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CHAPTER 1 

Introduction 

1.1 Effects of Particulate Matter on Stone 
Materials 

The outdoor exposed materials may show signs of 

weathering and decay. The damage can be purely aesthetic 

or it can affect the artefacts deeper inside their original 

material. The decay factors can be classified based on the 

different type of interactions with the substrates: 

- Physical factors, which produce damage with pure 

physical mechanisms i.e. thermal shocks, wind erosion, 

frost and thaw cycles, dissolution and crystallization of 

salts. 

- Chemical factors, which produce damage through 

chemical or physical chemical mechanisms i.e. acids 

pollutants, oxidants, chelating agents and solubilizers. 
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- Biodeteriogens, both autotrophic and heterotrophic, that 

can induce damage as a consequence of their growth on 

the materials surfaces (Zanardini et al., 2000). 

The actual decay phenomena that can be observed on 

exposed artefacts are often the result of a combination of 

these three types of factors, which may also act 

synergistically. However, the atmosphere with its variations 

of temperature and humidity and the pollutants contained 

therein, may play a crucial role to establish the main 

mechanisms in action and the rate of the decay. Generally, 

the interactions between the material and the atmosphere 

lead to the formation of surface layers which cause damage 

to the original material (Sabbioni, 1995). Several 

atmospheric pollutant can have a fundamental role respect 

to stone materials decay. Particulate matter (PM) is one of 

the most studied pollutants (Camuffo et al., 1982; Ferm et 

al., 2006; Ghedini et al., 2011; Grossi et al., 2003) and, from 

this point of view, in the last years PM, NOx and O3 are 

receiving a growing attention due to the decreasing 

concentrations of other gas-phased acid pollutants such as 

SO2 (Ferm et al., 2005; Ghedini et al., 2011; Kucera et al., 

2007; Urosevic et al., 2012). 

Atmospheric PM is defined as a suspension of fine solid 

or liquid particles in a gas (Seinfeld and Pandis, 2006). More 

properly, the term aerosol refers to the sum of airborne 

solid and liquid particles while the acronym PM is used to 
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indicate the dried out particles. Aerosol can be present in 

the atmosphere since it is directly emitted (primary aerosol) 

from natural or anthropogenic sources, otherwise it can be 

formed by gas-to-particle conversion processes (secondary 

aerosol). The range in size of atmospheric aerosol is 

considered to be from few nanometers (nm) to tens of 

micrometers (µm) (Seinfeld and Pandis, 2006). Therefore, 

PM is a complex mixture of substances with different origin 

and chemical composition, which results to be highly 

variable in space and time. In urban areas PM is often 

characterized by a carbonaceous core with the presence of 

organic and inorganic compounds eventually absorbed on 

its surface (Gualtieri et al. 2011). Each PM chemical fraction 

has been associated with specific decay phenomena. 

The water-soluble inorganic fraction of PM contains 

water-soluble compounds i.e. nitrates, sulphates, chlorides, 

ammonium. The chemical composition of the water-soluble 

inorganic fraction can vary according to the seasons 

(Perrone et al 2012). Water-soluble inorganic compounds 

can be responsible of the so-called “salts-weathering”. The 

atmospheric deposition is not the only source of salts for a 

stone surfaces, but it can represent a significant source 

under certain conditions (Chabas et al., 2000; Ferm et al, 

2006; Maro et al., 2014; McAlister et al., 2008). The 

hygrometric variations may cause crystallization-hydration 

cycles of the salts. These cycles can promote the presence of 
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moisture on stone surfaces or causing mechanical stress 

during crystallization. This latter action is particularly 

dangerous for porous materials (Charola, 2000 and 

references therein; Doehne, 2002 and references therein; 

Espinosa et al., 2008; Franzen & Mirwald, 2009; Grossi et al 

2011; Linnow et al, 2006; Steiger 2005; Steiger & Asmussen, 

2008). In addition to this, acid compounds can be found in 

the water-soluble fraction of PM (Behera et al, 2013; Pathak 

et al, 2004) and these compounds will impact on various 

types of surfaces (Potgieter-Vermaak et al., 2012). In the 

water-soluble fraction can be also found some organic 

compounds like i.e. carboxylic acid (Sabbioni et al., 2003; 

Tsai et al., 2008). As well as an acid action, these 

compounds can have hygroscopic properties (Speer at al., 

2003). Also oxalates can be found in the water-soluble 

fraction of PM (Ma et al., 2013). Oxalates are one of the 

most common compounds associated with weathering 

layers. The origin of the presence of oxalates so common is 

still subject of debate (Sabbioni et al., 2003), and the 

atmospheric deposition of soluble oxalates on carbonate 

stones can lead to the formation of calcium oxalates: 

whewellite, weddellite, caoxite (Conti et al., 2010; Conti et 

al., 2014; Conti et al., 2015). However, the so-called oxalate 

patina tend be compact and resistant to water and acidity, 

so much so that it was proposed the use of oxalates (i.e. 

ammonium oxalate) as conservative treatments (Doherty et 

al., 2007; Conti et al.; 2011; Conti et al., 2013). 
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The organic fraction of PM may contain several kind of 

chemical compounds and considering the wide variety of 

these organic compounds, a complete characterization of 

the organic matter in the PM is rather complicated. 

However, aliphatic hydrocarbons, polycyclic aromatic 

hydrocarbons, diterpenoids, fatty acids and phthalates were 

identified in weathered layers (Saiz-Jimenez, 1993). The 

organic matter may play a role in several decay processes, 

for example, the activity of heterotrophic bacteria on stone 

is governed by the availability of suitable organic matter 

(Saiz-Jimenez, 1993; Zanardini et al., 2000). Atmospheric 

depositions can help to increase the availability of organic 

matter on stone surfaces. 

Carbonaceous particles are another relevant constituent 

of PM. This fraction can be indicated with different names, 

depending on the analytical techniques used for its 

determination: elemental carbon (EC), black carbon (BC), 

soot (Andreae & Gelencsér, 2006). A first issue deriving from 

the deposition of BC is the surface blackening, since BC is 

characterized to be strongly light-absorbing. In this respect, 

a relationship between the total suspended particles 

amount and the chromatic variations in term of lightness of 

the exposed surfaces was found (Grossi et al., 2003; 

Urosevic et al., 2012). It was also proved that carbonaceous 

particles have a catalytic role in the formation processes of 

the black crusts (Ghedini et al., 2000; Rodriguez-Navarro & 
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Sebastian, 1996; Sabbioni et al., 1992). Grey-to-black crust 

formation is produced by gypsum crystals and atmospheric 

deposition. Carbonaceous particles, because of their high 

specific surfaces, act as catalytic support to the 

heterogeneous oxidation of SO2 (Ghedini et al., 2000), and 

play a decisive role as nucleation point (Rodriguez-Navarro 

& Sebastian, 1996) promoting the formation of gypsum on 

carbonate substrates. The reaction can be represented by 

the following steps (Giavarini et al., 2008): 

SO2 + ½ O2  SO3     (1.1) 

SO3 + H2O  H2SO4    (1.2) 

H2SO4 + CaCO3 + H2O    CaSO4·2H2O + CO2 (1.3) 

Carbonaceous particles are often associated with 

transition and heavy metals i.e. Fe, Mn, Zn, Cu, Pb, Ti, V, 

Cr, Ni, Pt, Rh (McAlister et al., 2008; Rampazzi et al., 2011; 

Sabbioni 1995), which contribute at the catalytic activity. 

Observing the reactions (1.2) and (1.3) it is clear that water 

has a key-role in the process. As well as salts, hydrophilic 

organic compounds and carbonaceous particles, other 

components of the PM like i.e. clay minerals, can help to 

retain moisture and prevent quick evaporation. This action 

may promote gypsum formation. 

PM can be removed from the atmosphere through dry 

and wet deposition processes, and these are also the ways 

in which PM can deposit on the surfaces of the built 
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cultural heritage. Wet deposition takes place during rain 

events and dry deposition all the rest of the time. Wet 

deposition is due to the retention of the particles which 

impact the surfaces together with the precipitation, either if 

it is direct (as occurs on unsheltered horizontal surfaces), or 

wind-driven (as occurs on less sheltered vertical surfaces). 

Sheltering conditions can strongly influence the magnitude 

of this kind of deposition (Camuffo et al., 1982). Aerosol dry 

deposition on surfaces results from the combination of 

several processes such as Brownian diffusion, impaction 

and interception due to the turbulent motions, gravitational 

sedimentation, thermophoresis, diffusiophoresis, 

electrostatic attraction, etc. Gravitational sedimentation is 

expected to play no role in dry deposition on vertical 

surfaces, and in this scenario it is assumed that turbulent 

diffusion is the main mechanism, but in the vicinity of 

building facades the structure of turbulent flows and the 

value of turbulent diffusivity are still a matter of 

uncertainties and debates (Maro et al. 2014). 

The study of the decay of cultural heritage stone material 

is a very complex issue, and it is even more complex study 

the role of PM in the decay processes since also PM is a 

complex pollutant. Even if the role of PM in some decay 

process, like i.e. the formation of black crust, was well 

highlighted and understood, such a knowledge derived 

mainly from the analytical study of real decayed layers, and 
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it is not simple to derive patterns or mathematical models 

that may be of general application (see section 1.2). In 

addition to this, urban PM is subject to changes, some 

depending on the climate and thus they could be linked to 

climate changes, other changes may depend on the 

environmental and energy policies. Therefore it is 

fundamental improve the knowledge about the PM-induced 

stone decay and improve the ability to predict the effects of 

climate and pollution changes for the cultural built 

heritage. 
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1.2 Analysis of the literature approaches 

A large literature  about stone decay and the effects of 

atmospheric pollutants on the surfaces of the built heritage 

has been produced. It is possible to identify two different 

approaches to the problem: an “empirical” approach as well 

as a “modellistic” approach. 

It could be considered as empirical approach the direct 

analysis of monuments and their decayed layers, the so-

called “diagnostic” phase of the restoration activities and 

the exposure tests of new specimens of stones (or other 

materials) with the prospect to observe their decay after a 

certain amount of time. This kind of approach has the 

advantage to allow the evaluation of the complexity of the 

decay phenomena. In fact, the decay of  stone materials can 

take different morphologies, depending on the chemical and 

physics characteristics of stone material as well as the 

specific environment in which it is exposed. As a matter of 

fact, the decay is the result of complex interactions of many 

variables. It often occurs that different entities and different 

morphologies of decay can be observed in different points of 

a single zone of a single monument (see section 1.1, 

Camuffo et al 1982, Maravelaki-Kalaitzaki & Biscontin 

1999). To understand this complexity is a hard challenge. 

The analysis of  decay layers of monuments and the 

diagnostic related to the restoration activities are of 

fundamental importance to document the possible 
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morphologies of decay and to create a suitable background 

of case-studies. However, this is an ex-post approach and 

the information thus obtained are often case-specific. With 

such approach it is not simple to fully understand the 

causes of observed decay (Smith et al., 2008), and obtain 

generally applicable information. In fact, monuments can 

have a troubled history, which is often almost unknown. 

The decay due to the atmospheric pollution is added to that 

due to improper restoration activities, traumatic events, 

carelessness and abandonment of the buildings. For these 

reasons, a potentially more fruitful approach is to perform 

exposure tests (Butlin et al., 1992; Realini et al., 1995; 

Tzanis et al., 2011; Zappia et al., 1998). The problem is that 

stones durability performance cannot be satisfactorily 

predicted trough short-term tests (Smith et al., 2008). 

Consequently, an exposure test of a building material needs 

a very long time horizon, with consequent high costs and 

difficulties related to the managing of research projects 

lasting several years (Tidblad et al., 2012). Even if the 

exposure of a fresh stone specimen allows to simplify some 

of the variables which underlie the occurrence of the decay 

phenomena, conditions in terms of sheltering or exposure 

are difficult to reproduce. In any real exposure, 

environmental variables (i.e. temperature, relative humidity, 

wind, pollutants etc) act in an unique way and it is not 

possible to understand the contribution of a single variable 

to the total of the observed decay. 
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With a modellistic approach it is attempt to develop 

quantitative relationship between some environmental 

parameter and the effects in terms of material decay. 

Usually this kind of relationship tries to assess the 

contribution of the single environmental variables to the 

decay. In this way, if the environmental variables of a 

certain place are known, it is possible to predict the decay 

which is subject the heritage exposed in that place. This 

kind of approach has the advantage to provide a predictive 

tool, which  is nowadays of fundamental importance to 

understand the effects of climate changes on built heritage 

(Bonazza et al., 2009; Brimblecombe et al., 2010; Sabbioni et 

al., 2010). For example, several functions were proposed to 

predict the surface recession of carbonate stone (Bonazza et 

al., 2009). These functions are listed in table 1.2, according 

to the summary proposed by Bonazza et al. (2009). 
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Table 1.2: Models for surface recession on carbonate stone. 

Reworked from Bonazza et al. 2009 

REFERENCE FUNCTION  

LIPFERT 

(1989) 
R=18.8·R+0.016·[H+]+0.18·(VDS [SO2] + VDN [HNO3]) (1.4) 

LIVINGSTON 

(1992) 

Δ[CA2+]=Δ[SO4
=] + {10-11.6 (1/γRO[H+]RO + 1/γ0[H+]0) – 

½([H+]RO-[H+]0)} + {10-11.6 (1/γ0[H+]0+ 1/γR[H+]R) 

– ½([H+]0-[H+]R)} 
(1.5) 

WEBB ET AL. 

(1992) 
S.L.(mol)=ADVDSCSO2 + (KHK1PCO2/2[H+]R) 3Σ(AIR-EVAP) + 

([H+]J/2) 3Σ(AIR) 
(1.6) 

BAEDECKER 

ET AL. 

(1992) 

S.L.(mmol/L)= 0.16[1.0-0.015T+0.0000922T2] / 

0.683+0.49[H+] 
(1.7) 

TIDBLAD       

ET AL. 

(1998; 2001) 

R=2.7[SO2]0.48 EXP{fP1(T)}T0.96 +  

0.019Rain[H+]T0.96fP1(T)= -0.018T 
(1.8) 

KUCERA        

ET AL. 

(2007) 

R=3.95+0.0059[SO2]RH60+0.054Rain[H+]+0.078[HNO3] 

RH60+0.0258PM10 
(1.9) 
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In Lipfert (1989) model (1.4): 

L = surface recession per year (µm year-1);  

18.8 = term based on the solubility of CaCO3 in equilibrium with 330 

ppm of CO2 (µm m−1);  

R = precipitations (m year−1);  

0.016 = constant valid for precipitation pH in the range 3–5;  

[H+] = hydrogen ion conc. (µmol l−1) evaluated from rain yearly pH;  

0.18 = conversion factor from (cm s−1) (µg m−3) to µm;  

VdS = deposition velocity of SO2 (cm s−1) and [SO2] = conc. (µgm−3);  

VdN = deposition velocity of HNO3 (cm s−1) and [HNO3] = conc. (µgm−3). 

In Livingstone (1992) model (1.5): 

Δ[Ca2+] and Δ[SO4=] = differences in concentration (mol l−1) of the ions 

Ca2+ and SO4= between rainwater and runoff water;  

[H+]0 = effective hydrogen ion concentration (mol l−1) of the rainwater in 

the absence of anthropogenic pollutants (10−5.6);  

[H+]r = effective hydrogen ion concentration (mol l−1) of rain;  

[H+]ro = hydrogen ion concentration (mol l−1) of the runoff;  

γ = activity coefficient 

In Webb et al. (1992) model (1.6): 

S.L. = Stone Loss (mol) 

CSO2 (µm m−3) = mean SO2 concentration during the exposure of 

duration (D);  

VdS = deposition velocity (cm s−1) of SO2;  

A = surface area of the exposed stone;  

Ai = rainfall interception area;  

[H+]r and [H+]I = volume−weighted mean hydrogen ion concentrations of 

the runoff and rainfall (mol l−1), respectively;  

Evap (mm3) = volume of rainfall evaporating from the stone sample;  

KH and K1 = equilibrium constants of carbonate and bicarbonate in 

equilibrium with atmospheric concentration of 350 ppm CO2 (Henry 

constant and first dissociation constant respectively)  

R = amount of rainfall (mm). 

In Baedecker et al. (1992) model (1.7): 

S.L. = Stone loss (mmol/l); 

T = temperature (°C); 

[H+] = hydrogen ion concentration (mol l-1). 
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In Tidblad et al. (1998 and 2001) model (1.8): 

R = surface recession per year (µm year-1); 

[SO2] = concentration (1-83 µm m-3); 

T = temperature (2-19°C); 

Rain = amount of rainfall (327-2144 mm); 

[H+] = concentration (0.0006-0.13 mg l-1) 

t = time (1-8 years) 

In Kucera et al. (2007) model (1.9): 

R = surface recession per year (µm year-1); 

[SO2] = concentration (µm m-3); 

RH60 = measured relative humidity when RH>60% otherwise 0; 

Rain = amount of rainfall and [H+] is the H+ conc. (0.0006-0.13 mg l-1) 

[HNO3] = HNO3 concentration (µm m-3); 

PM10 = particulate matter concentration (µg m-3) 

Looking at these functions, two main issues can arise. 

First of all, some of these functions were derived from the 

observation of exposed limestone, or they can be postulated 

for generic calcite, like i.e. Lipfert (1989) model (Bonazza et 

al., 2009). The built heritage can be formed by a wide range 

of carbonate lithotypes, with different characteristics in 

terms of structure, porosity, homogeneity, accessory 

minerals etc.; also the manufacturing can affect some 

property like surface roughness. This problem is even more 

evident in the case of artificial stone materials, some of 

which can have a carbonate matrix. Stones with different 

petrophysical characteristics are subject to different decay 

rates and it follows that is unlikely that a single function 

can model properly the surface recession of such wide 

category of different materials. A second issue regards the 
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variables chosen to build the functions. Some models use 

variables that are difficult to predict, with the consequent 

difficulties in using the models with predictive purposes. 

