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AIM OF THE THESIS

The combined action of several physical, chemical and biological factors causes the

weathering of carbonate stones widely employed in the field of Cultural Heritage, leading to

deterioration processes, which cause an increase of porosity and loss of material cohesion. The

knowledge acquired till today about the deterioration processes has promoted consolidation

interventions to prevent or remedy the weathering of carbonate stones, to improve their

cohesion and adhesion and to preserve buildings and decorative surfaces of architectural

monuments. However, the consolidation of carbonate stones is still an open debate and to

overcome the limitations of traditional products and to meet the requirements of the historical

building substrates, conservation scientists are constantly involved in the research of

compatible, efficient, stable and long-lasting consolidation treatments. Within this context,

during the European collaborative project NANOMATCH (November 2011 - October 2014),

different consolidating agents for carbonate supports, as calcium alkoxides, were synthesized

and applied.

The present PhD thesis aims at studying the properties and, especially, the effectiveness and

the compatibility of one of these products - calcium ethoxide - as consolidant for carbonate

stone, which was the least investigated during the NANOMATCH project, because it

presented some limitations. This product is considered a promising alternative to traditional

treatments for the conservation of carbonate stones, since it meets one of the key

requirements in the field of the conservation of Cultural Heritage, such as the chemical

compatibility with the support. In fact, calcium ethoxide, dissolved in an organic solvent,

penetrates within the porous substrate and, reacting with moisture and carbon dioxide of the

atmosphere, forms a calcium carbonate coating on the pore walls.

This work involved a first characterization of calcium ethoxide diluted in different solvents,

through a study of the carbonation process: its kinetics, reaction pathway and evaluation of

mineralogical phases formed at the end of this process. The purpose was to understand how

different solvents and environmental conditions could affect the final results.

Subsequently, the consolidant was applied on carbonate stones with different total open

porosity value to test its performance - effectiveness and compatibility - as consolidating

agent. The compatibility and the efficacy of the treatment was investigated with a multi-
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technique approach and compared with results obtained with e reference product, based on

nanolime.

This work has revealed important information regarding the influence of environmental

conditions and used solvent on the carbonation process of calcium ethoxide and therefore, on

its potential as consolidating treatment for carbonate supports.
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    CHAPTER 1 

Stone decay and conservation 

 

Summary 

The purpose of this chapter is to provide a short introduction to the weathering processes 

that affect stone materials used in the field of Cultural Heritage and a panoramic view on 

several treatments applied or proposed for their conservation and restoration, with a focus on 

carbonate stones. Knowing the decay processes that involve stone materials is crucial to plan 

a proper conservative project and to improve physical, mechanical and chemical properties of 

the works of art without influencing their aesthetical and visual characteristics.  

 

1.1 Weathering of stone material 

The term stone material is referred both to natural and artificial stones. The first ones can be 

divided in minerals and rocks, while the second ones include lime, plasters, mortars and 

ceramic products [1]. 

According to their genesis, natural rocks can be divided into three classes: igneous, 

sedimentary and metamorphic. Igneous rocks derive from the cooling of magma and can be 

distinct in plutonic (intrusive), if the cooling process is slow and in abyssal condition, and 

extrusive (volcanic), if the magma solidifies quickly on the earth surface by moving from high 

temperature and pressure conditions to atmospheric ones. Sedimentary rocks are the result of 

a lithification process of particles of sediments transported by agents as wind and water in 

sedimentation basins. Metamorphic rocks are the product of the metamorphism process, a re-

crystallization of a pre-existing rock type due to the effect of temperature or temperature and 

pressure together [2], [3]. Carbonate stones, rocks composed mainly by calcium carbonate, can 

derive from both sedimentary or metamorphic process and, according to the formation 

mechanism, other components such as skeletal fragments of shell, corals, algae, can be 

included to the main mineral. 

Natural stones undergo a natural deterioration due to chemical, physical and biological 

processes, according to their morphological structure, composition and weatherability.  
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Stone materials employed in the field of Cultural Heritage - used for architectural and artistic 

artworks - are subjected to more degradation effects in addition to natural ones, starting from 

the damage caused by quarrying, manufacturing and implementation [4]. 

The deterioration processes are connected to several intrinsic characteristics of the stone - 

porosity, pore size distribution, pore shapes, chemical composition, texture, homogeneity, rate 

of swelling - and to the environmental conditions in which the work of art is placed [5]–[7]. 

Stone materials can show different degrees and types of alterations: these have been classified 

by the normative UNI 11182 “Materiali lapidei naturali ed artificiali: descrizione della forma di 

alterazione - Termini e definizioni” [1] and the ICOMOS-ISCS Illustrated Glossary on Stone 

Deterioration Patterns [8] which are useful to define the correct terms by which referring to 

decay pattern within the Italian and international stone community, respectively.   

Particularly, the deterioration of carbonate stones is strictly connected to the reaction of 

carbonate minerals with the environment and it is due to several factors such as air pollution, 

water, presence of salts and biodeteriogens that cause mechanical, physical and chemical 

stresses.  

Generally, the recognized mechanisms connected to the degradation of stone materials can be 

divided as follows: 

• dissolution of constituent minerals caused by water or acid solutions; 

• mechanical stress due to freeze-thaw cycles of water;  

• dissolution/re-precipitation of salts in the pore network of the stone; 

• growth of microorganisms with consequent aesthetical problems and physico- 

chemical decay. 

In the following paragraphs, a brief description of the main causes which may lead to 

deterioration of stone and references of several works which discuss these topics are reported.  

1.1.1   Atmospheric pollution 

The effects of atmospheric pollution on stone weathering has become an important topic in 

conservation of Cultural Heritage since the 1970s. The worldwide development of industrial 

activities caused a massive introduction in the atmosphere of some substances otherwise 

present in low concentration or even absent. Polluted atmosphere causes the deterioration of 

stone material leading to structural and aesthetic problems [9]–[14]. The main forms of 

deterioration of stone associated with atmospheric pollution are surface erosion and loss of 
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details, soiling, blackening and formation of crusts [15].  

The transfer of pollutants from the atmosphere to the stone surface could occur in two 

different ways: dry and wet depositions. The first one consists in the direct deposition of 

particulate, aerosol and, mostly, gaseous species, on the stone surface in the absence of rain; 

Wet deposition is due to the dissolution of atmospheric pollutants in rain or atmospheric 

moisture which, subsequently, deposit on the stone surface [16].  

The most important pollutants present in an urban context that react directly with the calcium 

carbonate minerals by inducing the formation of acids in the presence of oxidizing agents and 

water (the so called acid rains) are: nitrogen oxides NOx (NO and NO2) and sulphur dioxide 

(SO2) [17]–[20]. The sources of these gases are both natural and anthropic.  

During daytime, nitrogen oxide is oxidized by ozone (O3), to NO2 according to this reaction: 

 

Nitrogen dioxide is further oxidized by •OH radicals to nitric acid gas: 

2NO  •OH  3HNO  

Another possible reaction path for HNO3 generation is a gas-phase reaction of N2O5 with 

water vapour [4], [17]: 

3252 2HNOOHON   

The contact between nitric acid and carbonate stones leads to the dissolution of carbonate 

minerals and, therefore, the degradation of stone surface according to the following reaction 

[21]: 

22333 )(2 COOHNOCaHNOCaCO   

The other compound, sulphur dioxide, is responsible for the formation of the well known 

black crusts, very compact deposits developing in urban environment on areas protected from 

direct rainfall or water runoff and strongly attached to the stone support [8], [22]–[24]. 

Sulphur dioxide is a stable gas at room temperature and in a clean air; however, in presence of 

humidity, some pollutants and solar radiation, it could be subject to a catalytic oxidation that 

can follow two ways: 

42232

3222

2/1 SOHOSOH

SOHOHSO




 

223 ONOONO 
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4223

322 2/1

SOHOHSO

SOOSO




 

Both ways are possible and they depend on the presence of catalysts in the atmosphere such 

as NOx and O3. Indeed, if a carbonate stone is located in an atmosphere rich in SO2 and 

humidity, sulphuric acid is formed and reacts quickly with the calcium carbonate of the stone 

following this reaction [25], [26]:  

2242423 2 COOHCaSOOHSOHCaCO   

The new formed gypsum can absorb airborne particles and dust from the atmosphere and all 

types of carbonaceous particulate matter coming from hydrocarbon materials, making the 

deposition black and leading to the formation of the so called black crusts (Fig. 1.1) [27]–[29].  

 

 

Figure. 1.1 - Black crust tracing the surface of a limestone sculpture, Saint-Denis -France [8]. 

The black crust tends to thicken and to harden over time by accentuating the different 

mechanical and thermal behaviour respect to the stone below. In fact, as the black crusts lead 

to the darkening of the external surfaces of monuments, the different colour between the 

crusts and the surrounding stone material results in a different thermal behaviour. Finally, the 

formation of gypsum improves the concentration of salts inside the stone leading to 

mechanical stress [30]. The effect of black crusts is different according to the porosity of the 

stone: on less porous material the effect is an intercrystalline crumbling that leads to a 

detachment of calcite grains; while, on more porous material, there is a cracking followed by 

the loss of elements. On the new exposed surface, a black curst can start to form again and 

the process continues to happen. 

Finally, also carbon dioxide, which can reach high concentrations in an industrial 
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environments, can have an aggressive effect on carbonate stone by combining with water in 

the atmosphere to produce carbonic acid that reduce the pH of rains. The weakly acid solution 

formed by dissolution of CO2 in rainwater dissolves the calcium carbonates in limestone, 

marble, lime mortars and plasters because it forms calcium bicarbonates (1,1 g/L at 20 °C) 

which is much more soluble than calcium carbonate (1,4 ∙10-2 g/L at 20 °C) [4]. 

Carbon dioxide could be considered as a minor culprit when direct effects are involved; but, it 

represents the primary cause of climate change, a factor that overcomes the direct effects of 

pollutants [31].  

1.1.2  Water 

Water from different sources is one of the most harmful agents for stone materials. It is 

involved in different weathering processes of the material: mechanical stress (a factor 

connected to the capillary structure of stone), soluble salts transportation and 

crystallization/recrystallization processes [4].  

Water is defined as a wetting liquid for stone materials and when it goes in contact with them, 

penetrates into the capillaries with a force inversely proportional to their diameter [32]; in the 

case of water, the wettability of a porous material - defined as the “attractivity” between water 

and solid - is related to the contact angle that the liquid makes with the material surface. This 

angle is considered as a measure of hydrophobicity of the surface (contact angle <90° defines 

hydrophilic surfaces) and it is described by Young’s equation: 

svlvls   cos  

with σls, σlv and σsv the interfacial tensions at the boundaries between the solid (s), the vapour 

phase (v) and the liquid (l) (Fig. 1.2) [33]. 

 

Figure 1.2 - Definition of contact angle [33]. 

When water is absorbed by a porous material, capillary pores are completely filled; while for 

the largest pores, the water wets the surfaces and the major part of the internal volume is filled 
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by air. Frost damage may occur when the conditions for ice crystallization are reached, but 

depends on the type of stone and in particular on pore size distribution. In fact, ice crystals 

begin to grow in the large pores because the bonds between water molecules and the solid 

wall are weak, therefore it is not difficult to move them in a new position to form a crystal 

seed. Only when the quantity of the available water around them becomes low, the water 

located in the capillaries - where the bond between the solid walls and the molecules is 

stronger - is used. The pores in stone building materials could have different shapes and 

dimensions and usually they are classified within two intervals: large pores (diameter > 10 µm) 

and microscopic or, better, capillary pores (1 µm < diameter < 0,1 µm). If the number of large 

pores is higher than that of capillary pores, ice crystals grow firstly in the large pores and when 

the water reserve is ended, the growth of ice crystals stops. In this condition, there is no stress 

for the material. On the contrary, when the number of large pores is lower than capillary ones, 

the space of large pores is insufficient for the ice crystal growth, therefore crystals tend to 

grow pushing against the pore’s wall (Fig. 1.3). This situation will lead to a stress for the 

material [30]. 

 

Figure 1.3 - Frost pressure in a porous material [30]. 

The damage due to the frost can vary widely and consists mainly of surface scaling, exfoliation 

and deep cracking. The temperature variation around the freezing point is more dangerous 

than continuous freezing for building materials. Hence, it is important to estimate the number 

of freeze-thaw cycles during a year to which a stone work of art is exposed. This calculation is 

not always easy to do, because not always there is a correspondence between the temperature 

in the stone and the thermal variation in the environment. In fact,  more or less dark parts - 

which absorb solar infrared radiation in different way - can be present on the work of art due 

both to the use of different stone materials or to decay processes such as black crusts [4]. 

Furthermore, as reported in the previous paragraph, the water plays an important role in the 

weathering of stone connected to the presence of pollutants and in the transport of soluble 

salts in the porous structure of stone (paragraph 1.1.3). 
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1.1.3 Soluble salts 

Salt damage in building stones is due to the growth of salt crystals within the pore space of the 

stone. A soluble salt can be originally present in the stone or it can derive from several 

external sources, such as atmosphere particles and soil and, sometimes by non-adequate 

conservation treatments. 

The mechanisms responsible for the presence of soluble salts into porous material of a 

building are two: infiltration by rainwater and capillary rise of groundwater. The first involves 

salts resulting from marine aerosol or air pollution while the second regards deicing salts and 

those ones naturally present in the groundwater [34]. 

Once a soluble salt is in a porous stone, it can be transported through the material as aqueous 

solution and its movement is connected to ambient conditions, such as temperature and 

humidity, to the presence of other salts and to the morphological and textural characteristic of 

the stone material [35]. A mechanism similar to the formation of ice inside pores could be 

supposed to explain the effect produced by soluble salts crystallization. As in the case of 

crystallization of water, the capillaries can act as store of water and the growth of salt crystals 

may take place only inside the large pores. Thus, also in this case, a stone with a scarcity of 

large pores and rich of capillary pores is more subjected to deterioration.  

The precipitation of salts could happen inside the stone or on the surface. When the migration 

of solution to the surface is higher than evaporation of water, the crystallization occurs on the 

surface and efflorescences are formed. On the contrary, if migration to the surface of the 

artwork is lower than evaporation of water, the crystallization of the salts occurs below the 

surface and sub-florescences are formed [25]. The exfoliation and the detachment observable 

on materials deteriorated by soluble salts are due to sub-efflorescence and to the connected 

concentration of pressure due to salt crystallization in layer below the surface. Efflorescences 

are less dangerous, most of all because they are visible and therefore can be removed, but they 

cause aesthetical damages such as the whitening of the surface. The environmental conditions 

surrounding a porous material influence the formation of sub-efflorescence/efflorescence;  in 

fact low-moderate temperature, low air velocity and medium-high relative humidity, permit a 

slow evaporation of water and lead to the formation of efflorescence. On the contrary, warm, 

dry and windy conditions favour sub-efflorescence. Sub-efflorescence are responsible, mainly 

in sea environment, for the formation of deep alveolus on surface, a phenomenon called 

alveolization (Fig. 1.4).   



Chapter 1: Stone decay and conservation 

 

10 
 

                                    

            Figure 1.4 - Examples of alveolization on Noto stone (church of S. Francesco) [36]. 

This phenomenon can eventually lead to the loss of the whole block of stone and it is due to 

combination of different factors such as high porosity of stone, high quantity of soluble salts 

and strong turbulence of air in contact with the material surface [6]. 

