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ABSTRACT

Air pollution constantly threatens the conservation of carbonate stone monumebtslahdritage mainly
in urban areas. Even if different studies focused on the effect of pollution onnsadeeals, by analysing
samples collected from historic buildings, performing tests in simulation chaamgkor in field and
monitoring air quality (gases and aerosol) of the environment surrounding spattifi@l heritage, lack of
knowledge still remains in the quantitative correlation between the concentohtparticular atmospheric
pollutants and their damage induced to stone. Furthermore, the possible repercussionhenitdmgltof the
current atmosphere in Western Europe, poorer than in the past,obusQ@icher of NQ and organic
compounds, merit consideration.

In this regard, the Institute of Atmospheric Sciences and Climate of the Na&Riesahrch Council of Italy
(ISAC-CNR) with the Department of Physics and Earth Sciences of the University of Ferfarmeerfield
exposure tests of stone model samples and passive filters for 24 month&inciteds characterised by
different environmental conditions (i.e. Bologna, Ferrara and Florence) associatguastithlate matter
monitoring campaigns as a non-invasive methodological approach for studying theafgdan pollution
on carbonate stones. Marble (Carrara Marble) and limestone (Verona Red Marblskleeted as model
samples as they were widely used as construction and ornamental elements in historic Italiamerehntect
for their physto-chemical features. Galvanized metallic racks were prepared to host sampld#fedient
exposure orientations (i.e. horizontal, oblique and vertical) in order to identifypbsitioning may reflect
on deposition and removal of pollutants. Polished stone samples were exposed outdooy, Sheattieted
from the rain wash-out, in areas strongly affected by pollution due to vehicaific. tAt defined time
intervals several analytical techniques (Colorimetric analysis, IC, EA-IRMS, ESEM-EDR;MGS) were
used for characterising the state of degradation of the exposed stone specimeraembkidl monitoring
campaigns allowed to compare the atmospheric components (in terms of soluble and cetibog) freith
those actually accumulate on samples surface and passive filters.

The results demonstrate an increasing trend of soiling over time in all sites emident in horizontal and
obliqgue marble samples. In particular, blackening and yellowing processes of stane watfe identified in
relation with deposition of elemental carbon (EC) and accumulation of organic carborarf®GulIphate,
respectively. The adopted methodological approach provided information about the real depcsifioinef
and carbon fractions per surface unit over time as well as the development of thogihddo carbon
speciation by thermally-based separation allowed to measure C fractions inedmyexg without any
chemical attack. Moreover, the high concentration of heavy metals on stond,dbpogievalence of OC
over EC both in atmosphere and in deposit of stone samples and passiveadiltgell as soluble ions
(mainly CI andSQO,” in deposit andNO3, SO and NH' in atmospheric PM) confirm as vehicular traffic
has directly (combustion of fossil fuels) or indirectly (re-suspended dustediaing salts) affeed the
composition of the deposited particulate matter.






INTRODUCTION

Air pollution still remains an outstanding problem not only for human health and présereatthe
environment but also for the conservation of cultural heritage. In particular, monwmeniiilt heritage
located in urban sites are particularly affected by this issue as many coneunigesibpn sources (mainly
vehicular traffic and heating systems) gather in a relative small area. Besideversible loss of value of
works of art, the decay of cultural heritage implies expansive conservation adtiestworks. For these
reasons, the study of factors and mechanisms involved in the decay of historic monuméntkliagd is
of primary importance to plan preventive strategies of protection and safeguarding.

In this regard, studies of pollution impact over the past few decades were natetityl to marble and
limestone, widely employed everywhere as constructional and decorative mateasdstarised by low
porosity and chemical homogeneity (mainly composed by calcium carbonate). It is kridelg that SQ
reacts with carbonate stones to cause the formation of gypsum through sulphation anocdbat
particulate matter, and in particular its carbonaceous fractions, has a doing soiling and black crusts
formation. The black component of carbonaceous aerosol, also known as elemental carlors¢BCand
produced by incomplete combustion processes, is responsible for the dark colour of tmyeage
Nevertheless, sulphation process, which became the dominant responsible of air pollutibeinspae at
the end of the nineteenth century, has underwent a decrease becausemditigdities as well as use of
low-S fuels have reduced the emissions of BGatmosphere from the mid-2@entury. Beside the ongoing
drop of SQ, higher concentration of NOand organic compounds deriving from vehicular traffic is detected
in the majority of Western Europe cities. The shift in atmospheric composition Sfdominated to
multipollutant dominated situation is also reflected in a color change of the ddmeags from dark to
greyish and brownish tones and it is expected to increase over time. MoreoyeramN®dteract with the
stone substrate in the form of very soluble salts, generating microcracks due fioasignhanges of salts
volume.

Literature highlights that impact of air pollution on stone monuments has mestly assessed by
comprehensive analyses on specimens collected from historic built heritagedtgame the results of air
pollution-stone interaction and by test in simulation chamber to better underbtamdleé of different
parameters with potential impact in deterioration phenomena and the related procedaemgd in a
simplified system. Additionally, field exposure tests are gaining more relevanbeyaaliow to study the
ongoing environmental interactions on different materials in the same or difféireate conditions. In this
context, atmospheric monitoring campaigns performed outdoor close to historic emdayrovide further
information about those gases and particles potentially dangerous for the conservation of theetiaga
but they are still scarce.

The combination of field exposure tests of stone materials and passive Viltlersimultaneous aerosol
monitoring campaigns may have high potential for identifying the main emission souatesphere in a
specific site and gradually monitoring the related variations that happen on the erpusedls. This
approach would contribute to develop damage and dose-response functions usefuiifiotheasffect of
pollution on cultural heritage and thus plan long-term strategies for limiitage management. In this
regard, the Institute of Atmospheric Sciences and Climate of the National ReSeardil of Italy (ISAC-
CNR, Bologna) and the Department of Physics and Earth Sciences of the Universigrrafa are
collaborating to study the impact of urban atmospheric pollution on carbonate stopeddmgning fietl
exposure tests for 24 months in Italian cities characterised by different envirahroentlitions (i.e.
Bologna, Ferrara and Florence). The selected lithotypes are a marble (Carrarafvbland a limestone
(Rosso Ammonitico Veronese hereafter called with the commercial name Vezdridd®ble £VRM). The
doctorate research intends to monitor over time and quantify (in terms of soluldarbod fractions) the
material accumulated on the exposed surface of stone samples in order find & pogidttion with
colorimetric and chemical changes of stones. In particular, chemical components of depatdtéad was
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analysed for assessing the mass of soluble and carbon fractions per gnitfame stone specimens and
passive filters. Further information were would be collected by weamklyitoring campaigns of particulate
matter performed every 6 months close to the selected sites for corrétatisgluble and carbon fractions
present into atmosphere with those fractions detected on stone surface and lgotieamtggdrous for its
conservation.

In order to have a complete comprehension of pollution impact on cultural bedtagverview of the state
of the art will be presented in Chapter 1, focusing on the main atmospheric compthia¢ntause
deterioration to stone substrate, their variation over time, approachssdufitir studying their impact on
built materials as well as possible damage functions suitable for planning preveonhservation
interventions.

Afterwards, the thesis will focus on the description of field exposure tedtsparticular regard to the
selected exposure sites and adopted methodology for assessing colour variation of stose aadnpl
characterising the composition of deposited particulate on stone and passivadilteell as on illustration
of particulate matter monitoring campaigns (Chapter 2).

After a minero-petrographic description of stone samples and identificatiteiofphysical (porosity) and
elemental features, Chapter 3 will display and examine outcomes of colour chasgggsedpecimens and
of characterisation of deposited particulate matter, in terms of chemical caopgsaiuble ions, carbon
fractions and elemental components) and morphology. These results will be compared witihthiosel
from passive filters exposed in the same environmental conditions (Chapter I8, &jdition to an
environmental description of each selected site, Chapter 3 will present anslsdidso data obtained from
monitoring campaigns of atmospheric particulate matter and bioaerosol in ordateécsadlible and carbon
fractions measured in atmosphere with those identified in the deposit.

In conclusion, this research work contributed to create a database concerning the ositilomlepf
particulate matter (in terms of soluble and carbon fractions) on stone swfpeetrto that monitored in
atmosphere and the consequent variation of the colorimetric parameters. These data will be usefukto improv
damage functions suitable for conservation interventions and identify thresholdflaireuality proper for
the conservation of cultural heritage (Chapter 5).



1. CHAPTER 1 - STATE OF THE ART

1.1.POLLUTION IMPACT ON CULTURAL HERITAGE

Stones have been widely used as construction materials for historic monuments and builtings. T
exposure outdoors for long time has therefore led them to cope with the ioteractl changes of the
surrounding environment. Since most of the historic buildings are located ,irpailiytion of urban areas
(mainly induced by industry, transport and energy productaids a supplementary cause of damage to
thdr weathering occurring in a natural environment due to the process of time. legeadif climate
change impact is an increasing problem that threatens the conservation of worldwidg lcefitage and is
attracting the attention of the European Commission (for example thetFF5LRQHHU SURMHFW’
ARK_Sabbioni et al., 200the FP7 CLIMATE FOR CULTUREKramer et al., 2013 and Sabbioni et al.,
2012), stone decay induced by atmospheric pollution still remain an outstanding isguenienvironment,
with remarkable cultural and economic consequences. The perpetuation of the decay of budtihdritas

in fact to an irreversible loss of such an invaluable and irreplaceable good aswetjuires expensive
restoration and conservation activities. Therefore, it is necessary to riublgtigate the main causes of
damage of cultural heritage in order to plan specific action of safeguard.

The mechanisms by which air pollution induces damages to stone are numerous suchgasf digjht-
coloured stone surfaces, crystallization of soluble and insoluble salts insidedlis petwork (with related
problem of surface decohesion and exfoliation) and corrosion induced by acid polintdrdscrease the
natural pH of rains and fog (Amoroso, 2002; Watt et al., pOD®¥ese different degradation phenomena are
strictly influenced by the intrinsic features of the building matgritheir location and exposure to the
pollutant sources. Hereafter a brief examination of these main damage typologies will be displayed.

Soiling is a visual nuisance resulting from the temporary settling of particulateem(PM) on building
materials surface causing, at sufficiently high concentrations, a change in caltarrraflectance. On stone
surface, external ions and atoms are not completely balanced and therefore teng tttesagilparticles
suspended in the air. Anyway, particles deposition happens on non-reactive surfaamsdtthere is no
chemical change of stone substrate, and therefore this accumulation can be removedlgy(Waklet al.,
2009). Many and complex factors influence the settling, accumulation and removal propassclss,
depending on the chemical composition, concentration and size of particles aaswié inherent
characteristics of substrate materials and its interaction with the surrounding environment

The major contribution to the process of soiling is the deposition otcplate matter and therefore af
complex mixture of substances coming from various sources. Airborne particulate goattebe emitted
directly into the atmosphere from a sourpérfiary particulate materiglor could results from the reaction
of two gases or vapours that condense onto a nuctaeor(dary particulate matter Emissions from
vehicular fossil fuel burning, chimney stacks and those derived from thespension of soil and dust by
wind/ traffic/ mechanical disturbance (such as quarrying) are examplesyaryprparticulate matter while
the oxidation of sulphur dioxide droplets or nitrogen oxide vapour to sulphuric acidtrior adid,
respectively, belong to secondary PM. Each source emits particles with dlistiacteze and chemical
composition, influencing the soiling process (Watt and Hamilton, 2003). Anthropogeneesosuch as
vehicular traffic and industry emissions, are responsible for the major release BM (i.e. particles with a
diameter< 1 um), which is mainly composed by carbonaceous particles and minor inorgani©séte
contrary, the concentration of insoluble minerals is predominant in coarser |pgetioatter (g > um) and
derived mostly from natural sources such as erosion, soil dust re-suspension, sea sghyas pollens,
mould spores and bacterial cells. The higher concentration of carbonaceous compounds iscitythea
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soiling of building materials to be enhanced in urban environment in respaatatoone (Grossi et al.,
2003). In particular, these particles are preseRiMnin three forms:

1. Carbonate carbon (CCjt derives essentially from construction materials, soil-derived mmmaral
re-suspension of dust. CC represents a small amount of the total mass of partiwailaltejn the
coarse mode;

2. Elemental carbon (EC)it is the responsible for the dark colour of soiling and is therefore also
NQRZQ DV 3EODFN FDUERQ®™ GXH WR LWV KLJK UHWHQWLRQ
mainly derives from incomplete combustion of fossil fuels used for transportatiomaceaiti
power generation; in particular, Hamilton and Mansfield (1991) identified dessedsions as the
main source of particulate elemental carbon (PEC). Moreover, PEC acts as ccatdytior
atmospheric reactions and as a carrier for condensed vapours (Watt and Hamiltgn, 2003

3. Organic carbon (OQ)it represents the 60-80% of the atmospheric carbonaceous particulate matter.
Biological weathering, decayed protective organic treatments, primary condeiaficdesg C17-

C36 , alkenes, aromatics and polyaromatics originated directly from incomplete combustion of
fossil fuels and absorbed onto the PM surface) and oxidised hydrocarbons are identified as t
different sources of OC (Bonazza et al., 2008&)reover, OC could be also of secondary origin due

to the condensation of compounds in the atmosphere by photo-oxidation of volatile organic
precursors (Gordon et al., 2012). Watt and Hamilton (2003) reportedthdncreases also the
adhesiveness of the particulate matter once deposited on the built substrate, enthencing
accumulation of particles on the building surface.

Brimblecombe and Grossi (2004) ascribed the blackening of soiling mainly toutse elemental carbon
but also coal dust, in the coarse mode, can contribute to soiling. The latter haveresathemte time in the
atmosphere and therefore, when detected, it is ascribable to local sources.

Besides the chemical composition and concentration of particles, the rate of isdilighly influenced also
by surface roughness and kind of porosity of the stone on which particles imBirtgstrate with a rough
surface is able to easily catch and stick PM, preventing its removal bytithre @farain or wind. Grossi et al.
(2003) proved also that a rough surface undergoes a higher soiling effect than ssfmrewharacterised
by large open pores on surface. Moreover, it isyealportant to consider also how the stone substrate is
expo®dto rainfall. Even if moisture on building surface enhances dry depositian mflaitants, sheltered
stones are affected by higher soiling effect. On the contrary, as rainwater roas #@ unsheltered
surfaces, the previously deposited particles and the altered substrate materidle camoved or
redistributed. Indeed, rainwater containing dissolved carbon dioxide, respomsilidecreasing rain pH
(about 5,6 or even lower in the presence of sulphate and jiigasble to solubilise carbonate stones and
hence create calcium bicarbonate, Ca(H)& his could be partly leached out by raguiface recessioar
leaching or it could re-precipitate as calcium carbonate by the evaporation of Wwatemewly formed
CaCQ is a powder, with higher exposure surface and therefore more prone to aakg #tan the original
crystals (Amoroso, 2002). In addition to chemical dissolution, rainwater carriedsout mechanical action
on stone substrate, abrading it with solid particles picked up during its flatheFmore, the amount of rain
striking a surface is highly dependent also on the unobstructed wind speed and winohditieatiallow
reaching building areas usually sheltered from rainwater (Tang et al., 2004;amdngavidson, 2004).
Finally, the geometry of surfaces and the climatic characteristic ontheoement considerably affect the
soiling pattern of building materials, since they are related to the deposition pherafrpanticulate matter.
Sheltered horizontal surfaces soil faster than vertical ones because grhtitational settlingof coarse
particles that, even if they are present in minor concentration than finelgsiti a mass area, are able to
cover a bigger surface area (Watt et al., 200addition to the permaneBrownian diffusion(induced by



the collision with fast-moving air molecules) of ultrafine particles (¢ < 0,1 um) and gravitational settling of
coarse particles, particulate matter could be deposited through:

e Thermophoresis: in presence heat gradient, fine particles tend to follow the air flow that aspires to
reach a situation of more stability (from higher temperature to lower one);

e Stefan flow due to the flow of water vapour during condensation (with deposition of particles on
surface) or evaporation (and removal of PM) phenomena;

e [nertial impaction: following the air mass in presence of a turbulence, fine particles avoid the
coming obstacle (such as a wall) while the too heavy coarse particles impinge on it.

As the deposited pollutants chemically react with the substrate, there is the crystallization of a compact
surface layer with a chemical composition different from the original material. Gypsum crusts are the most
common kind of growth found on historic buildings surface (Figure 1.1).

Figure 1.1 Gypsum crust on decoration of buttress at
Milan Cathedral.

Calcareous stones are vulnerable towards dry and wet deposition of atmospheric sulphur dioxide, SO,. In
presence of water, this reacts with the calcium carbonate of the substrate, CaCOs;, leading to the formation of
gypsum, CaSO, - 2H,0, through the widely studied sulphation process:

CaCO3 + H,SO, + H,O — CaS0O,;- 2 H,O + CO,

In dry sulphation process, SO, is deposited on stone surface and, in presence of moisture, reacts with the
CaCOs; to form calcium sulphite as intermediate product, which then undergoes further oxidation to gypsum.
Additionally, SO, could be transformed directly in atmosphere or on stone to sulphuric acid that reacts with
CaCO; to produce CaSQO, - 2H,0. In general, sulphation process is enhanced by the presence of ozone, Os,
mainly at high relative humidity: Os, acting as oxidiser, increase the rate of conversion of sulphites and
sulphates (Sabbioni, 2003).

The formation of gypsum crystals in place of calcium carbonate minerals in the stone is not only a product of
decay but it could represent a cause of weathering itself (Amoroso, 2002). In effect, gypsum has a much
higher molecular volume than the carbonate mineral, which may cause mechanical stresses in pores and
cracks of the substrate. Furthermore, the linear coefficient of thermal expansion of gypsum is about five
times that of calcite, which is further enhanced when black particles, embedded in the crust, induce a higher
absorption of solar radiation than white surfaces. Gypsum is also more soluble than the carbonates, so in
presence of rain it can be removed easily via dissolution, laying bare the original rock. Nevertheless, in not



rain washed areas, the development of gypsum crust will reduce the permealfi@ycafbonate substrate
and in turn intensify the water retention beneath.

The chemical composition as well as the porosity of the stone substrate is antig@flparameter in the
sulphation process of architectonic heritage. Stones mainly composed of calddomatanor more rarely
of calcium magnesium carbonate) and characterised by low porosity, such as marhbesiaté display
three different typologies of damage depending how rainwater wets the monsuniames (Sabbioni,
2003):

1. Black areas This pattern is representative of stone surfaces exposed outdoors buiy partia
sheltered from intense runoff and washout of rains. Therefore, atmosphse® @and particles
could deposit and interact with the substrate by the presence of adequate wates.clontent
particular, surfaces of monuments and buildings built with limestone and marbldteare o
covered by compact black crusts of gypsum. The blackening of the crusts is induced by the
presence of carbonaceous particles coming from combustion processes and trappedunto g
Besides the chromatic variation, carbonaceous particles, emitted by oil fuelledpgbamtisrand
domestic heating systems, seems to accelerate theog@ation process on stone surface
because of their heavy metal content (Sabbioni, 2003). In particular, soot andcrpettittles
(mainly Fe, Cr, Ni, Cu and Mn) emitted by diesel engines play the mosticagmifole in the
oxidation of S@; emissions from gasoline engine exhaust, composed mostly by Pb and Br and to
less extant by soot, cause in less gypsum formation.

2. Grey areas These typologies are found on sheltered surfaces, where atmospheric pollutants
accumulate by dry deposition only and the humidity (from fog and dew) is not enoughtt cre
products of reactions between stone substrate and atmospheric gas and aerosol.

3. White areasThe surfaces exposed directly to rainwater and, therefore, subjected to water runoff
undergo to dissolution of the carbonate rock, leading to resurface the originat@tmmre This
is also emphasised by the repeatedly removal of particulate matter deposited asessurf
Furthermore, some authors (Torok, 2003; Térék and Rozgonyi, 2004) distinguished the presence
of two white crusts on oolitic limestone, widely utilised in the Budapegtitecture: thin crusts
and thick, hard crusts. Both are characterised by the re-precipitation itd calouter, exposed
surfaces while gypsum accumulated on the underside of the crusts. With crystal growth, gypsum
exerts high pressure on pore walls and thus blisters the thin, fragile white breatsvhile, in
the thick crusts, gypsum fills the pores, making the crust impermeable. In thisedseg as
weathering factors (such as salt crystallisation, freeze-thaw cycles andltbgpansion) do not
threaten the integrity of the compartist, it behaves as an impermeable case-hardened layer on
the stone surface.