For example Livingstone (1992) and Webb (1992) models 

need data about the composition of runoff water, and up to 

not it is not possible to make projections about the 

composition of the runoff water (Bonazza et al., 2009; Grossi 

et al., 2008). In addition to this, the most of the models 

were developed considering the SO2 dominating situations 

Current and future scenarios are considered to be multi-

pollutant situations, in which SO2 is not longer dominant 

and other pollutants like ozone, PM and nitrogen 

compounds are receiving a growing attention respect to 

decay and corrosion phenomena (Kucera et al., 2007). For 

example, Lipfert (1989) function, which is one of the most 

used (Bonazza et al., 2009; Brimblecombe & Grossi, 2009; 

Grossi et al., 2008), recognized three main mechanisms for 

material loss: karts effects, acid rain effect and dry 

deposition. Only Kucera (2007) function introduced a term 

about PM, and it considers the PM10 atmospheric 

concentration. As stated in section 1.1, and more in detail 

in case of the Po Valley in section 1.3, PM can have a 

complex chemical composition and a complex dimensional 

pattern, which can  strongly vary with space and time. 

Therefore, it arises that the simple PM10 atmospheric 

concentration cannot be a proper estimator of the role of PM 

in stone decay processes.  
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Similar consideration are also valid in the case of the 

functions predicting the surface blackening. In fact, some 

functions are available to predict the black soiling, 

considering as the decreasing in the L* coordinate of the Lab 

colour space, after a certain time. For example, Grossi et al. 

(2003) proposed the following simple relation: 

  
 =   

                 (         

  
  and   

 =    coordinate in the Lab color space at final and initial time 

SC = soiling coefficient which is characteristics of each stone, 

according to Grossi et al. (2003) 

TSP = Total Suspended Particles 

t = time 

Another similar model was proposed by Brimblecombe 

and Grossi (2009): 

  
 = (  

    
       (              

     (         

Where   
  is the lightness after infinite soiling. The most 

difficult parameter to constrain these equation is TSP, and 

even more challenging is to estimate the portion of TSP 

responsible for the blackening, which is commonly 

associated with Elemental Carbon or Black Carbon 

(Urosevic et al. 2012).  

In conclusion, with a modellistic approach only one single 

kind of decay can be modelled at time, as in the case of 

surface recession or black soiling. The more complex decay 

phenomena, like i.e. the black crust formation, which are 



21 
 

due to several mechanisms acting synergically having a 

non-linear behaviour (Smith et al 2008), cannot be 

modelled. In addition to this complex pollutants, like PM, 

are not describable with only one single simple variable so it 

is difficult to make a proper evaluation of the role of PM in 

decay processes with a modellistic approach. 
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1.3 The situation in the Po Valley 

Northern Italy is one of the most industrialized and 

populated regions in western Europe and is characterized 

by high levels of atmospheric pollution (Perrone et al., 2012). 

The Po Valley is considered as an European hot spot 

regarding the problem of atmospheric PM pollution. This is 

due to the high density of anthropogenic PM sources, low 

mixing layer height, poor ventilation and secondary PM 

formation (Carbone et al., 2010; Ferrero et al., 2012; 

Rodriguez et al., 2007). From this point of view, Italian 

legislation (D. Lgs. 155/2010) transposes European 

regulation (2008/50/CE) establishing an annual limit of 

PM2.5 at 25 µg·m-3 starting from 2015 and a daily limit of 

PM10 at 50 µg·m-3 has not to be exceeded more than 35 days 

in a year. The annual limit of PM10 concentration is 40 

µg·m-3. Considering the case of the metropolitan area of 

Milan, which is the main city in the Po valley, in 2014 the 

daily limit of PM10 was exceeded not less than 53 days, in 

some parts of the city the limit was exceeded for more than 

60 days, and 2015 was even worse. Despite this, the 2014 

annual average concentration of PM10 stands at 34 µg·m-3 

and it is under the regulatory limits. The annual average of 

PM2.5 is of 26 µg·m-3 in accordance to the reducing target for 

this pollutants. By observing the trends of annuals averages 

of several atmospheric pollutants in the city of Milan, it can 

be noticed that some of them show a clear downward trend 
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i.e. SO2 and benzene. In the case of PMx this trend is less 

evident, confirming that the PM pollution is still an 

unsolved problem in the city of Milan and in the whole Po 

Valley. 

In Milan, the fine fraction of PM represent a large part of 

the total PM. The ratio PM2.5/PM10 is about 80% in the last 

decade (Casati et al; 2015), and data from local protection 

agency (ARPA Lombardia) indicate that this ratio stands at 

76% in 2014. PM concentrations in Milan are higher during 

the cold season and lower during the warm season. This 

seasonal trend is typical in all the Po Valley and it is due to 

the seasonal meteorology: during the cold season conditions 

of atmospheric stability with low mixing layers cause very 

high concentrations of atmospheric pollutants at ground 

levels (Ferrero et al., 2010). Conversely, the warm season is 

characterized by higher average wind speed and broader 

mixing layer thus improving the atmospheric dispersion of 

the pollutants (Perrone et al. 2012). Also the chemical 

composition of PM changes with season, as it can be seen in 

figure 1.1 (taken from Perrone et al., 2012) 
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Figure 1.1: PM2.5 average chemical composition in Milan.– 

Taken from Perrone et al. Sci. Total Environ. (2012). 

 

Organic Matter (OM) explains 30-40% of the total PM2.5 

mass, The Elemental Carbon (EC) explains the 10-15% and 

the 12-13% is unaccounted. The main seasonal difference is 

in the composition of the inorganic ions fraction, which 

accounts for about the 40% of the total mass. NH4
+, NO3

-, 

SO4
= are the main inorganic ions and represent more than 

95% of the total inorganic ions. A nitrates-predominance 

occurs during the cold season while there is a sulphates-

predominance during the warm season (Ferrero et al., 2013; 

Perrone et al., 2010, 2012, 2013 and references therein; 

Sangiorgi et al., 2011). During the warm season, PM2.5 is 

rich in sulphates because they are formed mainly by 

photochemical reaction (Vecchi et al., 2008) starting from 

gaseous precursor SO2. On the other hand, during the cold 

season PM2.5 is rich in nitrates because NO3
- is mainly 

present as ammonium nitrate which is semivolatile. 

Therefore, the low temperature of the cold season promotes 
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its condensation in the particulate phase (Schaap et al., 

2002). Ammonium is the main cation and it does not show 

a significant seasonal trend. 

The Po Valley represents an unique situation not only by 

the point of view of the air quality but also as regards the 

huge amount of cultural heritage that lies in it. It is believed 

that in Italy it is conserved a large part of the Word Cultural 

Heritage, the Italian “Risk Chart” drafted in 1996 (Accardo 

et al., 2002 and 2003) lists no less than 57000 cultural 

assets, 5000 of which are archaeological and 52000 are 

architectural. Looking at the regional distribution of these 

cultural assets (Figure 1.2), it can be noticed that most of 

them are placed in the regions of the Po Valley.  

 

Figure 1.2: Regional distribution of the Italian Cultural 

Heritage according to the “Italian Risk Map” – Reworked 

from http://www.cartadelrischio.it/ 
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Lombardy is in the first place, as it counts 7316 cultural 

assets representing the 11,7% of the total, but also the 

other regions of the Po Valley: Veneto, Piedmont and Emilia 

Romagna, are in the upper part of the list.  

Essentially, Po Valley represents a unique laboratory in 

order to study the effects of air pollution on Cultural 

Heritage. In fact, several literature’s works in this topic were 

performed in the Po Valley. Limiting to the case of Milan, it 

is possible to cite works about the analysis of real damage 

layers on buildings and monuments (Bonazza et al., 2005; 

Bugini et al., 2000; Cappitelli et al., 2007; Fermo et al., 

2014a; Gulotta et al., 2012; Pedrazzani et al., 2006) as well 

as exposure tests of stone and buildings materials 

specimens (Realini et al., 2005; Kucera et al., 2007; Tidbald 

et al., 2012; Zanardini et al., 2000; Zappia et al., 1998) and 

modellistic approaches (Casati et al., 2015; Screpanti and 

De Marco, 2009). 
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CHAPTER 2 

Evaluation of the Stone Decay Hazard 

related to Atmospheric Particulate Matter 

Pollution using an Heritage Climatology 

approach 

2.1 Theoretical Background 

The decay of outdoor-exposed materials may heavily 

depend on factors related to climate and pollution (Sabbioni 

1995; Bonazza et al. 2009; Ghedini et al. 2011; Urosevic et 

al. 2012). As concerned the relationship between certain 

type of climate and the possible decay mechanisms that can 

be took place therein, the wording “heritage climatology” 

has been proposed to identify this field of study. The 

concept of “heritage climatology” has been recently 

proposed by Brimblecombe, and in some of his works it can 

be found applications of this concept (Brimblecombe 2010; 
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Grossi et al. 2011). The proposal of a specific wording to 

identify the study of heritage’s decay in relationship to 

climate highlights the growing attention that climate and its 

changes are having in the scientific community.  

As stated, decay may depend on climate but also on 

pollution and by this point of view, PM is one of the most 

relevant air pollutant concerning stone decay (Camuffo et 

al., 1982; Grossi et al., 2003; Ferm et al., 2006). PM can 

cause damage to outdoor-exposed stone materials after 

deposition on stone surface and its role in materials-decay 

processes is receiving growing attention due to the 

decreasing concentrations of other gas-phased acid 

pollutants such as SO2 (Ferm et al., 2005; Kucera et al., 

2007; Ghedini et al., 2011; Urosevic et al., 2012). Even if 

several studies highlighted the role of some single PM’s 

components in specific stone-decay processes (Saiz-Jimenez 

et al. 1993; Rodriguez-Navarro and Sebastian 1996; Torfs et 

al. 1997; Chabas et al. 2000; Zanardini et al. 2000; McAlister 

et al. 2008; Stefanis et al. 2009; Ozga et al. 2011; Potgieter-

Vermaak et al. 2012) PM is a complex mixture of substances 

(Perrone et al. 2012), and few works have tried to assess the 

potential decay impact of PM considering its comprehensive 

chemical-physics properties and its behaviour during 

climatic variations. A similar approach can fills the gaps 

concerning the quantification of the hazard for heritage 
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stone substrates due to the synergic effect of climate and 

atmospheric PM pollution. 

Several indicators were proposed in literature for the 

evaluation of the hazard for outdoor-exposed stone 

substrates. Some authors (Brimblecombe et al. 2006; 

Bonazza et al. 2009) have focused their attention on the 

time of wetness (TOW) that represent the time fraction 

during which liquid water could be present on a stone 

surface. Liquid water can trigger a large number of decay 

processes, such as solid-liquid reactions, acid attack, 

penetration of salts solutions in the porosity of materials 

and biofilms formation. Thus, the TOW describes the 

hazard that a stone could be exposed to because of 

“chemical” decay-mechanisms (Camuffo 1995; Cardell-

Fernandez et al. 2002; Dohene 2002). Another indicator was 

introduced by Grossi et al. (2011) who focused their 

attention on the phase-transition events. They proposed the 

number of crystallization-dissolution cycles (Ncy) as a stone 

hazard indicator that describes the number of phase 

transitions (from solid to solution, and back to solid) of 

soluble stone contaminants due to ambient RH variations. 

As a consequence, Ncy indicates the hazard that a stone 

could be exposed to because of “mechanical” decay-

mechanism due to the stress induced when crystallization 

occurs.  



30 
 

Even if TOW and Ncy appear as promising indicators of 

the hazard for stone substrates, their quantification was 

conducted just using simplified approaches. Concerning 

TOW, the computation algorithm assumed the wetting of 

surfaces when RH is greater than 80% and temperature is 

greater than 0°C (Brimblecombe et al. 2006; Bonazza et al. 

2009). Other authors (Ponziani et al. 2012) used the 

Distance to Dew Point (DDP) index and the Kelvin equation 

to assess the condensation events frequency. As stated by 

Camuffo (1995) all these methods are valid for non-reactive 

surfaces, and the presence of contaminants may cause 

deviations from such a quite simple model. A similar 

situation occurs for the Ncy computation: most of the 

literature studies exploited the equilibrium humidity point 

of pure salts to assess the number of phase transitions in 

function of ambient RH variations (Doehne 2002; Steiger 

2005; Grossi et al. 2011). 

Considering the situation of PM deposited on stone 

surfaces, its hygroscopicity could be one of the most 

relevant properties concerning stone decay hazard (Camuffo 

et al. 1982; Camuffo 1995; McAlister et al. 2008). In the case 

of complex mixture as PM is, hygroscopicity can be 

described by two key-parameters: the deliquescence relative 

humidity (DRH) and the crystallization relative humidity 

(CRH). These are the thresholds at which a phase change of 
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the PM water-soluble fraction occurs: from solid to a 

saturated solution at DRH, and vice versa at CRH 

(Potukuchi and Wexler 1995a, b; Martin 2000; Speer et al. 

2003; Seinfeld and Pandis 2006). CRH is generally lower 

than DRH, thus generating a hysteresis loop in the 

hydration levels (Seinfeld and Pandis 1998; Martin 2000; 

Martin et al. 2003; Randriamiarisoa et al. 2006; Ferrero et al. 

2013a, 2014). DRH and CRH both depend on the whole PM 

chemical composition, which changes in time and space 

because of PM sources variability and atmospheric 

reactivity. These parameters may be different for PM from 

different sites and seasons and, this may result in a 

different hazard for exposed stone materials. 

As a consequence, an accurate knowledge of both DRH 

and CRH is required for an appropriate calculation of TOW 

and Ncy in the case of an ideal PM deposit . This procedure 

allows proper assessment of the hazards for stones 

substrates considering the site-specific synergy between PM 

properties and climatic conditions. With respect to this, a 

new method for the evaluation of two useful hazard 

indicators (TOW and Ncy) was elaborated. This method is 

based on the measurements of the PM DRH and CRH that 

were applied to accurately calculate both TOW and Ncy in 

combination with climatic data. 
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The new method was applied to the case study of the 

urban area of Milan (Po Valley). DRH and CRH of PM 

samples collected within this area were experimentally 

measured in an Aerosol Exposure Chamber (Ferrero et al., 

2013, 2014). The experimental DRH and CRH values were 

used to accurately calculate both TOW and Ncy in Milan 

during the last decade (2003–2013). In this way, situ-

predominant and seasonal-predominant hazards for stone 

substrates were identified. A comparison with the simplified 

methods reported in literature was also performed, and it 

allowed estimation of the bias that the absence of an 

accurate knowledge of the hysteresis loop introduce in the 

calculation of the hazard indicators. With a similar 

approach the impact of climate and pollution changes in 

materials conservation can be evaluated. The derived 

information could be also useful in the decision-making 

process during restoration activities: for example, if a site is 

subject to high percentage of TOW applying hydrophobic 

protective products on its exposed surfaces may be 

appropriate; otherwise the use of inorganic products might 

be more proper. Finally, the obtained results can be used to 

design artificial aging methods that may mimic the phase 

transitions and wetting behaviours of exposed surfaces with 

a more realistic approach. 

Concerning the sampling of the correct dimensional 
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fraction of atmospheric PM used for this application, it must 

be considered that the deposition of PM on monuments and 

building facades is an extremely troubled issue. Several 

mechanisms may contribute: Brownian diffusion, impaction 

and interception due to the turbulent motions, gravitational 

sedimentation, thermophoresis, diffusiophoresis, 

electrostatic attraction (Maro et al., 2014). The results of 

such a complex interaction of competitors mechanisms is 

that the deposition features are extremely vary, even 

considering a single façade (Camuffo et al. 1982). PM2.5 was 

chosen as it represents an important fraction in the 

deposition mechanism occurring on vertical surfaces (Nava 

et al. 2010). Concerning dry deposition on vertical surfaces, 

the sedimentation is expected to be negligible, since it occurs 

mainly for the coarse fraction (i.e., PM2.5–10), and the 

turbulent diffusion is assumed as the main mechanism 

(Maro et al. 2014). Moreover, fine particles have a longer 

residence time in the atmosphere. Thus, they are able to 

reach higher altitudes than coarse particles even within the 

mixing layer itself, as PM vertical profiles in the Po Valley 

demonstrated (Ferrero et al. 2010 and 2012). Furthermore, 

the longer residence time of PM2.5 results in a smaller 

influence of short-range emission sources than coarse 

fraction. Thus, the choice of PM2.5 is more representative for 

the PM pollution overall the whole urban area of Milan. 
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Finally, water soluble compounds (i.e., sulphates), are 

generally abundant in fine PM and, because of this, PM2.5 is 

a large fraction of PM10 in urban areas. In this respect, the 

average PM2.5/PM10 ratio measured at Milan during the last 

decade was 81 ± 7% (Casati et al. 2015). 

2.2 Material and Methods 

The experimental approach first required the collection of 

PM samples, whose DRH and CRH values were measured in 

a specifically-designed Aerosol Exposure Chamber (AEC). 

The chemical composition of PM was also analysed to 

interpret the seasonal variations of both DRH and CRH. 

Finally, meteorological data, coupled with PM DRH and 

CRH measures, allowed the calculation of TOW and Ncy 

and their seasonal behaviour over the last decade in Milan. 

2.2.1 Sampling Activity 

PM2.5 samples were collected in Milan at Torre Sarca, that 

is the U36 building of the University of Milano Bicocca 

(45°31′19′′N, 9°12′46′′E). A FAI-Hydra dual channel Low-

Volume-Sampler was used. All the samples were collected 

using the same sampling specifications, according to UNI-

EN-14907:  

sampling flux = 2.3 m3/h,  

sampling time = 24 hours, 

sampling filters = PTFE Pall Corp. 47 mm, 2.0 µm. 



35 
 

The site has been used since 2005 by the atmospheric 

chemistry research group as an atmospheric monitoring 

station (Ferrero et al. 2010 and 2011; Perrone et al. 2012 and 

2013; Sangiorgi et al. 2011). The long-time series of PM2.5 

samples collected at Torre Sarca is found to be particularly 

useful in the case of the following application in which DRH 

and CRH of Milan’s atmospheric PM was used for the 

estimations of TOW and Ncy over the last decade.  