1.1.4 Biological colonization 

The term biodeterioration is referred to any undesirable change in the properties of materials 

due to vital activity of organisms [37]. In fact, different biodeteriogens such as plants, algae, 

fungi, bacteria and lichens are often involved in stone deterioration. This process depends 

considerably upon the following factors: the type of involved organism, the environmental 

conditions of the site, the type of exposure and the chemical composition and the structure of 

the stone [38]–[42]. Stone could be considered an extreme environment from the biological 

point of view due to the lack of nutrients and the presence of variable moisture content [26].  

Nevertheless, the biological colonization may occur anyway in all climate regions. The 

parameters that affect the development and growth of different microorganism are: sunlight, 

oxygen, carbon dioxide, water and some mineral salts. The effects due to the presence of 

microorganism can vary considerably and the biodeterioration of stone materials may occur 

through different types of mechanisms: physical and mechanical processes that lead to de-

cohesion phenomena, rupture and crumbling, and chemical ones which are responsible for 

substrate’s transformations and decompositions.  

These processes include, in the first place, the aesthetical problem due to the staining of the 

stone surfaces by biogenic pigments (melanins, chlorophylls, carotenoids). These pigments can 

be connected to some cellular structure and therefore they are responsible for the colour of 

organisms, or be produced in the external environment [43]. Generally, in this case material 

loss or visible destruction are not involved and the alteration phenomenon is called biopatina 
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(Fig. 1.5). Secondly, a factor involved in stone mechanical stresses and alteration of the 

stone’s pore size distribution is due to the presence of extracellular polymeric substances 

(EPS) produced by the organism to increase their resistance in cold conditions [44]. Finally, it 

has been studied that the presence of biofilms (bacterial cells and EPS) are responsible for 

clogging pores, increasing water uptake and retention within the stone; biofilms can block 

water diffusion and evaporation on exposed stone surfaces and might accelerate the 

accumulation of airborne particles [45]. 

                     

        Figure 1.5 - Colonization of a statue with lichen, figures from the Calvary near Concarneau in Brittany [26].        

      

The most important factor that allows microbial growth is the availability of water, despite 

some microorganism as fungi in dormant state can tolerate periods of complete dryness. 

Therefore, very humid and salty environments together with stones with higher porosity, able 

to retain a great quantity of water, are the combination for an easy biological colonization. 

Stone microorganisms represent a complex ecosystem; they can inhabit the stone surface 

(epilithic) or penetrate into the stone, from several millimetres to some centimetres. In this 

latter case, they are divided into two groups: crypto-endolithic, when they penetrate inside the 

pore system and chasmo-endolithic, if they grow up in the stone fissures [37]. In particular, 

endolithic microorganism are responsible for a type of alteration called micro-pitting, 

characterized by the presence of cavities due to the previous solubilization of the stone [44]. 

1.1.5 Other factors 

Other important factors that can contribute to the weathering of limestone are: the swelling of 

clay minerals, possibly present in the limestone, and the thermal cycles. Clay minerals are 

aluminium silicates with a layer structure.  In the most common clay minerals, each layer is 

itself a stratified structure: the outer layers are formed by silica tetrahedrons and the central 

one by alumina octahedrons. When water enters in contact with these minerals, it penetrates 
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between the layers causing an increase of the distance and a weakening of the connection 

between them [30]. This process is called swelling and it generates damaging stresses (physical 

decay) especially during wetting and drying cycles [46]–[48]. 

Another important factor in the weathering of stone are the thermal cycles, both in the 

heating phase and in the cooling phase, which are responsible for the changes of dimensions 

stone materials. Limestone  are particularly subjected to this type of weathering due to the 

anisotropic thermal expansion of calcite grains, the main constituents of limestone. In fact, 

upon heating it expands in one direction (usually the main axis) and, contracts along other 

ones (usually perpendicular to the main axis) [30], [49]. Therefore, thermal cycles lead to an 

inter-granular disjunction and a progressive weakening of the structure and the intensity of 

this phenomenon is strictly linked to the open porosity of the stone. 

1.2 Stone conservation 

The aim of conservation of stone Cultural Heritage - a complex topic that has been involving 

scientists and restores since the nineteenth century - is the preservation of the historic-artistic 

works of art for future generations. The first international documents that provide general 

directions for the restoration and maintenance of historic monuments is the Athens Charter 

for the Restoration of Historic Monuments, adopted at the First International Congress of 

Architects and Technicians of Historic Monuments (Athens 1931) [50]. Conservation of stone 

materials includes all the actions needed to prevent and remedy the deterioration of Cultural 

Heritage such as prevention, diagnosis, cleaning, consolidation, protection and maintenance. 

The first one involves all measures and actions aimed at preventing and/or minimizing future 

loss or deterioration [13]. Diagnosis is useful to understand the history of the work of art, the 

environmental conditions in which it is placed, the type and degree of decay processes and the 

factors affecting it; therefore, to have information about the state of conservation. Cleaning is 

crucial to remove dust deposition and weathering crusts from the stone surface; it involves 

chemical, mechanical or physical actions and it is useful not only for aesthetical reasons, but 

also for a better preservation of the stone. The aim of consolidation is to restore the lost 

adhesion/cohesion both on surface and in-depth and it is necessary to eliminate or, at least, to 

limit the mechanical difference between the in-depth part and the more external and 

deteriorated one, and to restore the structural characteristics of the material. Protection is the 

application of a protective layer that would act as a barrier against rainwater and atmospheric 



Chapter 1: Stone decay and conservation 

 

13 
 

pollutants. Finally, maintenance involves all the activities and appropriate strategies, able to 

maximize the results in terms of conservation, use and exploitation of Cultural Heritage. 

Since the aim of this thesis regards the consolidation of stone, a more in depth overview about 

consolidation will be reported.  

1.2.1 Consolidation 

“The ideal consolidant would be a product that is able to restore the strength as well as the other physical 

properties of the decayed stone layers to the level of the sound stone that existed before degradation and to achieve 

it without any harmful side effects1” 

A good consolidating agent should meet several performance requirements regarding 

effectiveness, compatibility, durability and re-treatability [51]–[54].  

To be effective, a consolidant should have a homogeneous and good in depth penetration able 

to reach the unweathered stone and should improve mechanical resistance of the treated 

support [4], [55]. 

To be compatible, the used product must not have a negative effect on the original stone such 

as alteration of the original aesthetical aspect like darkening, yellowing and whitening [55], 

[56]. Furthermore, the consolidating product must not have an environmental impact leading 

to the formation of by-products dangerous for the stone or to the release of toxic compound 

harmful for human health or environment. Regarding the physical and micro-structural 

properties of the stone, a reduction in water sorptivity and open porosity is desirable; but, the 

clogging of pores and a great alteration of water transport properties inside the stone have to 

be avoided because, if the water vapour and liquid water are trapped behind the treated 

surface, some dangerous phenomena such as exfoliation of stone might occur [57]. Moreover, 

the thermal expansion coefficient of both consolidating product and treated stone should be 

similar, to prevent damages due to different thermal behaviour [4], [55]. 

Another important characteristic for a consolidant is durability. The consolidating product 

should remain on the treated support despite the exposure to environmental weathering and 

no harmful product, deriving from an ageing process of the consolidating product, should be 

formed. 

                                                           
1 J. Delgado Rodrigues, “Consolidation of decayed stones. A delicate problem with few practical solutions,” Hist. 
Constr., pp. 3–14, 2001. 
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Finally, the term re-treatability has been recently introduced to overcome the concept of 

reversibility. In fact, the complete reversibility of a consolidant is not easily achieved; therefore  

the term re-treatability indicates that the used product should not impede or preclude further 

interventions in the future [54].  

During the years, several inorganic and organic products have been developed to answer to 

different needs of restoration in terms of type of material and surrounding environment.  

In the following paragraphs a description of the main inorganic and organic treatments used 

in the field of Cultural Heritage are reported. 

1.2.1.1  Inorganic treatments 

Inorganic consolidants improve the stone cohesion through the precipitation of water-soluble 

chemical precursors that lead to the formation of a crystal-texture of neo-formed insoluble 

products able to bond the detached grains and particles of a decayed stone through 

mechanisms of carbonation, hydrolysis and/or chemical interaction with the stone substrate 

[58], [59]. The chemical similarity between the decayed material and the bonding agent confers 

a high potential to this group of products.  

Limewater 

Limewater is one of the simplest and traditional consolidating products for carbonate stones, 

lime-based wall paintings and plasters and consists of a saturated solution of calcium 

hydroxide, Ca(OH)2, a compound that forms new calcium carbonate - which is chemically 

identical to carbonate stone -  inside the pores [60], [61]. 

It provides an improvement of the internal cohesion due to the precipitation of calcium 

carbonate, according to the following reaction: 

OHCaCOCOOHCa 2322)(   

Unfortunately, the low solubility of Ca(OH)2 (1.7 g/L at 20 °C) prevents the introduction into 

the treated material of an adequate amount of product for consolidating the porous system; 

the total amount of CaCO3 formation is very low and repeated applications of the solution of 

limewater are necessary to obtain an appreciable deposition of portlandite [59].  

There are some problems connected to the use if this product such as the dissolution and 

recrystallization of the substrate due to the physico-chemical action of water, clay-swelling, 

growth of microorganisms, mobilization or crystallization. Moreover, when used on wall 
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paintings, the high pH of the solution may influence pigments sensitive to an alkaline 

environment [62]. Therefore, despite its long history of use as stone consolidant, the 

effectiveness of the limewater is still open to debate.  

Barium hydroxide 

A basic concept similar to the limewater is the use of a barium hydroxide solution, formerly 

named baryta, for consolidation of plasters, stones and lime mortars since the end of the 19th 

century [63]–[65] This compound reacts with CO2 from the air and forms barium carbonate, 

BaCO3, a more stable and insoluble mineral [59]: 

OHBaCOCOOHBa 2322)(   

The solubility of barium carbonate in water (2.2∙10-2 g/L at 20 °C) is lower than that of 

calcium hydroxide (1.7 g/L at 20 °C) [66] and it is strongly dependent from the temperature. 

In theory, the applied solution of barium hydroxide contains a sufficient concentration to 

produce a strengthening effect of the treated substrate. But, in practice, the slow reaction with 

carbon dioxide will occur primarily on the surface which will be covered by grey-white 

deposits [26]. 

Also based on the presence of barium hydroxide, another important method, the so-called 

Ferroni-Dini, was proposed especially for wall paintings affected by the presence of gypsum.  

It involves the application of ammonium carbonate and barium hydroxide aqueous solution 

though poultices, in a two-step procedure [67]: 

    OHCaCOSONHOHCaSOCONH 2342424324 22   

  OHNHBaSOOHBaSONH 2342424 22)(   

3232 )()( BaCOOHCaCaCOOHBa   

OHCaCOCOOHCa 2322)(   

OHBaCOCOOHBa 2322)( 
 

The procedure starts with a first application of a saturated solution of ammonium carbonate, 

(NH4)2CO3, which reacting with gypsum leads to a desulfation of the treated surface and 

formation of calcium carbonate and ammonium sulphate which, being more soluble than 

gypsum, is mainly absorbed by poultices and removed from the treated surface. 
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The second step involves the application of barium hydroxide solution which converts the 

remaining ammonium sulphate into insoluble barium sulphate and reacts with calcium 

carbonate regenerating calcium hydroxide. The remaining barium hydroxide and the new 

formed calcium hydroxide react with carbon dioxide present in the atmosphere to form 

barium carbonate and calcium carbonate, respectively. 

The consolidating action is obtained from the calcium carbonate, formed by the reaction 

between calcium hydroxide and CO2, that acts as a binder improving the crystalline network.  

The main characteristics of this method are that the insoluble barium sulphate does not 

migrate within the porous matrix of the treated support, preventing the mobilization of salts. 

The Ferroni-Dini method is still widely employed in the restoration field with successful 

results for consolidation of deteriorated surfaces (Fig. 1.6).  

 

Figure 1.6 - Crucifixion by Beato Angelico (15th century, Florence) [68]. 

However, there are some limitations when copper pigments and some organic bindings are 

present on the treated surface. They do not tolerate water from the poultice and could 

undergo cleavage reactions due to strongly alkaline conditions. In addition, barium 

compounds are toxic for human health [69]. 

Nanolime 

To overcome the limitation connected to limewater (low solubility of calcium hydroxide), in 

the last two decades a novel consolidating treatment based on nanostructured materials was 

proposed, the so-called nanolime. It is based on the use of Ca(OH)2 nanoparticles, spherical or 

hexagonal with a size ranging from 50 to 600 nm, dispersed in alcohol medium; it is used 

particularly for restoration of mural paintings (Fig. 1.7) due to its consolidating properties and 

physico-chemical compatibility with calcareous supports [70]–[72]. 
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Figure 1.7 - Example of application of nanolime during restoration of the wall paintings by Santi di Tito (16th 

century), Gli Angeli Musicanti on the Counterfaçade of the Santa Maria del Fiore Cathedral in Florence [73]. 

The consolidating effect is obtained through the carbonation process of calcium hydroxide 

which, once penetrated inside the treated porous material, reacts with carbon dioxide. Respect 

to limewater, the presence of a short-chain alcohol dispersion leads to several advantages as 

higher colloidal stability and reduction of water amount introduced into the treated material 

[74] . 

Different factors influence the effectiveness of nanolime as a consolidating agent: nanolime 

characteristics (particle size, morphology, specific surface area, concentration and type of 

solvent), characteristics of the substrate (both physical and mechanical), external factors 

(available CO2, temperature, RH) and type of application.  

Unfortunately, nanolimes show a weak result when mass consolidation is required, such as for 

plasters  and  lithotypes [75]. In fact,  during  drying process,  lime nanoparticles  may  partially  

migrate back up to the surface, leading to a poor in depth consolidation [53]. 

Nanolime can be considered one of the most promising materials for the consolidation of 

carbonate stones due to its compatibility and reduced side effects. However, it appears to be 

an effective consolidant only for the superficial layer, while when in-depth consolidation is 

required, the results can change considerably depending to the material treated and the 

environmental conditions. Nanolime is very popular in the field of restoration and future 

research will contribute to improve its current limitations. 

Fluosilicates 

Another type of stone consolidant is the group of fluosilicates, salts of the fluosilicic acid 

H2SiF6, firstly synthesized in 1883 by Kessler [76]. Depending on the cations (Zn, Al, Mg, Pb), 

several salts can be formed. The consolidating effect is obtained by the formation of 
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amorphous silica gel deriving from the reaction between fluosilicates and calcium or other 

alkalis. When applied on carbonate stones, they react preferentially with CaCO3 following this 

reaction: 

222263 222 COgelSiOMgFCaFMgSiFCaCO   

Silica gel is the product that leads to a consolidating effect. Fluosilicates show several 

advantages, the fluoride of magnesium is insoluble in cold water and they can prevent 

microbiological colonization by algae and fungi. But, due to the fast hydrolysis, the silica gel 

cannot precipitates in depth and the consolidating effect is reached only in the first two 

millimetres from the surface [26], [77]. Furthermore, it has been evaluated that, on vertical wall 

surface, fluosilicates show more harmful than beneficial effects; in fact in this case only the 

water penetrates by capillary action while the fluosilicate’s particles remain on the surface [4]. 