In the case of high porous stones, such as sandstone and calcarboiteogeneous blackening covers the
whole surface independently of its geometry and exposure to rain (Sabbioni, 2@08B)trifisic features of
these stones are the responsible for the development of this uniform blackened damatyedéget, the

high degree of roughness, due to the porosity of sandstone and calcarenite anmdireilogical
inhomogeneity, increases the deposition of particles present into the atmaogsipert to smooth and low
porous surfaces and inhibits their removal and leaching by rainwater (Sabbioni and Zapp&, 1992
Moreover, their pores and capillaries hold humidity back, encouraging theoreat@tmospheric particles
and gases with the stone substrate. In particular, two damage layers are observabldstonesand
calcarenite (Sabbioni, 2003):

1. A thin surface layer (Aith a thickness of few millimetres and mainly composed by gypsum
and embedding carbonaceous partickesofmposition similar to the black crusts collected from
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marbles and limestones). This layer derives from the sulphation proces®nkiatts calcium
carbonate presents in the cement or even as grains in calcarenite into gypsuoveiVidne
presence of carbonaceous particles entails the dark colour to the damage layer. As a
consequence, stone albedo is decreased, enhancing the absorption of solar radiation and
promoting higher thermal expansion, heating/cooling cycles and wetting/drying cycles.

2. An underlying, thicker (cm), disaggregated layer ¢Bpjected mainly to dissolution, caused by
acid precipitations and accountable of the decohesion of sandy grains, and secpadiialto
sulphation process.

The instability of layer B and the stress caused by gypsum hydration/dehydrationimcyitiesoutermost
layer induce also to the detachment of the upper layer A, laying bare theloragik. Thus the unaltered
stone is exposed to outdoors and a new cycle of weathering starts again.

Less attention has been paid to the study of the pollution impact on gearetesf they are widely present

in cultural heritage and reveal good resistance to weathering because t¢dvthporosity and chemical
composition (Bonazza and Sabbioni, 2016). However, some studies (S¢i280@n Graue et al., 2013)
have highlighted as anthropogenic,3®responsible for the deterioration of igneous rock as well as for the
afore-mentioned stones. Specifically, Schiavon (2007) identified the dual rdbilis pbtlutant in granite: the
sulphation of calcium bearing minerals (such as anorthite) leading to the formfggpsum crystals and
the acceleration of kaolinisation of feldspars in urban environment. Neverthdélessoricentration of
calcium in granite is not sufficient to explain the large quantities of gypsiten observed in graitt
historic buildings. Some studies (Silva Hermo et al., 2010) ascribed the priocigial of gypsum to
plasterworks and paintings that in ancient times decorated the stone substrate bmiorfans.

Even though urban air pollution induces damages to different typologies of stonescabedeabove,
carbonate stones with low porosity undergo a more severe damage and its relative chemical homogeneity and
low porosity havepermitted the unification of weathering mechanisms within few simple models and
facilitated the comprehension of the damage phenomena. Additionally, limestone and reeebteoadly
employed as construction and decorative materials by different cidlisatind in different historical
periods, and therefore require to be best preserved.

1.1.1. EVOLUTION OF POLLUTION: PAST, PRESENT AND FUTURE

Urban air pollution is an issue that has edkpecial attentioto society mainly in the last centuries but
has threatened the safeguard of historic buildings and monuments in varying degesaadent time. The
atmospheric composition of cities has in effect been altered during time byribduction and replacement
of various anthropogenic pollution sources, influencing the nuance and appearaoce ohaterials. It is
worth to consider that the decay induced to built heritage is related toghetiof the overall surrounding
environment over the entire lifetime of the building and thus the damaging pisddsdy cumulative
Therefore, the study of air pollution history proves to be reafigortant in understanding the proper
protection activities to be carried out on the building.

The effects of urban air pollution were known since classical times andrpyirdirected towards human
health. Seneca, writing to Lucilio (Epistulae morales ad Lucilium 104, 6), complainedthbaitink, soot
and heavy air of Rome that forced him to find refuge in his small farm in Numentum for hesdihsrea



Ut primumgravitatem urbis excessi et illum odorem culinarum fumantium quae motaequidquid
pestiferi vaporis sorbuerunt cum pulvere effundunt, protinus mutatamvaletudinem sensi.

Nevertheless, some evidences of the damaging outcome of pollution on buildirgslse@mpresent in
ancient literature. For example, poet Horace criticised smoke blackening to temlmse induced by the
enormous amount of wood consumed by population (Brimblecombe and Camuffo, 2003). Moreover, even
painings can provide useful information about the appearance of cultural heritageanthted effects of
pollution in the past. In this regard, Professor Dario Camuffo, working witl@nENV4-CT95-0092 EC
BURMHFW B3$UFKHRPHWULF VWiGandihe clinthfe RIQXNeVpasXanVthiewt kefflecS RIO O X
FXOWXUDO SUR S HHas\highlipbt&d+ii@v the vedutisti painters were able to reproduce high-
detailed and realistic cityscape DV LQ WKH FDVH RI 3*UD Q\&st&for e PalaRZe N L Q J
*ULPDQL WR WKH 3JI¥8sppaiRted By Gibvdrini Antonio Canal, better known as Canaletto.
Focusing on Palazzo Grimani is possible to notice the blackening of the lowef fayade, likely due to

the soot derived from timber and charcoal combustion (Figure 1.2) (Camuffo et al., 2014).

Figure 1.2 Detail of Palazzo Grimani (Venice)

I[URP WKH SDLQWLQJ 3*UDQG &DQDO /RRNLQJ 6RXWK
West from the Palazzo Grimani to the Palazzo

JRVFDUL" UHDOLVHG E\ &DQDOHWWR LQ 2LO
Painting Reproduction on Canvas.
(http://ep.yimg.com/ay/artsheaven/grand-canal-
looking-south-west-from-the-palazzo-grimaoi-

the-palazzo-foscari-9.jpg)

The change in the fuel type seems to intensely influence the air pollution on urbammewt becauseé i
emanates different kinds of smoke. London has experienced an interestingusiorpabiilstory because the
substitution from wood to coal happened earlier, in tHecEitury, than in the other parts of Europe where
wood was cheap and abundant, postponing this shift until the twentieth centtady, Ifor example, timber
and charcoal remained the main fuels for either domestic or craftsmen uséeimidt1800s while the
employment of coal become relevant just at the end of the XIX century, dbhanipdustrial Revolution
(Camuffo et al., 2000). In London, the earliest use of coal pertained to industgakges, such as lime-
mortar production, and it was just in the lat&' t&ntury, with the diffusion of household chimneys, that this
fossil fuel began to be used domestically mainly by poorer people (Brimblec@0®@). However, the
increase in coal use has to be mainly ascribed to the Industrial Revolution (second half of the XVif},centur
8



when the steam engine able to produce continued rotary motion was patented by Jansesl éaind
extensive application in driving factory machineries. For this reason, in 1700, Britaal five-sixths of
WKH ZRUOGTV FR D GenetdllyJ&ad tombustion is not particularly detrimental to buildings but
this process could significantly soil built heritage in scarcity of oxygenjrigeto carbon production (i.e.
smoke, soot). Moreover, some combustion is only partial and produces residual or sticksegyrol
hydrocarbons, allowing particles to adhere to buildings. In addition, severatéumsn high concentration
of sulphur which, chemically transformed, could severely damage building materiatbl@@&ombe, 2000).

At this time, damage induced by coal wsasdiscernible that John Thornbrough, the Dean of York Minster,
suggest to desulphurise the coal in order to make it less aggressivie tedsame place during the early
1700s, black smoke and dark sulphurous crusts were removed from stonework during olearaitigns or
were even pretext to demolish buildings (Brimblecombe and Camuffo, 2003).

During the Victorian period, architects paid serious attention to the right choice of cooststehe to resist
the polluted atmosphere. The use of complex mouldings in soft, light-coloured stone wasnabain
favour of buildings made by more resistant stone, with simpler lines and darker ¢@onnslecombe and
Camuffo, 2003). Moreover, Victorian architects tried to deal with adequate actioresevvar the building
materials treating stone with protective solutions, both organic (e.g. linskedeeswax, resins) and
inorganic (such as barium hydroxide and magnesium silicofluoride) (Brimblecombe andf&;&200f3)
Nevertheless, increasingly smoke reduction was seen and recommended as the most suitable solution

In the 2d' century, European cities experienced a gradual decline in the use of coal theplaeed by oil

gas and electricity. The so calletf thdustrial Revolution, in effect, led to a change in the power sources.
This change induced to the introduction of the photochemical smog, characterised bydbgdntbetween
organic compounds (primarily from liquid flues), nitrogen oxides and sunlightreddlts, this new air
pollution leads to the production of ozone, highly oxidising, and later to nitric acidudpttate, harmful to
stone building surfaces. Anyway, the potential for damage induced by sulphwgedsribstances has
VHHPHG WR EH GHFUHDVHG VLQFH YHKLFOIR tHeX atroogpher&@szdaly UH O H
Moreover, implemented health hazard legislation implied a fairly rapid decrease infleugphur dioxide,
smoke and smog of the early 1950s. At the same time, the enlargement of cities awthdhgcegrowth
caused a rise in the amount of vehicular traffic with accompanying emissionsoonixides and black
smoke particulate, different from those due to coal and oil burning. In the 192@scréeesing request of
high-performing automobiles induced to improve the existing gasoline addiagtheirlead, an anti-knock
constituent, highly toxic. Evidence of the presence of lead, associated~sviandZn, is also nowadays
detectable in the black crusts of most historic buildings and this is mainly deroradidaded gasoline
(Sabbioni and Zappia, 1992Biméo et al., 2006; Belfiore et al., 2013 consequence of Pb riskiness,
legislative controls on emissions lowered the amount of lead in fuel.

More recently, diesel fuel has become increasingly important in Europe. Diesel-povwebiekksy have
changed the composition of atmosphere yet again, emitting in the urban air large afmparttculate
material that is finer and blacker than that from coal smoke in the Rastb(ecombe and Grossi, 2007).
Hamilton and Mansfield (1991) reported that diesel-emitted smoke displays a famliogthree times that

for smoke from coal combustion. Black carbon is a detrimental pollutant notffanhuman health and
cultural heritage but it performs also a warming impact on climate 460-1500girneger than C9 with
disastrous consequences for the global and local weather (http://www.ccacoajifjorDasel emissions
are also richer in some organic materials and adhere as fine deposits on urban swifdo®s. Therefore,
this pollutant began to blacken building fabric. Simé&o et al. (2006) compared the particaltgr collected
from the exhaust of light-duty vehicles using leaded gasoline (GPM) or (i#3kl) as fuel. C particles are
the main components in both DPM and GPM. Among these C particles, OC seems to be tha princip
component of GPM while EC particles prevail in DPM. Furthermore, it was alsofidértiat unleaded
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gasoline particulate matter emitted by catalyst automobiles has higher catioermf ultrafine EC than
leaded GPM emitted by non-catalyst autos. Analyses of trace elements detectedutetmost portion of
crusts in historic buildings (and therefore related to more recent deposition lofaps) have also
confirmed a decrease in the concentration of Pb, Fe and Zn attended by high am@unthlioiCr and V
derived from the use of other combustibles such as oil combustible, diesel and unleadee (@dbore et
al., 2013). Regarding nitrogen oxides emissions produced in high amount by vemaftiar NO is not
harmful to health in the amount revealed in the atmosphere whilg iBlQesponsible of several
environmental problems and diseadess proved that the N{@mission in the NQof a diesel vehicle is far
higher than the proportion found in the emissions of a conventional petrol vehicle. Bioiaavwew cars the
emissions of N@is increasingly more than those released by an old car. Thus, even if neweengses
remain more fuel efficient than petrol engines, their impact on air joollig¢ worse because of the higher
emitted levels of NQand PM (EEA, 2016).

Even if fuel consumption is still substantial, atmospheric pollution from industriaheatihg systems has
now significantly decreased thanks to the improvement in the industrial caonisyshe reduction of heavy
petrol fractions in domestic use, the consumption of low S-content fuel and the emritahpolicies
adopted at the local level (Ghedini et al., 2006). However, nowadays photochemicplaffects the
atmosphere of many European urban sites, entailing increasingly higher concentratiorgaro€ or
compounds and oxidative pollutants. Contemporary urban particulate matter displays high organic
carbon/elemental carbon ratios (OC/EC), which is usually higher at the desdksing gasoline the main
source for OC (Bonazza et al., 2005). Sulphuric acid continues to be found, even with the satped
dioxide emissions detected today. Therefore, the crusts on buildings may beconee #md richer in
diesel-derived carbon and organic materials. In particular, EC particles, guilty of the anaestketioglaif
the current deposits, has increased the importance of aesthetic considerationsnalgditbiological
colonization, probably enhanced by the on-going abundance of organic pollution from depizsitdd
emissions, may contributes significantly to stone blackening (Viles and Gorbugbd®, Bonazza et al.,
2007a).7KDQNV WR %ULEOHFRPEHYV UHVHDUFK LW ZDV KLJKOLJ
built heritage damage has become more rapid in the recent delcatlés.regard, it has to be considered
that an improvement in the quality of urban air has not necessarily been join@thpvitkements in the rate
of degradation of stone materials. Indeed, damage of buildings is cumulative aindré@sing citizen
awareness of cultural heritage preservation has emphasised the dedearfdiuildings. Nevertheless, even
if most of corrosive pollutants in the urban atmosphere may well have decreaseadosaponents, such as
ozone and nitrogen oxides, still persist and may enhance the degradation of buildinglsnatesct as
catalysts for traditional pollutants. In addition, the lower concentratigulphur dioxide (phytotoxic) and
the contemporary increase in particles richer in organic compounds grghNfents) could have increased
the biological degradation of stone buildings (Grossi, 2016).

Future previsions seem likely to indicate a continued reduction in sulphur emissions andyprobib,
with a probable general improvement in the concentration of acid deposition froratrttesphere
(Brimblecombe and Grossi, 2007). The concentration of pollutants will contimeentn higher in urban
environment, with the exception of ozone. The latter along with other atmospheric oxidbitzsmage
polymers and organic materials, widely utilised in modern architecture, and may adsséitre production
of acids from the diminishing concentrations of sulphur and nitrogen oxides, fEkintp the blackening
and erosion of historic buildings. In addition to blackening, the relevant congamtoatparticles rich in
organic compounds offers the potentiality for biological activity and oxidatimtegses of organic
materials, thus different colouration processes (towards warmer tonalgh} b@ expected (Grossi, 2016).
Moreover, the warmer colour of deposits could be ascribed to organic carbon compounds thatovdly be sl
converted to humic-like substances (characterised by a yellow/brown nuanceylsitilwhat happens in
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soil (Graber and Rudich, 2006). Yellowing of buildings is increasingly yetrtigbke in situ, such as for the
Tower of London (Bonazza et al., 2007b; Brimblecombe and Grossi, 2007). Finallyertiféelouration
processes might be observable, depending on climate types that could also vadatigos due to climate
change. Smith et al. (2011) observed that seasonality of precipitation wadhsscover much of the UK
implying a likely increasen the time that stone structures remain wet and possibly in the penetftion
moisture. As consequence of this change, building stone in Northern Ireland has aptiadytinrough an
LQFUHDVHG LQFLGH QFboh tRe can@anh i® areddvrithl 1gptte® drffl drier summers, it might be
expected the development of orange-brown or orange-grey layers derived from the omfoofsaingi,
algae and bacteria, typical of Mediterranean climate (Grossi, 2016).
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1.2.DIFFERENT APPROACHES FOR STUDYING DAMAGES TO HISTORIC STONE
SUBSTRATES INDUCED BY AIR POLLUTION

The majority of the studies about detrimental effects of pollution on ments are related to marble and
limestone substrates because i) they have been widely employed as constructiaroeivelenaterials in
different centuries all over the world, ii) their vulnerability todsatmospheric SQleposition and iii) they
represent a simpler system than other stones. The easiness of study is mainly inthueiedybyd chemical
homogeneity (since they are almost entirely composed of calcium carbonatbgiarggneral low porosity
that leads to well identify the interaction interface between the atmosgiettbe undamaged substrate. For
these reasons the present research work takes into account these kinds of stones ard ¢seitsf@f the
previous researches will concern principally marble and limestone.

Scientific literature offers numerous examples of international research wonk®rning the study of
pollution impact on cultural heritage. In general, they could be classified in three major approaches

X Analyses performed on samples collected from damaged stone portions of monuments and historic
buildings. This methodology is useful to characterize the mineralogical and moiiphbfegtures
of pollution impact and identify the different soluble and carbon fractions deposited over time.

x Test carried out in simulation chamber in order to investigate the influerdifesént parameters
with potential impact in degradation process, their synergistic action andféloes @éhat occur at
stone surface.

x Field exposure tests by exposing model samples to a real environment. This investigatiomdtas pr
to allow a better comprehension step by step of stone damage induced by differeatdreal
synergistic microclimatic and pollution conditions. In this way it is usefudiagnose the state of
conservation of cultural heritage and address long-term sustainability of architecdterials.

The main outcomes of these researches and strengths and weaknesses of thesendifi@doibgies are
described hereafter.

1.2.1. SAMPLING FROM HISTORIC BUILDINGS

The analytical assessment of damage layer and stone substrate collected lwy boadpel from historic
buildings and monuments allows to better comprdhiea decay induced by atmospheric pollutants in terms
of morphology, mineralogy and chemical composition making use also of several seetifitjues. The
knowledge of damage layer composition is therefore important to study the atmosbsrate interaction,
identify the pollutants sources and plan restoration and conservation interveMii@ngscopic bservation
in situ of weathering crusts in addition to laboratory examination on samgplested from historic built
heritage proved to be useful in identifying and classifying them in differasse$ regarding their colour,
morphology, mineralogical composition, mechanical properties and water absorption cisticactbr this
regard, Torok and others (2003; 2004; 2008) extensively assessed featureswsdathering crust
developed on oolitic limestone, widely employed as construction material in Budapdsprimarily
distinguished between white crusts and black ones. Indeed, for its intrinsic efistiast this lithotype
enables the formation of not only black crusts but even of different whites.ciius# latter are observed on
wind and rain exposed stone surfaces and could include thick, hard white crusts amgshiGenerally,
white crusts abound with calcite (~60% in average) while the concentration ofngyipsuariable and
usually lower (around 27% in thick white crusts but it could reach also the 70# iinagile white crusts).
Moreover, white crusts display also the presence of other salts and atmospheriespaatated to the
12



prevailing environmental conditions (such as fly-ash, wind quartz, biologicabonganisms and remaio$

the substrate - Fronteau et al., 2010), with a concentration almost constant arouffdfildet al., 2003
2004). A general feature of white crusts is the prevalence of calcite irutesarface while gypsum mostly
accumulates on the underside. The higher calcite concentration in thick cllasfwrés and fissures,
behaving as an impermeable protective layer on the stone surface until it remains intact. On tlyetbomtrar
white crusts undergo high permeability gypsum precipitation at the expensdcié clissolution and
therefore are affected by blistering induced by the high pressure exerted by gyigoky 2003). In
contrast to white crusts, black crusts appear on ashlars sheltered from the idingashain a form of thick,
framboidal black crusts and laminar black crusts. The first kind, known aldenasitic or globular black
crusts, is usually loosely attached to the stone substrate and mainly passeatishes on protected portions

of ornaments, where condensation can freely happen. Oppositely, laminar black crustssajhyiraeraand
more adhered to the stone surface than the framboidal ones and can completely cover buildingXacad
weathered, it is affected by thin scaling and blistering (T6rok, 2003). In both kinds of black crostsn gy
normally the predominant mineral (mainly in thick framboidal crusts), followechlgite and lastly by other
minerals and atmospheric particles (Torok, 2003), suggesting that the dissolution doe®vetihenmewly
precipitated gypsum from the crust surface. The atmospheric partieledetgcted in high amount in
framboidal black crusts, whose surface irregularities encourage the depositipartiofes (mainly
carbonaceous ones) and act as catalyst for gypsum formation. The higher the surface risutfésggher
reaction surface entails an auto-cyclic process with new deposition of particldscikeding of the crust.
Torok (2003) identified that black crusts are generally more vulnerablethi@knwhite crusts since the
higher permeability of the former ones entails the formation of salts ancrystal below and within the
crust.

