such as Florence is not negligible representing more than 

1% of PM10 (Diapouli et al., 2017).  In the present study Cl
-
 accounts for more than 4 % during 

July 2014. 

Among organic acid oxalate shows, similarly to sulphate, a quite constant concentration during all 

seasons that can be explained taking into account its different numerous possible origins. Oxalate 

can be emitted by different sources and is both of primary and secondary origin (Zhou et al., 2015).  

Direct emissions from biogenic sources and biomass burning (Saarikoski et al. 2007) are deemed 

major primary sources of this specie; motor exhaust was also retained a possible source even if the 

direct emission from vehicles has been recently challenged. Secondary formation starting form 

biogenic compounds or because of photochemical processes, are other possibilities (Zhou et al., 

2015). 

As regards methane sulphonic acid, considered as marker of marine aerosol transportation, it shows 

some correlation with chloride during summer while in winter these two species are anti-correlated. 

As already pointed out in this paragraph, the results obtained in the present work can be compared 

to what obtained in a previous study (Ghedini et al., 2011) carried out during 2003 in a sampling 

site located in Florence city centre (Baptistery of San Giovanni) not so far from San Marco Museum 

(figure 7).  
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As regard the TSP concentration a decrease with respect to 2003  has occurred  mainly in summer 

(figure 8) probably also thanks to some PM emission reduction policies.  It is important pointing out   

that in 2009 there was the pedestrianization of the square of the Cathedral and the Baptistery and, as 

a consequence, traffic moved from this area to San Marco square that is not so distant. In spite of 

this TSP values are lower than what measured during 2003. As regard TC,  during winter (figure 8) 

the value is quite similar to that one registered in 2003 confirming the presence of sources 

responsible for the emission of organic carbon such as traffic, because of the pedestrianization of 

the Cathedral area, and wood burning. A decreasing of TC has been on the contrary observed during 

summer in accordance with what observed for TSP. It is also worth to notice that the values 

determined in Florence in 2003 were high if compared to those determined in the same period in 

Paris near the Church of Sant'Eustache (8.8 μg /m
3
) and in Milan near the Cathedral (9.34 μg /m

3
) 

where the samplings were carried out in pedestrian areas (Cachier et al., 2004). 

Average SO4
2-

 concentration in 2003 was about 5μg/m
3
 and 6 μg/m

3 
respectively in summer and in 

winter (Ghedini et al., 2011) while in 2013 SO4
2-

 concentration at San Marco Museum has 

decreased to 1,58 μg /m
3
 and 1,34 μg/m

3
 for the same seasons 10 years after. The lower values 

measured during 2013-2014 campaigns with respect to 2003 are probably due to the decrease in 

SO2 emissions thanks to the progressive replacement of diesel heating systems and the use of fuels 

with a lower sulphur content. 

NO3
-
 concentration in 2003 was about 3μg/m

3
 and 5 μg/m

3
 respectively in summer and in winter 

(Ghedini et al., 2011) while in 2013 at San Marco Museum was 0,6 μg/m
3
 and 4,5 μg/m

3
. The fact 

that nitrate concentration has remained almost unchanged in wintertime indicates that the 

contribution of traffic source to PM emissions is still important. 

The observed differences, even if referred to just two years, could suggest an evolution in the 

composition of the atmospheric particulate matter with respect to 2003. 

This figure is rather worrying as regards possible damage that could be caused to the surfaces. In 

fact, organic carbon together with elemental carbon is involved in the process of black crust 
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formation on historical surface monuments (Comite et al., 2018; 2020).  Likewise, an increase in 

the concentration of nitrates is also worrying because it is associated with an increase in the acidity 

of the particulates that, depositing on the surfaces of historical monuments, can induce degradation 

phenomenon (Vidal et al., 2019). 

 

5. CONCLUSIONS 

Total suspended particulate matter (TSP) was collected in Florence city center at S. Marco Museum 

during seasonal campaigns carried out in 2013 and 2014. Some seasonal differences have been 

highlighted with a major contribution of organic matter (OM) during wintertime. The main sources 

responsible of the higher winter value are combustion processes such as fossil fuel combustion from 

traffic and wood burning. Indeed, during winter higher levoglucosan (the specific marker for wood 

burning) and potassium concentrations have been evidenced. OC/EC ratios are in general higher 

than 3 indicating for OC a prevailing contribution of secondary sources. Sulphate contribution is 

quite constant during the whole year while nitrate is higher during winter attesting the importance 

of traffic source (as confirmed by the very good correlation between nitrate and OC and nitrate and 

EC), even if during the cold season lower pollutants dispersion takes place because of the lower 

atmospheric mixing layer height, bringing also to higher nitrate concentration.  All these pollutants 

have an important role in causing damage (soiling and degradation phenomenon in general) to the 

urban monumental heritage. 