Hydroxyapatite 

Recently, a novel inorganic treatment based on the formation of hydroxyapatite (HAP) inside 

pores and micro-cracks, has been proposed [57], [78]–[80]. Hydroxyapatite is a naturally 

occurring mineral form of calcium apatite with the formula Ca10(PO4)6(OH)2. This compound 

is obtained from the reaction between phosphate ions (
3

4PO ), deriving from an aqueous 

solution of diammonium hydrogenphosphate (NH4)2HPO4, also called DAP, and calcium ions 

Ca2+ from the calcite of the substrate. The formed calcium hydroxy phosphate, HAP, is able 

to physically and chemically bind the deteriorated substrates [81]: 

26,410

3

4

2 )()(2610 OHPOCaOHPOCa  
 

The obtained HAP contains carbonate ions, and before its precipitation, several intermediate 

metastable precursors can form, according to different reaction conditions. Through a 

dissolution and re-precipitation process, this precursor phases transform into HAP. Regarding 

the compatibility between calcite and HAP, this last can be an effective consolidant for 

carbonate stones because: with respect to calcite it has a lower solubility, (about 18 times less), 

a similar crystal structure and a lower dissolution rate [79]. In addition, this treatment presents 

other important positive effects such as the non-toxic nature of the used products, a chemical 

compatibility with the support and no chromatic alteration. 
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Ammonium oxalate 

This type of consolidating treatment has been applied over the past 30 years on different 

carbonate materials such as lithotypes [82]–[84] and wall paintings [85]–[87]. It involves the 

application of an aqueous ammonium oxalate solution which induces the transformation of 

calcium carbonate to calcium oxalate (whewellite). This compound has a lower solubility in 

water than calcium carbonate and it is more resistant to acid attack; thus, it is an ideal 

passivating agent for limestones in urban acidic atmosphere [88] and, furthermore, leads to an 

improvement in surface cohesion [89].  

Calcium oxalate is formed according to the following reaction [90], [91]: 

2234242243 2)( COOHNHOCaCOCNHCaCO   

Usually, a solution of ammonium oxalate (5 -7% with pH 7) is dispersed in a cellulose paste 

and applied on the surface to be treated. The time interval can vary between several hours and 

a few days in accordance to empirical experience. Experimental results show that the reaction 

takes place in the upper 2 mm of the treated surface. 

This treatment does not affect the appearance of the treated stone; the only exception is due 

to the presence of gypsum in the surface layer which could lead to a chalky appearance. 

Respect to untreated stone, the water-absorption rate is reduced between 60% and 85% and 

the hydrophilic properties of the surface are maintained [59]. This treatment was applied also 

as a protective agent on marble sculptures and mural façades as well as on mural paintings 

[92]–[95]. 

However, this treatment presents some drawbacks: discolouration by iron ions mobilization, 

observed on few treated stone surfaces and alteration of Cu-based pigments when applied on 

wall paintings [82], [88].  

Calcium acetoacetate 

In very recent years, a new consolidating agent for carbonate materials based on a water 

solution of calcium acetoacetate Ca(OOCCH2COCH3)2, also called CWF, has been developed 

during the HEROMAT FP7 project [96]. This product leads to the formation of calcium 

carbonate according to the following reaction: 

33232232 2)( COCHCHCOCaCOOHCOCHOOCCHCa   
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The used solution contains a high concentration of calcium acetoacetate (up to 100 g/L at 

20°C), therefore a good consolidating effect may be reached with a low number of 

applications. Other important advantages are the lack of the whitening of the treated surface 

and its environmental compatibility due to the use of water as solvent. 

Studies regarding the application of this product on wall painting indicate that it improves the 

mechanical properties of the stone; in fact, results from ultrasound velocity, drilling resistance 

and surface hardness confirm a higher penetration and a greater filling of porous substrate 

respect to other inorganic consolidants [97]. 

Biomineralization 

Finally, a consolidating treatment developed in recent years, exploits the capacity of a certain 

type of bacteria to induce calcium carbonate precipitation with binding properties through 

their metabolic activity. The type of carbonate precipitation depends on the types of bacteria, 

nutrients and environmental factors and it is strictly correlated to the calcium concentration, 

availability of nucleation sites, pH and concentration of dissolved inorganic carbon [98].  

The mechanism of calcium carbonate production through urea hydrolysis is the easiest 

controlled one: the urease catalyzes the hydrolysis of urea to dissolved inorganic carbonate 

(DIC) and ammonia (AMM), leading to an increase, in the bacterial environment, of carbonate 

concentration and pH. When adequate supersaturation is reached, crystals of calcium 

carbonate precipitate on bacterial cell walls [99], [100]. Fig. 1.8 shows a synthetic scheme of 

the bacterial calcium metabolism and the relative carbonate precipitation. 

 

 

 

 

 

Figure 1.8 - Scheme of bacterial calcium metabolism under high Ca2+and pH extracellular conditions: a) Consumption 

of carbonate source, urea, by the bacterium and secretion of dissolved inorganic carbon (DIC) and ammonia (AMM) into 

the extracellular space, b) calcium ions in the microenvironment of the bacterium react with carbonate ions [98], [101]. 

The biomineralization applied for the consolidation of carbonate stones can be performed 

following two different ways: by inoculating the bacterium strain on the stone surface and 

feeding it with the liquid culture media [102], [103], or by the application, directly on the 
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substrate to be consolidate, of a culture medium able to activate those bacteria capable to 

produce calcium carbonate, among the bacterial community of the stone [104], [105]. In the 

first case, the treatment showed good results in terms of effectiveness, but it reached a low 

penetration depth. In the second case, the calcium carbonate production is more intense but 

slower than the previous method. 

The biomineralization as consolidating treatment can be considered as an environmentally 

friendly alternative respect to the other treatments and follows the concept of compatibility by 

forming calcium carbonate, the same component of carbonate stones [101]. Nevertheless, it is 

a complex treatment because the application of new microorganisms on stone surface can 

modify the fauna naturally present; furthermore, the microbial activity depends on several 

environmental factors not always controllable such as pH, temperature and concentrations 

and diffusion rates of nutrients and metabolites.  

Silica-based consolidant 

Among the inorganic consolidants based on silica, the most preferably employed for stone 

consolidation are ethyl silicate and a colloidal nano-suspension of silicon dioxide made of 

particles with an average diameter of 10-20 nm.  

Concerning healthy risks for end users, these latter type of treatment represents a valid 

alternative to the traditional solvent-based products because are applied as an aqueous 

dispersion [106].  

Ethyl silicate, the tetra ethyl ester of the orthosilicic acid, Si(OC2H5)4, also called TEOS 

(tetraethoxysilane), has become very important in the field of stone conservation. It derives 

from an industrial process, the reaction between silicon tetrachloride (SiCl4) and ethyl alcohol 

(C2H5OH) (Fig. 1.9).  

 

Figure 1.9 - Ethyl silicate [26]. 

The product used for consolidation is the amorphous silica gel obtained from TEOS through 

a two step process (Fig. 1.10).  
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 Figure 1.10 - Hydrolysis and condensation of TEOS to silica gel [26]. 

During the first step, the presence of water and a catalyst leads to the hydrolysis of ethoxy 

groups, forming ethyl alcohol (C2H5OH). The second step regards the condensation of the 

new product, called tetra-hydroxysilane, to amorphous silica gel composed by Si-O-Si. A good 

property of ethyl silicate is its low viscosity that allows an easy penetration into fissures and 

pores. Furthermore, ethyl alcohol, formed as the secondary product of the reaction, 

evaporates and does not cause problems.  

However, a problem arises because ethyl silicate is rather volatile and if the hydrolysis is too 

slow, it may evaporate before reacting, leading to a scarce consolidation effect. To solve this 

problem, two solutions are possible: adding a catalyst to accelerate hydrolysis of ethyl silicate 

or obtaining an oligomer of ethyl silicate before the application of the product on decayed 

surface. The oligomer is obtained by combining, through a partial condensation process, a 

small number of molecules; in this way the oligomer does not evaporate and the use of a 

catalyst is not necessary [30]. This type of treatment is mostly used to consolidate sandstone 

because in this case the deposited silica gel can link covalently with silanol group that cover 

the grain surfaces [107], [108], while in carbonate stones there is only a physical bonding 

between grains and silica gel [109], [110]. To overcome this problem some authors have 

proposed to introduce some coupling agents characterized by the presence of an hydroxyl 

group on one end that bonds to silica gel and an anchor group on the other end to bond 

calcitic grains [111], [112]. However, this treatment can cause chromatic modifications and 

leads to a significant changes in the hydric behaviour [113]. 



Chapter 1: Stone decay and conservation 

 

23 
 

Aqueous colloidal dispersion of nano-sized silica are preferred in some situation, where ethyl 

silicate is not convenient, such as presence of high relative humidity values, free water or 

damp surfaces or when little time is available, [114]. Also in this case, the consolidation effect 

is due to a network of silica gel formed among pore structure of stone and the effectiveness of 

the treatment is strongly dependent by the humidity conditions [115]. 

1.2.1.2 Organic treatments 

The other group of products used to restore deteriorated stone materials includes a great 

variety of organic compounds. Both natural and synthetic polymeric materials, such as 

rubbers, waxes, acrylic resins, vinyl polymers, have been used as conservation materials. Their 

consolidating action is based on the introduction inside the porous material of 

macromolecules which solidify when solvent evaporates (thermoplastic polymers) or when a 

hardener agents cross-link the resin (thermosetting polymers). They are easy to apply and have 

good adhesion to the substrate. These types of polymer are widely used because, together with 

a consolidating effect, they make the treated surface water repellent. However, the polymeric 

compounds present several negative effects such as physico-chemical modification by action 

of ultraviolet rays (leading to yellowing and scarce compatibility with the stone surface) and 

possible biodeterioration due to fungal and bacterial growth [116], [117].  

Nowadays, the most used organic consolidants belong to the family of acrylates, therefore a 

more in depth description of these compounds will be reported. 

 

Acrylates 

Acrylic resins have been used in the restoration field since 1960s. Chemically, all acrylic 

compounds are obtained from the esterification of acrylic acids with different alcohols. As 

shown in Fig 1.11, the polymerization process derives from the breaking of C=C double bond 

and the formation of long C-C single bond chains. 

 

Figure 1.11 - Reaction scheme of the formation of an acrylic polymer [26]. 
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According to the degree of polymerization, the acrylic polymers can be viscous or hard 

materials. The most frequently used acrylate is Paraloid B72, a copolymer (70/30) of EMA 

(ethyl methacrylate CH2=C(CH3)COOC2H5) and MA (methyl acrylate CH2=CH-COOCH3). Its 

diffusion in the restoration field is due to its good solubility in several solvents, its good 

adhesive power, transparency and, low rigidity at room temperature [118]. It is usually used in 

concentrations between 2-10% by weight in several types of organic solvents such as toluene, 

butyl acetate and acetone. According to the volatility of the solvent, areas of different size are 

consolidated. In fact, a deeper penetration is obtained when the solvent has a lower volatility. 

The consolidation effect is obtained with the formation of a polymer layer inside the material 

that brings together the de-coherent grains. Paraloid B72 was used also in combination with 

methyl-trimethoxy silane and diluted with a mixture of solvents, in a mixture called Bologna 

cocktail - firstly developed and tested in Bologna by Italian restorers. Problems connected to 

the use of this polymer coating are due to the used solvent (possibly harmful), to the yellowing 

process and, as the reached depth is not so high, to the delamination of the treated surface, 

most of all if the thickness of the decayed part is higher [26]. Furthermore, if submitted to an 

artificial weathering, it can form new products and strongly cross-linked structures, which limit 

the eventual removability of the polymer by reducing the solubility of the fraction [117]. 

To overcome some drawbacks, as those ones connected to the use organic solvent based 

formulation, water based polymer micro-emulsions have been recently proposed [119]–[123]. 

Taking into account the state of art regarding stone consolidation, this work aims at studying a 

new consolidating agent, calcium ethoxide, as an alternative to traditional treatments. The core 

idea is that, starting from this new product, stone can be consolidated thanks to the formation 

of calcium carbonate between grains, pores and micro-cracks. The product has been 

characterized and its compatibility with the stone support and efficacy as consolidating agent 

have been tested on several carbonate stones used in the Italian Cultural Heritage field. 
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CHAPTER 2 

                           Materials and Methods 

 

Summary 

This chapter gives a summary of materials and investigation techniques employed in this 

research project. The starting materials involved: a new product for consolidation of stone 

materials - calcium ethoxide nanosuspension diluted in three types of organic solvents - 

and mock-ups of four different carbonate stones, widely employed in the field of Italian 

Cultural Heritage, to be treated to understand the effect of the consolidating treatment. 

Several investigation techniques were used for the study of calcium ethoxide and the 

characterization of carbonate stones, while others were carried out to evaluate the 

effectiveness and the compatibility of the applied product, according to European and 

Italian standards. 

 

2.1 Evaluation strategy 

This research project  was carried out in collaboration with different national and international 

institutions, such as Consiglio Nazionale delle Ricerche in Padua, University of Palermo and 

Labóratorio National de Engenharia Civil in Lisbon. 

The investigation started with the characterization of the consolidating treatment, calcium 

ethoxide Ca(OEt)2, a product developed during the European NANOMATCH project. The 

ethoxide nanosuspension was diluted in three organic solvents and, therefore, three different 

products to be tested were obtained. The consolidating effect of calcium ethoxide is due to a 

carbonation reaction which leads to the formation of calcium carbonate; therefore, the first 

part of the project regarded the characterization of the three obtained products through: 

 the study of the kinetic and the reaction pathway of the carbonation process to 

understand how the three different solvents could affect the carbonation reaction; 

during this analysis, the products were kept at laboratory relative humidity and 

temperature conditions; 
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 the evaluation of mineralogical phases formed from the reaction of the products with 

air, by analyzing products’ coatings deposited on glass surface and maintained at 

different relative humidity condition (RH%) and controlled room temperature for two 

weeks, one months and three months, to investigate the effects of solvents and 

different relative humidity conditions on carbonate phase formation. The chosen 

values of RH% were 50% and 90% to simulate a dry and a very humid environment, 

respectively.  

The analyses performed in this first part were: micro Fourier Transform-Infrared 

Spectroscopy (µFT-IR) and  X-ray Diffraction (XRD) which allow to discriminate the three 

mineralogical phases of calcium carbonate (calcite, aragonite and vaterite).  

The second part of the project regarded the application of three products on mock-ups of 

four carbonate stones characterized by a different total open porosity value and widely used in 

the field of Italian Cultural Heritage. Before the application of the consolidating products on 

laboratory samples, the involved carbonate stones were chemically characterized by Fourier 

Transform Infrared Spectroscopy (FT-IR) and Differential Scanning 

Calorimetry/Thermogravimetric Analysis (TG- DSC) and, then, subjected to an artificial  to 

simulate the deterioration of materials. The effect of the ageing was studied by analyzing 

samples with Mercury Intrusion Porosimetry (MIP) before and after this process. 

Subsequently, several types of analyses and techniques were used, before and after the 

application of the consolidating treatments, to understand their performance. These 

techniques involved the observation of the following characteristics:  

 variation of cumulative volume and pore size distribution with Mercury Intrusion 

Porosimetry (MIP) and Nuclear Magnetic Resonance Relaxometry (NMR); 

 variation of water transport properties by evaluating absorption coefficient through 

capillarity, drying behaviour and water vapour permeability; 

 morphological and aesthetical variation of the surface with Scanning Electron 

Microscopy (SEM) and spectrophotometric measurements according to CIEL*a*b* 

system, respectively; 

 the consolidating effect and the penetration reached by the products by using 

Ultrasonic Pulse Velocity (UPV) and Drilling Resistance Measurement System 

(DRMS). 