Measuring the mechanical properties of crusts and hosting rock, it seertigrtlaatd thick white crusts as
well as laminar black crusts evidence a higher surface strength and lower watgti@bstapacity
compared to the stone substrate. Even if initially crusts formation coulduaedetpe underlying rock, thei
difference in porosity and strength could be responsible of crusts remicwélk (et al., 2003; 2004).
Moreover, taking into account the differences in porosity of the stone substrate, porous keottesplblitic
limestone, are more prone to infiltration of a fluid and thus an accelerated damagel ibgstlphation and
freeze-thaw cycles in respect to less porous carbonates, such as compact limestones or marbles.
Samples collected from historic buildings could also be useful to identifydiffrent mechanism of
formation. For examples, samples of black crusts taken away from the Milan Catheallel faak very
similar by visual examination by stereomicroscopy but a careful diagnosticsmests(by Optical
Microscopy OM, Scanning Electron Microscopy equipped with Energy Dispersive X-ray Spectroscopy
SEM-EDX, Fourier Transform Infrared SpectroscopfTIR) allowed to accurately distinguish them into
black crusts deriving from i) marble sulphation, ii) compact depositionigrehcrustation (Toniolo et al.,
2009). Even if gypsum is the main mineral recorded in all these crusts, some differences mark each typology
As described above, gypsum crusts can originate from the process of chemical acidalissiomtéirble, by
which calcite is transformed into gypsum under the action of sulphur dioxide and coragiypor
carbonaceous particles are deposited from the atmosphere. In this case, stone substgates utnder
chemical and mineralogical changes, entailing the stone degradation. Evidencgshafiaulin process
were somewhere clearly appreciable since the corrosion process startsdrbaundaries of calcite grains
and spreads towards the inside of crystals and pre-existent microfractures. New gypsiats are
continuously forming at the interface marble/crust, increasing the thickness @iust. On the contrary, in
other cases gypsum comes from the outside environment, leaving sound the stone substrate on which damage
layers are develaul The accumulation of exogenic materials of variable thickness, such as sea salts aerosol,
atmospheric  particles and remains of conservation interventions, is called deposit
(http:/fiscs.icomos.org/glossary.html). The poor coherence and adhesion of thedesptotithe stone
substrate could be overpe through solution and re-crystallisation of gypsum which acts as a binder and
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brings about a compact deposit. In the case of the studied sample, the presgmewiofia finishing layer
on the stone substrate prevented the latter from the atmospheric coretsiiogn the underlying rock well
preserved and allowing particles and gypsum deposition only from outside (Toniolp2&08l). Another
example of gypsum crust is the encrustation, characterised by highly regulal arganisation of gypsum
derived from the crystallisation of a solution coming from an external source. Pémtaiation may lay,
indeed, to the formation of a compact, hard, mineral outer layer adhering to the stane. shiso for

encrustation, no decay to the substrate was perceived (Toniolo et al., 2009).

The microscopic analyses of old black crusts allow even to detect the diffefestveeen old and more
recent damage layers, provided that restoration interventions on histddingmiiare known. Changes
occurred in the combustion sources and atmospheric pollution prove to be usefulrttotsifvestigation
In this regard, historic black crusts are characterised by layers with derahiicinhomogeneous
morphology and by the predominance of gypsum (~80-90%) with lamer/needle shape and/or
microcrystalline habit (Bonazza and Sabbioni, 2016). Calcite is always detectadraerits of the hosting
carbonate stone or as product of recrystallization after a dissolution plreowmTraces of soil dust
deposition are also found as clay minerals, quartz, iron oxides and feldspar asswetl @sver misses. Its
presence is demonstrated by the detection of characteristic carbonaceous paitimeSQ#0um large,
deriving from coal and high-sulphur content fuels and therefore guilty of surface blackening.
According to the variation of fuels and atmospheric emissions, crusts developedh& 1950s display
warmer tones (brownish-greyish) and are thinner, more coherent to the stonateswrgirhomogenously
distributed. As a result of the warmer tones of the newer crusts related to sulpnatess, it is more
DSSURSULDWH WR VSHDN DERXW 3GDPDJH OD\HUV’ ™ DIQ&H QW LR R UK
appearance of older crusts. Gypsum is still present but in a lower amountéplays a microcrystalline
habit. An increase in soil dust is observed while the sub-micrometric dimensiambohaceous particles
derived from the vehicular traffic make them undetectable under the opticalsodpe (Bonazza and
Sébbioni, 2016). Indeed, traffic proves to be the main cause of particulate golintiurban areas of
Western Europe, emitting carbonaceous particles mostly in the fine fraction, mighsion below 2.5um.
Toniolo et al. (2009) detected a lower concentration of Fe and minor compactneseeitetit damage layer
collected from the Milan Cathedral fagade than the older one and believed that thetrhigsgarency of
newer crusts may be ascribable to the smaller amount of airborne patrticles.

Optical and scanning electron microscopy coupled with energy dispersive axedyser allowed for
recognition and classification of the different particles entrapped inside the@tayagon the basis of their
morphology and elemental composition. These particles could be summarised into thregemeail

categories:

X spherical/sub-spherical porous carbonaceous particles (soot) with circilergatar pores with a
diameter between 10um and 60um (Figure 1.2%)already above-mentioned, these carbonaceous
particles are the responsible for the blackening of the damage layer. €haynaipally emitted by
vehicle exhaust, domestic heating systems, waste incineration plants, heavy iaddsagctric
power plants that combust oil (spherical and porous particles) and distilled oili¢aplperticles
with irregular pores or composed of agglomerations of submicron parti@edbioni, 1995;
Weinbruch et al., 2014; Bonazza and Sabbioni, 2016). Moreover, carbonaceous particlessebm di
emission are a complex aggregate of solid and liquid material and have a cistiaétactal
appearance, as shown in Figure 1.3B. In particular, carbon particles act as core onthdrich o
components, both inorganic and organic such as heavy hydrocarbons, are absorbed and condensed
forming large agglomerates. Diesel particulate matter is veey iarbon particles have a diameter
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EHWZHHQ —P DQG —P ZKLOH WKH VL]H RI DJJORPHUDWH
health (http://www.nettinc.com/information/emissions-fag/what-are-diesel-em#si
x Silica, silicates and /or aluminosilicate particles with a spherical, smooth apdnoos surface, as
shown in Figure 1.3C, found to be present in fly-ash from wood burning, coal acmhdustion
and also of volcanic origin (Ausset et al., 1998; Bonazza and Sabbioni, 2016)cdéwdstence
with other tracers allow for determination of the specific combustion solilese particles are
smaller than the previous ones (5-30um).
X metal particles, rare and smooth, principally composed by iron and titanium @xidederiving
from coal combustion processes (Sabbioni, 1995; Bonazza and Sabbioni, 2016), see at Figure 1.3D.
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Figure 1.3 Scanning electron micrograph of: a) spongy carbonaceous particlea(Kaal., 2010); b) aggregate of soot particles
(Gieré and Quero, 2010) c) aluminosilicate particle (Ozga et al., 202)3jefallic particle (Nava et al., 2010).

In this context, it is important to cite also the accurate classificatiotheofdifferent components of
particulate traffic emissions collected with a cascade impactor by Weinbruah @014). In general,
particulate traffic emissions originate from exhaust, abrasion of tires and lamattagsuspension of road
dust but in the last two decades the ratio of non-exhaust to exhaust particlesnhimerea@sing due to the
exhaust emission reductions. The collected particles were categorised intsdes abn the base of their
size, morphology and chemical composition (Weinbruch et al., 2014), as described in.Tahie Tould
be a useful tool for particles discrimination on crust samples.
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PARTICLE CLASSES

BRIEF DESCRIPTION

1.

Traffic/exhaust

Consists of soot patrticles, soot particles mixed with secondary aeros
few Pb-bearing particles. Soot particles are recognised as agglomerg
spherical C-rich particle.

Traffic/abrasion

Derives from tires (Zn) and brakes (Fe, Cu, Ba, Sn) abrasion or ever
corrosion of vehicle parts (FeCr).

Traffic/resuspension

Comprises natural component (silicates and/or Fe oxide/hydrox
internally mixed with soot or tyres/wear particles.

Carbonaceous/organi

C and O predominate. It may includes strongly aged soot, seco
organic particles, bitumen or tire rubber.

Industry/metallurgy

The presence of Fe oxides/hydroxides fly ashes (sometimes alg
containing) reveals the origin from metallurgical high tempera
processes. These particles are characterized by a spherical morpholg
by the prevalence of Fe and O as major elements.

Industry/power plants

Spherical silicate fly ashes are interpreted as emissions from coal
plants.

Secondary patrticles

Consists of a complex mixture of sulphates, nitrates and organic m:
and is found predominantly in the size range below 1um. These pa
are unstable under the electron beam. In detail, already Pio et al. in
detected that more than 50% of fine sulphates originates from secq
aerosol production in urban area while only 4% comes directly
vehicles emission.

(Aged) sea salts

The principal component is NaCl but minor amounts of Mg, K, Ca
sulphate may occur within these patrticles.

Silicates

Derives from a variety of natural and anthropogenic sources. Si, O (af
prevail.

10.

Ca sulphates

Derives from a variety of natural and anthropogenic sources. Ca, S
as major elements.

11.

Carbonates

Derives from a variety of natural and anthropogenic sources. C, Ca
predominate but Mg could be also detected.

12.

Fe oxides/hydroxides

Derives from a variety of natural and anthropogenic sources. Fe and
the major elements.

13.

Biological particles

Consists of C-rich particles while N, P, K are present as trace eler
These particles have a typical morphology and usually display dian
above 1.

14

. Other patrticles

Comprises various metal oxides/hydroxides which could not be clas
into  the  traffic/abrasion  (different  chemical = compositig
industry/metallurgy (different morphology) or Fe oxides/hydroxi
(different chemical composition) classes.

Table 1.1 Classification of particles related to traffic emission (Weinbruch 20a4).
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The analyses of soluble ions by performing lon Chromatography (IC) on crusts collectetigtorit
buildings allow to better understand the likely sources of the air pollutisincgadamage to built heritage.
The results of different damage layers sampled in different European cities higgtigtitsulphateSQO,” is
always present and with high concentration (till to 540000f)gtlgat decreases in recent damage layers
(~50000ug @) (Bonazza et al., 2005). Therefore, even if sulphation process continues to be bésmbnsi
the damage to the stone surface, its influence is diminishing. Sulphife @®@ealing the occurrence of
sulphur dioxide dry deposition and indicative of the contribution of the fmhition sources, is sometimes
discernible but in lower amount in respect to,SBonazza and Sabbioni, 2016).

Nitrates NQ and nitrites N@, mainly originated from vehicular traffigqremeasured in minor and flexible
concentration. They could form very soluble salts with calcium present in the stonetsubsdréhis water
solubility as well as their inability to form stable compounds with the stobstrate may explain their small
guantity found in the damage layers (Ghedini et al., 2000; Bonazza et al., 2005).

The presence of chloride Ak principally detected in damage layers collected from samples located in
coastal areas as it is linked to marine aerosol deposition. Moreover, chlaige identified in urban areas
due to industrial activity or near kerbs as a result of de-icing saltsdnmuahths (Bonazza and Sabbioni.,
2016).

Moreover, crusts generally include also significant concentration of smalhiorgnions (C1-C2), formate
(CHO,), acetate (§H;0,) and oxalate (€,%). IC analyses performed on several samples of damage layers
scraped from low porous calcareous stones of different monuments and buildingaim urdlan centres
highlighted that formate, acetate and oxalate are ubiquitous and they are generally present in the grder CHO
< GH30,< C,0,% (Sabbioni et al., 2003). Previous research identified three main sourceseobityesic
anions (Bonazza et al., 2005; Bonazza and Sabbioni, 2016):

1. deposition of primary and secondary atmospheric pollutants, especially thosel yitombustion
processes;

2. biological weathering;

3. degradation of ancient organic treatments applied during restoration campaigns. Folegxam
acetates are found to derive from the oxidation of ethanol used as a solvent in protectieatseatm

The contribution of these anions to the organic carbon measured in themgedagers is significant: their
mean concentration is about 8% but it could reach also much higher values, asaseté Ravenna (47%)
where the industrial activities can intensify the emissions of acetate (Sabb#ni2003). Moreover, these
organic anions are more abundant in damage layers from stone than from mortaraasyeeérally higher
concentration are seen in urban areas than in rural sites. However, theicpres crusts of historic
buildings demands more detailed researches to better comprehend the role of these ions in monument decay.
Considering the cations, calcium is usually identified in high amount as it déniveghe carbonate stone
substrate, soil dust and even from the use of de-icing salts in winter. Marosolaand soil dust are
responsible for the deposition of N&* and Mdg* while NH," is connected to the anthropogenic activities
(Bonazza and Sabbioni, 2016). It worth noting that some cations, s@'aMg®*, B&*, Zr?*, NH,"), can
also be introduced during the chemical cleaning and consolidation processes ohéh@ st. N 6\ &.,
2004).

Further information about the sources and also some assumption on the age of thelal@nageld be
acquired analysing the carbon component, since it has been identified as an importent efem
anthropogenic origin IRU *KHGLQL H&tterDs@phur, total garbon is the main anthropogenic
component of atmospheric deposition present in damage layers on buildifige carbon present in the
damage layers of historic buildings and monuments could derive from (Bonazza and Sabbioni, 2016):
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X calcium carbonate, originating mainly from the stone/mortar substrate ah ¥id@ damage layer
has developed;

X deposition of atmospheric particles as primary and secondary pollutants;

X biological weathering induced by the action of microorganisms. As abovementioned, some
biological organisms are able to produce oxalic, acetic andidoacids, which react with the
substrate, resulting in calcium oxalate, acetate and formate;

X surface treatments employed in past restoration and conservation interventionss sl ail,
protein, etc.

Analyses performed on damage layers highlighted that the total carbon componento(ii€)be
summarised in non-carbonate carbon component (NCC) and carbonate carbon fraction €Ci@itial'h
researches aimed to discern and measure the TC and NCC fractions, using two opposedogiethodo
(Bonazza and Sabbioni, 2016):

X combustion and IR technique performed on bulk sample allow to measure TC whieCuated
by differential and gravimetric thermal analysis (DTA-TGA). The NQCthen obtained by
subtracting CC from TC;

x after the sample has been kept in an atmosphere saturated with HCI in ofideintdesthe CC, the
NCC fraction is measured by combustion and IR technigue while CC by DTA-TGAs hus got
from the addiction between CC and NCC. This methodology proves to provide more eaccurat
results, as reported in the examples cited by Bonazza and Sabbioni (2016) concerning the analyses of
black crusts collected from marble and limestone monuments in different Itales boreover, it
showed that NCC portion decreases from the external surface towards the innéthgadamage
layers, confirming that stone almost does not contribute to the NCC value.

Excluding the carbon deriving from the carbonate substrate (CC), the remaining (d@iGhis composed

of elemental carbon (EC) mainly due to combustion processes and organic carboof {@@),primary or
secondary natural and anthropogenic origin (Ghedini et al., 2006). The latterutesatifomplex system

as the organic materials detected in the damage layers derive not only from thiodepiosarbonaceous
particles but also from the adsorption of volatile organic compounds over the alegaaiited material. In
order to measure the OC and EC concentrations in atmosphere investigations, sebheddlogis are
usually utilized. Apart from the not frequently adopted photo-acoustic methodsudmtify the aerosol
elemental carbon, optical methods, in reflectance or transmittance, are used t@ ¢laldark component

of carbonaceous materials while thermal oxidation and thermal-optical, in tre@msmitind reflectance, are
useful for analyzing atmospheric carbonaceous particles. Nevertheless, fudistigations were necessary
because of i) lack of clarity regarding the meaning and the differenct® dérms black carbon, soot,
graphitic and elemental carbon, dark component of carbonaceous aerosol, that rendaine ddita unfit

for comparison, ii) disagreements about methodological parameters and iii) the faetriiosate carbon
negligible in the atmospheric aerosol, has to be precisely identifibe mnalysis of a damage layer since it
represent almost half of the total carbon in black crusts (Ghedini 2080). The OC/EC quantification in
the damage layers is rather complex as the technique usually employed to analyse therineintfrivhial
optical transmittance method) cannot be successfully used because it requires the homogeneous deposition o
powder sample on quartz fibre filters. Therefore, Ghedini and others (2000, 2003 and 20@fedevel
improved a new methodology to detected and quantify TC, CC, NCC, EC and OC by flash corgaisstion
chromatographic analysis using a carbon-hydrogen-nitrogen-sulphur-oxygen analyser (CHNEDSEA
FISONS Instruments), thank® OVR WR WKH VXSSRUW Rl (& 3URMHFW 23&DUERQ |
in European monuments& $5%$0 (/° (9-CT-2000-00029). The analysis requires about 1 g of material
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and comprises three principal steps performed on a different part of thedaamage layer spacemen,
previously ground (Ghedini et al., 2006):

1. TC is quantified by burning one part of the bulk sample.

2. NCC is measured by the combustion of a second part of the sample after eadecoatposition
by means of HCI vapours and the complete removal@f HCI| and HO after the permanence in a
KOH drier. CC is then calculated as the difference between TC and NCC.

3. EC is detected by oxidation of the residue obtained from a series of alteripasicgand acid
treatments at different temperatures in order to eliminate inorganitxraatl organic compounds.
OC derives from the subtraction of this final value from NCC.

This methodology proves to satisfactory distinguish and measure the carbon fractianmgagé layers even
if a decreasing in the required amount of sample is needed as not always daeragardajde such a big
guantity of analysable material. Literature provides also other methodologiesdyotlséu carbonaceous
fraction present in the damage layers. For instance, Fermo et al. (2015) proposed a nevwhatetmpgres
less material to analyse (just 2 mg) in respect to the analysis propo&tedini et al., (2006). First TC is
determined by a carbon-hydrogen-nitrogen (CHN) analyser from one part of the sample. Simultaneously, OC
is removed by combustion and the residue analysed by CHN analyser to detect EC+C@nd-aérom
the ionic balance, EC could be calculated by difference as well as OC: OC=TC-(EC+CC).

The analysis of samples of damage layers collected on historic buildings irertifleuropean cities
highlighted a general prevalence of OC in respect to EC (Ghedini et al.,Bxiyza et al., 2005; Ozga et
al., 2013; Ghedini et al., 2006). This trend is particularly pronounced in the déayagesampled from the
monuments sides exposed directly to air pollution induced by vehicular trafficoafidns also the results
of monitoring campaign of aerosol measured in different European cities. Howeverarthakso some
exceptions as in the case of damage layers collected in Milan and in some specimens al&nitem
where EC dominates OC (Bonazza et al., 2005; Ghedini et al., 2006; Fermo et al., 2QiisSsilde
explanation is the evolution of the deposited powder to a more cohesive crust (Fermo et abr 2tdre
likely the consequences of emissions released from industrial actigihafBa et al., 2005). These cities are
indeed located in the Po valley, known to be the most industrialised area of Italpviiothe use of coal
and oil combustion for domestic heating and industrial purpose could have enterded toncentration as
the scarce efficiency and the combustion at relatively low temperatures, charadktigtie@arly industrial
era, can increase the EC emissions

Finally, a general correspondence between the OC amount detected in the damage sartiesganof
black crusts was observed and introduced by Bonazza et al. (2005) because higheticDGviraadetected
in more recent damage layers. Nevertheless, it is important to consider that @aindmcould have been
decomposed during time and thus are more hardly detected in ancient damage layer athevellirasnt
increase in biological activity could explain the present excess of organic matter (BorelzzZ206i7b).

Further information useful to discriminate between old and modern damage dayesdl as identify the
major combustion sources could be acquired by geochemical characterisation of theldgenadBonazza
and Sabbioni, 2016). The presence of some heavy metals and other elementg & distarctive element
of some sources. For instance, Pb, Fe and Zn, commonly detected in the inner pbttochk ofusts, could
be linked to the use of leaded gasoline while S and V are diagnostic of domestig hedt S of cda
combustion.