Finally, the data obtained were compared with those previously determined in 2003 for the 

Baptistery of San Giovanni in order to evaluate any possible change in the atmospheric pollution 

composition. In particular a clear decrease in sulphate concentration has been observed probably 

due to the decrease in SO2 emissions thanks to the progressive replacement of diesel heating 

systems and the use of low sulphur fuels.  
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Table 1 Levoglucosan concentrations in TSP samples collected inner and out (see figure 1) on the 

loggia of San Marco during 2013-2014. 

 

  

 
Levoglucosan (ng/m

3
) 

 

JULY 

2013 

DECEMBER 

2013 

APRIL 

2014 

JULY 

2014 

OCTOBER 

2014 

OUT 50 1080 40 15 20 

dev.st OUT 10 170 4 4 2 

INNER 80 860 60 30 20 

dev.st INNER 30 180 20 10 10 
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Table 2 WSOC concentrations in TSP samples collected inner and out (see figure 1) on the loggia 

of San Marco during 2013-2014. 

 
WSOC (g/m

3
) 

 

 
JULY 

2013 

DECEMBER 

2013 

APRIL 

2014 

JULY 

2014 

OCTOBER 

2014 

OUT 3,2 15,8 2,6 1,7 2,2 

dev.st OUT 0,3 1,9 0,2 0,1 0,4 

INNER 3,6 14,4 3,0 1,9 2,1 

dev.st INNER 0,1 2,1 0,4 0,1 0,1 
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Table 3  Correlation matrix among the analyzed species during winter (December 2013) 

 OC  EC  Na
 +  

NH

4 
+
  

K
 +

  Mg 
2+

  

Ca 
2+  

CH3COO
-
  

HCOO
-  

CH3SO3
-
  

Cl
-  

NO3
-  

SO4
2

-
  

C2O4
2

-  

Lev

o  

OC  1,0

0 

              

EC  0,9

7 

1,0

0 

             

Na
 +  

0,0

9 

0,0

6 

1,0

0 

            

NH4 
+
  0,3

7 

0,4

3 

0,1

4 

1,00            

K
 +

  0,6

7 

0,6

3 

0,7

0 

0,41 1,0

0 

          

Mg 
2+

  -

0,0

5 

-

0,1

7 

0,6

6 

-

0,32 

0,5

0 

1,0

0 

         

Ca 
2+  

0,4

9 

0,3

6 

0,4

0 

-

0,32 

0,5

8 

0,7

7 

1,0

0 

        

CH3COO
-
  

0,6

2 

0,7

1 

-

0,0

7 

0,71 0,3

6 

-

0,5

9 

-

0,3

1 

1,00        

HCOO
-  

0,5

4 

0,6

0 

-

0,0

8 

0,61 0,2

8 

-

0,6

0 

-

0,3

5 

0,93 1,00       

CH3SO3
-
  0,6

8 

0,7

5 

-

0,2

2 

0,58 0,3

5 

-

0,4

1 

-

0,0

4 

0,75 0,68 1,00      

Cl
-  

-

0,1

9 

-

0,2

3 

0,8

9 

-

0,16 

0,4

7 

0,7

4 

0,3

5 

-0,34 -0,32 -0,42 1,0

0 

    

NO3
-  

0,7

7 

0,8

5 

0,0

5 

0,70 0,4

4 

-

0,4

7 

-

0,0

7 

0,85 0,78 0,74 -

0,2

8 

1,00    

SO4
2-

  -

0,1

5 

-

0,2

6 

0,7

4 

-

0,29 

0,4

6 

0,9

6 

0,6

3 

-0,56 -0,57 -0,42 0,8

7 

-

0,49 

1,00   

C2O4
2-  

0,6

1 

0,6

5 

0,2

3 

0,84 0,6

0 

-

0,1

8 

-

0,0

7 

0,81 0,74 0,73 -

0,0

2 

0,74 -0,13 1,00  

Levo  0,9 0,8 0,3 0,54 0,8 0,0 0,4 0,62 0,49 0,59 0,0 0,77 0,02 0,69 1,00 
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1 8 7 3 8 4 8 
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Table 4  Correlation matrix among the analyzed species during summer (July 2013-July 2014) 