The  obtained results  were  compared  with  those reached with the application of a reference  
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commercial product, CaLoSil E50 - calcium hydroxide nanoparticles dispersed in ethanol. 

2.2 Starting material 

In this section a brief description of the applied consolidating products, the reference one and 

the carbonate supports is given. 

2.2.1 Metal alkoxides 

The study of chemistry of metal alkoxides began more than 150 years ago, but recently it has 

received new attention due their intriguing structural chemistry, interesting catalytic properties 

and great potential for industrial applications, for example, as molecular precursors in the 

synthesis of materials of modern technology based on complex or simple oxides - such as the 

sol-gel technology [1], [2].  

In 1846 the first derivatives of metal alkoxide has been described but, only starting from the 

half of nineteen century, progresses led to the investigation of the chemistry of alkoxides of 

the whole periodic table [1].  

The general formula of a metal alkoxides is M(OR)x where M is a metal of valency x, and R is 

a simple or substituted alkyl, aryl or alkenyl group. They derive from the replacement of the 

hydroxylic hydrogen of an alcohol ROH by a metal cation [3]. 

The physical properties of metal alkoxides are influenced by several factors such as shape and 

size of the R group and metal’s properties (valency, atomic radius, coordination number of the 

metal and stereochemistry). The high electronegativity of oxygen should confer a ionic 

character to the M-OR bonds (in alkoxides of metallic elements). However, most of these 

alcohols exhibit a low degree of volatility and solubility in common organic solvents, which 

can be considered as a characteristic of covalent compounds. It was postulated that the factors 

to explain the attenuation of M-O bond polarity are: the inductive effect of alkyl groups at the 

oxygen atom, which increases with the branching of the alkyl chain, and the formation of 

oligomeric species through alkoxo bridges, according to the following geometry (Fig. 2.1): 

 

Figure 2.1 - Oligomeric structure of an alkoxide [1]. 



Chapter 2: Materials and Methods 

 

40 
 

Alkoxides show a high tendency to oligomerization, unless it is inhibited by steric and 

electronic factors. The degree of aggregation of these compounds can be reduced by varying 

some characteristics of alkoxy group, in particular by increasing the size of the substituents 

and/or with the presence of coordinating donor atoms in the group. Studying the steric and 

electronic factors, the degree of aggregation depends by the following factors: (i) aggregation 

increases as the metal atom becomes more electron deficient, (ii) the larger size of the metal 

atom, the greater the tendency to increase degree of association (n) by forming alkoxo bridged 

system, (iii) the steric effect of the alkyl substituent which, by increasing steric demand, 

inhibits aggregation and it has been found to be of greater importance than the electronic 

nature of the substituents in determining the ultimate extent of aggregation and (iv) presence 

of donor atoms (O, N) in the substituents, capable to coordinate the metal, preventing further 

coordination with another molecule.  

From a chemical point of view, metallic alkoxides are a highly reactive class of metallorganic 

compounds and they can be subjected to three different groups of reactions: complex 

formation with donor ligands or alkoxides of other metals, complete or partial substitution for 

the OR-groups and several degradation reactions - such as hydrolysis and oxidation - which 

lead to formation of oxoligands [2]. 

The alcoholic reactions in which the metal alkoxides are involved consist in an exchange 

reactions with an alcohol to achieve the following equilibrium: 

yROHORORMOHyRORM yyxx   )'()(')(  

This process is influenced by several factors: solubility of metallic alkoxide, steric size of both 

ligands and alcohol, relative strength of alkoxides’ bonds and presence of terminal alkoxide 

groups, strictly bounded or easily substitutable [1].  

During hydrolysis process, including that caused by environmental humidity, they react with a 

wide variety of hydroxyl reagents such as water, alcohol and carboxylic acids. During this 

process, the alkoxy groups are replaced by OH groups and O2- groups. This reaction is 

influenced by several factors, such as: nature of the R group, nature of the solvent, the 

concentration of the species present in the solution and the temperature. 

Furthermore, alkoxides tend to undergo oxidation processes in the presence of oxygen traces 

in the atmosphere and solvents. The primary products of this reaction consist of radical 

groups such as -OOR and -OOH, which decompose through a radical process by providing 

water, hydroxyl and carboxylic groups. This process is followed by the appearance of a brown-
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yellow colour, probably due to the presence of free radical as traces. All these physico-

chemical  properties  result in a broad spectrum of properties ranging from insoluble and non- 

volatile polymer solids to volatile monomeric liquids [2]. 

The main alkoxide of alkaline earth metals are colourless solids, generally insoluble, non-

volatile and very sensitive to moisture and carbon dioxide [2]. The properties of these 

compounds seem to be dominated by their ionic character and the preference to reach a metal 

coordination number greater than six, thus leading to the formation of rather large associated 

species [1]. 

2.2.1.1 Calcium alkoxides as stone consolidants  

Calcium alkoxides have been proposed in recent years as a new conservation product to 

consolidate carbonate stones and wall paintings. In fact, these compounds, dissolved in a 

proper organic solvent, penetrate inside the stone and react with humidity and atmospheric 

carbon dioxide to form calcium carbonate through a carbonation process releasing the starting 

alcohol, which evaporates. This behaviour makes them suitable for consolidation of carbonate 

supports, such as wall paintings, plasters and building stone materials [4], [5]. 

Calcium alkoxides as well as other alkaline earth alkoxides, have been synthesized and studied 

during the EU-NANOMATCH Project (Nano-systems for the conservation of immoveable 

and moveable polymaterial Cultural Heritage in a changing environment FP7/2007-2013, 

Grant Agreement No 283182) with the aim of consolidate carbonate through their 

penetration inside the porous material and formation of calcium carbonate able to restore the 

lost cohesion of the treated supports [6], [7]. 

Previous studies [8]–[10] showed that the carbonation process can follow two different 

pathways: insertion of a CO2 molecule within the Ca-O bond with a formation of an 

intermediate alkylcarbonate followed by hydrolysis and alcohol elimination, and a second type 

of reaction involving a first hydrolysis of the alkoxide with the formation of calcium hydroxide 

as intermediate, which subsequently carbonates (Fig. 2.2).  
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Figure 2.2 - Possible carbonation pathways of calcium alkoxides: insertion of CO2 can either precede or follow the 

hydrolysis [6]. 

Synthesis of metal alkoxides has been studied by different researches for more than a century. 

A large variety of synthetic techniques and protocols aimed at the preparation of different 

distinct derivatives have been proposed [2], [3].  

During the EU-NANOMATCH project calcium alkoxide were synthesized with five different 

protocols and, therefore, several types of products have been obtained [9], [10]; in order to 

avoid the presence of oxygen and moisture all the methods were performed in a nitrogen filled 

glove-box. 

The first type of synthesis involves a direct reaction between metallic calcium and alcohol: 

powdered metallic calcium is deeply stirred - with or without reflux - in an excess of 

anhydrous alcohol, another solvent could be possibly used together. After a certain time, the 

metal totally disappears from the solution and the obtained product is recovered by 

precipitation or crystallization. During this type of synthesis, an oligomeric form of calcium 

alkoxide is often obtained. 

A second type of synthesis regards an alcoholysis reaction between one alkoxide (such as 

calcium ethoxide chosen for its solubility, easy synthesis and reactivity) and a second alcohol. 

This represents a simple methodology to obtain another calcium alkoxide. 

A third type of synthesis is called Rieke synthesis and it starts with an initial formation of the 

Rieke calcium which, having a high surface area, can easily react with the proper alcohol. Rieke 

calcium derives from the reduction of a THF suspension of an anhydrous metal halide with an 

alkali metal.  

The fourth type of synthesis starts from Ca(OH)2, the cheapest source of calcium, which can 

lead to the formation of calcium carbonate: in this case the reaction is forced by removing the 

forming water with a Dean Stark apparatus.  

Finally, the fifth type of synthesis is the so called “ammonia method” and it is based on the 

use of liquid ammonia that can dissolve and activate the metals. Under inert atmosphere, 
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freshly anhydrous distilled solvent containing metallic calcium is cooled from -45 to -60°C and 

gaseous ammonia is bubbled inside. Once the metal has dissolved, a solution of the desired 

alcohol in the suitable solvent is inserted, and the temperature cautiously made to reach room 

temperature [9], [10]. 

Among more than twenty different alkoxides synthesized during the project, calcium 

tetrahydrofurfuryloxide (Ca(OTHF)2 - NANOMATCH1) and  calcium ethoxide (Ca(OEt)2 -

NANOMATCH2) were selected according to their favourable features and their production 

was scaled up by ABCR labs (Spain) to produce about 3 kg of consolidants, which were then 

applied and tested [11]. 

The new treatments were evaluated on several carbonate substrates in terms of workability, 

effectiveness and compatibility, compared to a number of commercial products. The products 

were firstly tested on laboratory samples and then or real case study to understand their 

durability in situ conditions. Finally, the optimal processing parameters for industrial 

production were defined and an economical cost-benefit analysis of new products was 

performed. 

Between calcium tetrahydrofurfuryloxide and calcium ethoxide, the latter presented some 

drawbacks and was the least investigated during the project; therefore, the aim of this research 

was to modify some characteristics of the base product, as the carrier solvent, to understand if 

these changes could influence its effectiveness and compatibility as consolidating agent. 

Moreover, the new obtained product was applied on carbonate stones with different porosity 

to understand its ability to reach different penetration level according to the chosen support. 

2.2.1.2 Calcium ethoxide 

This product is a nanosuspension of Ca(OEt)2 in a 1:3 solution (v/v %) of ethanol and 

tetrahydrofuran, with an initial calcium concentration of 46.5 g/L and average particles’ 

dimension of 295 nm determined by DLS. Based on previous studies carried out during the 

NANOMATCH project, a calcium concentration of 20 g/L showed the best results [12]; in 

fact, different calcium concentration were studied and 20 g/L resulted the only one combining 

a good consolidation effect without cause a colour change of the surface. 

Therefore, to reach a calcium concentration of 20 g/L, the initial product was diluted in three 

different solvents chosen for their different boiling point and because they are actually used in 

the restoration field: ethanol, 2-butanol and n-butylacetate (Tab 2.1). The solvent’s boiling 

https://en.wikipedia.org/wiki/Tetrahydrofuran
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point is an important value because it could influence the penetration of the product inside 

the porous materials [13].  

Table 2.1 - Physicochemical properties of the employed solvent. The term REL derives from the US legislation and 

means Recommended Exposure Limits, the concentration not to be exceed, mediated in a 40-hour working week [14].  

Solvent Formula 
Boiling point 

(°C) 
REL (ppm) 

Solubility in 

water (wt%)* 

Ethanol C2H6O 78.4 1000 ∞ 

2-buthanol C4H10O 100 100 44.1 

n-butylacetate C6H12O2 127 150 1.86 

* These values are reported in percentage and are expressed in weight (g/g): g of solvent in 100 g of water. The symbol ∞ 

indicates that the solvent is completely miscible [14]. 

Therefore, three products to study were obtained: 

 Calcium ethoxide nanosuspension diluted in ethanol - labelled as ET; 

 Calcium ethoxide nanosuspension diluted in 2-butanol - labelled as 2BUT; 

 Calcium ethoxide nanosuspension diluted in n-butylacetate - labelled as NBUT. 

The three prepared solutions based on Ca(OEt)2 nanosuspension were firstly subjected to two 

different studies, both alone and mixed with the four different powdered carbonate supports: 

 study of kinetic and reaction pathway of the carbonation process in atmosphere, to 

understand if the different solvents could affect the velocity of this process; during the 

analysis samples were maintained at laboratory relative humidity and temperature 

conditions; 

 study of mineralogical phases formed leaving coating of three solutions at different 

relative humidity conditions (50% - 90%) and at controlled room temperature, to 

understand the possible influence of solvents and RH% conditions on the formation 

of the three polymorphs of calcium carbonate.  

The study of mineralogical phases is important because calcium carbonate presents at 

least six different phases: three anhydrous crystalline polymorphs (calcite, vaterite and 

aragonite) and three hydrated forms (monohydrocalcite CaCO3∙H2O, ikaite 

CaCO3·6H2O and amorphous calcium carbonate ACC) [15]. From the thermodynamic 

point of view, calcite is more stable than aragonite and vaterite and the 
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physicochemical properties of these three polymorphs are different in terms of 

morphology, density and solubility (Tab. 2.2) [16]. In fact, the crystal structure of 

calcite is rhombohedral and appears often like cubes [17]. Aragonite presents an 

orthorhombic cell [18] and particles are usually found as needles [19]. The unit cell of 

vaterite is hexagonal [20] and it appears often as spheres. Monohydricalcite is a 

trigonal mineral while ikaite crystallizes in the monoclinic crystal system. Several 

factors can influence the precipitation of these polymorphs as pH, conductibility, 

presence of impurities, relative humidity [16], temperature [21] and type of solvent 

[22]. Previous studies have shown that the transformation from vaterite and aragonite 

to calcite occurs through a process of dissolution of the metastable phase and 

recrystallization of the stable one [23], [24]. 

 

Table 2.2 - Properties of crystalline polymorphs of calcium carbonate. 

Mineral Crystalline system Density (g/cm3) Form 

Calcite Rhombohedral 2.7 anhydrous 

Vaterite Hexagonal 2.6 anhydrous 

Aragonite Orthorhombic 2.9 anhydrous 

Monohydrocalcite Trigonal 2.4 hydrated 

Ikaite Monoclinic 1.8 hydrated 

 

2.2.2 CaLoSil E50 

CaLoSil E50®  was used as reference product in the consolidation of porous support due to 

its effectiveness in filling micro cracks and small voids [25]. It is composed of a stable colloidal 

Ca(OH)2 nanoparticles (50-250 nm) dispersed in ethanol and it is produced by the IBZ-

Salzchemie (GmbH & Co.KG, Germany). In this case, the calcium concentration is 26.3 g/L; 

therefore, to achieve a calcium concentration of 20 g/L - the same chosen for calcium 

ethoxide - it was diluted with ethanol. This product will be labelled in the text as CAL. 

2.2.3 Carbonate stones 

The selection of stones has been restricted to calcareous stones since calcium ethoxide used in 

this research project is mainly meant for the consolidation of calcite-based substrates. The 

chosen carbonate stones are widely used in the field of Italian Cultural Heritage both as 
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building materials and for works of art such as sculptures and architectural-decorative 

elements. They consist of both metamorphic - Carrara marble - and sedimentary rocks - Lecce 

stone, Noto stone and Vicenza Stone. These different carbonate stones have been chosen 

both for their different values of total open porosity % and because they are employed in 

different region of Italy. 

2.2.3.1 Lecce stone 

Lecce stone is a sedimentary rock, a biocalcarenite, whose name derives from the city of 

Lecce, in the south of Italy, but it is widely employed in the whole Salento region. It was used 

by sculptors and architects mostly during Baroque period, but also nowadays, for sculpture, 

decorative objects and to cover the façades of buildings [26]. Significant examples are the 

friezes, the capitals, the pinnacles and the rosettes which decorate many of the palaces and 

churches of Lecce, such as the Church of Santa Chiara, the Cathedral, the Church of Santa 

Croce and the Celestine Palace.  