There are different techniques able to characterize the different chest@cants present in the damage
layer as laser-induced breakdown spectroscopy (LIBS) and atomic absorption spectrosc8pyb@aA
recently inductively coupled plasma mass spectrometry (ICP-MS) gains inflagnicis sensitive technique
is capable to analyse a high number of trace and rare earth elements (REE) samiplék unfortunately
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without detecting the geochemical variations between crust, altered and unsiibstidite (Barca et al.,
2010). The distribution of Rare Earth Elements, which has increased exponentiaéiyiast fifty years, is
suitable to tracing the origin of certain particles. A further improvement of this techniduthevaddition of
laser ablation (LA-ICP-MS) has led to investigate a great number of elemenshant time span and using
small amounts of sample (with spot resolutions of about 40-50 pm), allowing tBemohettion of
micrometric compositional variations (Belfiore et al., 2013). In this waig, [itossible to better understand
the major stationary and mobile combustion sources responsible of the damage to aedtstetaoes over
time as well as to obtain the profile of trace elements from the inner laytbies égternal ones. Analyses of
different specimens of damage layers samples from different European historic bugtlimg that the
concentration of heavy metals in the crusts is higher than those in the ssbstrainly for Fe, Pb, Zn, V,
Cu, Cr, Sb and Ni. Among these elements, Pb, Fe and Zn are mainly recognised in the tiomeofpibe
crusts (probably pertaining to the oldest deposit and due to the use of le@kyadule their concentration
decreases in the outermost part of the crusts together with high amounts of Cuahtd V explicative of
the change in combustibles use as gasoline, oil combustible and diesel. Thetdikgyhh of sampling
influenced the results, too: architectural surface located close to the grounm)(2rg characterised by
higher amount of heavy metals relative to the influence of vehiculéicttafg. Pd, Zn, Cu, Sn) whereas at
higher height (about 40 m) the background pollution from stationary combustion sfurceslustries and
domestic heating) are the major source of Fe, V, As and Cd (Belfiote 20H3; Bonazza and Sabbioni,
2016). Furthermore, it cannot be excluded that the aforementioned elements can kte lakgchromy of
stone surfaces as well.

Neverthelessit is not always easy to distinguish if a measured element comes from stone subb&ate rat
than from the deposition of atmospheric gas and aerosol. In order to solve this ptbeleanrichment
factor EF) could be calculated as follow:

: @—é>H:?G 2NQOP
?=N> @A ?=N>aNK?G

whereX is the concentration of the investigated element, Ti the concentration aflibator element in the

black crust and carbonate rock, respectively (Sabbioni, 2000). Ti was selecéel@sce element because

it is not linked to neither black carbon nor carbonate rock. The elements havitglawer or close to 1

have to be attributed to the carbonate substrate while in the case of values highehgkarelements come

from the atmospheric deposition and therefore are strictly related to the bletk Analysing samples
collected in several Italian urban sites Al, Mg, Si, K, Fe, Ni, Mn and Sr are adteibable to the stone
substrate while S, Cl, Na, Cu, V, Zn, Br, Pb have non-stone origin (Sabbioni, 2003). Moreover, this equation
is also useful to discern whether the components participating in the fomnodtihe damage layers belong

to natural or anthropogenic sources. Considering that soil dust is the maial saurce, the equation is
calculated for soil dust, which replaces the carbonate stone at the denominator:

@p>H=?G ?NQOP
%EAOKEH @QOP

(okewor

Si, Fe, Al, Na, K and Mg usually indentify soil dust as their major origiten®, C, Pb, V, Sr, Zn, Ba, Cu
and Ni are related to an anthropogenic cause.

20



1.2.2. TEST CARRIED OUT IN SIMULATION CHAMBER

A method to address the effects of air pollution on stone decay combines detaild@jdtivas of
weathered building materials sampled in polluted urban areas with specific experimggrtscontrolled
laboratory conditions. Simulation chambers, employed since thes1&#0useful tools to better assess the
environmental parameters (e.g. temperature, relative humidity, gas and particlelyotesponsible for
the premature ageing of building materials, their synergistic action and the congssgielycmay cause to
historic buildings and monuments. Regarding stone conservation, environmental chambers haigelyeen
used to test the effects of specified environmental/climatic conditions on atwtiri order to better
understand the damage induced by natural weathering to stone substrate on varyiativejyakind
guantitatively the environmental parameters as well as to assess prelimheelficiency of conservative
products applied on building materials by performing accelerated-aging tests (DoehniearzDPO).

More complex is the study of pollutants deposition as attention has to be paid to many parameters concerning
climatic parameters, pollutants and material features. These influences could lediaywidually, by
varying only one parameter at a time, or in synergy in order to simulate coonplex chemical
environment. Moreover, simulation tests on stones have been carried out utilisingatiotrared flow
climatic chambers for controlling the temperature and humidity with diffeparticles and gas
concentration. However, the research in this field is not simple as to ensurigatjuanesults in relatively
short time, these laboratory tests are performed under extreme environmental conditthnarev usually
far from the reality and the amount of detailed results is limited andolgetezous for instrumental
limitations. Furthermore, the extreme variability of environmental parametersring in the real world as
well as stone-related properties represent still a challenge to be reprodumenxiadly. On the other hand,
these chamber tests could give an improvement in the knowledge if they are sedyt@ny single
component of complex problems that threaten the conservation of built heritage, shetsalphation of
carbonaceous stones, as long as you keep in mind that the reproduced model Sroplijication of the
reality and thus the results have to be combined with those deriving from real samples or fielcedgpdsur

One approach to define the key physical and chemical parameters responsible of thiersgpeaomena
has been, indeed, to perform controlled laboratory simulation, starting fralnagug the effects of
exposure to SQ In this regard, several factors were found to influence the rate depasit@) (Sabbioni,
2003):

X concentration of S§ SO, deposition was calculated indirectly by measuring the decrease in gas
concentration in the chamber where test samples were exposed or quarkiéiagount of
material deposited on the specimens (Sabbioni, 2003 and related references). Nevertheless,
experimental errors took place in both cases asc8@d be deposited also to chamber walls and
too long exposure periods as well as big, S@ncentration were required, respectively. For
instance, too high SOconcentration may alter the pH of the surface water films slowing the
formation of sulphate and thus promoting the development of sulphite (Massey, 1999).

X Presence of oxidants, such as Nfdd Q, as catajsers of the oxidation of the absorbed species
containing four-valent S or Ca3@ sulphate. In literature there are many examples of researches
performed during the 1980s and the 1960 the catalytic role of NOthat provide controversial
results (Sabbioni, 2003). However, Chabas et al. (2015) lately confirmed that frarB@nate
interaction is enhanced by the presence of B even more by Owhich act as catalyser, but
always in conditions of 90% of relative humidity. Previously, Elfving et al. (L19®ghlighted
nonetheless thallO, requires moisture to be present to sulphate formation on prepared surface
sulphite on calcite while £reacts rapidly both at dry and humid conditions. It has to be medtion
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that this sulphite-sulphate transformation seems to occur at the surfacecalctteeand not in the
gaseous phase.

X Humidity. Serra and Starace (1978) highlighted that a humidity value around 90% is e$sential
the progress of the corrosion reaction. This influential factor is proven also énear@cent paper
(Chabas et al., 2015), where small gypsum efflorescences are always presemnttardhetalline
space between micrometric calcite grains, which is the typical locatithe dhst desorption zones
likely characterised by lomg time of wetness and where the residual multilayers of water remain.
In this regard, Brimblecombe et al. (2006) and Bonazza et al. (2009) declared theidbitiah of
pollutants on building materials is influenced by the time of wetness ttie t8ne fraction during
which building surface is covered by a thin layer of water. This is possible becauseidass
SO, is soluble in water as well as particles can be deposited more effectively sarfaees. It is
possible to assume as time of wetness the period when relative husidiB0i% and water is in
liquid state (T > 0°C).

x Stone featuresas rough and porous limestone absorb morgtB&h polished marble. Moreover,
also the chemical composition, homogeneity and porosity of stone influence the sulphation
phenomenon.

The results achieved by many simulation chamber tests (see Sabbioni, 2003 and related refereifiees) ident
two possible mechanisms for the sulphation of carbonate stones:

1. the direct formation of gypsum from the interaction between calcium cagbandtsulphuric
acid, in presence of humidity

%=9%E *t5E*tl1 \%=5®t¢l E%}

2. the formation of calcium sulphite hemihydrate, as an intermediate stage, follywéte
oxidation into calcium sulphate dehydrate

54 E*1 \5%4 ® {1
%=9HE5L ®Ffl \ %=5B® rawl*E%}i E rawl*
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Moreover, literature reports also investigations on the relationship betatevspheric aerosol and
sulphation process. Ausset et al. (1996) assessed the behaviour of a oolitic émeshan i) naked or
covered with ii) fly ash from a French power plant that utilizes heavy dilebr iii) soot particles
corresponding to the combustion products of exhausts of diesel motors in polhaadargas, exposed for
one year to the same environmental conditions (temperature, relative humidity andn8&ONQ
concentrations) measured in Milan urban area. The concentration of pollutantsl @&s wed value of
climatic parameters are important elements to be considered in these simulatias thsty are very often
emphasised to better study a certain phenomenon, even if they move away frgm Deiitg the first
months, S@deposition velocity was higher on naked stones while later it increased in sampksceiter

fly ash. In general, the experiment showed that &position velocity decreases in all cases with time and,
considering the two different coverings, soot particles seem to play an imgmtaening role while fly ash

is found to play an active role in fixing sulphur compounds on stone.

Furthermore, many simulation chamber tests have ddefostly on the importance of carbonaceous
particles of black carbon in atmospheric,2Ridation. The discussion topic for long was the comprehension
whether the catalytic effect should be attributed to the chemicgbasition of the particles (heavy metal
content) or to their high specific surface area. For this reason, Sali¥i) (scattered aerosol particles
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derived from oil-fueled combustion sources and carbonaceous particles not pneseslt atmospheric
aerosol (activated carbon and graphite) onto carbonate stones specimens. The presessm phdietes
enhanced the SO formation in respect to blank samples while the other two kinds dtlpardid not
increase sulphation phenomenon. Therefore, the heavy metal content of carbonacetes (paainly Fe)
contributes significantly to the sulphation of calcareous materials, producingcaheand physical damage
to stone monuments and historic buildings. This work confirms the resuiigged from a previous research
(Sabbioni et al., 1996) where aerosol used to cover stone samples was collected frivalizededomestic
heating plant (P1) and electricity generating stations (P2 and P3highest SG” concentrations were
found for the P2 particles, not influential for their specific surface buttHfeir heavy metal content,
particularly iron. The role played by carbonaceous particles in the heterogem@tai®on of SQ into SO,

is basically catalytic on account of their heavy metal content while tleeofospecific surface is limited.
Moreover, SO;> formed by interaction between $@nd stone was also quantified, highlighting the
hindering effect of carbonaceous particles ins’S@rmation. Finally, the authigenic nucleation of gypsum
crystals by carbonaceous particles was proved to be negligible (no more than 0.0d8pgt to the total
gypsum formed by SEstone interaction (Sabbioni et al., 1996).

Recently, Chabas et al. (2015) developed a new experimental chamber (CIME) for imgmthat
interactions between materials of the cultural heritage and the environment. lonatiditisual climatic
parameters and gaseous pollutants, CIME has introduced the possibility to control tleniojgearticulate
matter such as marine aerosol, soot and terrigenous particles. During the injeaieroplthe only soot
particle deriving from the combustion of propane in order to simulate diesetlsesd, are distributed in a
unimodal size distribution, centred on 143 nm. After settling, their number concentratieasgscbecause
of their deposition and clustering of air-suspended soot particles, confitetely the doubling of principal
size distribution. Adding materials of cultural heritage in the simanagst, first experimental results on the
effects of the deposition of soot particles highlighted how soot increasesutifeness of glass and Carrara
marble (very low at the beginning) while the roughest tested sample (limesto8aint-Maximin -
biocalcarenite) reveals no differences before and after particles deposgitbbably due to the strong
adhesion of soot on all surfaces, also inside the open porosity.

The impact of air pollution on stone buildings and monuments is related teghsitibon and accumulation
of pollutants on their surface through mechanisms that happen both in dry and wet conditions. Thésefore, it
important to better understand the quantity of pollutants deposited on the stonatetbstspect to their
concentration in the atmosphere. In this regard, simulation chamber as well asunvietl eéxperiments
proved to be useful instrument for detailed assessment of the issue.

Although the rate of dry deposition of pollutants to surfaces is variable and depesdseral parameters
(see hereafter), dry deposition is a continuous process leading to the continucatsofoiwh reaction
products (e.g. sulfates and nitrates) on the stone surface. Dry deposition igembmitbcthe deposition flux
F of pollutants, i.e. the mass of pollutants per unit time and area to the s(gfaocé® s’), and it is
commonly expressed by the deposition velogitycm s'), directly proportional to the deposition flux and
inversely correspondent to pollutant concentra@dig cni®):

However, the dry deposition of a pollutant is influenced by aerodynamic factorsla=ltd be considered
as an irreversible phenomenon by chemical reaction or physical processes as dissplatisorption.
Therefore, the deposition velocity of gases could be also defined as the ofthiesssum of the atmospheric
and surface resistances (Sabbioni, 2003):
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wherer,, r,, andr. are the aerodynamic resistance (function of wind speed and air turbulence), the quas
laminar boundary layer resistance (depending on molecular diffusivity andemeckdl and the surface
uptake resistance, respectively. The latter is a function of the chemical and pbrypesties of the surface

and thus of chemical composition of the surface, surface roughness, porosity faoe sooisture.
ConsequentlySO, dry deposition velocity differs for different lithotypes utilized laslding materials in
response to theig,ras the examples reported by Sabbioni et al. (2003). Carbonate materials, characterised by
acid-buffering capacity, show to have a low resistance todBOdeposition and so a relative higk, vyin
respect to silicate stones. In particular, a compilation from literature efdBOdeposition velocity on
Carrara marble evaluated from chamber test experiments at different exposurioriBantani et al.,
1998) highlighted thataincreases with relative humidity, wind intensity and also addingr@d NQ in the
chamber test atmosphere while it results overall constant by injecting mare SO

For particles, the deposition flux depends on the concentration of particlesaiin #mel on their deposition
velocity; the latter is strongly connected with their size. As presented in Blich@dlLl988), very small
particles (i.e. those with a diameter below 0.1 um) are controlled by Browratonnthat allows rapid
movements across the viscous air layers above the surface while graafitagdimentation prevails for
FRDUVH SDUWLFOHYVY L H ZLWK D GLDPHWHU RRB UWH DAWWK.DWD W -RR) D
velocity v (vg) increases with particle size. More difficultly quantified are the intermeediae particles,
affected by impaction and interception phenomena. In addition to these predominant circsngtenc
presence of phoretic effects (diffusiophoresis, thermophoresis and electrophoreklsgaroplicate the
already complex situation.

Deposition velocities have been determined by different authors (see Watt arltbhle2@i03 and related
references) but results report different values depending on the assumed experimentahsonditi

Overall, some difficulties are observed in comparing the results obtain by somuthtimbers because the
high liberty supplied to researchers by the experimental equipment implies the pw4$silihose different
values of experimental parameters, which sometimes are also emphasised to better siadifica
phenomenon.

1.2.3. FIELD EXPOSURE TESTS

The uncertainty of the results about damage of building materialswetithiy simulation chamber and the
difficulties to experimentally reproduce both intrinsic (stone-related piieper and extrinsic
(environmental-related variables) factors has led the researchers to peeldriedis in order to assess the
state of conservation of cultural heritage and address long-term susitgirgbarchitectural materials.
Surrogate materials with similar composition to the material present in theathleritage are mounted in a
rack and exposed outdoors in the vicinity of the building/monument of interest. Théuseitsirfaces
passively receive the gaseous pollutants and particles and could be used for Idntetgative sampling.
This approach of study is usefolbetter identify and observe the effects of the exposure of stone to different
real environmental conditions and provides true assessment because fiel@phedder the complexity of
pollution deposition to actual objects, which depends on many parameters such as pollutants camcentrati
particles size distribution, wind speed, turbulence and surface charactefisties abject. Moreover, in
comparison to conventional particles sampler, this methodology is silent, does not need electricity and can be
performed inconspicuously and without the regular presence of technical personnel.
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Literature provides several examples of the exposure of quarried stones to resine@ntrmainly to study

the processes affecting the dissolution of rain-washed stone in the envirq@alebioni et al., 2003 and

related references). For this purpose, samples are exposed outdoor to the gaettofrmain and after

several months the phyalechemical and aesthetic properties will be analysed. Moreover, in conjunction
with these studies, stone samples have been very often located outdooraltyjpsineltered conditions to

assess the effects of pollutants on building materials. This approach aflaweetter recognition of the

pollution influence mainly on sheltered samples and only partially to {ese” ones when pollutants are
dissolved or washed out by precipitations.

During the 1980s, the United Kingdom recommended researches to assess the present and potential problems
related to the degradation of building materials and to evaluate the rate of atetayable to actual

pollution and to natural weathering. In this regard, the Buildings Effects R&fieuwp was established and

worked on the National Materials Exposure Programme (N.M.E.P.), run from 1987 to 1995. Aethengm

of the most important problems to face was to determine if rates of buildingaldggn have changed as a
consequence of the reduction of concentration of &@ black smoke during the last 30 years and the
concomitant increase in N@oncentration. Therefore, small samples of different building materials (i.e.
stones and metals) were exposed in 29 sites in United Kingdom for a mininduyeafs till to 8 years and

their features analysed after 1, 2 or 4 years (Yates et al., 1988). Simultanemislyrological conditions

(i.e. temperature, rainfall, rainfall pH, relative humidity, wind speedwaind direction) and atmospheric
pollutants (NQ and SQ) were collected from all the sites _

for the duration of the exposure programme. In particul
Viles et al. (2002) analysed stone samples (tablets of Mo
Park and Portland limestones) exposed in sheltered
unsheltered conditions in United Kingdom (at Well
Bolsover and Lough Navar, characterised by different
pollution concentration, rainfall amount and pH) for 1-, z
4- and 8- year periods by means of colorimetric analys
optical microscopy, scanning electron microscopy and |
chromatography (Figure 1.4). The most polluted site stud . b
displayed the highest rate of surface recession, soilingrigure 1.4 The National Materials Expos

sheltered samples and soluble salts content. Programme site at Bolsover Castle, Derbyshire (Yai
identification of pollution-derived particulates  alsal- 1988).

confirmed soiling mainly related to the accumulation of airborne particles in absence Girrédhe contrary

at the other two sites, exposed samples became soiled more quickly than slwitgednd more
microorganisms were found on unsheltered samples, suggesting a biological origin afrkdeing.
Furthermore, attention has to be paid also to the position of stone carousel asasethed specimens

located in York (Butlin et al., 1995). In this case study, the movemeaaita#dy exposed samples to a more
unsheltered position appeared to give greater exposure to wind driven rain ofgbdltered samples and

might explain the decrease in weight gain attributable to sulphation after a previous increase.