After collection, the PM samples were dried out and stored 

in the Filter Bank of the University of Milano-Bicocca 

(temperature –20°C in darkness), which was specifically 

designed for the storage of PM samples. In order to obtain a 

dataset that could be representative of the Milan PM’s 

properties during the last decade, forty PM2.5 samples were 

taken from the Filter Bank to be used this study. They were 

chosen uniformly distributed according to the seasons and 

spanning a time range from 2006 to 2013. Prior to the 

chemical analysis, the PM filters were cut into two halves: 

one half was analyzed in the AEC, while the other half was 

extracted to determine the chemical composition of the ionic 

fraction. The uniformity of PM samples on filters was 

examined in a previous work (Owoade et al. 2006). 
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2.2.2 Experimental measurements of DRH and 
CRH in the AEC 

Aerosol’s deliquescence and crystallization were 

investigated using an innovative electrical conductance 

method. A similar method, based on impedance 

measurements, was previously proposed by Yang et al. 

(2006) and applied only for the case of simple salts mixtures. 

The experimental method for the determination of aerosol’s 

DRH and CRH develop by the atmospheric chemistry 

research group takes advantage of a custom-made Aerosol 

Exposure Chamber named AEC (figure 2.1). This is a 1 m3 

environmental-controlled chamber in which it is possible to 

vary the relative humidity (RH) by introducing water vapour 

(humidification) or dry air (dehumidification). The inlet of the 

water vapour was realized by means of an evaporation 

system in which a pure dry air flow (grade ZERO air, Sapio 

Srl.) goes through a flask filled with pure water (Milli-Q 

water, Millipore Corp.) kept at high temperature. In this way, 

the air-flow became saturated with water-vapour and then 

comes into the AEC through a nozzle. The dry air inlet was 

realized simply connect the pure air flow to the AEC. The 

control of the dry and humid air takes place by means of 

on/off switches that can be manually-activated. A schematic 

representation of the air control system is reported in figure. 

2.1. A fan ensure uniform conditions inside the AEC.  
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Temperature and RH in the AEC were constantly 

monitored by means of a DMA 572.1 thermo-hygrometric 

sensor connected to an ELO 008 M-LOG data-logger (LSI 

Lastem s.r.l.). The DMA 572.1 sensor has an accuracy of 

±0.2°C and a resolution of 0.035 °C in terms of temperature, 

while the accuracy in terms of RH is ±1.5% in the range 5 ÷ 

95 % and ± 2 % in the range < 5 % > 95 %, the resolution is 

0.25 % and the response time is 10 s. In the AEC it is 

possible to achieve up to 0.5 % sensitivity in terms of RH 

variation while temperature was set to room conditions. 

 

 

Figure 2.1: image of the AEC with the scheme of the air 

control system and the particular of one of the 

measuring conductance cell 

 

Electrical conductance of PM samples can be measured 

in custom-built conductance cells (figure 2.1). These are 

made by two electrodes, positioned at calibrated distance, 
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and a filter-holder made by PTFE. Up to six conductance 

cells can be housed in the AEC, in order to perform several 

simultaneous conductance measurements. Conductance 

measurements were performed with an Agilent 34411A 6 ½ 

digital multimeter, connected to the cells by means of an 

Agilent L4421A 40-channels armature multiplexer.  

The measuring protocol for the determination of PM’s 

DRH and CRH provides the execution of a complete 

humidification-dehumidification cycle from 30% to 90% and 

vice-versa. The cycle is performed with 1.0% RH steps and 

five conductance measurements for each samples were 

acquired and averaged at each RH step. Before carrying out 

the conductance measurements a 5 minutes equilibration 

time were waited.  

The output of the described process is a plot in which the 

conductance is plotted against the RH. In figure 2.2, a 

typical conductance curve is presented. Observing the plot it 

is possible to observe the behaviour of PM during the 

hygrometric variations. When the particles are in a 

completely dry or completely wet status, the conductance 

values measured during the humidification and the 

dehumidification steps are comparable. If the particles on 

the filter are dry, conductance values are null or close to the 

multimeter detection limit (0.0007 µS). In such a situation a 

little variation of RH doesn’t involve significant changes in 
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conductance. If the particles are in a wet status, 

conductance values are relatively high and the RH variation 

led to a quite-linear growth in terms of measured 

conductance. On the other hand, during the phase 

transitions the two curves differ significantly, thus revealing 

the hysteresis loop. According to Ferrero et al. (2014), 

observing the conductance curves registered during the 

humidification and dehumidification steps, it is possible to 

identify both a DRH and a CRH region.  

The DRH region occurs when a strong increase of 

conductance led to the wet condition. The maximum 

gradient of the conductance increase corresponds to the 

midpoint of the DRH region. For the purpose of this 

application, where it is important to identify the RH 

threshold above which liquid water is present, DRHend point 

was taken in account looking at the last measured point 

before the wet zone. Similarly, a CRH region is identifiable in 

the dehumidification curve. Consequently, the CRHend point 

was taken as the last measured point before the dry zone, 

when the conductance comes back to the starting values. 

The proposed method is in agreement with Schindelholz et 

al. (2014), who performed similar measures on pure salt 

samples.  
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Figure 2.2: Typical conductance Vs RH curve for a generic PM 

sample. From the plot it is possible to assess DRHend and 

CRHend points 

The measurements protocol was optimized by evaluating 

the uniformity of conditions in terms of temperature and RH 

inside the AEC, and also to assess the optimum equilibration 

time. Concerning the data-processing and the method used 

to determine DRH and CRH a detailed comparison between 

experimental data, obtained with the presented procedure, 

and DRH and CRH values predicted by theoretical models 

was performed and reported in Ferrero et al. (2014).  

2.2.3 Computation Algorithm for TOW and Ncy 

The computation algorithm used for the computation of 

TOW and Ncy combines meteorological data with PM’s DRH 

and CRH values. DRHend and CRHend were determined for 

each of the forty analyzed PM2.5 samples. DRHend and CRHend 

average values were calculated for each seasonal period: 



41 
 

winter, summer, and spring + fall. Meteorological data for the 

years 2003–2013 were acquired from all the meteorological 

stations of ARPA Lombardy placed in Milan, whose location 

in shown in figure 2.3:  

Lambrate: 45.49N; 9.26E  Brera: 45.47N; 9.19E  
Juvara: 45.47N; 9.22E  Zavattari: 45.47N; 9.14E  

V.le Marche: 45.49N; 9.19E  

 

Figure 2.3: Location of the monitoring stations of the 

environmental protection agency of Lombardy in 

Milan. 

By averaging the acquired data, hourly mean values of 

ambient T and RH representative for the overall urban area 

of Milan were derived. 

Comparing DRHend and CRHend seasonal values with 

hourly ambient RH, three different situations were identified 

for the state of hydration of ambient PM:  

- when RH < CRHend, particles were “dry”;  

- when RH > DRHend, particles were “wet”;  

- when DRHend > RH > CRHend, particles were “dry” or 

“wet” depending on the RH trend: if RH was decreasing 
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from an above-DRHend value, particles were still “wet” 
until the CRHend was reached. Otherwise, if RH was 

increasing from an under-CRHend value, particles were 
still “dry” until DRHend was reached.  

In this way, TOW and Ncy were calculated. A cycle was 

counted when RH was lower than CRHend value and RH 

trend was decreasing from a condition in which particles 

were in a “wet” status (RH previously higher than DRHend). 

TOW was determined by adding up the hours in which 

particles were wet: RH > DRHend plus the hours in which RH 

was decreasing from DRHend to CRHend. TOW was expressed 

as a percentage of hours in the considered period. A 

graphical example of the computational algorithm is shown 

in figure 2.4. 

 

Figure 2.4: graphical example of the computation algorithm 

used for the determination of TOW and Ncy. TOW is 

highlighted in blue, while the crystallization events 

are marked with an asterisk  
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2.2.4 Chemical composition of the water-soluble 
fraction of PM 

The water-soluble inorganic fraction of the PM samples 

was analyzed by ion chromatography (IC) coupled to 

conductivity detection. PM filters were extracted in 3 mL of 

Milli-Q® water (18.2 MΩ) by using an ultrasonic bath (20 

minutes, SONICA®, SOLTEC). The extract was filtered with a 

syringe filter (0.45 µm PTFE) to remove the water insoluble 

fraction. Cations (Na+, NH4
+, K+, Mg2+, Ca2+) and anions (F–, 

Cl–, NO3
–, SO4

2–) were analyzed using two coupled ionic 

chromatography systems (Dionex ICS-90 and ICS-2000). 

Cations were determined using a Dionex IonPac CS12A-5 

analytical column (isocratic elution with 20 mM 

methanesulfonic acid flow rate of 0.5 mL/min). The eluent 

signal was suppressed using a Dionex CMMSIII 4 mm 

MicroMembrane chemical suppressor. Anions were analyzed 

using a Dionex Ion Pac AS14A-5 analytical column, a 

solution of Na2CO3/NaHCO3 (8.0 mM/1.0 mM, 

Dionex056937) was employed as eluent (flow rate 1 

mL/min). The eluent signal was suppressed by means of a 

Dionex AMMSIII 2 mm MicroMembrane chemical 

suppressor. Quantification was achieved by means of the 

external standard method. Standard solutions were made 

starting from solutions of each single ion (1000 mg/L). 
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2.3 Results and Discussion 

2.3.1 Seasonal values of DRHend and CRHend of 
the PM of Milan 

Winter samples showed the lowest values of both DRHend 

and CRHend: 60 ± 4% and 39 ± 6%, respectively. Conversely, 

summer samples showed the highest values of both DRHend 

and CRHend: 73 ± 1% and 52 ± 6%, respectively. Fall and 

spring samples showed values that were very close to winter 

ones: DRHend was 61 ± 3% while CRHend was 42 ± 4%. The 

values of DRHend and CRHend of the single samples used to 

obtain the seasonal averages are listed in table 2.1.  

 

Table 2.1: DRH and CRH of the PM samples used in this work 

 



45 
 

 

Figure 2.5: Seasonal mean values of DRHend and CRHend 

 

The different values of DRH and CRH of winter and 

summer samples (figure 2.5) and the good agreement 

between winter and spring/fall samples, can be explained 

considering the seasonally chemical composition of the PM. 

The average composition of the ionic fraction of the forty PM 

samples is reported in Figure 2.6. The ionic fraction 

accounted for 35 ± 12% of the total PM mass, this value is 

almost constant during all the seasons. The chemical 

composition of the ionic fraction changed according to the 

season. A nitrate-predominance (53 ± 12% of the total 

inorganic ions) occurs in the winter samples, while a 

sulphate-predominance (54 ± 17% of the total inorganic ions) 

was found for the PM samples collected during summer. 

NH4
+ was the main cation and its mass fraction remained 

quite constant both in winter and summer (23 ± 1%). The 

ionic fraction of spring and fall PM samples showed a 
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chemical composition very close to winter one. The PM 

chemical compositional data are in agreement with the other 

previous studies performed in Milan (Perrone et al. 2012). 

 

Figure 2.6: seasonal average chemical composition of the 

ionic fraction of the PM samples used in this study 

 

The knowledge of PM’s DRHend and CRHend could be 

very important to assess the potential impact of particles for 

heritage substrates conservation. Low DRHend values suggest 

a high tendency for the adsorption of water. In the other 

hand, high CRHend values suggest a tendency to crystallize 

even at high relative humidity. Depending on the climatic 

conditions, DRHend and CRHend values can lead to a high 

TOW or to a high frequency of crystallization events. Another 
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relevant feature is the width of the hysteresis loop, which is 

computed as the difference between DRHend and CRHend. The 

average hysteresis loop for the samples analyzed in this work 

was of 20 ± 6%. The magnitude of the hysteresis loop can 

affect TOW an Ncy. Considering the same RH conditions, a 

smaller hysteresis loop led to lower TOW and higher Ncy. 

This is a crucial point since most of the computation 

approach for TOW and Ncy reported in the literature do not 

consider the hysteresis loop (Brimblecombe et al. 2006; 

Bonazza et al. 2009). 

2.3.2 Seasonal profiles of TOW and Ncy 

TOW and Ncy were computed over the period 2003–2013 

in Milan. Average experimental DRHend and CRHend points 

were assigned for every season based on figure2.5. The same 

DRHend and CRHend were assigned for spring and fall. The 

output of the computation algorithm (section 2.2.3) provides 

TOW and Ncy for each month over the period, TOW is 

expressed as percentage of hours while Ncy is express as the 

absolute number of dissolution/crystallization cycles. 

Results of the last decade were reworked in table 2.1 were 

the seasonal statistics of TOW and Ncy are shown. 
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Table 2.2: descriptive statistic of TOW and Ncy computed 

along the last decade 

 

 

In winter a very high TOW (89 ± 11%) was obtained, on the 

other hand Ncy reached the lowest annual values in winter, 

and only 8% of the total number of transitions occurred in 

this season. Minimum values of TOW (20 ± 137%) were 

reached in summer when Ncy was relatively high, in fact 

30% of total transitions in a year occurred in summer. 

During spring TOW showed intermediate values (61 ± 16%) 

and 38% of total transitions in a year occurred in this 

season. Concerning fall, TOW was quite high (83 ± 15%) and 

22% of total transitions occurred in this season. 

The monthly average values of TOW and Ncy were 

reported in figure 2.7. The figures show the trend of the two 

parameters in the same graph. In this way it is possible to 

highlight the potential monthly-predominant hazards that 

could interests heritage stone surfaces. In the red bars Ncy is 

showed, while TOW is represented with the blue line. The 
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variability of the parameters is indicated by the standard 

deviation of the monthly average that is represented with the 

error bars in the case of Ncy and with the blue area in the 

case of TOW. 

 

Figure 2.7: monthly average trend of TOW and Ncy computed 

along the last decade in Milan 

 

Results showed that three main conditions can be 

identified in the case of the environmental situation of Milan. 

A first condition occurs in winter, that is characterized by a 

very high TOW. This led to a high hazard of “chemical” stress 

and this is due to both the low DRHend values and the high 

RH conditions. The low winter Ncy resulted in a low hazard 

of “mechanical” degradation instead. Such a situation can be 

considered particularly dangerous, for example, in the case 
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of carbonate substrates, as they are more susceptible to acid 

and karst attacks (Cardell-Fernández et al. 2002). A second 

condition occurs in summer, when “mechanical” hazard 

prevailed. This is the result of the low RH conditions coupled 

with the high DRHend values. Therefore, high values of Ncy 

were obtained in summer when TOW reached its annual 

minimum value. The dangerousness of this condition may 

depends on the porosity and mechanical properties of the 

materials. The third condition involved the intermediate 

seasons, spring and fall, which showed the highest level of 

hazard for exposed materials. In fact they were characterized 

by relatively high values of both TOW and Ncy. Looking 

closely at the obtained results, it can be stated that fall has a 

winter-like situation, with high TOW, while spring has a 

situation more similar to summer. 

The aforementioned results highlighted how the proposed 

method considers the specific characteristics emerging by 

the synergy between the PM properties and the climate at the 

investigated site. Even thought the results here shown are 

site-specific, the method used for their determination is of 

general application. Thus, it can be used as an efficient tool 

for the hazard assessment of exposed surfaces in a heritage 

climatology perspective. 
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2.3.3 Comparison with other literature 
approaches 

A comparison between the computational algorithm 

described in section 2.2.3 and other literature approaches 

was performed.  

 

Figure 2.8: Comparison between the TOW calculated with the 

algorithm described in this work and with the common 

transformation which count TOW when RH>80% and 

T>0°C 

The TOW derived in this work was compared with the 

TOW calculated by assuming that the surfaces’ wetting 

occurs just when RH > 80% and T > 0°C. This 

transformation is commonly used in cultural heritage 

studies (Brimblecombe et al. 2006; Bonazza et al. 2009). 

Figure 2.8 reports the comparison, and it can be noticed that 

the shape of the trend obtained with the computation 

algorithm of this work (blue line) is similar to the trend 
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obtained with the literature’s approach (red line). This 

finding indicates that the wetting behaviour of surfaces is 

strongly related to climatic conditions. Looking at the values 

of TOW, it can be stated that the use of experimental values 

of both DRHend and CRHend led to higher values of TOW 

compared to those obtained by the previous literature 

method. This tendency seems to emerge more clearly during 

winter.  

From the comparison shows in figure 2.8, the role of PM 

and its hysteresis loop in moisture absorbing processes can 

be highlighted. In fact, considering an hypothetical stone 

surface covered by a PM deposit, the wetting can occurs both 

when RH > DRHend (instead that RH > 80%) and when 

CRHend < RH < DRHend.  

In figure 2.9 is reported the comparison between different 

computation algorithm used for Ncy computation. As stated 

in section 2.1, a common literature’s approach for Ncy 

determination used only one critical values of RH to assess 

the phase transition events. The RHeq of simple salts is 

commonly used as critical values, thus such a kind of 

approach does not consider any hysteresis loop. For making 

a proper comparison between the different computation 

approaches, results obtained in this study (which considers 

the hysteresis loop of PM) were compared with the results 

obtained using only one critical values of RH (avoiding the 
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hysteresis loop). DRH was chose as critical values for make 

the comparison, and in this way it is possible to assess the 

bias caused by not taking into account the hysteresis loop. 

 

 

Figure 2.9: comparison between the results of different 

computation algorithm for Ncy determination. The 

grey bars refers to the algorithm used in this work 

while the red bars refers to the more common 

approach which involve the use of only one critical 

value of RH. 

 

The red bars refer to the Ncy derived considering only the 

DRHend as critical RH threshold (60% for winter; 73% for 

summer and 61% for spring and fall). In this situation 

crystallization events were counted each time the RH 

decreased under DRH. The grey bars were instead computed 

considering the hysteresis loop. The figure 2.9 shows that 
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without a proper knowledge of the hysteresis loop, a 

significant overestimation of Ncy can occurs: about 64% 

more cycles/years were calculated when the hysteresis loop 

was neglected. The differences between the results of the two 

different approaches appeared more evident during winter.  

 

2.3.4 Relationship between TOW, Ncy and 
monthly RH averages 

To extend the applicability of the approach described in 

this study to sites where hourly data are not available, or to 

take advantage of future-climate models, a functional 

approach it is to study the relationship between Ncy and the 

RH monthly mean values (Grossi et al. 2011). Monthly RH 

mean values are more frequently available indeed. 