This biocalcarenite dates back to the Miocene period (between 12 and 20 million years ago); it 

presents a compact and fine grain and it is well known for its gold-yellow colour. This stone 

shows a quite homogeneous composition made mainly of calcium carbonate in the form of 

calcite cement and granules (fragments of fossils and microfossils of marine organism) 

together with other minerals such as quartz, various feldspars, glauconite and phosphates [27], 

[28]. According to the percentage of these clay minerals, sensitive variations could be 

registered also in the same quarry regarding the colour, the degree of hardness, porosity and 

compressive strength. This stone is extracted from open sky quarries and it is well known for 

its simple extraction - cubic parallelepipeds are obtained - and manufacturing. The main 

important quarries are in the Salento territory, particularly in the city of Lecce, Corigliano 

d'Otranto, Melpignano, Cursi and Maglie. Till the middle of the twentieth century, the 

extraction was performed completely by hand with the help of rudimentary instruments. This 

process followed the quarry bed, according to the natural sedimentation plans. From the 50's 

onwards, the extraction has taken place with the help of the machines. 

The hardness and strength of the stone, when extracted, grow with the passing of time. The 

rock is compact with a fine grain and has an easy workability due to the presence of clay, 

which allows both the lathe and manual modelling.  
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2.2.3.2 Noto stone 

The Noto stone is a calcarenite with a typical pale cream colour composed by calcium 

carbonate and several small bioclasts, including foraminifera, echinoids, plankton and bryozoa. 

It was mainly used during the Baroque period and it characterizes the whole architecture of 

the Noto Valley (Sicily). It was used both for construction and decorative elements due to its 

easy workability and proper physical and mechanical properties. An extremely high spread of 

this stone took place after the earthquake of 1693, which involved the entire eastern part of 

Sicily. In the Hyblean area, this material became the protagonist of the reconstruction, by 

characterizing and defining the urban planning and the architecture of the reconstructed cities 

with its yellow-golden coloration. The easy workability and the good physical and mechanical 

qualities determined its several use: both structural (arches, piers, walls, vaults) and decorative 

(stairs, balustrades, gargoyles, fountains and capitals) [29]. Geologically, it formed during lower 

Oligocene-Pliocene and belongs to Palazzolo Formation, which emerges in a long zone of 

seven kilometres between Palazzolo Acreide and Noto [30]. Quarries of the Palazzolo 

Formation are situated between the left side of the Tellaro River and Buscemi [31]. The 

extraction takes place in open-pit quarries and it proceeds to horizontal descending levels. 

2.2.3.3 Vicenza stone 

This sedimentary stone is an organogenic limestone characterized by the presence of micro 

and macro clastics of foraminifera, bryozoans, algae, and echinoderms [32]. It has a strongly 

heterogeneous structure and consists of calcium carbonate (80-90%) combined with small 

percentage of silicon oxide, aluminium and iron. From a physical point of view, it shows 

modest mechanical properties and, due to its strong compositional heterogeneity and low 

value of hardness, presents a good workability. Furthermore, according to its low value of 

tensile strength, flexion and compression, this stone does not respond very well to mechanical 

stress, so it was used mainly for sculpture and surface manufacturing. In fact, it is a soft stone 

and a great material to be molded. Its formation goes back to the Middle Eocene and the 

subsequent Oligocene (between 55 and 23 million years ago), and it belongs to the calcarenite 

family of Castelgomberto, one of the mainly constituents of the Berici hills, located to the 

south of Vicenza. This lithotype was formed by the accumulation of sand and skeletons of 

microorganisms at the bottom of a sea that anciently occupied the present area of the hills. 

Currently, the Vicenza stone quarries on the Berici Hills are about fifteen. Inside these 

quarries, there are different types of Vicenza stone, recognizable by colour, grain and 
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extraction site: yellow, white and grey [33]. In this case, the stone used for the project is the 

white Vicenza, extracted from Badia Quarries. 

Regarding the extraction activity, at the beginning of the twentieth century, the processing 

techniques were essentially the same as five hundred years earlier. The extraction process 

began by practicing a square opening in the rock and it was worked till the complete isolation 

of the block. Today, the modern excavation machine, called "mole", is a gigantic mechanical 

saw, which works isolating the desired block.  

2.2.3.4 Carrara marble 

Carrara Marble is a metamorphic stone mainly composed of calcite crystals and it is 

considered the most prestigious marble in Italy. It is a metamorphic rock originated from pre-

existing ones which, due to strong pressure and/or temperature changes, underwent a 

complete reorganization of the crystalline structure and transformed into entirely different 

rocks. It has a typical saccharoidal structure due to the re-crystallization process after the 

metamorphism. This stone is extracted from quarries in Tuscany and includes a wide variety 

of marble types with different chromatic and structural characteristics: the main varieties are 

seven and, according to small chromatic variations, they can be further divided into many 

other qualities. The seven main varieties are: white, statuario, venato, arabescato, calacata, bardiglio 

and zerbino cipollino. White marble was the one used in this project and its main feature is to 

contain only very small quantities of impurities which are insufficient to alter the natural 

colour of calcite. It has a homogenous white to grey ground colour, irregular grey veins and 

shining grains.  

Marble quarries were probably already used during the Copper Age from inhabitants of the 

area to produce domestic and decorative objects, or for grave goods to be buried with the 

body of the deceased. Extraction flourished under the Roman time and in this period the 

marble was called Lunense marble, as the centre of extraction was identified in the city of 

Luni, a colony founded by the Romans; from Luni port ships loaded with this material used to 

sail to Rome. After the Romans and for many centuries there are no news about marble 

excavation: only at the end of the thirteenth century, under the Empire of Frederick I, there 

was the rebirth of the extraction activities in the Carrara basins. Even at that time the 

excavation technique was similar to that practiced by the Romans and it remained the same 

until the 1700 when the method with explosive was introduced. The use of this technique had 

the defect of  destroying much  of the marble and producing  a large amount of waste material  
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[34]. Nowadays, marble is extracted with the combined action of helical wire and pulley. 

2.3 Evaluation techniques 

In accordance with the evaluation strategy, this part describes all the analytical techniques and 

material tests employed to investigate the calcium ethoxide for the consolidation of carbonate 

stones. Some techniques were used to characterize the three obtained products based on 

Ca(OEt)2 nanosuspension: the kinetic and reaction pathway of carbonation process and the 

mineralogical phases formed in different RH% conditions; while others, were employed to 

assess the performance - effectiveness and compatibility - of the three products as 

consolidating agents  by evaluating how some properties of stones’ mock-ups change after 

their application. For each type of proof and treatment, the amount of product retained - 

evaluated by weighing samples before and one month after treatment application - is 

expressed as the weight of product per unit surface (kg/m2) and this value is reported as the 

average value of three samples and the associated error expressed as standard deviation1. As it 

will be reported in chapter 3, differences among quantity of product retained for samples 

treated with the same product are probably due to the different shape of mock-ups (in 

accordance to the different analyses, mock-ups of different dimensions were necessary). 

It is expected that the effectiveness of the treatment is linked to the amount of applied 

product, but technical data regarding consolidants do not provide a recommended amounts of 

product to be applied to achieve a good consolidating effect. Therefore, there are not many 

information about the right quantity of product to apply to reach a desirable consolidation 

effect [35].  

2.3.1  Artificial ageing of stone 

Since the main objective of consolidation is to increase the mechanical cohesion of weathered 

stone, to test the effectiveness of a consolidating product, it should be applied on a weathered 

substrates rather on fresh stones. As taking weathered samples in situ (art objects and/or 

monumental buildings) is generally not allowed in the field of conservation of Cultural 

Heritage, it is easier to reproduce weathered substrate in laboratory. Different types of 

weathering processes of stones have been tested during the years and the efficacy of the 

                                                             

1 Standard deviation σ is given by the following formula:  
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  where xm is the mean value and n 

corresponds to the repeated measurements. 
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method is related to the type and microstructure of the stone [36]–[39]. 

In this project an artificial ageing based on thermal cycles (heating/cooling) was performed on 

the chosen stones substrate. The specimens were subjected to six daily heating - cooling 

cycles: 100°C for 6 hours, cooling to room temperature for 6 hours, chilling to -20°C for 6 

hours and finally warming to room temperature for 6 hours [40]. To understand if the ageing 

was successful, Mercury Intrusion Porosimetry (MIP) was performed on samples before and 

after the process. 

2.3.2 Fourier Transform InfraRed Spectroscopy (FT-IR)  

FT-IR measurements were performed to characterize stone materials, to study the kinetic and 

the reaction pathway of carbonation process of Ca(OEt)2 based products (through the 

variation of the signal) and finally to evaluate the mineralogical phases of calcium ethoxide 

coating kept at different RH%.  

The characterization of carbonate stones was carried out at Ca’ Foscari University of Venice 

by means of a FT-IR Nicolet Nexus 750 spectrometer in transmission configuration. 

Carbonate samples were powdered in an agate mortar, mixed with KBr (1:100-wt% 

sample/KBr) and compressed as pellets (10 tons pressure). Every spectrum was collected 

from 4000-400 cm-1 and was the average of 64 scans using a spectral resolution of 4 cm-1.   

The study of kinetic and pathway reaction of carbonation process and mineralogical phases 

formation of Ca(OEt)2 based products coating were performed at CNR-ICMATE of Padua 

with a Nicolet microscope connected to a Nicolet 560 FT-IR system, equipped with an MCT 

(mercury-cadmium-telluride) detector working in a reflectance mode. The spectra were 

acquired within a range of 4000-650 cm-1, with a resolution of 4 cm-1, and 64 scans were 

collected each time. The analysed area consists of a square of 50 x 50 μm. All the collected 

spectra, shown in the transmittance mode, were firstly elaborated with Omnic 6.0 software 

including smoothing and normalization and, then, with OriginPro9 software.  

For the kinetic measurements, a small drop of calcium ethoxide, diluted in the proper solvent, 

was laid down on a glass surface and FT-IR spectra were acquired at different times, from the 

beginning of the analysis till two weeks later. The analysed samples were kept at laboratory 

humidity and temperature conditions during the analysis. 

Instead, the mineralogical phases were determined by analyzing the products previously 

deposited on a glass surface, left to dry and properly preserved at different RH%, 50% and 

90%. The samples were preserved in two different driers maintained at controlled room 
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temperature (20-25 °C) and the two different RH% conditions were obtained by inserting a 

beaker with a saturated solution of a specific salt in a drier [41]; in particular, saturated 

solutions of Ca(NO3)2 - calcium nitrate - and KNO3 - potassium nitrate - were prepared to 

create a 50% RH and a 90% RH environments, respectively. The control of relative humidity 

was performed with a RH sensor (Oregon Scientific TM Wireless Weather Station 

BAR388HG).  

To perform µFT-IR analysis, a small quantity of product was taken away from the deposit, 

rolled out on a glass surface and finally analysed. This analysis was performed after two weeks, 

one month and three months of air exposure. The coating composition was evaluated by 

observing the characteristic absorption peaks of calcium carbonate polymorphs. 

2.3.3       X-Ray diffraction (XRD) 

Crystalline phases of carbonate stones and mineralogical phases of Ca(OEt)2 based products 

stored at different RH% conditions were determined by powdered X-ray Diffraction.  

The stone samples were grinded in an agate mortar and analysed with Philips PW1050 

diffractometer with a Bragg-Brentano geometry and an incident radiation of Cu kα (40 kV and 

30 mA)2. 

The Ca(OEt)2 based products coatings, previously analysed with µFT-IR, were investigated 

with a Philips X’Pert PW3710 diffractometer with a Bragg-Brentano geometry. The incident 

radiation of Cu X-ray tube is the same of the previous diffractometer3. Also in this case, the 

analysis was carried out after two weeks, one month and three months. 

All the measurements were performed in continuous mode in the range 10°<2θ< 70°, with a 

step size of 0.02° and an acquisition time of 4 s. The obtained graphic were elaborated with 

X’Pert Higscore software and then processed by OriginPro9 software. 

2.3.4 Differential Scanning Calorimetry/Thermogravimetric Analysis (TG- 

DSC) 

This type of analysis provides information about the type and the quantity of compounds 

present in a samples. The method consists in a continual recording of the mass variations of a 

                                                             
2 Prof. Pietro Riello and his team, from the department of Molecular Science and Nanosystems of Ca’ Foscari 
University of Venice, are kindly acknowledged for performing XRD measurements. 

3 Dr. Naida El Habra, from CNR-ICMATE, Istituto di Chimica della Materia Condensata e di Tecnologie per 
l’Energia, Padova, is kindly acknowledged, for performing XRD measurement. 
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sample as function of temperature, in a controlled atmosphere. The result of the analysis is 

expressed by a thermogram which reports the mass variation as function of the temperature 

[42]. In this study, this technique was carried out to evaluate the percentage of calcium 

carbonate inside the analysed carbonate stones. The measurement was carried out on 

powdered samples with a Netzsch STA 409/C instrument using platinum crucibles at 

10°C/min heating rate, in N2 atmosphere, from 30°C to 1000°C. The NETSCHTA3.5 

software was used to elaborate the obtained data while, the final curve was processed by 

OriginPro9 software. 

2.3.5  Mercury intrusion porosimetry 

MIP technique provides information about the microstructure of materials through the 

evaluation of bulk density, total open porosity and pore size distribution (%). Mercury, being a 

non wettable liquid, with a contact angle with stone materials of 141.3° [43], cannot penetrate 

spontaneously inside small pores because of the capillary pressure. For this reason an external 

pressure has to be applied. The volume of mercury V (mm3/g) intruded at a given pressure P 

(kg/cm2) gives the pore volume value that can be accessed [44]. The intrusion pressure is 

related to the pore volume through the Washburn equation [45]: 

r
P

 cos2


 

where P is the intrusion pressure, γ is the mercury surface tension (486.5 mN/m-1), θ is 

mercury/solid contact angle and r is the pore radius (μm). 

The followed standard to perform this proof is NORMAL 4/80 [46]; dried samples were 

analysed with Pascal 140 and Pascal 240 Thermo Nicolet instrument for the individuation of 

macropores and mesopores [47], respectively. For each type of stone support, the results are 

reported as the average of three analysed samples and the associated error is expressed as 

standard deviation. The acquired data were processed with OriginPro 9 software. 

2.3.6 Water absorption through capillarity 

The water absorption measurements were performed to understand how the consolidating 

products can affect the water transport inside the stone support and shows the quantity of 

water which over time penetrates inside the stone through its pores driven by capillary 

processes. This method were carried out according to the normative UNI EN 10859:2000 

[48]. The standard defines a method to determine the absorption of water by capillarity of 
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porous inorganic materials employed in the field of Cultural Heritage by putting in contact a 

fixed surface with water. For each type of stone, cubic samples of dimensions 3x3x3 cm, were 

firstly dried until constant mass in an oven (60 ± 2 °C) and then put in a drier for 3 h. 

Samples’ surfaces were covered with an aluminium tape leaving only one surface free, that one 

on which the consolidating treatments will be applied. Each specimen was individually placed 

on a filter paper saturated with distilled water and then, at regular intervals, each sample was 

weighted. For each samples, the quantity of absorbed water for unit of surface was calculated 

as follow: 

 
10000 




A

mm
Q i

i

   
 

where mi  (g) is the specimen mass at time ti, m0 (g) is the mass of the dried specimens and A is 

the specimen’s surface (cm2). 

This parameter was represented graphically as a function of the square root of time and the 

capillary water absorption coefficient, defined as the angular coefficient of this curve, was 

calculated by linear regression of the experimental data. The analyses were performed before 

and after treatments on the same set of specimens (three samples). During the analyses, 

samples were stored at laboratory temperature and relative humidity. The results are reported 

as the average of the analysed samples and the associated error is expressed as standard 

deviation. 