Contemporarily, the United Nations Economic Commission for Europe (UNECE) starteihgvaok
gradually reduce and prevent air pollution and acid rain responsible of heatiflerps and damage to

historic buildings, monuments and ecosystems. In this reigait®79, the Convention on Long-range
Transboundary Air Pollution was signed to address this hazardZRW NLQJ JURXSYV FDOOHG 3
&RRSHUDWLYH 3URwdkeDEtRpity orgadise \the research and monitoring activities in a specific
field. Among the others, in 1985 tHnternational Co-operative Programme on Effects of Air Pollution on
Materials, including Historic and Cultural Monumen{$CP Materials) was established. The latter aims to
guantitatively evaluate the effects of sulphur and nitrogen compounds in combination witheéhenajor

air pollutants and climate parameters on several materials, including alsausiease objects of cultural
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heritage, and to assess the trends of corrosion and pollution (http://www.corrarssijutThis quantitative
assessment is useful to determine dose-response relationships as well asate avedyptable and/or target
levels and to calculate costs attributedmaterial damage. In order to achieve these goals, field exposure
tests have been planned in about 30 exposure sites across around 18 countries of EunofeneNoat and

Middle East, with some changes over the years. The first phase of ICP MatEdiar-1995) was focused

on acquirement of long-term data on corrosion and pollution in order to developedpsese functions
(Tidblad et al., 2012). At that time, $@oncentration was still high but decreasing and therefore a new
campaign was necessary to quantify the effects also of incoming pollatetsasHNO; and particulate

matter (multipollutant exposure1997-2001). In this regard, an EU project (FP7 MULTI-ASSESSRMHFW i
EVK4-CT-2001-00044) started in 2002 for an extensii.g:"-_-%
measurement and study of the corrosive and soiling effgﬁ""*h,\
of particulate matter and nitric acid, exploiting the alrea e W .
existing exposed set-up of ICP Materials. Later, the worli1
ICP Materials focused on the assessment of stock_

W

6FP CULT-STRAT project on management strategies t[ '
led to edita manual on the effects of air pollution ot

results are useful to perform a complete evaluation of ¢
savings and introduce the concept of tolerak
corrosion/soiling and pollution levels for indicator materiaFigure 1.5 Field exposure test of samples within

Small samples of different materials utilized in the culty'C” Materials + Prauge, 2009 (http:/www.col

heritage, including structural metals, stone materials, pg].?ﬂme'sey

coatings, electric contact materials, samples of medieval stained-glass wamtbwslymer materials, have

been exposed in different site for different lapses of time. A demonstratioa ekposure setup locatedl i

Prague is reported in Figure 1.5. Taking into consideration stones, samples of Portland Liarestehite
Mansfield dolomitic sandstone were exposed for the 8 years of the original exposure (198Bet995)
sheltered and unsheltered conditions. Only the limestone was later exposed in #hedesddred
conditions (1997-1998,1997-1999, 1997-2001, 2002-2003) and in uncovered situation (2005-2006 and 2008-
2009) (Tidblad et al., 2012). Finally, a further exposure of 4 years (2011-2015) was planned to lengluate

term corrosion trends attributable to atmospheric pollution on carbon steel, ziniam, weathering steel

and limestone in unsheltered conditions and soiling of sheltered modern glass (Tidblad et al., 2016).

From the beginning of the exposure, the average t8Dd relative to the year 1987 shows a decreases
ceased during 2000 and 2006 with a slight concentratinn
loss during 2008-2009 as well as N@ontinuously
decreased during the period 1987-2009 whilg o0
concentration remains constant after a first incre:
duringthe YV 7LGEODG HWth&rdore, the
measurement of HNCand particulate NQresulted very
important as very reported measurements were presel
urban areas of Europe and elsewhere but the str
acidity of nitric acid and the high hygroscopicity of th
related salts make them particularly harmful ai
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corrosive for cultural heritage materials. This hazard -5 NO,
particularly relevant since nitric acid is rapidly absorb: e I

on most surfaces and has a very high deposition velocity
Analysing the measurement campaigns, nitric arigure 1.6 Seasonal cycle of nitric acid and two of
concentration decreased on the average about 20%precursors during 2008/09 (Tidblad et al., 2012).
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3-year period as well as the concentration of their precursopsaN®DQ (Tidblad et al., 2012). A similar
result was detected also for particulate nitrate. Moreover, the comparison of thetiativceof HNQ, NG,

and Q against the latitude and the average seasonal variation proved that the most irfponttidan
process of HN@ was the photochemical formation that happens in the daytime thanks to thenreactio
between OH radicals and NCabundantly emitted also by the modern diesel engines. A similar seasonal
trend of HNQ and Q concentration showed also a maximum during the brightest time of the year and
minimum during the darkest one, as reported in Figure 1.6 (Tidblad e0&R). Z5enerally, the HNO
amount resulted higher in the urban areas than the rural sites.

Generally speaking, limestone decay seems to have been decreased comparecthéasevet in 1987 but

no average trend among the test sites was possible. As regard the developmentesipdose-functions, a
discussion of the most important results will be proposed in the next subchapter.

Regarding the far East Asia, the Committee on the Cultural Properties andaMaamage by Air
Pollution was established in 1993 by the Air Pollution Subcommittee of the Japarsety $ur the
Atmospheric Environment with the aim to evaluate the effects of acid deposition wralchéiritage cultural
properties. In this context, samples of bronze, ancient copper, pure copper, steel and enar&pesed in

17 test sites (5 in China, 10 in Japan and 2 in Korea). Two sets of specimens aerelyegxposed to both
unsheltered and rain-sheltered outdoor conditions, which were collected and analysed after 3 months and 1, 2
and 4 years of exposure. Kim et al. (2004) provides the information on the 1-yeayeagerrosion rates of

the test materials. For marble, the corrosion rate of marble in the unshelteraesndis more than six

times larger than in the rain-sheltered conditions, highlighting the wdic adeposition as the most
dangerous responsible of damage. As steel showed to be very sensitive to air pollution, it proved to be a good
indicator for evaluating the material damages due to air pollution.

The problem of soiling of building stones in urban environments was accurately studizwdsy et al.
(2003) by performing ad hoc exposure of samples (5 x 5 x 1 cm) of marble, greméstohes and
dolostone in Burgos and Oviedo, characterised by Continental and Atlantic climatetivebpe€he
samples were exposed outside in both sheltered and unsheltered conditions for a period between 7 and 12
months. A darkening of limestones and marble specimens both sheltered and unshelteredn(rtianly
covered ones) was detected in the couple of exposure sites while no relevancaegmaslidetected in
granite samples. The differences between stone in the inclination to soiling were proved to be tedr®rela
surface roughness than to stone porosity: a rough surface is able to easily trap aitnpapiees in
respect to a stone with larger pores on the surface. Moreover, the absolutenvefiegflectance is more
evident in lighter stones as well as a wetter and windier climate ooukhse the washing out of deposited
particulate.

Another experimental examination on black soiling of architectural limestoneandsd out by Urosevic et
al. (2012) by exposing samples under Granada urban conditions for 2 years. The samplE3 X1 cm)
were located outdoor, only vertically, in areas exposed to high or low pollutf@.mbrphological and
compositional analyses performed with Environmental Scanning Microscope (ESEM), SEM-EDX,
Transmission Electron Microscopy (TEM) and micro-Raman Spectroscopy highlightecetiemga on all
samples of carbon-rich particles, both organic and inorganic (attrlbuda soot particles) and mixed with
clay minerals. Fewer amounts of highly porous Na and Cl particles, mineral dust paascleell as
evidence of biological colonization were detected. Additionally, it shouldobed that rain-sheltered areas
proved to be more suitable for gypsum crust formation. Regarding the soiloesgrall samples underwent
a general decrease in lightness (i.e. blackening) and an increase in the chromatiemaegthet towards
red) and b*(i.e. towards yellow), mainly in those samples exposed in heavy pollutedaisésg a colour
change perceptible by human sight. This colour variation seems to be more pronouncstigltered
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samples that after exposure were characterised by a higher surface rouphanesteltered surface
fostering more intense differential erosion and in turn triggering black soiling.

At national level, some examples of field exposure tests concerning the effectsitémpoin limestone and
marble are available. With the purpose of verifying the correlation between d#eag and pollution,
Realini et al. (1995) exposed Carrara marble samples in Milan and Aosta, citiedesis@a by different
industrialisation levels, population densities, traffic intensities and hencememental conditions. Plagues
of marble (5 x 5 x 2 cm) were exposed outdoor for two years, inclined at 45 degrasgsttive north, in a
partially sheltered condition that protected them from precipitations butealitive deposition of particulate
matter. Every 6 months (corresponding to the cold and warm periods, respectively@ssanggrwent
gravimetric, colorimetric and chemical analyses. Concerning the resultse afhemical analysis of the
soluble fraction of the powders extracted by immersion in ultra purer,wateincrease of sulphate and
nitrate during the cold period was measured, likely due to the influerfoeatihg systems. The amount of
particles deposited on the surface area of samples highlighted a continuous @iigher in Milan than
Aosta and interrupted only by a violent storm that partially wetted and removed a small ameutitatfe
matter. This trend of particle deposition influenced also the surface blackeamgle exposed in Milan
were subjected to a higher fall in luminous reflectance due to the carbonaceoussparréisent in the PM.
Moreover, the Authors tried also to calculate and quantify a decay parameter fronttmesubf chemical
and gravimetrical analyses, displaying an increase in decay in parallel to the exposition period.

Zappia et al. (1998) exposed small samples (10 x 5 mm) of stones (Carrara marble, Travertine, Trani
and Portlend limestones), along with mortars (lime, pozzolan and cement mantangas unsheltered,
sheltered, and partially sheltered from rain wetting. Samples were placed inytleerdgre of Milan to
simulate the characteristic environment of a large industrial area and Ancona, aseexfaaxaimple of a
maritime site. After 6, 12 and 24 months samples were analysed by ion chr@phyogf-ray diffraction
and SEM-EDX. Sulphation process was detected as the main degradation process bhffé¢csmnes and
mainly mortars. Chromatographic analyses detected the presence in all samples oé suighatlphite, as
an intermediate product of the sulphation process, and even nitrate, nitrite ecHloddde and oxalate ions
in exposed specimens. In the first exposure months the concentration of pollutantedepasivery high
while subsequently it lessened, probably because of wind and/or rain removal. Moreshetieusd
samples underwent the highest washing-out, confirmed by the lowest anions rdiacentand the
contemporarily surface erosion.

Recently, samples of typical Florentine lithotypes (Carrara marbleafeiggr, Pietra Serena) were exposed
for 24 months outdoor in an historic building in the centre of Florence, in pagfadltered condition and
located vertically, horizontally and inclined, in order to assess tketadf soluble and carbon fractions of
particulate matter. The preliminary results of analyses (Fibre Optic Reftectpectroscopy FORS,
Spectrophotometry, Total reflectance-Fourier Transform Infrared Spectroscopy_ TR BEM-EDX, IC,
carbon speciation with CHNSO analyser and environmental monitoring campaignsyreseated in
Bonazza et al., 2013. Overall, horizontally exposed samples experienced the highestireftextd by
pollution impact: variation in total colour (and in details towards blackening and yellowing), presemt® of i
(mainly sulphate, nitrate and chloride) and changes in the FT-IR spectra prdhabily the deposition of
combustion products (principally organic carbon fraction). Considering therediffdithotypes, Carrara
marble was more vulnerable to pollution impact in respect to the other two stones.

Further exposure tests were performed by Comite et al. (2017) by horizontally expogohessaf marble
(Carrara Marble) and limestones (Noto and Comiso stones) in two Sicilian citiesn®alnd Catania, for 2
years, in sheltered and unsheltered conditions. As expected, sheltered samples unbenhagiiest
deposition of particulate matter and darkening and yellowing effects. These affeaitdgl Noto stone
characterised by higher porosity and surface roughness than the other studied lithotlpgistifggas the
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stone features influence the change of total colour. Moreover, vehicular asffiell as soil dust seemed to
be the main sources of PM deposition.

Additionally, atmospheric monitoring campaigns performed outdoor close to historic monunaiide pr
further information about those gases and particles potentially dangerous donseevation of the cultural
heritage but they are still scarce. In this context, Nava et al. (2010) and Ghedini et ala(jd9d soluble
and carbon fractions of particulate matter monitored in proximity of Ralserchio and Baptistery in
Florence, respectively. Recently, the Italian Institute for Environmentdéd®ion and Research (ISPRA)
and the National Institute for Conservation and Restoration (ISCR) of Italiedtthe blackening of stone
samples, along with copper and glass specimens, exposed close to air qualityimgostitions in Rome
for 3 years (2013-2016) in order to compare colour variation with the amount of PM1@mdmver time
(Gaddi et al., 2017)Auras et al. (2018) assessed the atmospheric concentrations, @N®INQ besid
soiling and anionic concentration of deposit on Carrara Marble samples horizontadly pladoor for one
year in German cities. Despite high amount of,Nfde deposition of N on stone specimens resulted to be
limited. Particulate matter was also characterised both on stone samples andilueafilrers passively
exposed on the facade of Milan cathedral (Fermo et al., 2018) and in a more congesfddikin (Ferrero
et al., 2018). However, lacks still remains in determining the real depoditiartizulate matter per surface
unit, mostly concerning the carbon fractions.
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1.3.DAMAGE FUNCTIONS

The amount of damage induced to building materials by environmental parameters descrilged by
damage functions. These are mathematical functions able to connect the degradationabhetliage to
different variables changing over time, such as chemical attack, heating and cgoleyy and freeze-thaw
cycles for stone and masonry materials, metals, glass, and wood. In particularethefedkdmage that will
result from a given amount of pollutangsknown as dose-response functionddseof a pollutant depends

on both the concentration and the time of exposure and therefore represents theafyzoitittant actually
deposited on a surface, whilesponseis recorded either as the amount of material mass loss or loss in
thickness per annum or as variation in surface soiling. Nevertheless, the dose ireplteed by the
concentration and thus implicitly hypothesising a direct relation between the cakticentand the
deposition of the pollutant. In this case, dose-response function assumes a broader sense andilisedalso ut
WKH WHUP-HNSRR/XWHH 1 X Q FW LR Q All tHed&' ¥quatiovis A3ume an added value when
they are combined with acceptability criteria, for example in the context of @siagement, providing a
good basis for the development of standards and the administration of time for cleading an
conservation/replacement procedures.

The early dose-response functions concerned the corrosion of materials of beltitagle. One of the first
methodical field exposure programme able to simultaneously measure corrosion attackaoidstés and
SO, concentration was carried out by Gerhard Schikorr and Ina Schikorr during the 1p@8® to 1942 in
Berlin, Germany (Watt et al., 2009). They quantified the zinc corrosion dttapgkn per year (R) as
directly proportional to the concentration of SQdg m®) multiplied by a value equivalent to 0,044:

Rz, = 0,044[SQ] 1)

This equation resulted very similar to a series of functions that were devatohedfollowing 3040 years,

all of them involving S@ as the main explanatory factor and with the likely addiction of othempeters

such as acidity, wetness and temperature terms.

Returning to the topic at hand (i.e. stone), literature reports differectidns relating to the surface
recession of stone. Concerning the dose-response equation resulted from the elabodati@rcafected
during the ICPMaterials and MULTI-ASSESS Projects (see § 1.2), two sets of functions have been
developed for limestone (Watt et al., 2009): one for the &fninating situation, based on data from the
original exposure (1988995), and the other for the multi-pollutant situation, on the basis of data recorded
during the period 1992001 concerning SQHNGO; and PM, These functions have demonstrated to be
useful for mapping areas of increased risk of corrosion and calculating the corrosiofuctbermore, a
more detailed overview of dose-response functions about surface recession of storidad psoBonazza

et al. (2009). Among these, the Lipfert function (Lipfert, 1989), whicbgakto consideration karst effect,
acid precipitation and dry deposition of S&nhd HNOs;, was used for mapping the surface recession of
FDUERQDWH VWRQHV ZLWKLQ WKH (8 )3 12%+ 9Vt i$ hoteBorRWtheFW 6L
comparison of three different functions (the Lipfert, ICP and MULTI-ASSESS @ee®)rmed by Grossi et

al. (2008) in order to predict the recession rate of calcareous ston@wviémo, Paris and Prague from
estimates of climate and air quality. Generally, these functions disagreetajiveatyi because of their
different controlling parameter based on precipitation,, &@ilti-pollutants or humidity. Nevertheless, their
results were fairly concordant in the last decades of the twemggttury while higher differences were
calculated for the future, when damage functions have to work under low pollution conditions.
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Another damage to building materials that has to be measured and monitadukfter risk management is
soiling. Beloin and Haynie (1975) first proposed tg
idea that soiling could be quantified by comparing
reflectance of a soiled surface with that of the b#dss
material. They exposed six building materi '
(painted cedar siding, concrete block, brig
limestone, asphalt shingles and window glass) for {
years, at five different sites in USA in expos§
condition (Figure 1.7). In addition to reflectang
variation, total suspended particles (TSP) _
environmental parameter were measured during [

exposure period. The results showed that soilingf i _
paints was directly proportional to the square rootrigure 1.7 Arrangement of materials at each site (Beloin
dose, the latter defined as the product of particulHaynie 1975).

matter concentration and exposure time:

4L 4 FGRIP 2)

where R = reflectance after time t; t = time; Rinitial value of reflectance; k = constant; PM = particulate
matter concentration (g th However, poor correlations were obtained for concrete, limestone and window
glass. Other American researches noticed that coarse patrticles initialljputentnore to soiling of both
horizontal and vertical white surfaces (SEM stubs and wooden boards) than fine mode pattitiedirst
ones are easily removed by rain (Haynie and Lemmons, 1990; Creighton et al., 188@y Aorizontal
surfaces are soiled faster than vertical surfaces. A more detailed overvieg results of field studies is
described in Watt and Hemilton (2003).

In addition to the initial field studies, which produced empirical retethips between soiling rate and air
pollution, theoretical model of soiling was required. At the end of the 1980sedbarches carried out by
Haynie and Lanting, respectively, laid the foundation for the development of an expbmende! to
describe soiling rate (Watt et al., 2008 and relative references). Haynireakthat soiling is equal to the
contrast in reflectance of the bare substrate not covered by partigl&s<jiRplus the reflectance from the
particles (RX), whereX is the fraction of surface covered by particles (Brimblecombe and Grossi, 2004)
Therefore, if particles have a diameter bigger than the wavelength of the light:

4L 4:sF:E4: (3)
He also stated that under constant conditions, the loss in reflectance oé susfadirectly proportional to
the surface area of the material covered by deposited particulate mattertidnlgrarall particulates
deposited from the atmosphere would contribute to soiling and the differences in ciontréieemed to be

proportional to particle size and deposition velocity, not composition and relatedl gptiperties. Thus,
after integration:

' LsF$3:6P (4)

where k is a function of particle distribution and dynamics and t is timmea Aesult of substitution the
reflectance after a certain time is equivalent to:

4L 4 F:4 F4,;®>sF G ()
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or
4 L4 E:4 F4;®t5 P (6)

On the contrary, Lanting declared thi¢ exposed area was covered at a uniform rate and that the loss in
reflectance is proportional to the thickness of the deposited film. Howevde kditing considered that
only particulate elemental carbon contributed to blackening, Haynie assumed thaiallgbest deposited
from the atmosphere would provide a reflectance change. The theoretical basis ofodeth were
explained by Mansfield and Hemilton (1989) and Watt and Hemilton (2003). Irasieetice reflectance of
deposited particles (Ris much lower the initial reflectance Ri.e. R=0 (total blackness), many authors
reduced the equation 6 to the following equation, which is considered as the basic eapmatitinship

and frequently used in the soiling studies:

4L 4®t5 GP (7)

where R = reflectance after time t, t = time, k = constant.

Therefore, the mathematical theories for the growth of particulate matteheormaterial surface
experiencing soiling consider that the soiling constant k is directly propaktio the amount of deposited
particulate matter thus to the atmospheric concentration C, if the resuspension/rameoYas irrelevant:

k= F ®)

Consequently, substituting into the basic exponential relationship produces the gise-response
function:

4L 4 @18 FA%P; (9)

ZKHUH L V -r&8poike Gonstaht. Nevertheless, research studies on soiling of Portland limestone
performed firstly in the United Kingdom and then extended also in Portugal higgdithat the initial stage

of soiling (120-180 days) could be well represented by an exponential relationshigebthdasquare root

rate equation would fit much better the experimental results (Pio et al., 1998; Watt and i &00t).

The exponential relationship suffers from boundary problems forcing the finettegfce of the soiled
material to zero (Brimblecombe and Grossi, 2004). Thus the exponential equation eavritbenr more
realistically as:

4L:4,F4 ;®tFGPE 4 (10)

where R is the reflectance after infinite soiling (which is not as close to aemften assumed for,Rand

the reciprocallk FRXOG EH FRQVLGHUHG DV D NLQG RI 3IROGLtQelé¢ aWwLPH IF
still some restrictions that could lead this equation not to perfectigrfihe real process. For example, if
particles are not randomly distributed soiling would proceed more rapidifobmaing a linear relationship

that would be interrupted as the surface became close packed. Alternatively, pastitdesluster together

and thus the soiling could be slower than the predicted with the exponential maxtdlerito shed light on

the choice of equations, Brimblecombe and Grossi (2004), within the CARAMEL Rpegpared and re-
analysed earlier soiling data focussing on linear, exponential, power and square-reoh&gliatexpected,

all models work quite well for short records. Within the period of timeheke experiments, properly
bounded exponential model proved to be appropriate as it describes data sets whelmgeahsdiast or

the exposure period lengthy (i.e. porous material horizontally exposed). However, some discregtscy exi

32



for short exposure period or where the soiling process was very low, such ascas¢hef materials
vertically exposed. Consequently, the popularity of square-root models should be ezkplsirmany
experiments finished near the point whefefar the square-root fit is at a maximum, just before the
beginning of decreasing trend.