TOW and Ncy calculated within this work were related to 

the RH monthly average values. TOW values are plotted 

against an x-variable that was calculated, according to 

equation 2.1, as the difference between the monthly averaged 

RH (RHmm) and the midpoint between DRHend and CRHend. 

The x-variable was named Transition Distance (TD) and 

describes the “distance” of the environment condition (RH) 

from the aerosol properties in terms of deliquescence and 

crystallization (DRHend-CRHend). Negative values of TD are 

associated to dry ambient conditions with low RHmm, far 

from promoting aerosol hydration. The opposite happens 
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with high positive values.  

  =       
             

 
    (        

Equation 2.1: equation for the determination of the Transition 

Distance.  

 

 
Figure 2.10: Correlation between TOW and TD 

 

The correlation between TOW and Ncy is shown in figure 

2.10. A clear tendency to a linear correlation was found 

indicating that the wetting behaviour of particles depends 

strongly on climatic conditions. In fact, the greater is the 

difference between RHmm and the average between DRHend 

and CRHend, the greater is the TOW. Another result of this 

study is that along with the linear trend it is possible to 

observe a seasonal pattern. Points associated to summer 
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months are in the lower-part of the graph, with negative TD 

values and low TOW. On the other hand, winter points lie in 

the upper-part of the graphs with positive TD and high TOW. 

Spring points tend to arrange in the central part of the 

graph, while fall points are very close to winter ones. This is 

a further confirm of the fact that, concerning the situation of 

Milan, in fall there is a winter-like situation by the point of 

view of TOW (see section 2.3.2).  

The same correlation study is shown in fig.2.11 

concerning the Ncy versus TD. In this case no linear trend 

was found.  

 
Figure 2.11: Correlation between Ncy and TD 

Some information can be derived from figure 2.11. Ncy 

seems to be greater in the months in which the TD is close to 

zero. When TD has high and positive or high and negative 

values, Ncy seem to have low values. It can be assumed that, 
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when TD is closer to zero, RHmm lies at the midpoint between 

DRHend and CRHend. As a result, diurnal variations of RH 

around the monthly mean value promote high frequency 

variations across DRHend and CRHend, resulting in a large 

number of Ncy. Also in the case of Ncy, a seasonal pattern 

can be identified in figure 2.11. Spring and some fall points 

lie in the central part of the graph with TD close to zero and 

high Ncy. Summer, winter and some fall points are spread in 

the side part of the graph where the TD reaches the highest 

values in the case of winter and the lowest in the case of 

summer. 

The above-stated results allow a better understanding of 

the annual trend of figure 2.7. Looking at the figure, both 

TOW and Ncy are decreasing shifting from May to July, while 

the two parameters are increasing going from July to 

September. Conversely, from September to April the two 

parameters are anti-related. Considering results reported in 

figures 2.10 and 2.11 it can be stated that this behaviour is 

the result of the different kind of relationship between both 

TOW and Ncy with TD. 
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2.3.5 TOW and Ncy variability along the last 
decade 

The variability of the two hazard indicators, TOW and Ncy, 

during the period 2003–2013 was also analyzed. Annual 

values of TOW, Ncy, temperature and RH for the four 

seasons are shown in figure 2.12. This kind of study allows 

to identify possible trends along the years, or to highlight if 

anomalous season by the point of climatic conditions (T and 

RH) are associated to unusual values of TOW or Ncy. 

 
Figure 2.12: TOW and Ncy variability along the last decade. 

Results were shown in comparison seasonal values of 

relative humidity and temperature. 
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No trends are clearly identifiable in the graphs. Despite 

this, in figure 2.12 it is possible to observe the relations 

between TOW, Ncy and the climatic characteristics of each 

single year that are expressed through the RH and 

temperature seasonal average. Concerning winter, figure 

2.12 shows that the years with low TOW (2003, 2005, 2006, 

and 2012) corresponded to years with high Ncy. This 

situation is also associated to relatively low values of RH. An 

opposite behaviour was observed in years with high values of 

RH. Such evidence confirmed the fact that Ncy and TOW 

were anti-related in winter. For the summer season, it can be 

seen that years with high RH led to both high Ncy and TOW 

(2004, 2006, 2008). On the other hand, years with low RH 

led to low Ncy and TOW (2003, 2005, 2009, 2012). Such 

evidence suggests that, contrary to winter, the behaviour of 

the two parameters (Ncy and TOW) shows a positive 

correlation in summer. Concerning spring it is possible to 

noticed that two years with low TOW (2006, 2011) presented 

intermediate values of Ncy. Average values in terms of RH 

and TOW for year 2007 corresponded a high Ncy value. This 

suggests that in spring a clear behaviour is less evident if 

compared to the results observed for winter and summer. 

Such tendency could be due to the wide climatic variability 

of the season. Finally, during fall TOW and Ncy showed an 

anti-related behaviour: years with high TOW (2006, 2010, 
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and 2012) corresponded to years with low-Ncy and vice-

versa. From the point of view of the hazard for exposed 

stones, this can be considered as a further evidence of the 

fact that fall presents a winter-like behaviour in Milan. 

 

2.4 Concluding Remarks 

An innovative method was develop and employed to 

evaluate the decay hazard for heritage stone substrates 

exposed to the deposition of PM. The method couples 

experimental measurements of PM deliquescence and 

crystallization relative humidity with climatic data. Two well-

known hazard indicators for stone materials were 

determined: the time of wetness and the number of 

dissolution and crystallization cycles. This indicators were 

associated to different type of hazards. A “chemical” hazard 

is related to high time of wetness and a “mechanical” hazard 

is related to high number of cycles. The new method can be 

considered as an advance for the recently-introduced 

concept of heritage climatology. 

The method was applied to the case-study of Milan. PM’s 

DRHend and CRHend in Milan showed seasonal variations that 

reflected the seasonal variations of the chemical composition. 

Observing the seasonal trend of TOW and Ncy the seasonal-

predominant hazard for stone surfaces was identified. In 
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winter a chemical hazard prevails due to the high time of 

wetness and the low number of dissolution and 

crystallization cycles. In summer the chemical stress reached 

the minimum value, since the season is associated to low 

time of wetness, while the mechanical stress increased. In 

spring and fall, both the time of wetness and the number of 

dissolution and crystallization cycles were relatively high. 

These can be associated to a greatest hazard for stone 

surfaces. 

Differences among seasons in DRHend, CRHend, chemical 

composition, time of wetness and number of dissolution and 

crystallization cycles suggested that different PM chemical 

compositions can lead to different hazard for exposed 

materials. The proposed method provides a tool to make 

nowadays hazard-assessment, but it is also exploitable for 

evaluating future situations. 
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CHAPTER 3 

Study of Particulate Matter Dry 

Deposition on Stone Materials and 

Surrogate Surfaces with a New Exposure 

Method: the “Deposition Box” 

3.1 Theoretical background 

Airborne particulate matter (PM) can be removed from the 

atmosphere by wet and dry deposition processes. The 

deposition of atmospheric particles and pollutants related 

thereto, can impact the terrestrial and aquatic ecosystems 

(Balestrini et al., 2000; Inomata et al., 2009; Baker et al., 

2010) and also the outdoor-exposed materials causing 

corrosion and decay (Ferm et al., 2006; Rampazzi et al., 

2011; Sabbioni, 1995). In particular, dry deposition is less 

well understood because of the difficulty to make affordable 

measures of dry deposition fluxes (Huang et al., 2012). In 
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dry depositions, fluxes can strongly depend not only on the 

atmospheric factors (winds, sampling height, temperature) 

but also on the sampling method. With regard to this, 

several studies highlight that relevant difference in the 

estimated deposition fluxes can rise as a function of the 

sampler geometry and the sampling surface characteristics 

(Shannigrahi et al., 2005; Huang et al., 2011; López-García 

et al., 2013). The problem of sampling dry depositions is 

even more troublesome in the field of conservation science. 

In fact, to perform a proper study about the decay of typical 

heritage substrates (stones, metals, glasses etc.) it is 

fundamental to carry out surface chemical analysis and 

microscopic observation. Thus, PM must be sampled 

directly deposited on the surface of interest and the 

deposits must be repeatable, in terms of mass, and 

homogeneous by the point of view of the coating grade. 

Another open issue is to assess the capacity of different 

materials to restrain PM and amass soiling, in order to 

study the dirtying of the surfaces or the re-dirtying after 

conservation treatments.  

Since PM is one of the most relevant hazardous factors 

for the exposed artefacts, several literature works deal with 

the problem of PM dry deposition in conservation science. 

These works exploit different approaches, including 

modelling (Monforti et al 2004; Maro et al 2014), laboratory 
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experiment (Pesava et al. 1999) and in-field exposure tests 

(Ferm el al 2006; Realini et al 1995; Zappia et al 1998; 

Urosevic et al 2012, Butlin et al 1992). Concerning the 

aforementioned exposure tests, several exposure methods 

were proposed and employed, making even more clear the 

difficulties related to the dry deposition sampling. Just for 

this, there is still not a standard exposure method for the 

exposure tests of stone or other heritage materials. 

 

3.2 Materials and Methods 

In this chapter is described a new exposure method for 

the evaluation of the decay of materials exposed to the 

atmospheric depositions. The method involves the use of a 

new device named “deposition box”, henceforth named 

depbox, that has the aim to collect PM directly deposited on 

any kind of substrates, including not-filter substrates like 

stone or metallic specimens. The device was specifically 

designed to study the effect of dry deposition on typical 

heritage materials. The design specification of the device 

allows to mime the dry deposition and it has low 

construction and operating costs. After a careful phase of 

design and test (section 3.2.1 and 3.2.2), several exposure 

campaigns were performed with the aim to measure the 

deposition rates in the city of Milan (section 3.2.4). Stone 
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materials and surrogate surfaces were exposed inside the 

depbox allowing the evaluation of deposition rates on 

different material and the potential decay processes 

triggered by the presence of PM deposits. A special attention 

was given to the characterization of deposited PM in term of 

dimensional distribution and uniformity of deposition 

(3.2.5). Chemical analysis (3.2.7; 3.2.8) allows to better 

understand the deposition rates of some chemical species 

that may be of interest from the conservative and 

environmental point of view. 

3.2.1 Design and construction of the 
“Deposition Box” 

The Depbox is made by a 50x50x20cm box covered by a 

pitched roof. The overall dimension of depbox is 70x70x55 

cm. The scheme of the device is reported in figure 3.1. A 

punctured steel exposure floor is placed inside the box for 

the accommodation of the specimens. On the bottom of the 

box, a fan is housed with the aim of standardizing the air 

exchange ratio through the exposure floor. The fan (figure 

3.1) is a Sunon DR MagLev DC fan 17x17x8 mm, maximum 

current 160mA, supply voltage 5 V dc and 20000 rpm with 

and air flow of 1,5 m3 h-1. The fan is connected to a power 

adapter to provide current at 220 V. With the given fan 

specifications the calculated air exchange ratio is 7 min-1. 
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The distance between the exposure floor and the bottom of 

the box is 150 mm. The Depbox rests on 4 pins of 20 mm in 

height, which ensure the correct operation space for the fan 

discharge.  

   

Figure 3.1: scheme of Deposition Box and particular of the 
fan placed in the bottom of the box. 

The external structure of depbox is made of white 

polypropylene (PP) (figure 3.2). This polymer was chosen 

because it is supposed to be inert at environmental 

conditions and the white feature is useful to avoid an 

overheating within the structure in conditions of high 

temperature or high solar radiation. The roof is secured by 

a threaded fastener, so it can be easily removed allowing the 

inspection and substitution of the specimens housed on the 

exposure floor. Samples can be housed in depbox directly 

on the exposure floor, this is the case of stone, metal or 

polymeric specimens. In the case of filters used as surrogate 

surfaces, Quartz, PTFE or Polycarbonate filters can be used 
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for this purpose, and they can be inserted in special 

sampler holder.  

The basic concept of the depbox is to expose samples of 

different materials to the dry deposition of atmospheric 

particles. Dry deposition is affected by many variables (see 

section 3.1), depbox standardizes some of these variables, 

such as wind speed, since the air exchange ratio inside the 

box is fixed. In addition to this, also the surface 

temperature of the specimens it is uniform as possible, 

since the roof fully protects the specimens from the solar 

radiation. Another characteristic of the depbox is that the 

good protection guaranteed by the pitched roof, avoids 

potential problem of wetting or overturning of the samples 

during extreme meteorological events  

 

Figure 3.2: On the left, the external feature of the “deposition 

box”. On the right, the inside of the box, with some 

samples arranged on the exposure floor.  
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3.2.2 Test of the deposition box with Optical 
Particles Counters 

With the aim of verifying that the chosen manufacturing 

specifications, in terms of dimension and air fluxes, do not 

create dimensional artefact in the particles size distribution 

inside the depbox, the size distribution of atmospheric PM 

inside and outside the depbox was measured with Optical 

Particles Counter (OPC). Portable Aerosol Spectrometer 

Grimm model 107G was used to perform the measures. 

Measurements were performed in Milan, at Torre Sarca 

(45°31′19′′N, 9°12′46′′E) on a sunny day (18/06/2013) with 

stable atmospheric conditions (T = 33.5 ± 0.5 °C). During 

the test, the average PM2.5 concentration measured by OPC 

was 23 ± 6 µgm-3. This value is in agreement with the data 

declared by the local environmental protection agency ARPA 

Lombardy (www2.arpalombardia.it) for the day: 23 µgm-3 at 

the station of “Senato street” and 26 µgm-3 at the station of 

“Pascal Città Studi”.  

A three-hours sampling (from 15:00 to 18:00), with 1 

minute time resolution, using two identical Grimm 107G 

OPC was performed. One instrument was put inside the 

exposure box while the other one was put outside the box. 

Results of this comparison activity show a quite-identical 

(R2 = 0.993) size distribution of the PM when the two 

instruments were placed inside and outside the depbox 
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(figure 3.3). Such an experimental evidence allows to state 

that the manufacturing specifications of the depbox are 

suitable to mime the dry deposition process, since the PM 

dimensional characteristics are identical inside and outside 

the box.  

 

Figure 3.3: Parallel OPC measurements inside and outside 

depbox and graph of the dimensional distribution of 

the particles inside and outside the exposure 

chamber 

 

3.2.3 Specimens Preparation 

As stated in section 3.2.1, any kind of materials could be 

placed inside the depbox. In this work it was chosen to 

expose some “surrogate surfaces” for which an inert 

behaviour respect to the deposited PM is assumed. From 

this point of view, the typical substrates for the PM 

sampling were employed as ideal surrogate surfaces. The 

chosen substrates are: 
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Millipore® 47mm Quartz fibre filters (Qz) 

PTFE - PALL® 47mm 2.0 µm PTFE filters (PTFE) 

Aluminium 47 mm discs (Alu) 

 

 

Figure 3.4: photo of the surrogate surfaces before the exposure 

in the depbox. 

 

Different substrates were chosen because, albeit they are 

supposed to be inert, they have different properties in terms 

of surface roughness and porosity. Alu discs were punched 

from aluminium foils and before the exposure they were 

washed in MilliQ® water and acetone. Qz filters were baked 

at 600°C for 3 hours in a muffle-furnace to burn organics 

impurities. PTFE filters do not require treatments before the 

exposure instead. The mass of the Qz, PTFE and Alu was 

determined with a Sartorius SE2 balance (Capacity 2 g; 

Uncertainty 0.1 µg ) after 24 hours drying in desiccator. 

During the exposure, Qz, PTFE and Al, were placed in 

suitable filter-older rings, thus giving an effective deposition 
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area of 11.94 cm2. The filter-older rings were housed and 

fixed to a PTFE plate to make easy the transport and to 

avoid accidental overthrow. 

 

Figure 3.5: Surrogate surfaces placed in the filter-older ring 

and housed in the PTFE plate 

 

Together with surrogate surfaces, some stone specimens 

were exposed inside the depbox. Several lithotypes were 

chosen: Carrara Marble, Noto calcarenite, Botticino 

limestone, and Montorfano Granite. The selected stone 

materials have different characteristics in terms of chemical 

compositions, physical and mechanical properties.  

Carrara Marble is a metamorphic stone basically made by 

calcium carbonate (> 98%) with a saccaroid crystalline 

structures. Crystals size is between 100-800 µm and the 
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open porosity is around 2% (Poli et al. 2004). The terms 

“Carrara Marble” it is used to identify a wide product 

category, the characteristics of which can hugely vary not 

only by an aesthetic point of view. The quarries of Carrara 

Marble are placed in the north of Tuscany, in the mountain 

range of Apuan Alps. Carrara Marble is one of the most 

famous variety of statuary stone, and it is one of the most 

used stone materials for buildings and decorations from the 

ancient Rome to nowadays. 

Botticino limestone is a compact sedimentary rock mainly 

made by calcium carbonate. Botticino limestone has a 

typical pinkish colour, due to the presence of iron 

compounds, and it can have stylolites and clear spots. The 

more spots-reach variety is named “Flowery Botticino”. It is 

commonly used the name “Botticino Marble” referred to this 

lithotype even if this is not a correct name since the stone 

extract in the quarries near the city of Botticino (North of 

Italy, Brescia, Lombardy) is not a metamorphic stone. The 

calcite cement has a microcrystalline structures with a 

calcite dimension of 1-5 µm. Also dolomite crystals (100-

200 µm) may be present. The integral open porosity is 0.4 ± 

0.2 % (Fermo et al. 2014). Botticino limestone is an 

appreciated building stone, which use is well-documented 

both in Italy (Bergamo’s cathedral, Altare della Patria in 

Rome) and worldwide (Statue of Liberty, White House).  
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Noto calcarenite is a limestone extracted from the 

quarries that are placed near the city of Noto, near 

Syracuse, in Sicily. Noto calcarenite is mainly made by 

calcium carbonate, clay minerals are present in trace. From 

a micro-structural point of view, Noto calcarenite has a 

mud-supported texture with about 70% of mud. Allo-

chemical components consist of various small bioclasts, 

including echinoids, foraminifera, bryozoa and plankton, 

extensively reworked by tube worms represented by 

skolithos (La Russa et al 2011). The open porosity is very 

high, from 30% to 40%. The pores size is between 0.08 and 

1.6 mm with a quite homogeneous distribution. Noto 

calcarenite is one of the most common stones used in the 

Sicilian Baroque. 