2.3.7 Dry index 

As for water absorption through capillarity, the measurement of dry index provides 

information about change in water transport inside the stone after the application of a 

consolidation treatment. The normative NORMAL 29/88 defines a method to calculate the 

drying rate of the specimen [49]. This protocol was performed directly after the capillary water 

absorption test. The samples were immersed in distilled water until constant mass was reached 

and then put in a drier on a rigid network of non-oxidizable material. The samples were 

regularly weighted till a constant weight was reached. The amount of water remained in the 

samples (Qi) at time ti was calculated as: 

100



of

ofi

i
m

mm
Q  

where mi (g) is  the samples mass at time ti (h) and mof (g)  is the sample  mass dried at the end  
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of the proof. 

The drying rate is an evaluation of water transport behaviour of the stone and with these 

experimental values it is possible to built a dry curve of values of Qi in function of time. To 

study the evolution of the drying curve for the different supports, the rate at which the 

samples dry is needed. 

The analyses were performed before and after treatments on the same set of specimens (three 

samples). During the analysis, the drier was stored at laboratory temperature and relative 

humidity conditions. The results are reported as the average of the analysed samples and the 

associated error is expressed as standard deviation. 

2.3.8 Water vapour permeability 

This type of analysis measures the behaviour of a material at humidity passage and allows to 

detect the resistance of the material to the diffusion of water vapour. The followed standard to 

perform the water vapour permeability test is DIN 52 615 [50]. It allows to calculate this 

factor trough similar parameters: water vapour permeability coefficient (g), water vapour 

resistance factor (μ), density of water vapour flow rate (WDD). In this project, the 

comparison of results between treated and untreated samples is reported as g value. 

This proof was performed on regular samples with dimension of 5x5x1 cm and covered on 

the lateral surfaces, placed and fixed on open vessels half-filled with a saturated salt solution of 

sodium carbonate to reach an internal RH% of 93%. These vessel-sample systems were 

allocated in a room with constant air temperature (23°C) and RH% (50%) and they were 

weighted at specific time intervals. In fact, the mass loss allows to determine the quantity of 

water vapour diffused through the specimens. Weighing was repeated until the reaching of a 

steady state. The analyses were performed before and after treatments on the same set of 

specimens (three samples). During the analysis, samples were stored at room temperature and 

relative humidity conditions. The results are reported as the average of the analysed samples 

and the associated error expressed as standard deviation. 

2.3.9  Nuclear magnetic resonance relaxometry (NMR) 

NMR relaxometry is a technique used in the field of Cultural Heritage to characterize pore-

space structure of high surface-to-volume ratio (S/V) systems and, in recent years, it has been 

increasingly applied to characterize and monitor works of art of Cultural Heritage interest 

[51]–[54]. Through the study of the return to equilibrium of the nuclear magnetization of 
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water 1H nuclei - which fully saturate the porous system - after an appropriate sequence of 

radiofrequency pulse, it is possible to acquire qualitative information about pore size 

distribution [55], [56].  

The process of the return back to equilibrium is called “relaxation”  and it is characterized by a 

constant decay time named relaxation time. The transverse relaxation time T2 is the decay 

time related to the component xy of the nuclear spin magnetization in the xy plane, while the 

longitudinal relaxation time T1 is the decay connected to the z component of the nuclear spin 

magnetization [51]. Being non-destructive and non-invasive, it is possible to obtain both 

transverse (T2) and longitudinal (T1) relaxation time distributions of water protons, before 

and after the application of a consolidating treatment. NMR measurements were performed 

by a relaxometer mq-ProFiler equipped with single-sided magnet (Bruker Biospin ®, Italy) 

which works at a Larmor frequency of about 15 MHz (Fig. 2.3). 

 

Figure 2.3 - Schematic representation of NMR mouse [57]. 

The sensitive volume xyz from which the resonant conditions were obtained is about 

2x0,2x0,8 cm3, where the x and y axes are parallel and perpendicular to the magnet surface, 

respectively; while, z coincides to the direction of the main magnetic field. The longitudinal 

relaxation time was acquired by the saturation recovery-spin echo sequence (echo time 44 μs) 

and, in this case, the relaxation trendlines of the NMR signal were obtained as function of the 

saturation time (T_S), which is the time between the first and the second 90° pulses. These 

trendlines are related to the recovery of the longitudinal magnetization after a first 90° pulse; 

they start from zero and tend to saturate to a maximum value. The acquisition was carried out 

for various values of recovery delay T_S, ranging from 0.1 ms and 8500 ms. The interpulse 

delay for spin-echo signals was 44 μs, the shortest possible delay. After each sequence, a 

recycle delay of 1.2 s was set to allow the longitudinal magnetization to fully recover before 

next pulse sequence. Each measurement was the average of 16 subsequent accumulations. 

Transverse relaxation decays were obtained performing the Carr-Purcell-Meiboom-Gill 
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(CPMG) pulse sequence. In this sequence the echo time to 44 μs was set and the total number 

of echo was chosen equal to 8000. After each sequence a recycle delay of 2 ms was set to 

allow the longitudinal magnetization to fully recover before next pulse sequence. The chosen 

samples with dimensions of 10x5x2 cm were previously dried in a oven and then saturated 

under vacuum with distilled water. Before the analysis, the samples were completely covered 

with a plastic film in order to avoid any leak of water during the measurements. All the 

analyses were carried out at room temperature and the same set of samples was analysed 

before and after the application of treatments. Experimental data, acquired through the 

Minispec software, were turned into pore-size distributions by the inversion of the relaxation 

decay data using the UPEN algorithm and then, processed by OriginPro9 software4. 

2.3.10  Colorimetric measurements 

Colour measurements were performed to evaluate the aesthetic compatibility of Ca(OEt)2 

based treatments with stone supports.  

The colour measurements were made in the CIEL*a*b* colour space where L* is the 

lightness, positive and negative values, while a* and b* are the chromaticity coordinates, the 

red-green direction and the yellow-blue direction, respectively (Fig 2.4). 

 

Figure 2.4 – Representation of CIEL*a*b*  space. 

 

 The total colour difference (ΔE*) was computed as: 

2*2*2** baL   

                                                             
4 Prof. Maria Brai and her group, from the department of Physics and Chemistry of University of Palermo, are 
kindly acknowledged for their collaboration in NMR measurements. 
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According to the NORMAL 43/93 [58] colour data were acquired with a CM2600d Konica 

Minolta portable spectrophotometer with a D65 illuminant and 10° standard observer. This 

instrument has a 5 mm diameter measurement area and it is set to quantify the potential 

specular component included (SCI) colour variations due to the application of the 

consolidating treatments. This type of measurement was acquired on two different set of 

samples: a first set of prismatic samples of 5x10x2 cm on which the products were applied 

with one type of application procedure (brush till saturation) and a second one of 5x5x5 cm 

on which the products were applied with a second type of application procedures (absorption 

through capillarity); details about application procedures are reported in paragraph 2.4. For the 

first set of samples, in order to obtain a reproducible measurement, an average of 4 points 

with 3 scans each was considered for each specimen and the same set of samples was analysed 

before and after the application of treatments; data are reported as the average of three 

samples and the relative standard deviation. For the second set, data from treated and not 

treated material were acquired from the same sample on opposite surface and ten points with 

3 scans each were considered from each side. In this case data are reported as the average of 

ten measurements. 

The data were processed firstly with the Spectra Magic NX software and after with  

OriginPro9 software. The analyses were performed before and after treatments on the same 

set of specimens (three samples). The results are reported as the average of three analysed 

samples and the associated error is expressed as standard deviation. 

2.3.11  Scanning electron microscopy (SEM) 

SEM images were obtained in order to achieve information on the morphology changes 

induced by the applied products on the treated surface [42]. These analyses were performed 

using an FEI Quanta 200 FEG-ESEM and the observations were carried out in high vacuum 

condition - after metallization with carbon - and low vacuum condition with secondary 

electron detector (ETD and LFD detector, respectively) and different magnifications 

according to the information to be acquired 5. 

 

 

                                                             
5 Dr. Patrizia Tomasin, from CNR-ICMATE, Istituto di Chimica della Materia Condensata e di Tecnologie per 
l’Energia, Padova, is kindly acknowledged for the acquisition of SEM images. 
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2.3.12  Ultrasonic pulse velocity (UPV)  

Ultrasound pulse velocity is a non-destructive technique very useful to evaluate the 

effectiveness of consolidating treatment and the penetration depth reached by the product 

[59]–[61]. It is based on the propagation of ultrasonic pulse of p-waves through a material and 

the results are obtained by measuring the travel time t (s) of waves between two transducers. 

By knowing the distance d (m) between the transducers, it is possible to calculate the waves’ 

velocity propagation vp (m/s) [62]: 

 
t

d
v p   

Generally speaking, a higher p-waves velocity propagation indicates a denser material; 

therefore, the porosity decrease of a treated material due to the effect of the consolidating 

agent, produces an increase in p-waves velocity with respect to untreated material. In this 

project the direct transmission method was used: the ultrasonic transmitter and receiver were 

placed opposite to each other on opposite sides as illustrated in Fig. 2.5 (a). These 

measurements were done in profile using a particular set-up (Fig. 2.5 (b)), to evaluate the 

penetration depth of the consolidant. The measurement were acquired proceeding from the 

treated surface to the bottom. In each point, the equipment measured and recorded the travel 

time of p wave along the two transducers. 

 

 

 

 

Figure 2.5 - Ultrasonic pulse velocity (direct transmission mode): (a) transmission method and (b) set up of 

measurements. 

The equipment used is from Steinkamp (model BP-7) coupled to 45kHz exponential  

transducers, without contact material. 

This measurement was carried out in laboratory on dried samples (with dimension 5x5x5x 

cm). The results are expressed as mean value of three measurements in each point, established 
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with 5 mm interval, from 5 to 45mm. The profiles were determined before and after 

treatment. The acquired data were elaborated with OriginPro 9 software 6. 

2.3.13  Drilling Resistance measurement system (DRMS) 

DRMS is a sensitive and micro-destructive technique that provides information about stone 

resistance. It allows to have information about the efficacy of a consolidating treatment and 

also the penetration depth reached by product [63]–[65]. It is based on the determination of 

the hardness of stone material, a parameter related to the drilling penetration force (in 

Newton) necessary to drill a hole under defined and controlled operative conditions such as: 

the rotational speed and the penetration rate. For comparative purpose, these conditions must 

be kept constant for both not-treated and treated material [63], [66]. The result is a graph 

showing the force, measured and recorded each 0,1 mm, versus depth. The mechanical device 

consists of a power drill able to keep a constant rotational speed and to maintain a predefined 

advancing rate.  

To perform this test a 5 mm-diameter flat diamond was used and the operating conditions 

were the following: advancing rate of 10 mm/min, rotational speed of 300 rpm and 

penetration depth 10-15 cm, in accordance with the type of carbonate stone (Fig. 2.6). 

The material test was carried out on dried cubic samples (5x5x5 cm); treated and not treated 

data were obtained from the same mock-ups, on opposite surfaces and expressed as the 

average of three holes. The acquired data have been elaborated with OriginPro 9 software 7.  

 

Figure 2.6 - DRMS equipment. 

2.4 Consolidant application procedures 

Consolidating  treatments  were  applied on  stone materials  with  three  different  application  

                                                             
6 Dr. Doria Costa and her group, from Laboratório Nacional de Engenharia Civil, Lisbon, are kindly 
acknowledged for their collaboration in UPV measurements. 
7 Dr. Doria Costa and her group from Laboratório Nacional de Engenharia Civil, Lisbon, are kindly 
acknowledged for their collaboration in DRMS measurements. 
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procedures to assess how the absorption of products and the related consolidation effect are 

influenced by the application procedure:  

a) by brush till saturation: treatments were applied till saturation of the surface was 

reached, intended as the condition when stone surface remains wet for 1 min. This 

procedures was used for all tested products (Fig. 2.7 (a)); 

b) by brush with a pre-set number of brush strokes in order to avoid a colour change of 

the treated surface (Fig. 2.7 (a)). This latter type of application was considered only 

for calcium ethoxide diluted in ethanol and CaLoSil E50 because the purpose of this 

second application was only to the evaluate the compatibility between the products 

and the stone supports. To understand how many applications have to be applied 

before having a colour change of the surface, a colorimetric measurement was 

performed after each brush stroke of calcium ethoxide diluted in ethanol till the 

maximum value of ΔE* < 5 was reached. To better compare the results obtained with 

the reference product and to limit the number of variables, CaLoSil E50 was applied 

in the same number of brush strokes. This procedure was used only for Ca(OEt)2 

nanosuspension diluted in ethanol and CaLoSil E50. 

c) by absorption through capillarity (Fig. 2.7 (b)): samples were allocated on glass rods 

in the base of a vessel containing the consolidating product and were left to absorb the 

product by capillarity contact for 90 minutes (a time interval decided on the base of 

previous tests). To avoid formation of superficial deposits, the surfaces left in contact 

with the product were cleaned with the same solvent used to prepare the consolidating 

treatment (ethanol, 2-butanol or n-butylacetate), immediately after the end of 

application. This procedure was used for all tested products. 

 

  

Figure 2.7 - Application forms: (a) by brush and (b) by absorption through capillarity. 
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The samples treated with the application a) were analysed with all the techniques listed in the 

previous paragraphs; those ones treated with application b) were analysed with all techniques 

except than UPV and DRMS; and, finally, samples treated with application c) were analysed 

only with UPV and DRMS. A summary of the techniques and tests applied for each type of 

application procedures and type of product is listed in Tab. 2.3. 

Table 2.3 - Techniques and material tests applied for each type of application procedure. 

PROCEDURE 

CODE 

APPLIED 

PRODUCT 

CODE 

STONE 

SUPPORT 
TECNIQUES AND MATERIAL TESTS 

a) 

1. ET 

2. 2BUT 

3. NBUT 

4. CAL 

ALL 

(UPV and 

DRMS were 

not performed 

on marble) 

• Water absorption by capillarity  

• Determination of drying curve   

• Water vapour Permeability  

• NMR Relaxometry 

• Mercury Intrusion Porosimetry (MIP) 

• Surface observation with SEM 

• Colorimetric measurements 

• Ultrasonic pulse velocity 

• Drilling resistant measurement system 

b) 

 

 

1. ET 

2. CAL 

ALL 

(UPV and 

DRMS were 

not performed 

on marble) 

• Water absorption by capillarity  

• Determination of drying curve   

• Water vapour Permeability  

• NMR Relaxometry 

• Mercury Intrusion Porosimetry  

• Surface observation with SEM 

• Colorimetric measurements 

c) 

1. ET 

2. 2BUT 

3. NBUT 

4. CAL 

Lecce 

Noto 

Vicenza 

• Ultrasonic pulse velocity 

• Drilling resistant measurement system 

• Colorimetric measurements 
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    CHAPTER 3 

    Results and Discussion 

 

Summary 

This chapter presents the results regarding the characterization of the three products 

obtained by diluting calcium ethoxide nanosuspension1 in three organic solvents (ethanol, 2-

buthanol and n-butylacetate) and the study concerning their performance as consolidating 

agents for carbonate stones with different porosity. The first part, focused on the 

characterization of products, includes studies concerning the kinetic of the carbonation 

process, reaction pathway and individuation of mineralogical phases formed at different 

RH% conditions. The second part regards the characterization of carbonate supports, the 

application of new obtained products on laboratory mock-ups - compared with a reference 

product - and an efficacy evaluation of consolidating treatments, through the comparison 

between treated and untreated samples.  