Considering the exponential model; Represents the final blackening of the material and depends on the
areas covered by soiling particles and the original material colour. The kdtimme constant), in turn,
indicates the rate of soiling and likely depends on the concentration and depwgsitioity of the
atmospheric particles and removal processes. Therdareuld be expressed as flux of particles to the
surface. Concludindg andR: could be influenced by the amount of pollution, the orientation of the surfaces,
the resuspension and the type of material (Brimblecombe and Grossi, 2004).

First results of the MULTI-ASSESS Project considered the soiling coristanbe directly proportional to

the amount of deposited particulate matter and therefore to atmospheric coioceotridaM,, (Kucera et al.,
2005):

4L 4®18 FGH; (11)

where PM, is expressed in ug

Under the same EC project, Watt et al. (2008) exposed a set of materialshipn€odiland limestone, at
locations in London, Athens and Krakow for 12 months in order to test the theordatahship between

soiling and PM concentration against experimental data. For this reasencdtdentration was recorded

and reflectance measured at monthly intervals over the exposure period onabe stisfertical surfaces,
located sheltered from rain but prone to air movements. Applying appropriat¢hi Exponential equation

on the basis of the collected data, it was possible to proposed corrected dose-resptinss far painted

steel, white plastic and polycarbonate membrane. However, the results fdofimefiowed too much
scatter between the plot & by mathematical fit and PM concentration measured at each site for a
prediction to be made. In addition to the chromatic heterogeneity of the spport, the roughness of the
surface seemed to interact with the deposition pattern and thus likely to lead todaiag@ns in deposition

and accumulation than would be found in the case of a smooth surface.

Brimblecombe and Grossi (2004 and 2009) assumed in their models that thefliBotdmee that would be
shown by the material ¢Ris more similar to the reflectance of an old black crust than to complete
blackness. Ris indeed determined as the area covered by soiling, which is considered as a balanoe betwee
process of deposition and removal or resuspension. Thus the authors consjdefatkto the reflectance

of the different soiling particles and the initial reflectance of the surface.

Brimblecombe and Grossi (2009) developed a new empirical model based on the flux of the elemental
carbon (EC) to the surface. The accumulated flux of EC (S, unft) gvas evaluated as:

5L (oP L @ ogoP (12)

where Ec is the flux of EC to the surface,qsaé the deposition velocity and EC is the concentration of
atmospheric elemental carbon. Therefore, the reflectance of a surface after a time tis:

4 L:4,F4;® &5 i (13)
ZKHUH 2 L VgMeKdty (iRl ls@face concentration of EC required to reduce the refldayiaty
factor €), estimated as 7,2 gfrin London crusts (Brimblecombe and Grossi, J0@bnsidered that the

EODFNHQLQJ FRQV Weésaowse donstant of Wdddua@&ieh\dHcould be expressedAKV,2he
initial rate of reflectance change of a clean stone could be written as:
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F%EL:4rF4L;®@-eyg/oi (14)

while the final reflectance of the crust as the reflectance of the depagmititigjes. Within the CARAMEL

Project, Brimblecome and Grossi (2008) correlated blackening data of diffejentdloured stones with

the atmospheric concentration of EC. The analyses showed therird from 75-80% in remote areas
ZKHUH (& P, 60-P% at uEDQ EDFNJURXQG VI VBHiV to 3880% in highly

WUDIILFNHG DUHDV DQG PURDG WXQQHOV (&! J P

As reported in Grossi (2016), previous studies assumed that the first order llgak@mstant is equal to

0,013 & for each pg m of EC or 0,0016 ‘afor each pg m of PMy, knowing Viec and taking 12% of

PMyo to be as EC.

However, the aforementioned equations consider absolute rather than relative chantgsanaef On the

contrary for relative changes in reflectance, the blackening process should be written as:

L @FEZA tSFGPEZ (15)

Where the effect of the original surface is removed or reduced (Grossi, 2016).

Recently the use of tristimulus measurement according to the CIEL*a*b* system ‘anfugiher
information in addition to reflectance that highlights the presence of underway powaegdsdifferent time
constants. L* is the variable lightness that changes from 0 (black) to 100 (whike)a* and b* represent
the chromatic coordinates: +a* is reth* is green, +b* is yellow andb* is blue. As described by Grossi
(2016), the increasing emissions of organic matter, mainly derived by traffibustion sources, leads to
deposits rich in organic materials that are potentially attractive for biologatality and prone to be
oxidized. As a consequence, this trend could result in a colour change of buildingstéacads warmer
tones, as already observable in many historical buildings of the European cities &&doBsimblecombe,
2008). In this regard, earlier experimental measurements on stone display both varidtfoand b*
parameters, the latter faster than the blackness. The increase in b* could bbdikesy as the surface
becomes covered by dark particles.

Consequently, it is becoming increasingly clear the need to acquire anddetsesn the variation of the
colorimetric parameters not only considering the reflectance (or lightness panjaouttin a larger scale. It
is hoped that this will bring about the development of hew damage and dose-response functions, able t
better quantify and predict the damage of historic buildings in a changing environment.

The improvement of dose-response functions has practical implications for the emanagand
conservation of cultural heritage. These models could indeed permit to estimate: the rath abilhg will
occur in the region of interest, the tolerable soiling before action and the tolémablgetween cleaning. All
these considerations need a broader evaluation that takes into consideration alsodheeméption of
soiling, the intrinsic feature of the building (such as the debate whéihdrdck crusts have to be totally
removed or if they have an historic value), economic perspectives and air qualitydstastene studies
started to address the problem of public perception and acceptabilityiof gaEtterns on buildings by on-
site questionnaires performed within the EC CARAMEL Project (Grossi and Baaoinbe, 2004; Watt et
al., 2008). The outcomes highlighted that a 35% loss in reflectance triggaicant adverse public
reaction. This value was adopted by MULTI-ASSESS Project as threshold for tolerallg beilore
cleaning as well as 10-15 years were judged tolerable time between cleanings for cultural heritage
objects (Kucera et al., 2005). These value together with the dose-response funotlmmsigeful to estimate
the maximum ambient air quality to which the building could be exposed to telaaibhg. In this regard,
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12 ug n? was proposed as tolerable RNevel for limestone for a period of 15 years between maintenance
(Kucera et al., 2005).
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2. CHAPTER 2 - MATHERIALS AND METHODS

2.1.FIELD EXPOSURE TESTS

217 samples of Carrara Marble (CM, 163 samples) and Verona Red Marble (VRM, pkes3awere
prepared as polished tablets with dimensions of 12 x 12 x 2 cm in order to be exposedfoufodditests
and further samples were prepared as reference materials. CM is a medium-fieé gr@iamorphic stone
extracted in Apuan Alps (Tuscany), characterised by a white coloursaitie thin grey veins and patches.
On the contrary, VRM, that is the commercial name of Rosso Ammonitico Veroseaenddular rose
limestone with several red stylolitic joints and calcite veins. In qadi , the selected stone represents the
lower stratigraphic unit of the Rosso Ammonitico Veronese formation, extraciad \falpolicella area
(Veneto) and commercially called Nembro Limestoreese lithotypes were selected for their almost totally
carbonate composition and because they have been widely used as construction and decoraigemmateri
cultural heritage since ancient time. Prior to exposure samples were polishedsamotie surface would
allow better removal of the particulate matter deposited on samples durirxpgbsure. CM has been
exposed in Bologna, Ferrara and Florence in order to test the same lithotgpeerse environmental
conditions, while VRM in Ferrara for comparing how two different stones teathe same environmental
parameters.

Samples have been exposed outdoor, partially sheltered by direct rain, in udsastamegly affected by
pollution due to vehicular traffic. The exposure has been performed on:ripeetat the first floor of the
National Research Council of Italy (CNR) in Bologna (via P. Gobetti 1)nia roof terrace of Turchi di
Bagno Palace in Ferrara (nowadays used by the University of Ferrara), orisvdedistthe rather busy Via
Porta Mare at around 6 m high from the ground level, and iii) in a loggia of San Marco Mosetooking

via G. La Pira in the centre of Florence (Figure 2.1). Galvanized metallic racks were [yubpdséo host
samples with three different exposure orientations: horizontal, obligiesl (ith 45° slope) and vertical, in
order to test how positioning may influence particle deposition and its j@btemhoval by wind-driven rain
and to better simulate the real conditions of monuments . Specifically, samples have beea iaxpagay
that the material deposited on the exposed surface of a whole sample can be analysedneuénry &
detect carbon fractions and another one for soluble ions. Furthermore, two samples wgeex des
colorimetric analysis and other two ones, dedicated for further analyses, remgiedd for the complete
period, as sketched in Figure 2.1 A-B. A roof was properly added to racks placelgmdand Ferrara to
provide a partial protection from precipitation. The experimental tests startetkitiuly 2016 and they will
finish after two years, even if samples exposure was designed in order to extend the study fordnttiser m
At the same time, 10 quartz fibre filters were horizontally placed ctostohe samples in each site for 2
years on a cork sheet covered by PVC film and sealed with silicon gaskee(Bigut). These filters were
exposed for monitoring the deposited atmospheric particulate matter (in termsuble sahd carbon
fractions) on a filter every 6 months and compare how different substrate materialvéstouartz filter)
may affect particulate matter deposition.

FurthermorePM monitoring campaigns were planned in the same locations every 6 months for monitoring
the atmosphere close to samples racks and compare it with the material actuallgdiepostone surface
and passive filters.
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Figure 2.1 A) Model of the exposure in field of stone samples. In particular, black squares represent specimens dedicated for carbon
speciation, grey ones for ion chromatography, squared ones for colorimetric analyses and white ones for further analyses. B) Racks
hosting stone samples in the loggia of San Marco Museum in Florence. C) Exposure of passive filters in Bologna.

2.1.1.  SITES DESCRIPTION OF FIELD EXPOSURE TEST

Sites selected as exposure locations for field study were three Italian sites: Bologna, Ferrara and Florence
(Figure 2.2). The choice has been made taking into consideration different environmental conditions as well
as cultural heritage wealth and use of the chosen stone materials in the architecture of the cities.

Figure 2.2 Map of sites designated for the field studies. Po Valley is highlighted in
light green (https://www.google.it/maps).
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Both Bologna and Ferrara are located in the Po Valley, a 4608(akpe area of Northern ltaly extended
between Western Alps and the Adriatic Sea. Po Valley is a densely populated area ideatdmtemild
continental climate with high relative humidity throughout the year. Consideradasspot in Europe to

air quality (Carbone et al., 2010; Perrino et al., 2014; Ricciardelli et 4l7) 2this area is distinguished by a
great anthropization and industrialization with relevant emissions due to industnafiescand road
transport. The presence in some parts of shallow soils, extremely fertile, inducedealevdlopment of
agricultural activities and livestock farming. Moreover, orographic conditioglgn{ded northward by the

Alps and southward by the Apennines) often limits the air currents between Ndtéhermnd the rest of
Europe. The local weak circulation and thus the air stagnation within the basito llemger time for the
dispersion of released pollutants, promoting chemical transformation and itwrmait secondary
compounds, especially during winter. Fog is really common during winter, which in additewelopment

of temperature inversion, stagnation of air masses, shallow Planetary Boundary Layer (PBL) depths (summer
to winter maximum PBL height ratio ca. 2) and low wind velocity, favours the adation of pollutants

and condensation of semi-volatile species (such as carbonaceous matter and amnt@atigjmcausing

high PM episodes detected at ground level. During summer sunny days with comfortable teesperatur
alternate with very hot, damp days.

Bologna

%RORJQD f o Z1 f o Z P DERYH VHBERdHGH#MOgioh. \ AsWsK H F D
inhabitants range between 300000 and 1000000 (precisely 388000 inhabitants), it is exmbasivigr city.

First citizens of Bologna were the Etruscans followed by the Celts and the Roméng.tbe Middle Ages,

Bologna evolved as a free municipality and it was the cradle of the oldest ugierSitrope (in 1088).

Thanks to its past and recent musical tradition (residence for short/long perimdgsimians such as
Farinelli, Rossini and Donizetti) it was declared a UNESCO ‘“citf music" in 2006
(http://whc.unesco.org/en/list/).

Bologna is characterised by a warm damp temperate climate with hot summeag&fhdpwn in Figure.2

(Rubel et al., 2017).
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Figure 2.3 Maps of Koppen-Geiger climate classification for the greater Alpine region
calculated from observed temperature and precipitation data (Rubel et al., 2017).

Average temperature ranges from about 3°C in January and 25°C in July (Figure 2.4). Mean total
precipitation is of 700-800 mm, mainly concentrated during
(https://www.worldweatheronline.com), relative humidity remained above 60% year-round with only a slight
decrease during the hottest months of July and August. Wind is modest and this allows the formation of fogs

and haze as well as the permanence of stagnant polluted situation.
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Figure 2.4 Climograph of Bologna (http://www.meteoblue.com).

The territory is not affected by large-scale industrial facilities but food and mechanical manufactures as well
as agricultural activities are widely distributed in this site. Furthermore, a recently upgraded municipal waste
incinerator is active in the city suburbs (Tositti et al., 2014). The strategic position of Bologna as crossroad
between north and south of Italy and also between western and eastern sides of Po Valley cause a large-scale
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transportation by railway, aviation as well as light and heavy dutfictrdf is indeed surrounded by
congested orbital roads that connect the main arterial road to the biggest Italian cities.

Considering the architectural viewpoint, Bologna made primarily use ofclaatize bricks for its historic
buildings due to the easy availability of this material in the surroundingsbDete, 2008). Moreover, pits
of sandstones (soft or more cemented and thus more resistant) and selenite wers sheeadea. In
addition to these lithotypes, other more precious stones (such as IstrieaBtioierona Red Marble) were
imported by river trade from the Romans and occasionally at later datex&fople, Verona Red Marble
was used for the incomplete covering of San Petronio Basilica).

The selected site for the exposure of samplesPiidnonitoring is the National Research Council of Italy
(CNR), located in via P. Gobetti 101 (Figure 2.5), in the Navile district.

Y “ .//' = ~ ¥ ;/ /; £ f /
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\
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Figure 25 Map of Bologna. The blue circle highlights the position of theoNal research Council of Italy
(https://www.openstreetmap.org).

Close to the CNR there are a rail network (as the crow flies, at 500 mslleecbusy railway line Bologna-
Ferrara while less than 100 m a line for cargo trains) and the congastgukan Route E4&nd highway
Al3 (as the crow flies, at 900 m and 1700 m, respectively). It should be stress#tegisesence of the
international airporBologna Guglielmo Marconi Airpolimost 3 km far from the CNR.

In particular, rack hosting samples was placed in a terrace, at theofirstdiose to the CNR Research Area
Library while equipment for monitoring tHéM was located on the ground close to equipment of Supersito
Project with filters sampling at around 1,70 m high (Figuré. 2.6
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Figure 2.6 Position of rack hosting stone samples and passive filters (squatddenhandPM as well as bioaerosol monitoring
campaigns (squared in red).

Ferrara

JHUUDUD M, +f <Z

Ferrara is an historic city, subjected to numero
urban planning schemes from the™l® 16" B0
centuries, which made it the first Renaissance™
city to be developed by a complex urban plafi‘.:\
This plan harmoniously combined Middle Age* e
and Renaissance buildings and favoured a
general balance of the whole city rather than(
accentuate the beauty of individual buildings.l
resulted in the formulation of the humanid

concept of theideal city and represented

criterion that has designated Ferrara :Ige. - t i f - . 1568(t .
igure ncient map of Ferrara area o own archive

UNESCO World ) Heritage SlteFerrara https://upload.wikimedia.org/wikipedia/commons/d/d2/

(http://whc.unesco.org/en/list/).  Therefore ipejta-posc39%B4-1568.jpg).

cultural preciousness should be preserved and be

appreciable also by the posterity. Anyway, its position and the typical environmentélocentave led
Ferrara to face humidity problems induced both by capillary rising dump and thick fegtdrhe territory
of Ferrara is indeed located in the Po delta and developed on river sediments (Figurde.djedl
underwent to numerous and important reclamation works of the swampland, started firily Bgte
domain and carried on during the™@entury (http://www.bonificaferrara.it).

Concerning the Képpen-Geiger climate classification, Ferrara is charattbyise warm damp temperate
climate with hot summer (Cfa) (Rubel et al., 2017) (Figure 2.3). During thieh@éemperature ranges from
0°C to 32°C and the precipitations occur mainly as thunderstorm during samchas light rain during the
other seasons (Figure 2.8). Even if Ferrara is not so much rainy, it is characterisgil feyative humidity
that implies the presence of fog in autumn and winter or muggy weather duringesuihe prevailing
winds blow westerly and secondarily from NE and SE.
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Figure 2.8 Climograph of Ferrara (www.meteoblue.com).

Even if Ferrara is an historical city and the tertiary economic sectogroas) over last years, industry
(mainly chemical one) as well as agricultural sector (mostly farmiregedensively developed in the city
and surroundings (http://www.fe.camcom.it/cciaa/cenni-sull-economia-provinciale).

Taking into consideration the geology of the area, Ferrara is distinguished dlystvece of quarries. This
has induced the employment of clay materials for the production of brick agsviie import of stones
mainly from territory close to Verona, Vicenza, Padua and Istria. Among lithotyieesna Red Marble,
Vicenza limestone, trachyte and Istria stone were rather used in Ferrara anmchifdus trade was favoured
by the presence of waterway opportune for river transport and by politico-e@oioftsiboration with
governments of Vicenza and Verona, mainly during the Middle Age and Renaissaliog, (f06). Stone
was mainly used as architectural elements (as gate, capitals, fini@éhddws and sculpted cornices) for
ennobling the hosting building and highlighting its importance.

The area selected for the exposure of samplesPahadampaigns is located at Palazzo Turchi di Bagno
(Corso Ercole | d'Este, 32), on the side of the palace oriented towards the rathéialdessta Mare (Figure
2.9). Palazzo Turchi di Bagno, located in front of the illustrious Palazzo dei DiansaatiRenaissance
architectural work designed by Ar. Biagio Rossetti. From 1962 it became the dbat mftanic garden
(placed backward) and from 1964 it has hosted some university branches. In a lgtegighe building is
1400 m from the train station, less than 3000 m from the Petrochemicaf &eraama and at around 4400 m
from the highwayA13
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Figure 29 Map of Ferrara. The blue circle highlights the position of Palazzo hiudi Bagno
(https://lwww.openstreetmap.org).

Specifically, rack hosting samples and passive filters was placed on the racé tatithe first floor of the
Palace (around 6 m from the ground level) but other 9 stone samples were arrarigedyoilithe same
building in a window of the Museum of Palaeontology and Prehistory P. Leonardi, facing CdestV B

(Figure 2.10). FirsPM campaign was begun on the roof terrace, close to the shelving, and then assisted by
one more instrumentation at the ground floor in the Botanic Garden due to logistickdms (see Figure

2.10). Nevertheless, further campaigns took place only at the ground flbofilteits sampling at around

1,80 m high from the ground.
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Figure 2.10 Location of rack hosting stone samples and passive filters (in &hcefurther stone specimens (in red) in Ferrara.
Green dot indicates the placement whel monitoring campaigns where carried out from winter 2017.
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Considering the Kopper-ULHVHUYV FOLPDWH FODVVLILFDWLRQ 5XBHXODHW D
the border between the warm climate with hot dry summer (Csa) and the warph ¢limaite with hot

summer (Cfa) (Figure 2)3

Business linked to tourism supplies by far the most of the Florentine economygvétowhe capital of

Tuscany has an ancient experience also in leatherwork and textile industry as s@ihe leading sectors

include mechanical engineering, fashion, pharmaceutics, food and wine.