 

 

 

 OC  EC  Na
 +  

NH

4 
+
  

K
 +

  Mg 
2+

  

Ca 
2+  

CH3COO
-
  

HCOO
-  

CH3SO3
-
  

Cl
-  

NO3
-  

SO4
2

-
  

C2O4
2

-  

Lev

o  

OC  1               

EC  0,8

5 

1,0

0 

             

Na
 +  

0,0

0 

-

0,0

1 

1,0

0 

            

NH4 
+
  0,5

9 

0,2

7 

-

0,3

6 

1,00            

K
 +

  0,3

2 

-

0,0

7 

0,3

2 

0,50 1,0

0 

          

Mg 
2+

  0,0

7 

0,0

2 

0,9

7 

-

0,31 

0,3

6 

1,0

0 

         

Ca 
2+  

0,3

0 

0,2

4 

0,9

0 

-

0,23 

0,3

7 

0,9

5 

1,0

0 

        

CH3COO
-
  

0,5

7 

0,6

1 

-

0,1

4 

0,54 0,0

9 

-

0,2

3 

-

0,1

3 

1,00        

HCOO
-  

0,3

9 

0,4

3 

0,0

6 

0,30 0,0

6 

-

0,0

9 

-

0,0

3 

0,88 1,00       

CH3SO3
-
  -

0,5

1 

-

0,4

1 

0,4

9 

-

0,62 

-

0,1

5 

0,4

2 

0,3

1 

-0,46 -0,26 1,00      

Cl
-  

0,0

5 

0,0

1 

0,9

5 

-

0,35 

0,3

2 

0,9

5 

0,9

4 

-0,23 -0,10 0,51 1,0

0 

    

NO3
-  

0,4

0 

0,3

4 

0,5

0 

-

0,02 

0,2

3 

0,4

5 

0,5

8 

0,10 0,11 0,34 0,6

3 

1,00    

SO4
2-

  0,4

9 

0,1

9 

0,6

5 

0,40 0,7

6 

0,7

0 

0,7

5 

0,16 0,13 -0,04 0,7

0 

0,54 1,00   

C2O4
2-  

0,8 0,7 0,3 0,28 0,3 0,4 0,6 0,35 0,28 -0,09 0,3 0,46 0,56 1,00  
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1 3 4 4 0 0 6 

Levo  0,4

5 

0,0

6 

-

0,3

1 

0,62 0,6

6 

-

0,2

3 

-

0,1

1 

0,11 0,04 -0,48 -

0,2

8 

-

0,11 

0,28 0,25 1,00 
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Figure captions 

 

Fig.1 Pictures showing the area where the sampling site was located with respect to San Marco square 

(Florence) and the loggia of San Marco Museum where the two samplers were placed, one towards the street 

(sampling heads 1 and 2) and the other pointing towards the interior (sampling heads 3 and 4). 

 

Figure 2 Daily atmospheric TSP concentration inner and out (see figure 1) on the loggia of San Marco 

during 2013- 2014.  

 

Figure 3 Monthly average atmospheric concentrations of total suspended particulate matter collected inner 

and out (see figure 1) on the loggia of San Marco during 2013- 2014.  

 

Figure 4 Monthly average atmospheric concentrations of a) OC and b) EC in TSP samples collected inner 

and out (see figure 1) on the loggia of San Marco during 2013-2014.  

 

Figure 5 Monthly average atmospheric concentrations of main cations a), main anions b) and short chains 

organic acids c) in TSP samples collected inner and out (see figure 1) on the loggia of San Marco during 

2013-2014. 

 

Figure 6 Mass balance of the analysed TSP samples during the different seasons. 

 

Figure 7 Location of the two monitoring sites: Florence Baptistery (Ghedini 2011) and San Marco Museum. 

Figure 8 Comparison between TSP and TC values obtained in Florence during 2003 (Ghedini et al., 2011) 
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and during 2013-2014 (present study). 
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Highlights: 

 

- Chemical characterization of TSP to study the impact on urban heritage in Florence 

-  Ions, OC, EC, WSOC and levoglucosan analysis  

- Impact of traffic and wood burning during wintertime  

- Comparison with data acquired 10 years ago to indicate atmospheric pollution change 
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