 

3.1 Kinetic of carbonation process and reaction pathway 

In this section the results about kinetic and reaction pathway of the carbonation process 

occurring between the products and the atmosphere are reported. The investigated products 

were those obtained by diluting calcium ethoxide nanosuspension in ethanol, 2-butanol and n-

butylacetate to reach a calcium concentration of 20 g/L. All products were analysed both 

alone and mixed with the powdered stones, to understand if the presence of the substrate 

could affect the carbonation process. Both kinetic process and reaction pathway were 

monitored by collecting μFT-IR spectra at different times, from the beginning of the analysis - 

the laying of a drop of the product on a glass slide - till complete conversion of compounds to 

calcium carbonate.  

Regarding the kinetic results, for each product, three graphs are reported: 

                                                             
1 The term calcium ethoxide - Ca(OEt)2 - is referred to the nanosuspension in a 1:3 solution (v/v %) of EtOH 

and THF, with an initial calcium concentration of 46.5 g/L. 
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 the first graph shows five different spectra (from the bottom to the top: the beginning 

of   the  analysis; first appearance of peaks related to calcium carbonate;  the  spectrum 

recorded after ten minutes; after six hours and finally after two weeks); 

 the second graph focuses on the situation when calcium carbonate peaks start to 

emerge; 

 the third graph is referred to the carbonation reaction almost completed. 

The analysed products will be labelled in the text with the following acronyms: 

 ET: Ca(OEt)2 nanosuspension diluted in ethanol; 

 2BUT: Ca(OEt)2 nanosuspension diluted in 2-butanol; 

 NBUT: Ca(OEt)2 nanosuspension diluted in n-butylacetate; 

3.1.1 Calcium ethoxide in ethanol  

The Fig. 3.1 (a) reports the spectra collected at different times and, therefore, the evolution 

of calcium carbonate formation from the beginning of the reaction till two weeks later. After 

alcohol evaporation in the first instants, a broad vibrational band related to the presence of 

carbonate ion 2

3CO in the region between 1400-1480 cm-1 (asymmetric stretching mode υ3 of 

2

3CO ) starts to be present after two minutes from the beginning of the reaction (Fig 3.1 (b)) 

[1]–[3]. 
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Figure 3.1 - µFT-IR spectra showing kinetic process of ET: (a) entire process, (b) spectrum acquired after 2 minutes 

and (c) spectrum acquired after 6 hours. Time intervals: start, beginning of the reaction; 2m, two minutes; 10m, ten 

minutes; 6h, six hours; 2w, two weeks. 

After six hours (Fig 3.1 (c)), only peaks related to amorphous calcium carbonate (ACC) are 

present: 1406-1480 cm-1 (asymmetric stretching mode υ3 of 2

3CO ), 1060 cm-1 (symmetric 

stretching mode υ1 of 2

3CO ) and 864 cm-1 (out of plane bending mode υ2 of 2

3CO ) [4]–[6]. 

Furthermore, the broad band between 2700 and 3600 cm-1 related to O-H stretching is 

present from the beginning till two weeks later and corresponds to structural water within 

ACC [7], [8]. After two weeks (green spectrum in Fig. 3.1 (a)), the results remain constant, 

showing the presence of ACC, confirmed by absorption peak at 864 cm-1. 

Regarding the reaction pathway, absorption peaks at 1650 and 1320 cm-1, corresponding 

respectively to asymmetrical and symmetrical stretching of CH3CH2OCO2, have been 

observed (Fig. 3.2) [9], [10]. These peaks are related to the insertion of CO2 in the Ca-O bond 

of calcium ethoxide producing the corresponding calcium ethyl carbonate, which successively 

transforms into CaCO3 by hydrolysis. In fact, this absorption peak decreases until it disappears 

in about 6 hours, being replaced by the characteristic signals of CaCO3. However, the 

presence of an absorption peak at 3645 cm-1 related to O-H stretching [8], [11] suggests also a 

second kinetic pathway due to a hydrolysis process leading first to the formation of Ca(OH)2, 

which successively undergoes a carbonation process through CO2 insertion into the Ca–O 

bond of Ca(OH)2. Small signals at 1470-1483 and 1380 -1410 cm-1 evidence the formation of 

various coordinated bicarbonate groups, as reported in [10], [12], which overlap CaCO3 

absorption bands. 
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Figure 3.2 - µFT-IR spectrum showing reaction pathway of ET.  

After two weeks, peak related to O-H stretching (3645 cm-1) is still present - as shown by the 

green spectrum in Fig 3.1 (a) - evidence that the carbonation process is not concluded. The 

presence of powdered carbonate stones mixed with the analysed product does not affect the 

kinetic and the reaction pathway of ET, as observed in the spectra reported in Fig A.1 in 

Appendix A. 

3.1.2 Calcium ethoxide in 2-buthanol 

The kinetic of carbonation process for this product is reported in Fig. 3.3 (a). As for 

Ca(OEt)2 nanosuspension diluted in ethanol, the formation of calcium carbonate starts after 

two minutes as shown by the presence of absorption peaks in the region between 1415-1460 

cm-1 (Fig. 3.3 (b)). After six hours, only peaks related to calcium carbonate are evident: 1410-

1480, 1074, 864 cm-1 (Fig. 3.3 (c)). After two weeks, only amorphous calcium carbonate is 

present with characteristic absorption peak at 864 cm-1 (green spectrum in Fig. 3.3 (a)).  
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Figure 3.3 - µFT-IR spectra showing kinetic process of 2BUT: (a) entire process, (b) spectrum acquired after 2 

minutes and (c) spectrum acquired after 6 hours. Time intervals: start, beginning of the reaction; 2m, two minutes; 

10m, ten minutes; 6h, six hours; 2w, two weeks. 

As for calcium ethoxide diluted in ethanol, the followed reaction pathway involves the  

insertion of CO2 inside Ca-O bond as testified by the bands at 1640 and 1328 cm−1 which 

disappear in few minutes, attributed to asymmetrical and symmetrical stretching of 

CH3CH2OCO2 groups, respectively (Fig. 3.4) [9], [10].  

 

Figure 3.4 - µFT-IR spectrum showing reaction pathway of 2BUT.  

Also in this case, a second reaction pathway occurs as shown by the peak at 3645 cm-1 

associated to O-H stretching. This peak, looking at the orange spectrum in Fig 3.3 (c), 

disappears after six hours, indicating a faster carbonation process compared to ET. 

The kinetic and the reaction pathway of 2BUT are not influenced by the presence of 

powdered carbonate stones, as observed in the spectra reported in Fig. A.2 in Appendix A. 

The difference between ET and 2BUT are only related to the duration of the carbonation 

process; in fact,  after two weeks, this process is still ongoing for ET, while it is completed for 

2BUT. 
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3.1.3 Calcium ethoxide in n-butylacetate  

Fig. 3.5 (a) reports the kinetic process of calcium ethoxide nanosuspension diluted in n-

butylacetate. Differently from the alcohols seen in the previous paragraphs, the presence of 

this solvent delays the beginning of the carbonation process. In fact, a first broad band in the 

region between 1410-1470 cm-1 starts to be present at six minutes from the beginning of the 

reaction (Fig. 3.5 (b)). After six hours (Fig. 3.5 (c)), peaks related to 2

3CO are clearly 

present: 1420-1470, 1077, 864 cm-1. Also in this case, the final calcium carbonate is 

amorphous with characteristic absorption peak at 864 cm-1 and the broad band between 2700 

and 3600 cm-1 related to O-H stretching, corresponds to structural water within ACC. This 

delay in the beginning of the carbonation process may be explained with the low volatility of 

solvent. In fact, as reported in Table 2.1 (chapter 2, paragraph 2.2.1.2), n-butylacetate has the 

higher boiling point respect to other used solvents. 

 

  

Figure 3.5 - µFT-IR spectra showing kinetic process of NBUT: (a) entire process, (b) spectrum acquired after 6 

minutes and (c) spectrum acquired after 6 hours. Time intervals: start, beginning of the reaction; 6m, six minutes; 

10m, ten minutes; 6h, six hours; 2w, two weeks. 
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Differently from the product diluted in alcohols, in this case only one reaction pathway occurs 

shown by the  presence of vibrational peaks at 1634 and 1328 cm-1 and by the lack of peak at  

3645 cm-1 related to the formation of Ca(OH)2 (Fig 3.6).  

 

Figure 3.6 - µFT-IR spectrum showing reaction pathway of NBUT. 

The presence of powdered carbonate stones does not affect the kinetic and the reaction 

pathway of NBUT as observed in the spectra reported in Fig. A.3, Appendix A. 

3.1.4 Final remarks 

Results regarding the kinetic pathway show how both alcohols - ethanol and 2-buthanol - lead 

to the formation of first peaks related to calcium carbonate after two minutes, while n-

butylacetate, probably due to its higher boiling point, delays this process allowing the 

formation of characteristic calcium carbonate peaks after six minutes from the beginning of 

the reaction. All products lead to the formation of amorphous calcium carbonate - differently 

from what will be shown in the following paragraphs for coating analysis for which crystalline 

phases are always formed when laboratory temperature and relative humidity conditions are 

kept constant during the day and the weeks. Furthermore, a difference between two alcohols 

is evident regarding the kinetic of the carbonation process which after two weeks ends for 

2BUT, while for ET it is not concluded.  

The study of reaction pathway highlights how only for the alcohols both carbonation 

pathways occur: 1) insertion of a CO2 molecule within the Ca-O bond with a formation of an 

intermediate ethyl carbonate followed by hydrolysis and alcohol elimination, and 2) a first 

hydrolysis of the alkoxide with the formation of calcium hydroxide as intermediate, which 

subsequently carbonates. Instead, for calcium ethoxide diluted in n-butylacetate only the first 

reaction pathway takes place. This difference with alcohols may be related to the type of 
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solvent which reduces the quantity of water and therefore the presence of OH groups 

available. 

3.2 Coating analysis 

The phase identification of final products of deposits left in two different RH% conditions - 

50% and 90% - was carried out by XRD and µFT-IR techniques. These measurements were 

performed on prepared samples left in constant RH% condition for two weeks, one month 

and three months.  

XRD and µFT-IR analyses were also performed on CaLoSil E50, previously diluted in ethanol 

to reach a calcium concentration of 20 g/L. 

The analysed coatings will be indicated with the following acronyms: 

 ET50 and ET90 will be Ca(OEt)2 diluted in ethanol preserved at 50% RH and 90% 

RH, respectively; 

 2BUT50 and 2BUT90 will be Ca(OEt)2 diluted in 2-butanol preserved at 50% RH and 

90% RH, respectively; 

 NBUT50 and NBUT90 will be Ca(OEt)2 diluted in n-butylacetate preserved at 50% 

RH and 90% RH, respectively; 

 CAL50 and CAL90 will be CaLoSil E50 preserved at 50% RH and 90% RH, 

respectively.  

3.2.1 Calcium ethoxide in ethanol  

Results obtained after two weeks at 50% RH and 90% RH, for both XRD and µFT-IR 

analyses, are reported in Fig 3.7 and Fig 3.8, respectively. At 50% RH, XRD results show the 

presence of portlandite with hexagonal structure and characteristic reflections at 2θ = 

17.9°/34° (ICCD: 00-001-1079) together with a carbonatic phase also characterized by vaterite 

with hexagonal structure and main reflection at 2θ = 27° (ICCD: 00-001-1033) [13]–[16] (Fig. 

3.7 (a)). µFT-IR spectrum confirms the presence of vaterite with characteristic absorption 

peak at 1088 cm-1 [6] and portlandite with absorption peak at 3645 cm-1 due to O-H stretching 

(Fig 3.7 (b)).  
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Figure 3.7 - ET50 after two weeks: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: P, 

portlandite; V, vaterite. 

 

At 90% RH, there is still portlandite with the same structure and a co-presence of carbonatic 

phases of vaterite and calcite. The latter has a rhombohedral structure and principal reflection 

at 2θ = 29° (ICCD: 01-072-1651) (Fig. 3.8 (a)) [17]. µFT-IR results are consistent with XRD; 

in fact at 90% RH there are vaterite, calcite (713 cm-1) and portlandite (Fig 3.8 (b)). The 

presence of portlandite after two weeks proves that the carbonation process is not concluded, 

confirming the results shown in the paragraph 3.1.1 regarding kinetic measurements. But, 

differently from them, the final calcium carbonate is present in a crystalline phase, a difference 

probably due to the constant RH% condition which remain constant during all the analysed 

period. 

  

Figure 3.8 - ET90 after two weeks: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: P, 

portlandite; C, calcite; V, vaterite. 

XRD and µFT-IR measurements after one month at 50% RH show only the presence of 

vaterite, while peaks related to portlandite disappeared indicating that the carbonation process 

is ended (Fig 3.9. (a) - (b)). 
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Figure 3.9 - ET50 after one month: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: V, 

vaterite. 

At 90% RH both the presence of vaterite (ICCD 00-033-0268) and calcite (ICCD 00-003-

0612) are shown by XRD analysis while peaks related to portlandite are not detected (Fig 3.10 

(a)); however, µFT-IR confirms only the presence of vaterite and the lack of calcite; this 

discordance is probably due to the fact that µFT-IR analysis is a punctual technique (Fig 3.10 

(b)).  

  

Figure 3.10 - ET90 after one month: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: C, 

calcite; V, vaterite. 

Finally,  Fig. 3.11 and Fig. 3.12 report the results after three months and both the techniques 

confirm the presence of calcite only at 90% RH. 
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Figure 3.11 - ET50 after three months: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: V, 

vaterite. 

  

Figure 3.12 - ET90 after three months: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: 

C, calcite; V, vaterite. 

 

Tab 3.1 shows the results obtained from the coating analysis of Ca(OEt)2 nanosuspension 

diluted in ethanol at different time intervals and for both relative humidity conditions.  

Table 3.1 - Summary of coating results of ET.  

Sample 
XRD/µFT-IR analyses 

portlandite vaterite calcite 

ET50 2W ✓ ✓  

ET90 2W ✓ ✓ ✓ 

ET50 1M  ✓  

ET90 1M  ✓ ✓ 

ET50 3M  ✓  

ET90 3M  ✓ ✓ 
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Portlandite is present only after two weeks for both relative humidity conditions, result 

consistent with kinetic measurements discussed in paragraph 3.1.1, showing that the 

carbonation process is not completed within this time interval. After one month and three 

months, the absence of portlandite shows that the formation of calcium carbonate polymorph 

is completed. Vaterite is formed for both relative humidity conditions, while calcite forms only 

at 90% RH probably because the major presence of water allows the process of dissolution of 

vaterite and crystallization of calcite [7], [18], [19]. The prevalence of vaterite at 50% RH can 

be ascribed to the presence of ethanol which, as reported by Manoli et al. [20], influences the 

morphology of the vaterite precipitation crystals stabilizing this phase and preventing the 

transformation to the more thermodynamically stable calcite. Therefore, despite vaterite is the 

most thermodynamically unstable polymorph of calcium carbonate, in terms of crystallization 

it is kinetically the most favoured of the three polymorphs in all relative humidity conditions 

[21], [22], [23].  

3.2.2 Calcium ethoxide in 2-butanol 

XRD and µFT-IR results regarding Ca(OEt)2 diluted in 2-butanol after two weeks obtained at 

50% and 90% RH, are illustrated in Fig. 3.13 and Fig. 3.14, respectively. As for Ca(OEt)2 

diluted in ethanol, XRD shows the formation of calcite (ICCD 01-072-1651) only for 90% 

RH value (Fig. 3.14 (a)), while vaterite (ICCD 00-001-1033) is present for both relative 

humidity conditions (Fig 3.13 (a) and Fig 3.14 (a)).  