Observing the Renaissance architecture of Florence, most of buildings are madal sgdimentary rocks
FODVVLILHG DV 3LHWUDIRUWH 3LHWUD 6HU2DQ3p Magy®f Bk uaied % L JL
were located along the River of Arno and thus these lithotypes were #wasifportable to Florence.
BLHWUDIRUWH LV D \HOORZLVK VDQGVWRQH ZRYKXK VWRORERQ EH FBIPW
resistance to compression and atmospheric agents and it was therefore used as the tmaihlsiidang
PDWHULDO LQ WKH 5HQDLVVDQFH )ORUHQFH 2Q WVEKH IFRWHVUW ULV G
workable respect to Pietraforte thanks to its clayey cement but it is mmre @ atmospheric weathering.

Its workability induced Pietra Serena to be mostly used as decorative duilditerial (e.g. columns,

cornices and arches) even if the Etruscans utilized it to build the city ofafgesole for overlooking
JORUHQFH 6D+ODU 2QD\ DQG 5LFFL ORUHRYRADL GOYHRHQW \Z
Pietra Bigia. However, other kinds of stones were used in the Florentine awrkiteath as pinkish marly
limestone (e.g. Rosso Ammonitico), Apuan Marbles (e.g. Carrara Marble) arhtg@tp, used also in
JORUHQFH &DWKHGUDO DQG *LRWWRIV %HOO 7RZHU

Site selected for samples exposure is San Marco Museum (Piazza San Marco, 3) orotlezls@éng via

G. La Pira, in the old town of Florence (Figure 2.12). The museum is locateddr-thenastery dedicated

to St Mark, close to the homonymous church. The building, designed by architect Miochelates back to

the 18" century and several frescos of Beato Angelico are observable on the walls.

Figure 2.12 Map of Florence. The blue circle highlights the position of SanrcMaMuseum
(https://lwww.openstreetmap.org).

San Marco Museum is located close to Florence Cathedral, Santa Maria Novella train statiogi7ainan®S
road that bypasses the city centre (around 600 m,1000 m and 400 m in a straightsipectively).

However, even if the Museum is positioned in a controlled traffic zone, rpasgs, automobiles and
mopeds drive along via G. La Pira as well as Piazza San Marco representdaa semeral bus (Figure
2.13.
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Figure 2.13 Views of Piazza San Marco and the related Museum (A) and of road
traffic along Via G. La Pira (B and C).

In particular, rack hosting samples anil monitoring station were placed in a covered-roof terrace, at the
first floor of the Museum, facing to Via G. La Pira (Figure 2.14
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Figure 2.14 Location of racks hosting samples @il monitoring station.

Finally, Table2.1 summarises the main environmental and geographical features of the exposure sites

selected for this research.

Description of sampling sites Bologna Ferrara Florence
Climate (K&ppen classification) Cfa Cfa Csa/Cfa
Mean annual temperature ¢C) 13 13 15
Warmest month (°C) Jul Jul-Aug Jul-Aug
Coldest month ¢C) Jan Jan Jan
Annual precipitation (mm) 709 634 912
Relative Humidity (%) 74 70 70
Metres above sea level (m) 54 9 50
Total area (km?) 141 405 102
Total population (capita) 01/01/2017 - Istat | 388367 132009 382258
Population density (capita/knf) 2754 326 3747

Table 2.1 Climate, geography and some data about population of sites

https://www.wunderground.com/; https://www.tuttitalia.it)

sefectedposure tests (http://www.eurometeo.com;

Figure 2.15 highlights as all the selected sites are characterised by a significant amoltrheritagie.
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A)

B)

C)

Figure 2.15 Maps of Bologna (A), Ferrara (B) and Florence (C) at
1:14000 scale model. Red squares represent cultural heritage of stated
architectural interest while green ones are those with an architectural
value not yet verified (http://vincoliinretegeo.beniculturali.it).
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2.1.2. ANALYSES PERFORMED

Observation of thin sections by Polarized Light Microscopy (PLM)

Thin cross sections of stone materials were observed with polarized lggbsoope in order to analyse the
microscopic features of marble and limestone samples before exposure. The employed petrographi
microscope was an Olympus BX 51 equipped with a scanner PRIMOPLUS 32 and a vientigahtor for
reflected light.

X-Ray Powder Diffraction (XRPD)

Carrara Marble and Verona Red Marble X-ray diffraction patterns weredamut on Bruker D8 Advance

diffractometer (Cu K, . radiation) equipped with a Sol-X detector in Bragg-Brentano geometrya€litin

data were collected at room temperature (RT), in 4- UDQJHV ZLWKobD2éseR/xepeL Q2 WLPH
VWHS

X-Ray fluorescence (XRF)

The concentration of major oxides ($jdiO,, Al,O; FeO, MnO, MgO, CaO, N@, K,O and ROs) and

trace elements (Ba, Ce, Co, Cr, Cu, Ga, Hf, La, Nb, Nd, Ni, Pb, Rb, Sc, Sr, Th, V, Y) &f,Carrara

Marble and Verona Red Marble were quantified by a wavele@thy SHUVLYH DXWRPDWHG $
spectrometer. 3 powder pellets of Carrara Marble and 6 powder pellets of Veronafésl (3 of sample
characterised by a more greyish appearance - NBE1 - and 3 of more reddish stone BHE3E were

prepared grinding not exposed samples firstly by a jaw crusher and secondiyobtaiagrinder with agate

jar and pestle (also manual grinding with agate mortar, if necessary) and ptheesitgained powder with

boric acid powder as binder. Accuracy and precision are estimated as better thafoR f8dj6r elements

and 10 % for trace elements (above 10 ppm).

Mercury Intrusion Porosimetry (MIP)

Porosity features were investigated on not exposed marble and limestone spdoimgenmrosimeter
(Thermo Fisher, Pascal series 240), in order to acquire information about the parusipgore size
distribution of stone samples. Porosimetry was performed on 3 replicas of about 1x1x1 Carréoa

Marble and on 6 for Verona Red Marble (3 on sample characterised by a greyish colour - NBE1 - and other 3
on more reddish stone sampt&BE?2).

As regards the porosity range, in order to facilitate data descriptiorpratations refer to the porosity
intervals defined according to the forces inducing fluid movement through poredia Cardell et al.,

2003), thus distinguishing between:

X microporosity, when the pore diameter is smaller than 0.1 um and the fluid motansid by
adsorption forces;

X mesoporosity, when the pore diameter is in theb@0 um interval and the fluid motion is due to
capillary forces;

X macroporosity, when the pore size diameter is up to 2500 um and the fluid nishlktermined by
gravitational forces.

Colorimetric Analysis

Colorimetric analysis is important for objectively quantifying the variatibsamples colour measured in
different time intervals compared to that before exposure. To satisfy this reguepfrtable
spectrophotometer Konica Minolta CM-700d was employed (Figure 2.16 A
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According to the international method defined by the International Commissionuarinition in 1976
&,(/$% FRORXUV DUH UHSUHVHQWHG LQ D 3FRORXU WSILEHD W HD\Q
(Figure 2.16 B):

X L* (the lightness coordinate). It ranges from O (black) to 100 (white);
x a* (red-green coordinate), where positive data indicates redness while negative greenness;
x b* (yellow-blue coordinate), with positive values referring yellowness while negative blueness.

Colour axes are based on the fact that red-green and yellow-blue oppose each other.

A) B)

Figure 216 A) Portable spectrophotometer Konica Minolta CM-700d. B) CIELAB colour
space (UNI EN 15886:2010).

According to UNI 15886:2010, the difference among two measurements could be desecdbght dach
colorimetric parameter as:

X whitening (darkening)L | 0 F 0a/<0);
x D VKLIW WRZDUGY WKH UHG JUMBQ FRPSRQHQW LI GD
x D VKLIW WRZDUGYV WKH \HOORZ 0E®WXH FRPSRQHQW LI GE

Moreover, from the combination of these parameters it is possible to calculate atdaltbelour difference
“E* using the following equation:

a( >0 oF aE3y”

Before exposure, the measurements of the initial colour of CarraraevéarlVVerona Red Marble samples
were performed directly on stone surface selected to be exposed, by repeatimeasure for 5 times in 5
different parts of each specimen, as shown in Figure 2.17 A. Once exposed, the suriapbesfdasigned
for colorimetric analysis were divided in 4 quarters and every six months | measeir@aldur on only one
guarter, repeating the analysis for 5 times in 5 different points, as displayeduie 2.17 B. Every 6
months-period | selected a different quarter in order to avoid repdatngnalysis on the same section
where part of the deposited particulate matter could have been removed by the spectrophdtometthe
previous analysis.
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First of all, each sample was washed with deionised and purified water@wil Millipore Corporation)
enough to repeat the washing of the exposed stone surface several times from diffaretions in order

to collect the soluble ions present in the deposit. The obtained solution was then maadmupao volume

and underwent extraction with ultrasonic bath for 10 minutes to obtain a homoganeowell-dissolved
solution. An aliquot of solution was filtered with pre-cleaned syriniger fiPolytetrafluoroethylenePTFE+

or hydrophilic polyethersulfonePEStmembranes) to remove particulates with a diameter higher than 0.45
pm from the sample.

For ion detection, the selected chromatography technique was the ion chromat¢iftaghgt separates
ions based on their affinity to the ion exchanger. Water-soluble ions were analysedGfy-2000 Thermo
Fischer lon Chromatograph (Dionex, California, USA). AnidBE, (NO;, SQ”) assessment was carried out
E\ PHDQV RI ,RQ3DFE $6 FROXPQ XWLOLYVLIQH, X+ N, G Xer®@ W ZKL
GHWHFWHG ZLWK ,RQ adrraibyl&ufonid-aRid (KIBA) ab eluent. Even if the used equipment
is able to analyse also other ions (i.e. nitrite ion, formate ion, oxalate ion, acetate ion andargaich as
dimethylammonium ion, trimethylammonium ion and methylamine ion), they were not eedeerte
because they were always below the limit of detection and they are not the maBdastone degradation.
Moreover, oxalate ion usually undergoes degradation during the analysis and thus the detected amount (when
it is above the limit of detection) may not refer to the original amount.

Results of analysis are provided in ppb but it was necessary to norniaheeiavestigated data to a known
volume (i.e. 100 mL) to make them comparable as the volume of all analysed solutiatifesast. This is
possible because for each sample the amount of solute remains the same while the conadntnation
solution undergoes some variations by changing the solvent volume. Therefore, commefduest were
obtained through the following equation:

Concentrationiia - Volumeiniia = Concentratiofn - Volumesa

However, to obviate this problem, it is suggested for future analysis to wasangiles with a definite
volume of water, for example 100 mL.

Moreover, the evaluation of the concentration of each ion per surface area isrusieéufield of cultural
heritage to estimate the amount and probably the contribution of each ion taleterieration. Since the
analysed material was collected only from the flat large stone surface expegathsphere (with an area of
144 cn), it was possible to calculate the ions soluble concentration per surface uriti{uas follows:

x (ug cn) = [(ion (1G) - Vsowion (ML)) / 1000 (ML)] / surface area (&n

Carbon Speciation and related isotopic analysis

The identification of elemental and isotopic carbon fractions (total catbb@, carbonate carbor CC,
elemental carbontEC and organic carborOC) of material deposited on stone monuments is useful to
discriminate the possible emission sources of carbon, as the deposit reflectsmipesition of the
particulate matter to which the surface is exposed. Total carbon is indeedutetdty the following
fractions:

TC=CC+EC+0C
where CC is mainly ascribable to the substrate material (i.e. carbonate didae)@ and EC represent the

non-carbonate carbon (NCC). In particular, OC derives from primary and secdmataryhatural and
anthropogenic sources while EC is tracer for combustion processes into atmosphemeMdurther
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information about natural and anthropogenic sources of carbon are provided byahs sttible carbon
isotopes*C and?& Y& H[SUHVVHG LQ SHU PLO A DV

/13C = 1000 ' [tSC/lzcsample' 13Cllzcstandara / 13C/lZCstandarl

based on the international Vienna Pee Dee Belemnite (V-PDB) isotope standaris péssible because
[*C is influenced by variations in primary productivity and organic burial.

Every 6 months from the starting of stone exposure, | collected a sample frorexpashre site and for
each orientation, whenever a suitable amount of particulate accumulated on specimens surtaee, and
deposited particulate was mechanically removed with a stainless steel spatula. iddology selected to
measure carbon fractions of the material deposited on stone samples was purposelsefs@ngphe
analytical approaches tested by Natali and Bianchini (2015) and Natali €d18) ¢éhd involved the use of
an automated elemental analyser coupled with isotope ratio mass spectrometry (EAalftMes)nuffle
furnace. This method is based on thermally-based separation (TBS) that etkgladistinct temperature
stabilities of the different carbon fractions. Specifically, threeestatharacterise the methodology, each
performed on a different portion of the powder-like sample:

1. TCis quantified by EA-IRMS by burning the sample at 950°C;

2. OC is measured by EA-IRMS with a sample combustion at 430°C;

3. CC measure involves first the pre-treatment of the sample in a muffecéuat 550°C for 12 h to
remove all organic matter and then the burning of the residue at 950°C. The geatetktric loss
(LOI) is also determined in order to correct the elemental concentration of CC.

These phases allow to measure the amount of mentioned carbon fractions inwesighofpercent and the
related isotopic ratio. Finally, EC is calculated by subtracting OC and CCTitb(he. EC = TC €C- OC)
while the related isotopic ratio resulted by mass balance:

PCec  31Cic = FPCoc: Xoc  FCec- Xcod)] I Xee

where Xc Xcc and Xgc represent respectively OC/TC, CC/TC and EC/TC. Additionally, EC of some
samples was also determined by EA-IRMS by burning at 950°C samples previeagiy tby fumigation

with hydrochloric acid (HCI) for around 60 h to eliminate CC and combusted at 480f&nove OC.
+RZHYHU WKH DXNO/HNeRSBrEdQpWhR traditional method proves to not always eliminate all
the CC, depending on several causes such as kind and concentration of CC, utilised agdrator.
Therefore, results here presented refer only to values calculated by thdvasad separation and mass
balance as they are more reliable.

Moreover, combustion temperature of EA-IRMS for the detection of OC in depdsittedl from samples
exposed for 24 months was lowered to 400°C as tests performed with Element@CS@lilbe, a new
instrument acquired at University of Ferrara for temperature-dependent diffeoenof carbon, identified

this temperature as the most appropriate to measure the organic fraction. In toffedRMS, SoliTOC
Cube involves three step heating of the samples at 400°C, 600°C and 900°C and the produised CO
analysed for continuous measurement of C.

The instrumentation used for measuring carbon fractions (wt% ab HODWHG LVRWRSH UDYV
Elementar Vario Micro Cube EA in line with an ISOPRIME 100 IRMS operating inroomtis flow mode.
Samples, in the form of powder, are first weighted and a portion of it, forcaalshn fraction to detect, is
then introduced in tin capsules that is wrapped and weighed. These capsules can be |oad@dmgp but

for this analysis the weight of each portion was usually between 1,5 mg and 10,00 mg duevtaatheunt

of total sample. Considering that these samples have a carbon content around 12elf®i#éium amount
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of specimen needed for an exhaustive investigation of TC and its isotopic ratiweet€.8 mg and 1 mg.
Once introduced in the Vario Micro Cube autosampler, capsules are analysed bycarflaghtion. Further
information about the characteristics of the instrument are describedah &tatl. (2018). For most of the
samples the analyses were repeated at least twice for each fraction tozenithmieffect of sample
inhomogeneity and give consistency to the method. The obtained results were then corifisttedaut
Carrara Marble sample calibrated at the Institute of Geoscience and Georegbtivedsational Council of
Researches of Pisa and a synthetic sulphanilamide provided by Isoprime Ltd as reference materials.
This analytical methodology intends to improve some limits commonly found in the traditional methibds use
to study the carbon fractions of damage layers present on stone monuments. Litepattsefar example
chemical-thermal method (Ghedini et al., 2006) and thermal analysis associate wittalance (Fermo et
al., 2015) to assess carbon speciation of damage layers. However, these muavitniques require a
guite big amount of sample (1 g in Ghedini et al., 2006) not always available field of cultural heritage
as well as chemical pre-treatments that can lead to C losses wdbgoences on elemental and isotopic
values (see Natali et al., 2018 and related references). Furthermore, some metwdoitgil a
combination of different analyses, for example CHN analyses (to quantify TC antg &C) with ion
chromatography (Cuccia et al.,, 2011, Fermo et al., 2015) or thermo gravimetric (TGAljffenehtial
scanning calorimetric (DSC) analyses (La Russa et al., 2017) in order tatestattium carbonate content,
implying more steps and the employment of different techniques. On the contrarihetmally based
carbon separation provides reliable results exploiting the change of combustionatamepar order to
match the specific destabilization conditions of the targeted carbon compounds. In additigpe Fatio
mass spectrometry represents a further tool to complement the TSB method and allmalislation of the
carbon pool delineation. Furthermore, this methodology is quite rapid, witkdir#mple manipulation and
requires low amount of sample (the total quantity of each sample utilisedtioncgpeciation is in between
6 mg and 36 mg).

Environmental Scanning Electron Microscopy (ESEM-EDX)

Environmental Scanning Electron Microscopy and micro-chemical investigatiagsas were performed

to observe the morphological features of particulate matter deposited on stone samyg#sas to identify

its main chemical composition. For this purpose, deposited material was collected ffeventiareas of

stone sample surface remained exposed for 24 months through adhesive stubs. A ZEISS EV@ith

LaB6 source was utilised in backscattered mode applying 15-20 kV acceleratior vAsagn ESEM and

not a traditional SEM was selected, the analysis did not need any preparation and coating of sample surface

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Chemical analysis in terms of trace elements of stone substrate and material aeduotukbne samples
was performed by Thermo Electron Corporation X Series spectrometer, with a collls{@C3>) for the
reduction/exclusion of main polyatomic and isobaric interferences.

Sample preparation provided for grinding of stone substrates while powdeerthh@tcumulated on stone
samples was carefully mechanically removed with a plastic spatula from the éqo$zce of stone
specimens remained outdoor for 24 months. At this exposure period, it was possilliectoan amount of
material enough to perform ICP-MS (around 150-200 mg) only from horizontally exkjgasnples. In order
to reach a sufficient amount of material, deposited material was collectedhiecsarface of 6 samples in
Bologna (BCH2, BCH3, BCH4, BCH5, BCH1 and BCH15 for a total weight of 1568 2 Carrara
Marble (PTCH19 and PTCH20 for a total weight of 312.44 mg) and 3 Verona Red NRATMNE20,
PTNH23 and PTNH5 for a total weight of 281.87 mg) samples in Ferrara andithepg (SMCH11 and
SMCH13 for a total weight of 319.50 mg) in Florence. The quantity of mhtediacted from Ferrara and
Florence samples allowed to duplicate the analysis.
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About 150 mg of each samples were put in a Teflon digestion vessel fogéstiati process. First 3 mL of
HNO; (65% in distilled water, Suprapur, Merck KGaA, Darmstadt, Germany) and 6 mL ¢fiG% in
distilled water, Suprapur, Merck KGaA, Darmstadt, Germany) were added in vesgelsamples and
heated on a hotplate at 18®0 °C until incipient drying. Afterwards, 6 mL of HCl and 2mL of HN&ere
added and fumigated and the resulted sub-sample underwent further reaction withf 8IHD;, 3 mL of
HF and 2 mL of HO,. After incipient drying, the residue was resuspended in 4 mL of }&#4@ heated. The
obtained residue was finally resuspended in 2 mL of Hal@l diluted to 100 mL with highly purified Milli-
Q water. An internal element standard composed of Rh, Re and In was added tdwmchtecobtain a
final concentration of 10 ppb.