Montorfano Granite is a white medium-grained biotite 

granite, rarely horneblende bearing (Boriani et al., 1988) 

comes from quarries located in the southern foothills of the 

little Montorfano pluton (Dino & Cavallo, 2014). Montorfano 

granite is the white variety of the granites extracted in the 

Verbano-Cusio-Ossola area (Piedmont, NW Italy), which is 

one of the most important Italian quarrying districts. These 

granites have quartz, K-feldspar (orthoclase), plagioclase 

and biotite as main minerals, with smaller amount of 

horneblende and chlorite. The white Montorfano sometimes 

contains a lot of mafic xenoliths and disseminated 
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arsenopyrite that adversely affect the quality of the stone 

(Dino & Cavallo, 2014). The Montorfano quarries are one of 

the oldest exploited quarries in the area, since 15th century, 

and the “Cavadonna” quarry is one of the most important 

historical quarries that is still active (Dino & Cavallo, 2014). 

White Montorfano Granite is commonly employed in 

Piedmont region, also in some historical building, for 

example in the city of Turin (Borghi et al. 2013). 

5 x 3 x 1 cm stone specimens were cut from new-

extracted quarries blocks. The area suitable for the 

deposition is 15,00 cm2. Stone specimens were prepared 

according to UNI10921 (figure 3.6).  

 

Figure 3.6: stone specimens before the exposure in depbox 

The surfaces were polished with FEPA 180 (82 µm) 

sandpaper with the aid of a polishing machine. Any soluble 

substances were removed by a threefold 20 minutes total 

immersion in MilliQ® water. After water immersion, stone 
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specimens were dried in a convection oven at 60 °C. The 

mass of the stone specimens, before and after the exposure, 

was determined by using a laboratory analytical balance 

(Uncertainty = 0.1 mg ). The steady weight of the stone 

specimens was reached when the difference between the 

weights at 24 hours away was under the 0.01%. Between 

the weighting procedures, stone specimens were placed in a 

desiccator. As in the case of surrogate surfaces, also stone 

specimens were placed in a suitable sampler holder for the 

exposure in the depbox. 

 
Figure 3.7: Stone specimens placed in the sampler-older for 

the exposure in the depbox 
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3.2.4 Sampling Campaigns 

Several sampling campaigns were carried out, involving 

the exposure of both surrogate surfaces (Qz, PTFE and Alu) 

and stone specimens. Two sites in the urban area of Milan 

were chosen for the campaigns (figure 3.8): 

- TS - Torre Sarca (45°31′19′′N, 9°12′46′′E) 

- VN - Villa Necchi Campiglio (45°28’08”N, 9°12’08”E) 

 

Figure 3.8: Milan’s map with the location of the sampling sites 

 

Torre Sarca can be considered as a traffic site since it is 

placed in the middle of a big business area, in 

correspondence of one of the busiest ways of access to the 

city centre. The sampling site (figure 3.9) is near Sarca 

avenue, that is one of the most busy street of the district. 

Torre Sarca has been active until 2005 as air-quality 

monitoring site managed by the atmospheric chemistry 

research group. This allows the interpretation of the results 
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of this study considering the long and detailed knowledge of 

the aerosol properties and chemical composition at the site 

(see chapter 2).  

 

Figure 3.9: location of the two depbox at the sampling sites 

Torre sacra (left) and Villa Necchi (right). 

(www.google.it/maps) 

Villa Necchi-Campiglio is an heritage site property of FAI 

(Fondo Ambiente Italiano; www.visitfai.it/villanecchi/). The 

site is placed inside the Low Emission Zone of Milan, named 

“Area C” (www.areac.it). The closest street to Villa Necchi, 

Mozart street, is interested by little vehicular traffic. The 

depbox was placed in the garden of the manor (figure 3.9), 

far from the tourist trail. Nevertheless, a signboard was 

placed near the depbox to inform the visitors about the 

aims and scope of the research project. 

A summary scheme of the several sampling campaigns 

carried out at Villa Necchi and Torre Sarca is reported in 

table 3.1. A minimum of 3 , for each type of specimens or 

surrogate surfaces, were exposed in each sampling 
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campaigns. Three parallel campaigns were performed at the 

two sites: one in winter (win14), one in summer (sum14) 

and one of 16-moths long (16m). At Torre Sarca a sampling 

campaign in summer 2013 (sum13) and a 22-months 

campaign (22m) were also performed.  

 

Table 3.1: Summary of the sampling campaigns performed at 

Torre Sarca and Villa Necchi. 

 
 

 

 

3.2.5 Determination of the size-distribution of 
the deposited PM 

The determination of size distribution of particles 

deposited on Alu was performed through the acquisition of 

Variable Pressure Scanning Electron Microscopy (VP-SEM) 

images and processing them with the freeware software 

ImageJ™. Specifically, several different SEM images were 

acquired at different magnification (from 100x to 5000x) 

and with different detector modes (QBSD and VPSE) 
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according to a mapping path, in order to represent the 

whole sample. Alu is the optimal support for this kind of 

analysis. Two samples of Alu were exposed in Torre Sarca 

during sum14 and win14 respectively, while two samples 

were exposed in Villa Necchi in the same period in order to 

investigate the seasonal deposition pattern at both sites. In 

order to make a proper comparison, specifically 

homogeneous areas were selected for SEM/EDS analysis on 

all considered filters SEM images were  obtained using a 

SEM Zeiss EP EVO 50 (working in low vacuum mode, with 

20 kV as accelerating voltage and 7-9 mm as working 

distance). Therefore, ImageJ software allows to separate 

particles deposited from the matrix below by means of a 

threshold value (Figure 3.10a-b) and then through the use 

of “Analyze particle” plug-in to count them as a function of 

their area (Figure 3.10c). 

 

 

 

 

Figure 3.10: Original SEM image of exposed Alu filter (left); 

particles are separated from the matrix by means of a 

threshold value (centre); “Analyze particle” plugin counts 
particles as a function of their area (right). 
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3.2.6 Cross Section observation of the exposed 
stone specimens 

Exposed stone specimens were observed in cross section 

with the aim to detect any decay phenomena affecting the 

surfaces. Only the carbonaceous stones, Botticino 

limestone, Noto calcarenite and Carrara marble were 

observed. A sample of Botticino and one of Noto exposed for 

22m at Torre Sarca were observed. As regards Carrara 

marble, three samples were investigated, two of them 

exposed at Torre Sarca in the 22m and 16m campaigns 

respectively, while the other one exposed at Villa Necchi in 

16m campaign. A portion of the samples was incorporated 

in a double-component epoxy resin (EpoFix Struers®). The 

samples were crosswise cut with a cut-off machine, and the 

cross sections were polished with a semi-automatic 

polishing machine. The cross sections were observed with a 

scanning electron microscope JEOL 5910 LV, with a 

tungsten filament source. Images were acquired in back-

scattered electron (BSE) at low-vacuum mode and the 

surface of the cross sections was made electrically 

conductive by means of a graphite tape. For each lithotypes, 

one not-exposed sample was also observed as a reference. 
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3.2.7 Analysis of the water-soluble fraction by 
ion chromatography 

The water-soluble inorganic fraction of collected deposits 

was analyzed by Ion Chromatography (IC). Concerning the 

analysis of the deposits collected on Quartz-fibre and PTFE 

filters, each filter was cut into half and half-filter was 

extracted in 3 mL of Milli-Q® water (18.2 MΩ) by using an 

ultrasonic bath (20 min, SONICA®, SOLTEC). In the case of 

5 x 3 cm Stone specimens, the whole specimen was dipped 

into 50 mL Milli-Q® water and extracted with the ultrasonic 

bath. Aqueous extracts were filtered with a syringe filter 

(0.45 µm PTFE) to remove the water insoluble fraction. 

Cations (Na+, NH4
+, K+, Mg2+, Ca2+) and anions (F–, Cl–, NO3

–, 

SO4
2–, formate HCO2

-, acetate C2H3O2
-, propionate C3H5O2

-, 

piruvate C3H3O3
-, oxalate C2O4

2-) were analyzed using two 

coupled ion chromatography systems (Dionex ICS-90 and 

ICS-2000). Cations were determined using ICS-90 equipped 

with a Dionex IonPac CS12A-5 analytical column: an 

isocratic elution was performed with 20 mM 

methanesulfonic acid (flow rate of 0.5 mL/min). The eluent 

signal was suppressed using a Dionex CMMSIII 4 mm 

MicroMembrane chemical suppressor. Anions were 

analysed using ICS-2000 equipped with a Dionex Ion Pac 

AS11 4x250 mm Analytical column. An EGC II KOH Eluent 

Generation Cartridge was used to perform a gradient 
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elution with a 0.8 mL/min flux and a KOH concentration 

ranging from 0.10 to 6.50 mM. The column temperature 

was set at 30°C. Quantification was achieved by means of 

the external standard method. Standard solutions were 

made starting from solutions of each single ion (1000 

mg/L). Together with the exposed samples, three non 

exposed samples for each substrate were water-extracted 

and analyzed too. For each determined ion, the mean 

content of the non exposed samples was used as “blank” 

value and it was subtracted to the values obtained for the 

exposed samples. In this way, the ions content due to the 

particles deposition was obtained. 

A detailed study of the stability of some analytes while 

performing the analysis was conducted. A multi-component 

standard containing acetate, formate, propionate, piruvate 

and oxalate at 1.5 pmm and nitrate at 2.5 ppm, was 

analyzed for seven times in succession, for a total time of 

about 6.30 hours. This experiment was repeated taking the 

vials under different temperature conditions: 

- Ambient: the vials were simply housed in the sampler 

holder of the auto-sampler as long as necessary for the 

execution of the seven chromatographic runs. This 

experiment simulates what normally happens when a 

sequence of samples is analyzed (laboratory temperature 

about 20 °C) 
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- Refrigerated: the vials were stored in a refrigerator at 4 

°C in the time elapsed between the analyses. The vials 

were removed from the refrigerator just before the 

injection. 

- Ice Bath: the vials were stored in a custom-made ice 

bath during the execution of the analyses. The ice bath 

was realized by modifying the sampler holder of the 

auto-sampler to make it suitable to contain the melting 

ice. 

Figure 3.11 shows the trend of the chromatogram’s area of 

some analytes in function of the time during the execution 

of the analyses. The area of each replica was divided by the 

maximum detected area. This study highlights that some of 

the analyzed ions are significantly thermolabile. By 

observing the results obtained at ambient temperature, a 

decreasing trend can be clearly seen in the case of acetate, 

formate, piruvate and nitrate. Concerning the test 

conducted in refrigerated conditions, the decreasing trend is 

less evident, even if in the case of piruvate data shows a 

wide variability. The results obtained with the ice bath are 

very similar to “refrigerated” ones. This evidence suggests 

that the use of the ice bath would be recommended for a 

proper evaluation of these analytes. The results obtained in 

this test are in agreement with the study of Tsai et al. 

(2008), which have conducted similar study on low 
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molecular weight di-carboxylic acids. The maximum area 

reduction is observed in the case of formate, which shows a 

reduction of 80% after 6 hours at ambient temperature. In 

the case of acetate the reduction is of 44%, while nitrates 

show a decreasing of 30%. Piruvate shows a wide variability 

of the data but no decreasing trend seems to be evident. 

The same considerations are also true in the case of 

oxalate, in agreement with Tsai et. al., (2008). 
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Figure 3.11: Ratio between the Area, Ati (µS·min), and the 

maximum area, Amax of some analytes in function of 

time. Ambient = ambient T; Refrigerated = vials were 
stored at 4 °C in elapsed time between the analyses; 

Ice Bath = vials were stored in a custom-made ice bath 

during the analyses. 
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3.2.8 Analyses of polycyclic aromatic 
hydrocarbons and alkanes by GC-MS 

The presence of polycyclic aromatic hydrocarbons (PAHs) 

(Table 3.2) and n-alkanes (homologues series from C18 to 

C32) inside PM deposits collected with the depbox were 

investigated by means of gas chromatography-mass 

spectrometry. Qz and PTFE exposed filters were extracted in 

1.5 mL of dichloromethane (≥99.9% Sigma-Aldrich). For 20 

minutes in an ultrasonic bath (Sonica®, Soltec, Italy). The 

extract was then filtered with PTFE syringe filters (MS® pore 

size = 0.22 µm), evaporated under N2 and dissolved in 200 

µL of isooctane for GC-analysis (Panreac). In the case of 

stone specimens, the PM deposit was first removed from the 

specimens by means of a scalpel, the removed powder was 

analyzed according to same procedure used for Qz and 

PTFE. 

The samples were analyzed with a Agilent 6850 GC 

system equipped with a Agilent 5973 Network Mass 

Selective detector and a Agilent 7683 Series injector 

(injection volume 2 µL, splitless mode). A Zebron phase ZB-

XLB column (L = 60 m, I.D. = 0.25 mm, df = 0.25 µm) was 

used. PAHs were analyzed by a temperature ramp starting 

from 80 °C and ending at 330 °C with a total analysis time 

of about 52 minutes. Alkanes were analyzed with a 

temperature ramp from 60 °C to 300 °C, with a total 
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analysis time of 50 minutes. The transfer line was kept at 

305 °C for both programs. 

The analytes output from the column were ionized by a 

70 eV electron impact, the mass selector was used in single 

ion monitoring for the analyses of PAHs (table 3.2) while the 

sum of 57, 71 and 85 m/z ratio was used for the 

quantification of n-alkanes. Quantification of the analytes 

was achieved by calibration curves while the recovery rates 

of the samples were evaluated using deuterated internal 

standards. 

Not-exposed stone specimens and filters were also 

analyzed as “blank” references, and the mean signal of all 

analyzed blank samples of each type (stone specimens, Qz 

or PTFE filters) were subtracted to the amounts measured 

on exposed samples in order to assess the amount of 

deposited PAHs and alkanes. The blank of the stone 

specimens was prepared by scraping the surface of blank 

specimens with a scalpel, according to the same procedure 

used for the exposed specimens. 
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Table 3.2: list of analyzed PAHs 

NAME ABBREVIATION 
MOLECULAR 

MASS 

MONITORED 

m/z 

NAPHTALENE NAPH 128 128 

ACENAPHTHYLENE ACTY 152 152 

ACENAPHTHENE ACT 154 154 

FLUORENE FLN 166 166 

PHENANTHRENE PHE 178 178 

ANTHRACENE ANT 178 178 

FLUORANTHENE FLNT 202 202 

PYRENE PYR 202 202 

BENZO[A]ANTRACENE BAA 228 228 

CICLOPENTA[C,D]PYRENE CPCDP 226 226 

CHRYSENE CHR 228 228 

BENZO[B,J]FLUORANTHENE BBJF 252 252 

BENZO[K]FLUORANTHENE BKF 252 252 

BENZO[A]PYRENE BAP 252 252 

BENZO[E]PYRENE BEP 252 252 

DIBENZO[A,H]ANTHRACENE DBAHP 278 278 

INDENO[1,2,3 C,D]PYRENE I123CDP 276 276 

BENZO[G,H,I]PERYLENE BGHIP 276 276 
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3.2.9 X-Ray Diffraction of the collected deposits 

The collected deposits were also analyzed by X-ray 

diffraction in order to identify the main crystalline phases 

that compose the deposits. A Panalytical X’pert PRO 

diffractometer was used, equipped with a X’celerator 

PW3015/20 detector. XRD spectra were recorder between 

3° to 75° degrees (2θ), using a Cu Kα radiation (40 kV, 20 

mA). XRD analyses had involved in particular the marble 

specimens. The specimens were directly inserted inside the 

samples-holder clamp of the diffractometer. In this way, the 

analysis can be considered as non-destructive towards the 

exposed specimens, which are then available for other 

subsequent analyses. In order to obtain an optimal signal-

to-noise ratio, it was chosen a relatively long-time method of 

analysis (Scan speed 0.1 deg. s-1). A not-exposed marble 

specimen was also analyzed in order to better distinguish 

the crystalline phases attributable to the deposited PM. 
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3.3 Results and Discussion 

3.3.1 Deposition Rates 

After the exposure, stone specimens and surrogate 

surfaces were covered by a particles deposit. Deposited 

mass (mdep) is given by the difference between the mass of 

samples before and after the exposure. The deposited mass 

increases with the exposure time (table 3.3). This behaviour 

is due to the design of the depbox, which has the goal to 

mime the dry deposition process but any possible particles 

removal mechanism is avoided. On real exposed surfaces, 

several mechanisms take part in the deposition, with either 

a positive (i.e. impaction and interception due to the 

turbulent motions, brownian diffusion, gravitational 

sedimentation, diffusiophoresis, electrostatic attraction, 

thermophoresis) (Maro et al. 2014) or a negative (i.e. high 

wind speed, extreme meteorological events) contribution. 

The result of such a complex scenario is that very different 

depositional contexts can occur even in a single façade or 

artefact (Camuffo et al. 1982). Considering this, the depbox 

method was designed to obtain repeatable samples in terms 

of deposited mass and to study the deposition with a 

seasonal time scale. With respect to the latter point, in the 

short-terms campaigns (win14 and sum14) about 2 mg of 

particles were collected, and this amount is enough in order 

to carry out chemical analyses. 
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Starting from the deposited mass, the deposition rates 

were determined according to equation 3.1. 

  (Eq. 3.1) 

D = deposition rate 
mdep = deposited mass [mg] 
A = deposition area 
dy= days of exposure 

The deposition rates measured on surrogate surfaces and 

Carrara Marble at Torre Sarca and Villa Necchi are reported 

in table 3.2. Considering the surrogate surfaces, deposition 

rates ranged from a minimum of 30.5 ± 4.5 µg cm-2 month-1 

for Alu exposed at Villa Necchi in win14, to a maximum of 

94.1 ± 28.0 µg cm-2 month-1 for Qz exposed at Villa Necchi 

for 16m. As an order of magnitude, these values are in good 

agreement with a similar study performed by Ferm et al. 