The description of the analytical techniques used to assess water-soluble bmdfiotions of passive
qguartz filters are described in subchapter 2.2.1 as it is the same material utiliM monitoring
campaigns.
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2.2. PARTICULATE MATTER MONITORING CAMPAIGNS

The study of the microenvironment that surrounds the areas selected to expose the gleseatiams to
better understand which atmospheric components can likely induce deterioration procesteseon
monuments. Particulate matter (PM) monitoring campaigns were performed in Bolognaa Fera
Florence, at the same sites selected for the exposure of stone samples and passivbreguatezsfi(see
subchapter 2.1). Sampling campaigns were planned for about a week every six maothig and 2018 in
order to have the representativeness of the extreme seasons, i.e. summer and winser,ttecare
characterised by different emission sources and influenced by the heiglet pittetary boundary layer
(PBL), i.e. the region of troposphere where atmospheric pollutants are dispersedeigBi,. directly
proportional to the solar irradiance, is thus lower during winter and higher in thesgason due to thermal
expansion of atmospheric gases and trend of the turbulence (Tositti et al., 2014xdvldrether emission
sources during winter, such as heating system, along with frequent thermabms/e@n lead to higher
concentration of particulate matter and emitted gases. Finally, also meteorologicabnen@#i. rainfall,
temperature, wind speed and direction, relative humidity and cloudiness) can influeaceth and type
of atmospheric components.

Atmospheric particles were collected for an exhaustive speciation including carbiongasoluble ions
and total weight on the same filter. Since patrticles of all class sizes prasautiiosphere can contribute to
the deterioration of historic monuments, monitoring campaigns were

performed on total suspended particulate (TSP) without any device for

granulometric selection. The sampling was performed utilising electrical air

pump, volumetric meter for air, flowmeter (working at a flow-rate40fL

min™) and filter holder, all connected with pipes (Figure 2.18). Quartz fibre

filters with diameter of 47 mm were selected in order to allow theysesl

also of carbon fraction, not possible on cellulose filters. The sampling was

generally planned to operate for 60 min alternated with 30 min of rest during

weekdays and vice versa during the weekend, starting in the morning (around

10 a.m.) and finished at the same time of the following day. Therefore, the

collected particulate matter is representative of about 16 h for weekday and

about 8 for the weekend. However, some logistic problems reduced the

sampling time of some days (e.g. Fridays of 2018 sampling campaigns in

Bologna) but the calculation of the resulted soluble ions and carbon fractions

per the collected volume makes all data comparable. Data are here presented

considering sites, seasons and weekdays (Su-Sunday, Mo-Monday, Tu-

Tuesday, We-Wednesday, Th-Thursday, Fr-Friday, Sa-Saturday, WFigure 2.18 Device utilised fc
weekend) in order to find analogies and differences. PM monitoring campaign.

The first sampling campaign was performed between 9 February 2017 and 8 March &i1&72(Z). For
this monitoring campaign, we were allowed to enter the San Marco Museum in Florence aiRtire C
Bologna also during Saturday and Sunday and thus we changed daily the sampling filter. Otrahg con
logistic problems forced us to find another place for the sampling device afdemoving it from the roof
terrace close to the shelving to the ground floor in the Botanic Garden. Thedatsened the sampling site
of all the following monitoring campaigns.
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Day Start date | End date | "V Flow-rate| Sampling time
(md) (L min™ | (min)

BF11 Thursday | 09/02/2017| 10/02/2017| 54.436 40| on 60 - off 30
BF12 Friday 10/02/2017| 11/02/2017| 52.811 40| on 60 - off 30

<Z( BF13 Saturday | 11/02/2017| 12/02/2017| 52.274 40| on 60 - off 30
% BF14 Sunday 12/02/2017| 13/02/2017| 52.202 40| on 60 - off 30
8 BF15 Monday 13/02/2017 | 14/02/2017] 51.615 40| on 60 - off 30
BF16 Tuesday | 14/02/2017| 15/02/2017] 52.092 40| on 60 - off 30
BF17 Wednesday 15/02/2017| 16/02/2017| 43.747 40| on 60 - off 30
SMF11 | Thursday | 16/0272017| 17/02/2017| 52.736 40| on 60 - off 30

§ SMF12 | Friday 17/02/2017| 18/02/2017] 53.048 40| on 60 - off 30
L | SMF13 | Saturday | 18/02/2017| 19/02/2017| 52.734 40| on 60 - off 30
g SMF14 | Sunday 19/02/2017| 20/02/2017| 52.946 40 | on 60 - off 30
SMF15 | Monday 20/02/2017 | 21/02/2017| 53.070 40| on 60 - off 30
PTF11 | Wednesday 22/02/2017| 23/02/2017| 58.247 40| on 60 - off 30
PTF12 | Thursday | 23/02/2017| 24/02/2017, 60.322 40 | on 60 - off 30
PTF13 | Friday 24/02/2017 | 25/02/2017) 64.508 40 | on 60 - off 30

< PTF14 | Monday 27/02/2017 | 28/02/2017| 65.429 40| on 60 - off 30
EE PTF15 | Tuesday | 28/02/2017| 01/03/2017| 57.661 40| on 60 - off 30
% PTF16 *| Friday 03/03/2017 | 04/03/2017| 39.765 20 | on 60 - off 30
t PTF17 | Weekend | 04/03/2017| 06/03/2017| 132.942 40 | on 60 - off 30
PTF18 *| Weekend | 04/03/2017 | 06/03/2017| 79.883 20 | on 60 - off 30
PTF19 *| Monday 06/03/2017 | 07/03/2017| 51.636 40 | on 60 - off 30
PTF20 *| Tuesday 07/03/2017 | 08/03/2017| 53.761 40 | on 60 - off 30

Table 2.2 Information about PM monitoring campaign performed in WRG&7. * means that the monitoring campaign

occurred at the ground floor of Palazzo Turchi di Bagno, inBbtanic Garden.

The second®M monitoring campaign was carried out between 6 and 28 June 2017 (T3ble 2
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Day Start date | End date | "V flow-rate | sampling time
(m) | (L min®) | (min)

SMF16 | Tuesday | 06/06/2017| 07/06/2017| 52.397 40 | on 60 - off 30

E)J SMF17 | Wednesday 07/06/2017| 08/06/2017| 54.358 40 | on 60 - off 30
é SMF18 | Thursday | 08/06/2017| 09/06/2017| 54.502 40 | on 60 - off 30
% SMF19 | Friday 09/06/2017| 10/06/2017| 54.246 40 | on 60 - off 30
SMF20 | Weekend | 10/06/2017| 12/06/2017| 59.828 40 | on 30 - off 60
BF18 Tuesday | 13/06/2017| 14/06/2017| 54.595 40| on 60 - off 30

<z( BF19 | Wednesday 14/06/2017| 15/06/2017| 52.980 40 | on 60 - off 30
% BF20 | Thursday | 15/06/2017| 16/06/2017| 54.995 40 | on 60 - off 30
8 BF_21 | Friday 16/06/2017| 17/06/2017| 50.922 40 | on 60 - off 30
BF_22 | Weekend | 17/06/2017| 19/06/2017| 59.833 40 | on 30 - off 60
PTF_21| Wednesday 21/06/2017| 22/06/2017| 53.666 40 | on 60 - off 30

< PTF_22| Thursday | 22/06/2017| 23/06/2017| 53.758 40 | on 60 - off 30
EE PTF_23| Friday 23/06/2017| 24/06/2017| 53.528 40 | on 60 - off 30
% PTF_24| Weekend | 24/06/2017| 26/06/2017| 58.725 40 | on 30 - off 60
- PTF_25| Monday 26/06/2017| 27/06/2017| 51.297 40 | on 60 - off 30
PTF_26| Tuesday | 27/06/2017| 28/06/2017| 53.259 40 | on 60 - off 30

Table2.3 Information abouPM monitoring campaign performed in Summer 2017.

Winter PM monitoring campaign of 2018 took place between 16 January and 8 February (Table 2ng). Duri
the PM monitoring campaign of Bologna, the monitoring was performed every 30 mitedanical

problems, leading to 12 h of sampling per day throughout the campaign.
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Day Start date | End date | "V Flow-rate| Sampling time
(m) | (L min®) | (min)

PTF27 | Tuesday 16/01/2018 17/01/2018| 52.100 40| on 60 - off 30

< PTF28 | Wednesday 17/01/2018 18/01/2018| 54.876 40| on 60 - off 30
EE PTF29 | Thursday | 18/01/2018 19/01/2018| 53.834 40| on 60 - off 30
% PTF30 | Friday 19/01/2018| 20/01/2018 54.360 40| on 60 - off 30
- PTF31 | Weekend | 20/01/2018 22/01/2018| 58.492 40| on 30 - off 60
PTF32 | Monday 22/01/2018 23/01/2018| 43.469 40| on 30 - off 30
BF23 | Wednesday 24/01/2018 25/01/2018| 41.477 40| on 30 - off 30

< BF24 | Thursday | 25/01/2018 26/01/2018| 41.984 40| on 30 - off 30
% BF25 | Friday 26/01/2018 26/01/2018| 14.373 40| on 30 - off 30
g BF26 | Weekend | 26/01/2018| 29/01/2018) 77.486 40| on 30 - off 60
- BF27 | Tuesday 30/01/2018 31/01/2018| 41.266 40 | on 30 - off 30
BF28 | Wednesday 31/01/2018 01/02/2018| 43.295 40| on 30 - off 30
SMF21| Friday 02/02/2018 03/02/2018| 52.388 40| on 60 - off 30

§ SMF22| Weekend | 03/02/2018 05/02/2018| 59.840 40| on 30 - off 60
'E']:J SMF23| Monday 05/02/2018 06/02/2018| 54.776 40 | on 60 - off 30
g SMF24| Tuesday | 06/02/2018 07/02/2018 52.900 40| on 60 - off 30
SMF25| Wednesday 07/02/2018| 08/02/2018) 54.958 40| on 60 - off 30

Table2.4 Information abouPM monitoring campaign performed in Winter 2018.

LastPM monitoring campaign was carried out between 7 and 29 June 2018 (Table 2.5
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Day Start date | End date | "V Flow-rate| Sampling time
(m) | (L min®) | (min)

BF29 | Thursday | 07/06/2018 08/06/2018| 52.140 40| on 60 - off 30

< BF30 | Friday 08/06/2018 08/06/2018| 19.160 40| on 60 - off 30
5 BF31 | Weekend | 08/06/2018 11/06/2018| 74.791 40| on 30 - off 60
g BF32 | Monday 11/06/2018 12/06/2018 50.904 40| on 60 - off 30
“ | BF33 Tuesday | 12/06/2018 13/06/2018| 50.665 40| on 60 - off 30
BF34 | Wednesday 13/06/2018 14/06/2018| 51.105 40| on 60 - off 30
SMF26 | Friday 15/06/2018| 16/06/2018 51.722 40| on 60 - off 30

§ SMF27| Weekend | 16/06/2018| 18/06/2018 61.073 40| on 30 - off 60
'E'é SMF28| Monday 18/06/2018 19/06/2018| 55.760 40 | on 60 - off 30
g SMF29| Tuesday 19/06/2018| 20/06/2018) 55.578 40 | on 60 - off 30
SMF30| Wednesday 20/06/2018 21/06/2018| 55.689 40 | on 60 - off 30
PTF33 | Friday 22/06/2018 23/06/2018| 50.992 40| on 60 - off 30

< PTF34 | Weekend | 23/06/2018 25/06/2018| 59.741 40| on 30 - off 60
SE PTF35 | Monday 25/06/2018 26/06/2018| 52.049 40 | on 60 - off 30
% PTF36 | Tuesday 26/06/2018 27/06/2018| 52.258 40 | on 60 - off 30
. PTF37 | Wednesday 27/06/2018 28/06/2018| 52.714 40| on 60 - off 30
PTF38 | Thursday | 28/06/2018 29/06/2018| 52.699 40| on 60 - off 30

Table25 Information abouPM monitoring campaign performed in Summer 2018.

2.2.1ANALYSES PERFORMED

Preparation of quartz fibre filters

Quartz fibre filters utilised for the analysis of atmosph@&id through monitoring campaigns and passive
deposition were first washed with purified water in order to eliminate arsij@ssoluble ion and then
backed at 800°C for 1 h to remove any absorbed organic matter. Filters remained inaawddsica night,
they were later weighted and kept at room temperature until sampling. OrextezbthePM, filters were
weighted again (after stabilisation in desiccator) and stored in Petri diskédlgagealed with parafilm in
the fridge until their analysis. Half of the sample was used for ion chognagihy while the remaining half
for carbon speciation.

lon Chromatography (IC)

Soluble ions represent an important fraction of atmospheric particulate aradtehange depending on site
of sampling and on the analysed dimension of PM. lons can be directly emitted into atmosphesgdral
processes such as crustal erosion and sea spray or can derive from anthropes getigiticombustion,
industrial and farming emissions) through the conversion of gases to partickdidal oxidative reactions
into atmosphere and subsequent acid-base neutralisation. Therefore, the investigatiobiefon present
into atmosphere can help to identify the possible emissions sources of each selected sampling site.
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After PM monitoring campaigns or passive exposure, a known portion efsfitas put in a vial with
ultrapure water and this solution was placed in ultrasonic bath for 30amiimutorder to extract water-
soluble ions. Once filtered with pre-cleaned syringe filters (hydropghdligethersulfone PESmembrane),

an aliquot of the solution was introduced in ion chromatographer for ions detddtiers BF11-BF20,
PTF11-PTF20 and SMF11-SMF20 as well as passive filters were analysed with an ICSf©000 |
Chromatograph (Dionex). Anions analysis was carried out by means of a lonPac AS14A (Dauex)

using 8 mM NaCO; /1 mM NaHCQ as eluent at 1 mL mihflow rate and, for the detection, a conductivity
system equipped with a ASRS-ULTRA suppression mode (Dionex). Cations determination faameuaker

by means of a CS12A (Dionex) column using 20 mM MSA as eluent at 1 mit floim rate and, for the
detection, a conductivity system equipped with a CSRS-ULTRA suppression mode (Dionelg aéther

filters were studied by an ICS-2000 Thermo Fischer lon Chromatograph (Diondgyi@aliUSA). Anions
DVVHVVPHQW ZDV FDUULHG RXW E\ PHDQV RI ,RQ3DFIE RBW LRRRQO/XPI
GHWHFWHG ZLWK ,RQ3DFE &6 FROXPQ DG ThRHWiscti@yuDdris@ueF D F L
able to analyse several ions, such as nitrite, formate, oxalate, acetate, dimetmilamm
trimethylammonium and methylamine ions, but it was decided to process datbonlychloride, nitrate,
sulphate anions and sodium, ammonia, potassium, magnesium and calcium cations as ithres otleze

below limit of detection(< LOD), underwent degradation process during analysis or are not ascribable as
deterioration factors for stone materials.

For filters used for PM monitoring campaigns, results of the analysisippiesi as ppb but they should be
modified in pg n? in order to know the amount of each soluble ion collected from quartz fibrepfdter
sampling volume through the following equation:

ion concentration (ug® ~> LRQ FRQFHQWUDWLRQOPSSE A ILOWHBNGUHD FP
area (crf)} / sampling volume (rf)

where filter area is the sampled area (without the surface portion coverbe I&+ring that secures the
filter). In order to find a possible connection among different ions, Pearson correlas measuredd
Pearson correlatioq!) is a number between -1 and 1 useful to measure the linear correlationrbatwee
variables (x and y) through the following equation:

Ly = COVy / X AL

where coy, is the covariance of x and y whilé and 1, represent the standard deviation of x and vy,
respectively. If -1 <I,, < 0, the two variables are negatively correlated while= 0 means that no linear
relation exist. A positive linear correlation exists when an increasesofelated to a growth of y!{, > 0).

In particular, values between 0 and 0.3 indicate a weak positive linear relationsigerb€ 3 and 0.7 a
moderate relationship and between 0.7 and 1.0 a strong correlation.

Results of passive filters were converted from ppb to the amount of each ion pee sumit (ig cni®)
through the following equation:

ion concentration (ugcM= *> LRQ FRQFHQW U D WkLRJIMLP]S Bunch area (o 9
where punch area is equal to 1°cm

Carbon speciation

Carbon fraction is an important component of atmospheric particulate matter, represedtth@oldnd 21-

78 % of the masses of RMand PM s, respectively (Pio et al., 2011). The carbonacédvss composed by
an organic fraction, called organic carbon (OC), and by a refractory light-atigarbimponent, named
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elemental carbon (EC) or soot. As already described in the Chapter 1, they herentdidfigin: EC is
directly emitted by the incomplete combustion of organic material for exampme traffic, domestic
heating, energy production, industrial activities using different combustion faéis @C has both primary
and secondary origin. OC could indeed be directly emitted as plant debfiscdogical particles or from
biomass burning and fuel emissions but also fromtggsiticle transformation processes in the atmosphere.
CarbonaceouPM implies important effects on climate and human health but consequences of its presence
are also detectable on monuments and historic buildings (e.g. soiling and hkstskf@mmation). Therefore,
information about carbon fractions present into atmosphere can provide usefubiidgarto better know
the possible responsible of stone deterioration.

Carbon speciation of filters (passive filters and those pertained to PM mogitarmpaigns) was carried out
using a thermo-optical transmittance (TOT) method with a Sunset LaboratéBCCiDalyser (Birch and
Cary, 1996), providing elemental and organic carbon concentrations. Punches of ar@ @&rcm were cut
from the filters and analysed according to the NIOSH870 protocol. To ensucetinacy of the OC and EC
analysis, the analyser was calibrated (multipoint) using a sucrose soluti®a (2L1in water, CPAchem
Ltd) as external standard, as explain in Cesari et al. (2018).

The instrumentation supplies data as mass of carbon fraction per surfageyumt’). However, the results
for monitoring campaigns should be converted in jigjimorder to know the amount of carbon fraction
collected on the surface of quartz fibre filter per sampling volume through the followinipaqua

C concentration = [C concentration (ugtmA | L O W H))/ &tdptify vdiue (M

where filter area is the sampled area (without the surface portion coverthé I&¢ring that secures the
filter).

Bioaerosol monitoring

At the same time as aerosol monitoring campaigns, bioaerosol was assessed anedgumaBtfogna at 6
and 12 months of the study. Surface Air System, in combination with laboratory cuktineds (INAIL
2010, 2011), was selected as sampling method to determine the atmospheric concentratjprtearittakdy
biodeteriogenic air-dispersed viable components. This equipment was designed for indoor meabutement
it could be successfully used also in outdoor monitoring. It is considered throtlygouwbrld the reference
instrument for microbiological air sampling able to capture aerosol at 1D@¥N(ntiis and Palla, 2017).
SAS is a portable and manageable single-stage impactor, capable to aspitatenaiaat rate for a variable
period through a punctured top. Air flow is thus collected on the agar surfaeeR#tri dish containing
culture medium, suitable for the growth of the microorganisms. The Petri disheslesuloet incubated to
allow the development of captured microbes for later quantification and idetmbificThe results should be
expressed as colony-forming units per volume of sampled air (CjU m

In this work, culture media suitable for the colonisation of bacteria (Plate @gartPCA, Oxoid Standard,
USA) and fungi (Sabouraud Dextrose Agar with

chloramphenicol - SDA, Oxoid, USA) were selected. Each

sampling (20 s) was conducted in double (2 PCA and 2 SDA)

and generally repeated in the morning and the afternoon

utilizing a SAS Super 100 (International PBI, Milan, Italy),

characterised by a flow rate of 100 litres of air per minute

(Figure 2.19), and Petri dishes of 90 mm of diameter. The

selected location was the same of the other aerosol

monitoring campaigns (Figure 2.20 A). After samplin~

plates containing the specific culture medium remainecFigure 219 Surface Air System SAS Super 100
incubators at 25°C and 22°C (for fungi and bactelfor bioaerosol monitoring campaigns.

respectively) for 5-7 days for the growth of microorganisms. The developedeasliasible to the naked eye
were morphologically discriminated between bacteria (with a shiningyeladinous appearance) and fungi
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(more wrinkled, velvety and dusty). Then they were counted (Figure 2.20 B), adjusted by the correction table
supplied by PBI and calculated as colony-forming units per volume of sampled ainf@FDhe statistical
correction is necessary because more culturable spores can impact the same point &f theindathe
sampling. Furthermore, a morphological analysis was performed on fungal colonidk, (R0A1) and it

was possible to characterise some fungi genera with the help of an optical microscope.

A) B)

Figure 220 A) Sampling of viable bioaerosol with SAS at CNR,
Bologna. B) Counting of the grown colonies after the incubation

period.
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