(2006) who simply exposed surrogate surfaces to air in 

sheltered conditions. Therefore, it can be stated that the 

deposition rates measured with depbox are good proxies of 

the deposition rates that may occur on real surfaces, 

especially as regards well-sheltered horizontal surfaces. 

With respect to surrogate surfaces, deposition rates 

measured during the short-term campaigns (fall13; win14 

and sum14) allow the observation of a different behaviour 

between the surfaces: Qz has a tendency to collect greater 
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quantities of particles compared to PTFE and Alu (Figure 

3.12). This result could be due to the greater surface 

roughness of Qz than PTFE and Alu, thus Qz collects more 

particles. A similar trend was not found in the case of the 

long-term campaigns (16m and 22m), in which the 

differences of the deposition rates measured on surrogate 

surfaces do not appear to be statistically significant. This is 

probably due to the fact that once covered by a quite 

uniform particles deposit, all surfaces have similar 

characteristics in terms of surface roughness. Thus the 

deposition rates became similar at long-time scale. Carrara 

Marble specimens show deposition rates ranging from 33 ± 

10 µg cm-2 month-1 at Villa Necchi in win14, to 69 ± 8 µg 

cm-2 month-1 at Villa Necchi in sum14. These values are 

more similar to Qz. 

 

Figure 3.12: deposition rates of the total deposited mass 
measured at Torre Sarca and Villa Necchi. 
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Some differences between the two exposure sites can be 

highlighted. In win14 campaign, Torre Sarca shows greater 

deposition rates if compared to Villa Necchi. The average of 

the deposition rates measured on the different surfaces is 

49 ± 8 µg cm-2 month-1 at Torre Sarca and 32 ± 4 µg cm-2 

month-1 at Villa Necchi. An opposite situation occurs in 

sum14, when the average rate of Villa Necchi is 53 ± 3 µg 

cm-2 month-1, greater than for the specimens exposed at 

Torre Sarca (42 ± 3 µg cm-2 month-1). This difference is 

attributable to the presence of a Tilia tree near the depbox 

placed at Villa Necchi. This tree can be considered as an 

emission source that is particularly active during the 

growing season in connection with the inflorescence and 

pollination processes. The presence of ultra-coarse particles 

related to the presence of the tree is confirmed through 

optical microscope observation (see section 3.2) and they 

can strongly affect the deposited mass. Similar 

considerations can explain the high deposition rates and 

the high data-spread observed for the 16m campaign at 

Villa Necchi. These ultra-coarse particles have a short 

residence time in atmosphere, so their deposition is limited 

to the surfaces next to the emission source. The presence of 

these particles suggests that the characteristics of the 

deposits occurring on surfaces can strongly depend on 

extremely local factors. Even with an exposure method that 
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standardizes some variables, like air exchange rate, the 

influence of local emission sources can clearly emerge. 

Despite this, the significant seasonal differences in the 

deposition rates measured at the two sites highlight the 

importance of developing methods to study the deposition 

process with a seasonal timescale. 

Some differences in the deposition rates measured on 

different lithotypes exposed at Torre Sarca (22m) were 

detected. Noto limestone amasses a greater amount of 

deposit if compared to the other lithotypes (Figure 3.13). 

This can be due to its surface characteristics in terms of 

roughness and microcavities (see section 3.2). The 

deposition flux measured on Noto calcarenite is 104 ± 7 µg 

cm-2 month-1, whereas other lithotypes show significant 

lower values: 56 ± 3 µg cm-2 month-1 for Carrara Marble, 

while 47 ± 1 µg cm-2 month-1 and  46 ± 1 µg cm-2 month-1 

were found for Granite and Botticino respectively. 

 

Figure 3.13: Deposition rates measured on different stone 

substrates at Torre Sarca 22 months of exposure 
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Table 3.3: Deposited mass and deposition fluxes measured at 
Torre Sarca and Villa Necchi Campiglio 
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3.3.2 Optical Microscope Observations 

Some differences between the morphology of the deposits 

collected at the two sites can be determined by observing 

them with optical microscope. Looking at the deposits with 

stereo-microscope, it can be seen that Villa Necchi’s 

deposits seem to be less dense and more heterogeneous 

compared to the Torre Sarca ones. Figure 3.14 refers to the 

deposits of the 16m campaign, and shows that Villa 

Necchi’s deposits are characterized by the presence of some 

ultra-coarse particles, which have irregular or filamentous 

shape. These ultra-coarse particles are due to the Tilia tree 

and they are common on Villa Necchi’s deposits collected 

during the sum14 and 16m campaigns, while they are not 

present in the samples exposed during the win14 campaign. 

 

Figure 3.14: Stereomicroscope image (stick = 0.5 cm) of the 

particles deposited after 16 months on quartz-fibre 
filters. Torre Sarca, Left; Villa Necchi, Right. 
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Another interesting result concerns the behaviour of 

different lithotypes exposed at Torre Sarca for 22 months. 

From a macroscopic point of view, the most compact 

lithotypes (Botticino, Granite and Carrara Marble) have a 

similar pattern of deposit (Figure 3.15A, 3.15B and 3.15D). 

Conversely, the surface of Noto calcarenite is characterized 

by microcavities in which particles tend to slide into (Figure 

3.15C), and consequently the deposition pattern obtained 

on Noto calcarenite is different from the other lithotypes. 

Some of the microcavities of Noto calcarenite have a clear 

biogenic origin, and the presence of dark particles inside 

these microcavities highlights shape of fossil (Figure 3.16). 

 

Figure 3.15: Stereomicroscope images (sticks = 1 mm) of the 

deposits collected at Torre Sarca in 22 months on 

different lithotypes: A) Botticino B) Montorfano 

Granite C) Noto D) Carrara Marble. 



99 
 

 

Figure 3.16: Detail of the deposit collected on Noto 

calcarenite (stick = 1mm). It can be seen that the 

particles tends to putting into the microcavities of 

the surfaces. 

 

 

3.3.3 Characterization of the dimensional 
distribution of the deposited PM 

A first result of SEM characterization is the identification 

of fine particles on exposed samples. The smallest identified 

particle has an area of 0.4 µm2 hence also fine particles 

may deposit through the depbox. The biggest observed 

particle was found in Torre Sarca sample exposed during 

sum14, and it has an area of 1080.0 µm2. It has to be 

considered that only homogeneous areas were selected to be 

observed with SEM. For example, the areas of Villa Necchi 

samples which present ultra-coarse particles, coming from 

Tilia tree, were avoided. Thus, SEM characterization allows 
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to achieve a good evaluation of the fine particles that 

composed the deposits. The smallest and biggest value of 

particles area and the total number of particles found on 

each Alu sample are reported in Table 3.4 Moreover, Table 

3.4 shows also the density (number of particles for mm2) on 

the Alu surfaces. 

Table 3.4: Dimension (μm2) of the smallest and biggest 

particles, total number of particles and density of the 

deposits (Num/mm2) detected on Alu samples in win14 

and sum14 campaigns at Villa Necchi and Torre Sarca. 

  Villa Necchi Torre Sarca 

  win14 sum14 win14 sum14 

Smallest Particle  
(μm2) 

4E-01 4E-01 4E-01 4E-01 

Biggest Particle  
(μm2) 

1E+06 1E+06 6E+05 1E+06 

Total Number of 
Particles 

364 452 515 380 

Density  
(Num/mm2) 

4150 5150 5870 4330 

 

The size distribution observed on Alu samples is 

represented in Figure 3.17. All the samples present a 

common trend of dimensional distribution of particles, and 

this is an interesting result in order to validate the depbox 

as an alternative exposure method. 0.4 – 5.0 µm2 is the 

predominant class for all the samples, and also the number 

of big particles (area over 200.0 µm2) is almost the same. 
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Probably, the differences between the sampling campaigns 

are not so large because of the choice of homogeneous areas 

for the SEM images acquisition. However, the fact that the 

most represented dimensional class is 0.4 - 5.0 µm2, 

suggests that fine PM fractions could significantly deposit 

also in the conditions of the depbox. In addition to this, 

even if the total deposited mass seems to be variable in the 

different exposure campaigns (table 3.3), the number and 

the dimensional distribution of the particles observable with 

SEM seem to be similar. This results suggests that the total 

deposited mass is not the only parameter to take into 

account for a proper study of PM-induced decay. 

 

Figure 3.17: Dimensional distribution of particles in Alu filters. 
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3.3.4 Observation of the cross section of 
exposed stone specimens 

SEM images of the not-exposed marble specimen show a 

compact and quite homogeneous structure. Looking at the 

image at 200x magnification (Figure 3.18A) the surface 

seems to be quite smooth, while observing the images at 

higher magnifications (Figure 3.18B, C and D) it appear 

irregular owing to the presence of grooves, probably due to 

the smoothing procedure. In some points of the surface’s 

front the grooves are more evident (figure 3.18C) while in 

other points they are less evident (figure 3.18B). 

A)  B)  

C)  D)  

Figure 3.18: SEM images of the cross section of a non-exposed 

marble specimen at different magnifications.  
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In the marble specimen exposed at Villa Necchi (16m 

campaign), it is possible to notice the presence of some PM 

particles deposited on the exposed surface. The images at 

lower magnification (Figure 3.19A and B) show that, after 

the exposure, the marble seems to be still compact while it 

can be observed some slight marked inter-crystalline 

discontinuity (Figure 3.19A and B), that indicates an 

incipient decay process. At high magnifications the crystals 

on the section profile (figure 3.19C, D and E) are 

characterized by a network of microfractures. 

A)  B)  

C)  D)  
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E)  

Figure 3.19: SEM images of the cross section of a marble 

specimens exposed at Villa Necchi for 16m.  

 

The marble specimen exposed at Torre Sarca (16m 

campaign) shows the presence of PM particles on the 

exposed face. Intergranular microfractures in the upper 

part of the section are also visible. These fractures are 

evident even at low magnification (figure 3.20A) and they 

can be attributable to an advanced mechanical decay. It is 

uncertain if such a kind of advanced decay is due to the 

exposure or to accidental mechanical stress occurring 

during the preparation of the polished cross section. Deeper 

inside, the material seems to be compact with micro-

cavities ascribable to a good stone. Observing more in detail 

the surface (figure 3.20C and D) the calcite grains are 

characterized by intra and inter-crystalline discontinuity 

system. As well as in the case of the specimen exposed at 

Villa Necchi, the exposed site of the grains show signs of 

erosion decay phenomena. 



105 
 

A)  B)  

C)  D)  

Figure 3.20: SEM images of the cross section of a marble 

specimen exposed at Torre Sacra for 16m. 
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The marble specimen exposed at Torre Sarca (22m 

campaign) shows some intergranular discontinuity in the 

upper part of the sample (figure 3.21A), although they 

seems to be less deep compared to those observed in the 

samples exposed in the shortest (16m) campaign (figure 

3.20A). Looking at the images at higher magnifications 

(figure 3.21B, C and D), it can be seen how the 

intergranular microfractures seems to be more evident in 

some points (figure 3.21B) and less evident in some other 

points (figure 3.21C). As well as in the other exposed 

specimens, the outer face of the calcite crystals seems to be 

interested by an erosion phenomenon. 

A)  B)  

C)  D)  

Figure 3.21: SEM images of the cross section of a marble 

specimen exposed at Torre Sarca for 22m.  
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The cross section of the not-exposed Botticino specimen 

revealed a very compact and homogeneous calcareous 

matrix (figure 3.22A and B). Looking at higher 

magnifications, the marks left by polishing processes are 

detectable. 

A)  B)  

C)  D)  

E)  

Figure 3.22: SEM images of the cross section of a non exposed 

Botticino specimen. 
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The Botticino specimen exposed at Torre Sarca in 22m 

campaign seems to be compact, both in the upper part of 

the specimen and deeper inside the material, thus no 

significant differences between the exposed and not-exposed 

samples are detectable at low magnification (figure 3.23A). 

Only rarely some fractures, parallel to the surface, are 

observable in the upper part of the specimen (figure 3.23B). 

Looking at higher magnifications, some slight decay marks 

are distinguishable. The surface appears less smooth (figure 

3.23C and D) if compared to the not-exposed specimen 

(figure 3.22C and D). In the case of dolomitic domains, 

marks of discontinuity arise between the dolomitic clasts 

and micritic calcite (figure 3.23D). In some of the surface 

dolomitic clasts a 5-7 µm deep network of microfractures is 

present (figure 3.23E). On the contrary, micritic calcite 

areas appear very similar to those of the not exposed 

specimen. Botticino limestone shows very different decay 

effects compared to those observed on Carrara marble 

sample (figure 3.21). This is obviously due to the different 

minero-petrographic characteristics of the two lithotypes 

investigate, and the depbox exposure method has allowed to 

observe their different behaviour. 
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A)  B)  

C)  D)  

E)  

Figure 3.23: SEM images of the cross section of a Botticino 

specimen exposed at Torre Sarca for 22m  
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Noto stone is a fossiliferous and highly porous calcarenite 

(figure 3.24A and B). The surface profile is very rough, and 

a lot of cavities appear evident both on the surface and 

within the material. Looking at higher magnifications (figure 

3.24C and D), it can be observed the presence of a lot of 

grains and bioclast and the highly porosity of the cement.  

A)  B)  

C)  D)  

Figure 3.24: SEM images of the cross section of a non exposed 

Noto specimen. 
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The complex structure of the Noto calcarenite does not 

allow observing differences between the exposed (figure 

3.25A) and not-exposed specimen and the presence of the 

PM deposit, always observed on Botticino and Carrara 

specimens profile (figures 3.23, 3.21, 3.20 and 3.19). In 

some points it seems observable that the particles tend to 

arrange inside the surface microcavities (figure 3.25B). Also 

at higher magnifications, no differences between exposed 

and not-exposed samples can be observed (figure 3.25C and 

D). 

A)  B)  

C)  D)  

Figure 3.25: SEM images of a cross section of a Noto specimen 

exposed at Torre Sarca for 22m. 
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The scanning electron microscope observation of the 

polished cross sections of exposed and not-exposed 

specimens, allowed to better understand the capacity of the 

depbox exposure method. After 22 months of exposure, 

Carrara marble and Botticino limestone shows evidences of 

deterioration. The morphologies of these signs depend on 

the lithotypes. Noto calcarenite does not shows decay 

marks, but this is probably due to the intrinsic proprieties 

of this lithotype. Thus, from this point of view, it can be 

stated that the depbox exposure method allows to observe 

the lithotype-specific decay morphologies. Comparing the 

marble specimens exposed with different time horizon (16 

and 22 months) and in different exposure sites (Torre Sarca 

and Villa Necchi) results are not clearly interpretable. The 

specimen exposed at Villa Necchi highlight slight decay 

effects compared to the specimen exposed at Torre Sarca. 

However, it must be point out that the specimen exposed at 

Torre Sarca for 16 months seems to be the most decayed, 

even more that those exposed for 22 months in the same 

exposure site. This latter results confirm that the decay of a 

single stone artefact can be strongly influenced by several 

variables which depends on the artefact itself, like i.e. 

heterogeneities or features due to the manufacturing 

process, thus making difficult to perform a proper 

comparison regarding the decay rate of stone materials, 
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even in the case of stone specimens coming from the same 

quarry.  

 

3.3.5 Composition of the water-soluble fraction 
of the deposits. 

In all exposed samples a significant increase of the water-

soluble species, compared to the not-exposed samples, was 

observed. This evidence confirms that the atmospheric 

deposition can represent a considerable source of soluble 

species for the exposed surfaces. The analyzed water-

soluble content represents on average the 6% of the total 

deposited mass even if this value showed a wide variability. 

For the surrogate surfaces, a maximum of 18% of water-

soluble content in the case of Qz exposed at Villa Necchi in 

win14 and a minimum of 2% in the case of PTFE exposed at 

Torre Sarca for 22m was found. The ions deposition rate 

and the water-soluble content seemed to be greater in the 

case of the short-terms campaigns, since it is the 9% on 

average considering the surrogate surfaces exposed at the 

two sites in win14 and sum14 campaigns while it is the 4% 

on average considering 16m and 22m campaigns. Similar 

considerations were also true in the case of stone 

specimens. This result can be explained considering that, 

especially regarding log-term exposure, several processes 
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can act on exposed substrates (i.e. partition the gas-phase, 

deep migration in the porosity of the material, formation of 

insoluble species) decreasing the water-soluble species 

detectable by ion chromatography. These results confirm 

the importance of performing short-term study for a proper 

evaluation of the impact of atmospheric deposition in 

materials decay phenomena. 

The total mass of deposited ions seems to be not 

correlated with the total deposited mass (R2 = 0.24, figure 

3.26). This evidence could be explained considering that the 

most of the ions can be found in the fine fraction of PM 

while, in the case of the deposits collected in this study, the 

total deposited mass can be strongly influenced by the 

biggest particles. This evidence allows to state that, also in 

the case of materials decay studies, a special attention 

should be paid to fine PM fractions.  

 

Figure 3.26: correlation between the total deposited mass 

and the deposited ions (µg cm-2 month-1) 
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Even if fine PM is supposed to have a low sedimentation 

rate, fine PM can represent an important fraction 

concerning deposition occurring in special conditions, like 

vertical surfaces (Nava et al. 2010), where sedimentation is 

expected to be negligible and the turbulent diffusion is 

assumed as the main deposition mechanism (Maro et al. 

2014). Data obtained with the depbox show that, even in the 

case of horizontal surfaces in conditions of low air flow 

speed, fine PM fraction can significantly deposit. In addition 

to this, some important chemical components, such as water 

soluble compounds and elemental carbon, are generally 

abundant in the fine fraction of PM (Perrone et al. 2012). 

These components are particularly harmful for the surfaces 

on which they are deposited on, since they are directly 

related to specific decay mechanisms like salts weathering or 

blackening (Bonazza et al 2005). The ions deposition rates 

(table 3.4) seemed to be similar in the two sites in the case of 

win14 campaign, while they seemed to be greater at Torre 

Sarca if compared to Villa Necchi in the case of sum14 and 

16m campaigns. Only PTFE in 16m campaign seemed to be 

an exception to this latter evidence. Considering that ions 

are more present in the fine PM fraction, the difference 

between the ions deposition rates could be explained with 

the different characteristics of the two sampling sites. Torre 

Sarca is an high-traffic site in which the influence of local 
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fine PM emission sources can result in a higher ions 

deposition. A different situation occurs at Villa Necchi that is 

inside the Low Emission Zone of Milan next to low traffic 

roads. As stated, this difference clearly emerges in 

summertime. This is another evidence of the fact that, 

concerning materials-decay studies, the total deposited mass 

determined through a long-period exposure campaign is not 

a correct parameter to take into account for a proper 

evaluation of the decay-hazard for the surfaces. 

Contrariwise, a proper knowledge of the chemical 

composition of deposits, their dimensional distribution and 

seasonal variation related thereto, has to be achieved. 

Another interesting result regards the deposition of 

sulphates and nitrates on different materials. The ratio 

between sulphates and nitrates, calculated according to 

Equation 3.2 (Potukuchi and Wexler, 1995), seemed to be 

greater on marble specimens rather than surrogate 

surfaces. 

                   = 
    

  

    
        

 
  (   3    

mso4
2- = mass of deposited sulphate [µg] 

mNO3
- = mass of deposited nitrates [µg] 

The sulphates/nitrates ratio is on average 0.43 ± 0.09 on 

PTFE; 0.51 ± 0.13 on Qz and 0.76 ± 0.15 on marble 

specimens. These results could be explained assuming an 
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incipient sulphatation phenomenon acting on marble 

surfaces. This phenomenon involves the transformation of 

carbonate substrates in gypsum (calcium sulphate 

dihydrate), by the work of acid substances (i.e. H2SO4) that 

could be present on the deposited particles, but also by the 

work of acid gas substances (i.e. SO3). The heterogeneous 

phase reaction (solid-gas) between marble surface and acid 

gases can be catalyzed by the presence of some specific 

components of the PM deposit (Rodriguez-Navarro & 

Sebastian, 1996) and by the presence of liquid water. 

Concerning the presence of liquid water, the PM deposit can 

promote  water-adsorption process (Casati et al. 2015). 

However, the different behaviour between the substrates 

(surrogate and marble) confirms the fact that the study of 

dry depositions is a complex issue and in the estimated 

deposition fluxes significant differences can rise depending 

on the exposure substrates (Ferm et al. 2006) and exposure 

methods (Huang et al. 2011).  
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3.3.6 Deposited organics: PAHs and Alkanes 

PAHs and Alkanes were analyzed on Torre Sarca and 

Villa Necchi stone specimens and surrogate surfaces in the 

case of sum15, 16m and 22m campaigns. A significant 

increase in the content of PAHs and alkanes was observed 

in the exposed stone specimens and surrogate surfaces, 

compared to the not exposed “blanks”. Thus the PM 

deposits collected with the depbox contain both PAHs and 

alkanes.  

PAHs have an environmental significance since they are 

markers of combustion, traffic being an important source in 

urban area. There are many sources of PAHs in vehicle 

exhaust, including unburned fuel, lubrificating oil and 

pyrosynthesis. The study of these compounds can help to 

figure out which PM sources impact on the surface. Results 

obtained on surrogate surfaces (PTFE and Qz) (figure 3.27) 

shows that there is no a significant difference in the PAHs 

content between Torre Sarca and Villa Necchi. An 

interesting issue arise from the comparison between the 

results obtain in the long-term campaigns (figure 3.27) and 

the sum14 campaign (figure 3.28). The PAHs pattern of the 

long-term campaigns shows a greater abundance of PAHs 

with high molecular weight, while this evidence does not 

occur in the case of sum14 campaign. These results can be 

attributable to the fact that low-molecular weight PAHs are 
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semi-volatile, they can therefore transfer to the gas phase 

and this effect is more evident at long-time scale. However, 

the different pattern between short-time and long-time 

exposure points out that even in the case of PAHs seasonal 

study are fundamental for a proper assessment of the 

deposition pathways. 

 

Figure 3.27: deposition rates (ng cm-2 month-1) of PHAs 

detected on surrogate surfaces (Qz and PTFE ) on 22m 

and 16m campaigns 
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Figure 3.28: deposition rates (ng cm-2 month-1) of PHAs 
detected on surrogate surfaces (Qz and PTFE ) on sum14 

campaign. 

 
Figure 3.29: deposition rates (ng cm-2 month-1) of PHAs 

detected on Marble specimens. 

Homologous series of n-alkanes which are present in the 

atmospheric PM can originate from various sources, 

including anthropic and biogenic sources. The abundance 

distribution of the odd/even terms in the series is a key 



122 
 

diagnostic parameter in tracking the biogenic and 

anthropogenic nature of n-alkanes sources. In particular, 

anthropogenic emissions from utilization of fossil fuel 

generate a random distribution of odd versus even term; on 

the other hand, alkanes originated from terrestrial plant 

material (plant debris) show a predominance of odd-

numbered terms. Also in the case of alkanes it is possible to 

observe a difference between long-term and short-term 

campaigns, with high-molecular weight alkanes that are 

more abundant in the case of long-term campaigns. 

Considering the long-term campaigns, the most abundant 

alkanes are C29 and C31. This results is in agreement with 

Saiz-Jimenez (1993) which analyzed the content of alkanes 

in black crusts present on monuments of different 

European locations.  

 

Figure 3.30: deposition rates (µg cm-2 month-1) of Alkanes 

detected on surrogate surfaces (Qz and PTFE ) on 

22m and 16m campaigns 
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Figure 3.31: deposition rates (µg cm-2 month-1) of Alkanes 

detected on surrogate surfaces (Qz and PTFE ) on 
sum14 campaign. 

 

 
Figure 3.32: deposition rates (µg cm-2 month-1) of Alkanes 

detected on Marble specimen. 
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3.3.7 Main deposited crystalline phases 

XRD pattern of the non-exposed marble specimen shows 

the main presence of calcite, but also the presence of 

dolomite and magnesium calcite was detected. This result 

indicates an impure Carrara marble, as a matter of fact, 

with the commercial name “Carrara marble” a wide variety 

of Apuan marble are identified and in this case the Carrara 

marble specimens used in this study may contain dolomitic 

impurities.  

Four exposed marble specimens were analyzed, two of the 

sum14 campaign, one exposed at Torre Sarca and the other 

one exposed at Villa Necchi. The other two analyzed 

specimens were exposed in the 16m campaign at the two 

site. Results of the analyses are reported in table 3.5. In 

addition to the phases related to the stone substrate (calcite 

and dolomite), in all the exposed specimen other phases 

were detected. These phases are attributable to terrigenous 

material i.e. quartz, mica (muscovite, phlogopite) chlorite, 

plagioclase and feldspar. Such an abundance of terrigenous 

minerals revealed by XRD, confirm that a large part of the 

deposited mass is attributable to the coarse fraction which 

has an high sedimentation rate. Three samples also show 

the presence of gypsum. The origin of the gypsum can be 

related to the deposition of terrigenous PM, but it can be 

also attributable to a incipient sulphatation of the marble 
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surfaces. In any case, the presence of gypsum is to be 

consider as an hazardous factor for the marble surfaces, 

since it is involved in the formation of black crusts.  

 

Table 3.5: interpretation of the XRD spectra. 

Sample 
Mineralogical Phases 

(in order of score) 

TS sum14 
calcite, dolomite, quartz, gypsum, 

muscovite. 

VN sum14 
calcite, dolomite, quartz, muscovite, 

chlorite, plagioclase. 

TS 16m 
calcite, quartz, dolomite, gypsum, albite, 

phlogopite. 

VN 16m 
calcite, quartz, dolomite, gypsum, 

muscovite, plagioclase, chlorite. 
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3.4 Conclusions 

A new exposure method was developed. The method 

involves the use of a device, named “deposition box” that is 

able to mime the dry deposition. Every kind of material can 

be housed inside the “deposition box”. The new exposure 

method is designed to standardize some variables underlying 

the dry deposition process, like the air exchange rate across 

the exposure floor, where the specimens are placed. Several 

exposure campaigns were performed, some with a seasonal 

timescale, other over a longer period. The new exposure 

method allows to obtain repeatable measurements of 

seasonal deposition rates, highlighting significant differences 

in the deposition rates measured during winter and summer 

at the two exposure sites, Torre Sarca and Villa Necchi 

Campiglio. Differences between the deposition rates 

measured on different substrates were also detected, both in 

the case of surrogate surfaces (quartz, PTFE and aluminium) 

and stones (Carrara marble, Noto calcarenite, Botticino 

limestone and Granite). In the case of surrogate surfaces the 

differences became less evident in the case of long-term 

campaigns. Similar differences between seasonal and long-

term campaigns were detected in the case of amounts and 

chemical composition of the water-soluble fraction of the 

deposits. Particularly, the ions deposition rates were similar 

in the two sites during winter, while they were greater at 
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Torre Sarca during summer and in the long-period exposure. 

These evidence point out the importance of performing 

seasonal studies about the decay effects of atmospheric 

deposition on materials. The dimensional distribution of the 

collected deposits, evaluated with a specially developed 

method based on SEM images, shows that the dimensional 

distribution of the deposited particles is quite similar both in 

winter and summer at the two sites, and a very significant 

presence of fine particles (area 0.4 – 5 µm2) was detected. 

This result is in agreement with the fact that the deposition 

rate of the ionic fraction (driven by the fine PM fraction) 

seems to be not correlate with the total deposited mass (R2 = 

0.24), pointing out that the fine PM fraction can play a 

potentially crucial role as regards the decay of materials. 

This latter result is of particular interest considering that in 

conservation field, only PTS or PM10 are considered as 

relevant PM fraction inducing surface blackening and 

materials decay (see section 1.2). 
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CHAPTER 4 

Study of potential decay-effects on stone 
substrates of each size fractions of 

atmospheric PM and single-salts PM. 

4.1 Theoretical Background 

The study of decay effects of particulate matter on 

materials is a very complex issue (see section 1.1 and 

references therein). In this regards, a first challenge 

concerns how to deposit PM on the surfaces of interest, in 

order to study the interactions between PM and surface. A 

brief overview of the literature provides several different 

approaches. In the field of cultural heritage, it is usual to 

make simple outdoor-exposure of specimens which can be 

made by stone or other materials of interest. With the aim 

of highlight the effect of PM, the specimens can be exposed 

in sheltered conditions (Ferm et al., 2006; Maro et al., 2014; 

Realini et al., 1995; Zappia et al., 1998). Another fruitful 
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approach is to use an exposure method which is able to 

standardize some variables related to the dry deposition 

process in order to obtain more repeatable samples (see 

section 3 and Casati et al., 2015b, Nobili et al., 2015). In any 

case, these methods are time-consuming, it takes months 

or years to obtain suitable samples.  

Looking at other fields, the problem of corrosion due to 

PM is widely study related to corrosion prevention in data 

centres (Ferrero et al., 2013 and 2014). In this field, only 

water-soluble fraction is often considered, and the 

specimens were soaked with a salt solution by means of 

spin coating technique (Sandroff et al., 1992) or by simple 

droplet deposition (Singh et al., 2015; Verdingovas et al., 

2015). Considering the whole PM, some authors (Song et al., 

2013) exploit the guidelines of the American Society of 

Heating Refrigerating and Air-Conditioning Engineers 

(ASHRAE, 2011) which recommend to collect dust in the 

environment of interest, and distributed it on the surface of 

the specimens by means of a brush. Even in this case, 

another helpful approach is to expose the specimens inside 

the studied environments for a certain time, which is of 

weeks or months (Ding et al., 2015). 

Considering the state of the art in this topic, a new device 

was designed by the atmospheric chemistry research group 

with the aim of collecting atmospheric particles directly 
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deposited on any kind of substrates of interest, like i.e. 

stone, metallic or polymeric specimens, printed circuit 

boards, interdigitated arrays etc. This device exploits the 

principle of the sampling by impact (Marple & Willeke, 

1976), based on the following relation: 

     = 
  

         

   
     (        

Were: 

Stk50 = Stokes number of a particle having 50% of probability of 

impacting the sampling stage 

dp = geometrical diameter of a particle having a 50% probability of 

impacting 

ρp = particle density (g cm-3) 
Cp = Cunninghan slip correction factor (Hinds, 1982) 

U = average velocity of the jetstream (cm s-1) 

η = dynamic viscosity of the air (g cm-1 s-1) 

W = impactor’s nozzle width (cm) 

Briefly, a stream of air is forced to pass through a nozzle, 

downstream of which is placed an impaction plate (figure 

4.1). Considering the equation (4.1), the particles that are 

too small to impact follow the air stream while the other 

particles impacted the impaction plate. A full description of 

a prototype of the sampler will be provided in the next 

section (4.2). 
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Figure 4.1: Streamlines and particles trajectories for a typical 
impactor (Marple& Willeke 1976)  

 

4.2 Project and construction of a prototype of 
rotating cascade impactor 

A prototype of a new sampling device was develop 

starting from the “personal cascade impactor” proposed by 

Misra et al. (2002). It has 4 impaction stages, on which the 

following size-classes of PM are selected, according to the 

equivalent aerodynamic diameter (dae) :  

Stage A: dae> 2.5 µm 

Stage B: 2.5 µm > dae > 1.0 µm 

Stage C: 1.0 µm > dae > 0.5 µm 

Stage D: 0.5 µm > dae > 0.25 µm 

After the impaction stages it is placed a backup filter, to 

collect the particles with dae < 0.25 µm and to protect the 

pump. The airflow is set to 10 L min-1 by means of a 
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vacuum pump. A block diagram of the sampler is shown in 

figure 4.2.  

 

Figure 4.2: scheme of the prototype of the rotating cascade 
impactor 

Two main characteristics make the sampler highly 

innovative. First of all, the sampling nozzles, which have 

variable width according to the impaction stage and 2 cm of 

length, can be set into rotation by means of an adjustable 

mechanism with a rotating velocity ranging from 2.8 to 13.4 

minutes per rotation. In addition to this, the impaction 

plates made by PTFE, can accommodate any kind of 

specimens with a maximum dimension of 5 x 5 x 1 cm 

(figure 4.3), which is a dimension compatible with the 

Italian and international standards (UNI 10921; UNI 10859) 

regarding the evaluation of materials and products in the 

field of conservation. Any other smaller specimen or artefact 

can be accommodated thanks to PTFE adapters. The 
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sampling device is suitable for both indoor and outdoor use. 

The prototype of the sampler is shown in figure 4.4. 

   

Figure 4.3: photo of stage of impact (left), made by PTFE. The 5 

x 5 x 1 cm hole, made for the housing of the 
specimens, is visible. On the right a nozzle stage is 

shown. 

 

Figure 4.4: Prototype of the rotating cascade impactor. On the 
left, the assembled prototype is shown. The external 

structure is shown in the centre. On the left, the head cap 

removed allows to better see the assembling of the stages. 
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Thanks to its innovative features, with this sampler it is 

possible to obtain round deposition spots, with a diameter 

of 2 cm, figure 4.5. 

 

Figure 4.5: example of deposition spot (stage D) obtained 

with the prototype of rotating cascade impactor.  

 

 

4.3 Test of the prototype of the new sampling 
device 

A sampling test was performed with the aim of verifying 

the goodness of operation of the prototype. The test was 

carried out by performing three different 48 hours 

sampling, 4 PTFE filters were placed on the impaction 

stages while a quartz fibre filter was placed on the backup. 

In parallel to the sampling with the rotating cascade 

impactor, a monitoring of the number size distribution was 

also performed using an Optical Particles Counters (Grimm 

model 107G); PM10 and PM2.5 atmospheric concentrations 

declared by the Lombardy environmental protection agency 
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were also acquired (www2.arpalombardia.it). The sampling 

activity was carried out on the roof a building of the 

University of Milano Bicocca. In table 4.1, the 48-hours 

average atmospheric concentration of PM, declared for the 

city of Milan is reported in comparison with the apparent 

concentration resulting from the sum of the mass deposited 

on the four impaction stages and in the backup filter of the 

rotating cascade impactor, divided by the nominal sampled 

volume (PMrot in table 4.1). 

Table 4.1: Mean atmospheric concentration declared by the 

local environmental protection agency and apparent 

concentration obtained from rotating cascade impactor 

during the sampling test. 

# sampling PM10 PM2.5 PMrot 

 µg m-3 µg m-3 µg m-3 

S1 36 ± 4 27 ± 4 15 

S2 59 ± 13 51 ± 12 26 

S3 63 ± 10 45 ± 9 30 

 

Results of the test showed that the rotating cascade 

impactor estimates far lower concentration (-42% on 

average) if compared to the data declared by the local 

environmental protection agency. To explain this high 

discrepancy of the data, it has to be taken into account that 

the sampling site, where the test was performed, is 
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considered to be an urban background site. In addition to 

this, a vacuum pump with 10 L min-1 nominal flux was 

used, but the chosen pump did not have an accurate flux-

control. Since it is a prototype, the pump was selected with 

the aim of ensuring the continuous operation of the device, 

avoiding problems of interruption of the sampling flux in 

case of obstruction of the backup filter or of the backup 

stages. This choice is justified by the fact that the new 

device was projected for sampling both environmental PM 

(section 4.4) and generated aerosol (section 4.5). In the 

future versions of the device this aspect will be evaluated 

more carefully. Anyhow, the main purpose of the new device 

is to collect the single size fractions of PM on different kind 

of materials. In figure 4.6 it is reported the numerical size 

distribution, as measured by optical particles counter, 

during the three sampling test. Since the numerical size 

distribution is very similar in all the tests, an unique line is 

visible in the graph (figure 4.6, left). 
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Figure 4.6: Left: mean numerical size distribution measured by 

OPC during the sampling tests, Right: mass size 

distribution computed starting from OPC data assuming 

an aerosol density of 1.7 g cm-3. 
 

Starting from numerical size distribution, a mass 

distribution was hypothesized, considering the volume 

distribution and assuming a 1.7 g cm-3 aerosol density. In 

this latter distribution, slight differences between the three 

sampling tests were identified (figure 4.6). By observing 

these distributions, it can be noticed that the more 

represented size  class is  the one of the finest particles, 

which corresponds to the stage D of the rotating cascade 

impactor.  

By observing the masses deposited on the different stages 

during the three sampling tests (figure 4.7), the higher mass 

deposition occurred at the D stage, even if there seems to be 

a different distribution between S1 and the other two 

samplings. 
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Figure 4.7: mass (mg) measured on the four impaction 

stages during the three sampling tests. 

Sampling tests allowed to check the functioning of the 

prototype. These tests revealed the need of a more accurate 

control of the air flux in order to achieve an accordance 

with the standardized sampling methods. Despite this, most 

of the mass is sampled on the D stage, and this is in 

accordance with the size distribution measured by optical 

particles counters. This latter evidence suggests a good 

ability in the selection of the dimensional classes, allowing 

the use of the prototype to perform a size-dependent study 

about the PM decay impact on different materials.  
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4.4 Study of the potential decay-impact of the 
single size fractions of atmospheric particulate 
matter 

With the aim of studying the potential decay-impact of 

the single dimensional fractions of PM, a sampling on 

Carrara marble specimens was performed (section 4.4.1).  

The prototype of the new rotating cascade impactor was 

used. Four single size fractions spots, deposited on marble 

specimens were thus obtained. These Carrara Marble 

specimens, soaked with the PM deposit, were investigated 

with the Aerosol Exposure Chamber method (section 4.4.2). 

This method was chosen since it allowed to evaluate the 

potential impact of PM towards the decay of a surfaces (see 

chapter 2) and it can help to understand how particles with 

different sizes behave during the environmental hygrometric 

variations. 

4.4.1 Sampling on Carrara Marble specimens 

Four 5 x 3 x 1 cm Carrara Marble specimens were used 

for the test. The specimens were prepared according to 

UNI10921 (see section 3.2.3). The marble specimens were 

housed in the impaction stages thanks to suitable PTFE 

adapters (figure 4.8) 
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Figure 4.8: housing of the Carrara marble specimens inside of 
one of the four impaction stages. 

 

The sampling was performed in the “U1” building of the 

University of Milano Bicocca (p.zza della Scienza 1, Milano, 

45°30’47.4”N; 9°12’42.6”E) at an approximate height of 15 

m, for a total of 63 hours of sampling spread over 4 days of 

sampling. The rotation velocity of the nozzles was set to the 

minimum velocity of 13.4 minutes per rotation. The average 

concentration of PM10 and PM2.5 in Milan during the 

sampling period was provided from the local environmental 

protection agency and it is shown in figure 4.9. During the 

first day of sampling, the PM atmospheric concentration 

was very high (81 µg m-3 as regards PM10), while it is 

decreasing during the following days. 
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Figure 4.9: atmospheric concentration of PM10 and PM2.5 
during the period of the sampling, declared from the 

local environmental protection agency . 

After the sampling, all the Carrara marble specimens 

were contaminated by a dark round spot (figure 4.10). A 

first evidence was that the darkness of the spot seemed to 

be inversely proportional with the diameter of the deposited 

particles: the darkest spot correspond to the D-stage, which 

collect particles of 0.5 µm > dae > 0.25 µm.  

 

Figure 4.10: Carrara marble stone specimens after 63 hours 

sampling with the rotating cascade impactor. 
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These results are easily explained if it is taken into 

account that Black Carbon, which is considered to be the 

major factor inducing blackening of the exposed surfaces, is 

mainly constituted by submicrometric particles. Therefore, 

Black Carbon was more deposited at the lowest impaction 

stages, i.e. stage D. From this point of view, the rotating 

cascade impactor can be considered as an useful tool to 

study the PM-induced blackening of the surfaces.  

4.4.2 Evaluation of the potential decay-impact 
of the single size fractions with AEC 

The potential decay impact of the single size fractions of 

PM was evaluated by studying the PM deposits collected 

with the prototype of rotating cascade impactor. It was 

chosen to apply the Aerosol Exposure Chamber (AEC, see 

section 2.2.2) method. Briefly, in the AEC it is possible to 

vary the Relative Humidity (RH) in a controlled way. During 

the RH variations, the electrical conductance of PM 

particles collected on filtering supports can be measured. In 

the case of this study, the electrical conductance of the PM 

deposited on marble specimens was measured during a 

gradual RH ramp starting from 30% ending at 85% with 

step of about 1%. This test allows to investigate the 

behaviour of the PM deposits in terms of water-adsorption 

and solubilisation of salts. When the soluble substances, 



144 
 

contained in the PM deposit, switch in water-solution 

(deliquescence process) an increasing of the electric 

conductance is observed. In this way, the electrical 

conductance profile provides information about the content 

of salts and their behaviour during the RH variations. As 

well as the PM-contaminated marble specimens, a not-

contaminated specimen was also tested in order to highlight 

the effects due to the presence of the PM deposit.  

 

Figure 4.11: Electrical conductance of marble specimens 

contaminated with PM. The different colours 

represent the different stages of the rotating cascade 

impactor, therefore the different particles size 

fractions. 

Figure 4.11 shows the conductance values in function of 

relative humidity detected on marble specimens 

contaminated with PM by means of the rotating cascade 

impactor. In table 4.2 the maximum conductance values 

and the activation RH are reported. The activation RH is the 
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RH values in which the first electrical signal is detected, 

therefore when the detection limit (0.0007 µS, see section 

2.2.2) is exceed.  

Table 4.2: activation RH and maximum conductance 

measured on marble specimens. 

Stage 
Activation 

RH  

[%] 

Maximun 
Conductance 

[µS] 

A 60 0.0404 

B 59 0.0250 

C 51 0.0475 

D 40 1.06 

blank 87 0.019 

 

A first evidence is that the not-contaminated specimen 

showed higher activation RH and lowest conductance 

values if compared to PM-contaminated specimens. This 

evidence allows to highlight the role of the atmospheric 

deposits in promoting decay. In fact, the conductance 

signal, is to be placed in relation to the formation of a 

electrolytic solution on the marble surfaces. When the 

electrolytic solution is formed, salts can migrate into the 

porosity of the material and cause mechanical damage 

when they crystallize back again as consequence of a 

decreasing of RH.  

Looking more in detail the results referred to the four 

stages (figure 4.12), it can be notice that the higher 



146 
 

conductivity was measured in the case of the stage D (0.5 

µm > dae > 0.25 µm). The second highest is stage C (1.0 µm 

> dae > 0.5 µm) while stage B (2.5 µm > dae > 1.0 µm) and A 

(dae > 2.5 µm) show similar values, with stage A slightly 

higher after 75% RH.  

 
Figure 4.12: detail of the data shown in figure 4.11. 

These results suggest that the finest deposited PM (stage 

D) is the most dangerous for stone materials since it is 

associated to the highest conductance values. This evidence 

indicates that the PM deposited on stage D has the highest 

content of soluble substances. In addition to the this, the 

fact that the specimen corresponding to stage D has a 

lowest activation RH suggests that this specimen has a 

tendency to adsorb water at lower RH values compared to 

the specimens referred to the other stages. This fact affects 

both the time of wetness and the number of dissolution 

crystallization cycles (see section 2.1).   
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4.5 Deposition of single-salts PM and study of 
their decay impact with AEC 

4.5.1 Deposition of single-salts PM on marble 
specimens 

Thanks to the innovative characteristics of the rotating 

cascade impactor it was possible to deposit single-salt 

particles on marble specimens. Single-salt particles were 

generated with a dedicated aerosol generation unit (figure 

4.13). This is composed by a PTFE sack equipped with two 

nozzles, one for the inlet of the aerosol and the other one for 

the sampling line. The PTFE sack was made by welding 

some PTFE sheets to obtain an hermetic sack. The PTFE 

sack acts as a lung, balancing any differences between the 

inlet and outlet fluxes. 

 

Figure 4.13: the Aerosol Generation Unit. 

Different types of aerosols can be generated by 

connecting two different generation set up at the inlet of the 
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PTFE sack. When a TOPAS ATM 220 is used (figure 4.13), it 

is possible to generate saline aerosol through the 

atomization of water-solutions. A second set up can be 

arranged, allowing the generation of a saline-carbonaceous 

mixed aerosol. The carbonaceous aerosol is generated by an 

acetylene flame while the saline aerosol is generated with 

the ATM 220. The aerosols were premixed before being 

introduced in the PTFE sack (figure 4.14). 

 

 

Figure 4.14: Set up of the aerosol generation unit for the 

generation of mixed carbonaceous-saline aerosols. 

The rotating cascade impactor was connected to the 

aerosol generation unit settled up for the generation of 

saline aerosol, according to figure 4.13. In this way, it is 

possible to deposit any kind of salts particles on the surface 

of stone specimens. It was chosen to generate and deposited 
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three sodium salts; NaNO3, NaCl and Na2SO4 and three 

ammonium salts; NH4NO3, NH4Cl and (NH4)2SO4 table 4.3.  

Table 4.3: Deliquescence Relative Humidities of the salts 

used in this work. (Nenes et. al. 1998). 

Sodium 
series 

DRH 
(298.15 K) 

Ammonium 
series 

DRH 
(298.15 K) 

NaNO3 0.7379 NH4NO3 0.6183 

NaCl 0.7528 NH4Cl 0.7710 

Na2SO4 0.9300 (NH4)2SO4 0.7997 

A 25000 ppm concentrated solution of each of the salts 

listed in table 4.3 was prepared and put into the vessel of 

the ATM 220. The generation and deposition of the salts 

was carried out according to the following procedure: 

- The PTFE sack was inflated by generating the chosen 

salt with ATM 220 (5 atm operating pressure; flow rate 

225 l/h; 0.26 µm residual size for a 1 µm droplet; 1.3 

µm residual size for a 5 µm droplet).  

- When the PTFE sack was quite inflated (about 10 

minutes of generation), the sampling with rotating 

cascade impactor started. A marble specimen was 

housed in the stage D, while the other impaction stages 

were filled with waste filters. The rotation speed was set 

to the maximum values of 2.8 minutes per rotation. The 

sampling lasted for 20 minutes. A further inflated of the 

sack using ATM 220 was performed if needed.  
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- After the generation of the salt, the PTFE sack was 

cleaned up with subsequent inflation and deflation with 

clean compressed air. The cleaning of the sack was 

checked counting the particles inside the sack with a 

portable diffusion size classifier (miniDiSC). The vessel 

of the ATM 220 was carefully cleaned with MilliQ water, 

as well as the nozzles and the impaction stages of the 

rotating cascade impactor.  

After the sampling, all the marble specimens are subject 

to the presence of a white salts deposit (figure 4.15), with a 

2 cm diameter circular shape.  

 

Figure 4.15: salt deposited on a marble specimen thanks to 

the rotating cascade impactor  
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4.5.2 Study of the hygroscopic behaviour of the 
salts-contaminated stone specimens. 

The hygroscopic behaviour of the salts-contaminated 

stone specimens was studied with the Aerosol Exposure 

Chamber. The conductance of the salt-contaminated stone 

surfaces was measured during a progressive increasing of 

RH (1% steps) from 25 to 85%. The results of this study are 

shown in figure 4.16 concerning the sodium salts and in 

figure 4.17 as regards ammonium salts. 

 

Figure 4.16: Conductance of the sodium salts deposited on 

marble specimen as a function of RH 

 

Results shown in figure 4.16 pointed out that the 

hygroscopic behaviour of the salt-contaminated marble 

specimens is strongly influenced by the chemical 

composition of the salt. The curves are the result of several 
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water-adsorption mechanisms, promoted by both salt 

deposit and stone surface. The specimen contaminated with 

sodium nitrate, which is the salt with the lowest DRH (see 

table 4.3), has the lowest activation point and the highest 

maximum conductance (table 4.4). Conversely, the 

specimens contaminated with sodium sulphate shows 

instead the higher activation RH and the lowest maximum 

conductance. The curve of the specimen contaminated with 

sodium chloride lies between the curves of the nitrate and 

sulphate.  

 
Figure 4.17: Conductance of the ammonium salts deposited 

on marble specimens as a function of RH. 

 

The same consideration obtained for the case of sodium 

salts are also valid in the case of ammonium salts. The 

specimen contaminated with ammonium nitrate shows the 
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lower activation RH and the highest conductance values, 

the specimen contaminated with ammonium sulphate has 

the highest activation RH, while the curve referred to 

ammonium chloride lies between the other two.  

 

Table 4.4: Activation RH and Maximum conductance 

measured on salt-contaminated stone specimen. 

Salt 
Activation 

RH [%] 

Max 

Conductance 

µS 

Salt 
Activation 

RH [%] 

Max 

Conductance 

µS 

NaNO3 43 3.23 NH4NO3 - 34.54 

NaCl 47 2.64 NH4Cl 44 2.66 

Na2SO4 65 2.02 (NH4)2SO4 59 3.33 
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4.6 Conclusions 

A prototype of a new rotating cascade impactor was 

designed and built. The prototype was successfully 

employed to obtain PM deposits on stone surfaces. By 

sampling environmental PM, the single dimensional 

fractions were deposited. The finest PM fraction ( 0.25 – 0.5 

µm) seems to have a greater impact both in terms of surface 

blackening and concerning the water-adsorption and 

solubilisation of water-soluble substances. These results 

point out that fine PM fractions have a great importance 

concerning both the aesthetic damage and decay of stone 

surfaces exposed to PM deposition. The rotating cascade 

impactor allowed to perform, for the first time, a study 

about the size-dependent potential decay impact. This issue 

is of fundamental importance to understand the effects of 

future changes in terms of atmospheric PM characteristics. 

Thanks to the new device it was possible to obtain a 

significant amount of PM deposit with a very short sampling 

time (63 hours) and this is another plus.  

Single-salt PM deposition was performed by means of the 

rotating cascade impactor as well, collecting the aerosol 

spray that was phased into an aerosol generation unit. 

Thank to this experimental apparatus, it is possible to 

obtain deposits with known chemical composition or to 

study the effects of aerosols generated from specific 
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sources. At the best of our knowledge, this is the first time 

that generated synthetic aerosol were deposited on stone 

materials. The results related to the single-salts 

contaminated stone specimens, highlight that the water-

adsorption of stone substrates can strongly depend on the 

chemical composition of the contaminants. In particular, 

the specimens contaminated with sodium and ammonium 

nitrates, which have the lowest DRH values, seem to show 

the water-adsorption at low RH value. On the specimens 

contaminated with sodium and ammonium sulphates, the 

water adsorption seems to be triggered at higher RH values, 

in accordance with the high DRH values of the salts 

contaminants. The specimens contaminated with sodium 

and ammonium chloride show the water-adsorption at 

intermediate RH values between nitrates and sulphates, 

even in this case in agreement with the DRH values of the 

salts. All the salts-contaminated stone specimens show 

extremely higher values of conductance as a function of RH, 

compared to not-contaminated specimens. These results 

allow to highlight that the presence of soluble substances 

can trigger decay phenomena against the materials. Such 

mechanisms are cyclically activated by hygrometric 

variations, whereas the chemical composition of the water 

soluble compounds can strongly influence the magnitude of 

the decay and the humidity safety thresholds.  
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CHAPTER 5 

Concluding Remarks 

Some issues about the interactions between particulate 

matter and stone substrates were studied, starting from the 

previous literature approaches, three main topics were 

investigated. These three main topics are connect not only 

from the point of view of the fundamental theme, but also 

because obtained results are related and complementary.  

A first issue concerned the development of an innovative 

method to evaluate the stone decay hazard due to the 

synergic effect of PM pollution and climate, exploiting an 

“heritage climatology” approach. Experimental 

measurements of PM deliquescence and crystallization 

relative humidity (DRH and CRH) were coupled with 

climatic data to compute well-known hazard indicators for 

stone materials, time of wetness and number of dissolution 

crystallization cycles. Since DRH and CRH depends on the 

chemical composition, the developed method allows to 

evaluate how different PM chemical composition can lead to 
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different hazards for exposed materials. The method was 

applied to the case-study of Milan revealing that different 

hazards may prevail depending on the season. In winter, a 

chemical hazard prevails, due to the high time of wetness 

and the low number of dissolution and crystallization 

cycles. In summer the chemical stress reached the 

minimum value, since the season is associated to low time 

of wetness, while the mechanical stress increased. In spring 

and fall, both the time of wetness and the number of 

dissolution and crystallization cycles were relatively high. 

These can be associated to a greatest hazard for stone 

surfaces.  

Since the new evaluation methods suggested a strong 

seasonality in the hazards which the stone surfaces are 

exposed on, a new method for the exposure of stone 

specimens was develop. The goal is to perform seasonal 

exposure campaigns, trying to assess the seasonal PM 

deposition rates and the related decay phenomena. A 

suitable deposition box, with a standardized air exchange 

rate, was designed and built. Several stone specimens and 

surrogate surfaces were exposed during different exposure 

campaigns at two Milan exposure sites: Torre Sarca and 

Villa Necchi Campiglio. Obtained results confirm the 

seasonal differences regarding both the deposition rates of 

the total mass and the deposition rates of the ions. A new 
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processing method of the scanning electron microscope 

images allow to evaluate the dimensional distribution of the 

deposited particles. These measurements showed a relevant 

presence of fine PM. The more abundant size fraction is that 

of the particles having an area between 0.4 and 5.0 µm2. In 

addition to this, stone specimens that were exposed for a 

longer time (22 months) show slight decay signs that 

seemed to be differentiated according to the characteristics 

of the stone material. This result supports the goodness of 

the deposition box as exposure method for the evaluation of 

the decay of materials.  

In order to deeper investigate the decay impact of the 

single size fractions of PM, a prototype of a new rotating 

cascade impactor was built. Thanks to this prototype, single 

size fractions of PM were sampled directly deposited on 

stone specimens, revealing that the finest PM fraction (dae = 

0.25 – 0.5 µm) seem to have a greater impact, both in terms 

of surface blackening and concerning the water-adsorption 

and solubilisation of water-soluble substances. The 

evaluation of the water-adsorption of the PM deposited on 

stone surfaces was reached with an aerosol exposure 

chamber method developed starting from the same method 

used for the PM DRH and CRH determination. In addition 

to this, the new sampling device allowed to realized deposits 

of synthetic aerosol on stone specimens. In this way, the 
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role of the salts particles in promoting water-adsorption was 

studied, confirming the strong relations between the 

chemical composition of the deposits and the tendency to 

the water-adsorption.  
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