  

Figure 3.13 - 2BUT50 after two weeks: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: 

V, vaterite. 

µFT-IR measurements confirm this results showing the characteristic vibrational peaks of 

calcite at 876  and 712 cm-1 only at 90% RH (Fig. 3.14 (b)). Differently from ET50 and ET90, 

in this case portlandite is not present, confirming the kinetic results reported in paragraph 
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3.1.2 and showing that the carbonation process is already concluded after two weeks. Also in 

this case, the final calcium carbonate phase is not amorphous. 

  

Figure 3.14 - 2BUT90 after two weeks: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: 

C, calcite; V, vaterite. 

XRD results after one month confirm the presence of vaterite (ICCD 00-004-0844) at 50% 

RH (Fig. B.1 (a) in Appendix B) and of both vaterite (ICCD 00-001-1033) and calcite with 

the typical reflection at 2θ = 29° (ICCD 01-072-1650) at a 90% RH (Fig. B.2 (a) in 

Appendix B). The characteristic vibrational peaks acquired by µFT-IR at both relative 

humidity conditions are consistent with XRD results (Fig B.1 (b) and Fig. B.2 (b) in 

Appendix B). 

Finally, the results after three months (Fig. B.3 and Fig B.4 in Appendix B) totally match 

with those ones obtained after one month. 

The Tab 3.2 summarizes the results obtained from the coating analysis of Ca(OEt)2 

nanosuspension diluted in 2-butanol for the different time intervals and for all relative 

humidity conditions. Differently from ET, coating characterization shows that after two weeks 

the carbonation process ends, confirming the kinetic results; in fact, peaks related to 

portlandite are not detected by XRD and µFT-IR for both RH% conditions at this stage. 

While, after one month and three months both ET and 2BUT show the same results, vaterite 

at 50% RH and vaterite and calcite at 90% RH. Also in this case, the presence of vaterite at 

50% can be ascribed to the presence of alcohols, as explained before for Ca(OEt)2 diluted in 

ethanol. 
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Table 3.2 - Summary of coating results of 2BUT.  

Sample 
XRD /µFT-IR analyses 

vaterite calcite 

2BUT50 2W ✓  

2BUT90 2W ✓ ✓ 

2BUT50 1M ✓  

2BUT90 1M ✓ ✓ 

2BUT50 3M ✓  

2BUT90 3M ✓ ✓ 

 

3.2.3 Calcium ethoxide in n-butylacetate  

The use of n-butylacetate produced different results with respect to the alcohols. After two 

weeks at 50% RH, XRD shows the presence of an amorphous phase (Fig 3.15 (a)) in 

accordance with µFT-IR analysis where peaks related to amorphous calcium carbonate (1400-

1490, 1070, 864cm-1) are evident (Fig 3.15 (b)). Differently from ET and 2BUT, for which a 

constant condition of RH% leads to the formation of a crystalline polymorph, the amorphous 

phase connected to the presence of n-butylacetate could be related to the higher boiling point 

of this solvent which delays the formation of crystalline calcium carbonate. 

  

Figure 3.15 - NBUT50 after two weeks: (a) XRD pattern and (b) µFT-IR spectrum.  

The diffractogram obtained at 90% RH (Fig. 3.16 (a)) shows a crystalline phase related to 

both vaterite (ICCD 00-001-1033) and calcite (ICCD 00-024-0027). These results are 

confirmed by µFT-IR analysis (Fig. 3.16 (b)).  
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Figure 3.16 - NBUT90 after two weeks: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: 

C, calcite; V, vaterite. 

The results after one month show again an amorphous phase at 50% RH, as both XRD and 

µFT-IR analyses indicate (Fig. 3.17).  

  

Figure 3.17 - NBUT50 after one month: (a) XRD pattern and (b) µFT-IR spectrum. 

 

Differently from 50% RH, at 90% RH vaterite is present (ICCD 00-033-0268) (Fig. 3.18 (a)).  

  

Figure 3.18 - NBUT90 after one month: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: 

V, vaterite. 

After three months a crystalline phase of vaterite (00-001-1033) is shown for an RH value of 
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 50% (Fig 3.19 (a)) and confirmed by µFT-IR analysis, with the characteristic vibrational peak 

at 873 cm-1 (Fig. 3.19 (b)). The set of results points out that the formation of crystalline 

phases of calcium carbonate is possible when constant value of RH% are considered, but the 

crystallization process is slower when compared with the use of ethanol and 2-buthanol. 

This effect might be related to the higher boiling point of n-butylacetate which delays the 

carbonation process.  

  

Figure 3.19 - NBUT50 after 3 months: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: V, 

vaterite. 

Results at 90% RH (Fig 3.20 (a) - (b)) after three months remain constant respect to those 

obtained after one month. In fact, only the presence of vaterite is confirmed by both XRD 

and µFT-IR analyses. 

  

Figure 3.20 - NBUT90 after 3 months: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: 

V, vaterite. 

The Tab 3.3 summarizes the results obtained from the coating analysis of Ca(OEt)2 

nanosuspension diluted in n-butylacetate at different time intervals and for all relative 

humidity conditions. As mentioned before, the presence of amorphous calcium carbonate at 

50% RH after two weeks and one month, could be related to the higher boiling point of the 
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solvent which delay the formation of a crystalline phases despite a constant value of RH%. On 

the contrary, a higher value of RH% promotes the formation of a crystalline phase.  

Table 3.3 - Summary of coating results of NBUT. ACC - amorphous calcium carbonate. 

Sample 
XRD /µFT-IR analyses 

ACC vaterite calcite 

NBUT50 2W ✓   

NBUT90 2W  ✓ ✓ 

NBUT50 1M ✓   

NBUT90 1M  ✓  

NBUT50 3M  ✓  

NBUT90 3M  ✓  

 

3.2.4 CaLoSil E50 

The carbonation process of CaLoSil E50 at different relative humidity conditions was also 

studied to compare its behaviour respect to the other three products based on calcium 

ethoxide. XRD results show that an RH value of 50% leads to the formation of the crystalline 

phase of aragonite (ICCD 00-001-0628) with typical reflections at 2θ = 26°/45.7° (Fig. 3.21 

(a)) [17]. This result is different respect to those obtained from products based on calcium 

ethoxide in which aragonite has never been formed. The presence of aragonite is confirmed 

by µFT-IR where characteristic vibrational peak of aragonite at 855 cm-1 is shown (Fig. 3.21 

(b)) [6], [24]. The presence of aragonite could be due to some internal modification of vaterite 

crystal [25]. 

  

Figure 3.21 - CAL50 after two weeks: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: A, 

aragonite. 
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On the contrary, a higher quantity of water at 90% RH leads to the formation of both vaterite 

(ICCD 00-001-1033) and calcite (ICCD: 01-072-1651) as shown by XRD pattern in Fig 3.22 

(a). These results are consistent with characteristic absorption peaks at 1085 and 745 cm-1 for 

vaterite and 713 cm-1for calcite, shown by µFT-IR spectrum (Fig. 3.22 (b)). 

  

Figure 3.22 - CAL90 after two weeks: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: 

C, calcite; V, vaterite. 

 

After one month and three months the XRD and µFT-IR results remain constant, confirming 

the presence of aragonite at 50% RH and vaterite and calcite at 90% RH. The graphs are 

reported in Appendix B (Fig. B.5, B.6, B.7, B.8). 

The Tab 3.4 summarizes the results obtained from the coating analysis of CaLoSil for all time 

intervals and relative humidity conditions. Differently from another study [23], no portlandite 

has been detected at 50% RH; this result can be ascribed to a quick carbonation process. 

Table 3.4 - Summary of coating results of CAL.  

Sample 
XRD/µFT-IR analyses 

aragonite vaterite calcite 

CAL50 2W ✓   

CAL90 2W  ✓ ✓ 

CAL50 1M ✓   

CAL90 1M  ✓ ✓ 

CAL50 3M ✓   

CAL90 3M  ✓ ✓ 
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3.3 Characterization and analysis of treated samples  

In the following paragraphs the results regarding the performance of the consolidating 

products on different carbonate stones are shown, divided on the basis of the three different 

application procedures:  

 brush till saturation;  

 brush with a pre-set number of brush strokes; 

 absorption through capillarity.   

For each type of stone support, the results involve:  

 characterization of chemical composition of support, obtained by Thermogravimetric 

analysis/Differential Scanning Calorimetry (TG-DSC) and Fourier Transform Infrared  

Spectroscopy (FT-IR); 

 results of the effect due to the ageing process performed for each type of stone 

support before the application of the consolidating products, evaluated with mercury 

intrusion porosimetry (MIP); 

 results about the performance - effectiveness and compatibility - of the four 

consolidating products applied with different application procedures and evaluated 

with several techniques and material tests as listed in chapter 2, paragraph 2.4. For 

each type of analysis, data obtained from treated samples are analysed by comparing 

them with the respective untreated as references. 

As for the study of carbonation process and coating analysis, the analysed products will be 

labelled with the following acronyms: 

 ET: Ca(OEt)2 nanosuspension diluted in ethanol; 

 2BUT: Ca(OEt)2 nanosuspension diluted in 2-butanol; 

 NBUT: Ca(OEt)2 nanosuspension diluted in n-butylacetate; 

 CAL: CaLoSil E50 diluted in ethanol. 

For each type of application procedure, samples will be labelled as follow: 

 untreated samples, which refers to samples already subjected to the ageing process: 

Lecce stone (L_NT), Noto stone (N_NT), Vicenza stone (V_NT) and Carrara marble 

(M_NT); 
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 samples treated with Ca(OEt)2 nanosuspension diluted in ethanol: support initial 

letter_ET (L_ET, N_ET, V_ET, M_ET); 

 samples treated with Ca(OEt)2 nanosuspension diluted in n-butylacetate: support initial 

letter _NBUT (L_NBUT, N_ NBUT, V_ NBUT, M_ NBUT); 

 samples treated with Ca(OEt)2 nanosuspension diluted 2-butanol: support initial letter 

_2BUT (L_2BUT, N_ 2BUT, V_ 2BUT, M_ 2BUT); 

 samples treated with CaLoSil E50 diluted in ethanol: support initial letter _CAL 

(L_CAL, N_ CAL, V_ CAL, M_ CAL). 

3.3.1 Lecce stone 

Lecce stone was chemically characterized by TG-DSC and FT-IR analyses. The first one 

shows that this stone is mainly composed by 91.9%, of calcium carbonate, determined on the 

basis of the mass loss of 39.9% between 600-800 °C (Fig. 3.23 (a)) [3], [26]–[28]. FT-IR 

analysis confirms this result showing the characteristic vibrational bands of calcite at 1450 cm-1 

(asymmetric stretching mode υ3), 876 cm-1 (out of plane bending mode υ2) and, finally at 713 

cm-1 (υ4 in plane bending mode) [6], [29]–[32]. The further peak at 1034 cm-1 is connected to 

the presence of silicate minerals. In fact bands in the region 1150-1000 cm-1 are associated to 

asymmetric stretching vibration of silicon-oxygen group (Si-O) [33]–[36]. 

  

Figure 3.23 - Chemical characterization of Lecce stone by (a) TG-DSC and (b) FT-IR analyses. 

The stone was subjected to an artificial ageing and mercury intrusion porosimetry 

measurements, performed before and after the ageing process (Fig. 3.24 (a) and (b)), 

highlight the increase of total open porosity value, from an initial value of 34.4 ± 0.5% to a 

final value of 37.6 ± 0.9%. This change of open porosity led to an increase of total cumulative 

volume from 201.8 ± 2.1 mm3/g to 223.8 ± 1.3 mm3/g and an increase of medium pore 

radius in the range 1-4 µm. 
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Figure 3.24 - Cumulative pore volume and volume distribution versus pore radius of (a) not aged and (b) aged Lecce 

stone. 

In the following paragraphs, results concerning the efficacy of four different products as 

consolidating agents, applied on Lecce stone with three different application procedures, are 

reported. 

3.3.1.1 Application procedure: by brush till saturation 

In this section, results related to the application by brush till saturation of three products 

based on Ca(OEt)2 nanosuspension and the reference one (CaLoSil E50) are discussed.  

Tab. 3.5 presents data regarding the amount of consolidant retained after one month from 

the application. The results are reported as a range of value between the minimum and the 

maximum quantity for each type of product. Differences among quantity of product retained 

for samples treated with the same product are probably due to the different shape of mock-

ups (in accordance to the different analyses, mock-ups of different dimensions were 

necessary). More details of product retained in relation to the different analyses are shown in 

Tab. C.1 in Appendix C. 

Table 3.5 - Application by brush till saturation: range of amount of product retained after one month from the 

application. 

Product Quantity of product retained (kg/m2) 

ET 0.016 – 0.115  

NBUT 0.012 – 0.108  

2BUT 0.017 – 0.165  

CAL 0.012 – 0.097  

 

The change in water transport properties was studied through capillarity water absorption test, 

drying rate and water vapour permeability test. Each type of test was carried out according to 



Chapter 3: Results and Discussion 

 

90 
 

specific Italian and European standard as described in chapter 2; data are reported as the 

average of three samples. 

Fig. 3.25 graphically reports the capillary water absorption for each type of product applied. 

Looking at the first 45 minutes of the analysis ( 50 s1/2), the amount of water uptake, 

expressed as the amount of water absorbed Q (mg/cm2) as a function of the square root of 

time (s1/2), is lower for all treated samples, compared to untreated ones. The higher decrease 

of capillary water absorption is registered with L_2BUT (Fig 3.25 (c)). This result agrees with 

data reported in Tab C.1, which shows a higher amount of product when 2BUT is applied.  

  

  

Figure 3.25 - Quantity of water absorbed by capillarity, comparison before and after treatment: (a) L_ET, (b) 

L_NBUT, (c) L_2BUT and (d) L_CAL.  

The histogram in Fig. 3.26 compares the difference of average capillary water absorption 

coefficient (CWAC) between treated and untreated samples. All treatments cause a reduction 

of absorption coefficient, but the main difference between treated and untreated samples is 

observed for L_2BUT, with a reduction (from 12.2 ± 1.7 mg/cm2∙s1/2 to 9.2 ± 1.6 

mg/cm2∙s1/2) which remains in an acceptable limit to not alter the natural properties of the 

stone (< than 25% respect to the value of untreated samples [37]). 
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Figure 3.26 - Comparison of capillary water absorption coefficient (CWAC) before and after treatment.  

Considering the drying rate, calculated as the time necessary to obtain the full drying of the 

samples, it does not give the absolute rate at which one sample dries with respect to another. 

Therefore, to obtain the rate at which the samples dry, the evolution of the drying curve must 

be studied. In this case, the behaviour of treated and untreated samples is quite similar; but, all 

treated samples take more hours to reach a drying state in comparison to untreated ones, 

especially samples L_2BUT and L_NBUT (Fig. 3.27). However, all treatments affect the 

natural behaviour of the stone in an acceptable way. 

  

  

Figure 3.27 - Comparison of drying curves before and after treatment: (a) L_ET, (b) L_NBUT, (c) L_2BUT 

and (d) L_CAL. 
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The water vapour permeability of samples reported as the water vapour permeability 

coefficient (g), changes after the application of every type of treatment, except for samples 

treated with ET (Fig. 3.28). Samples treated with 2BUT show a major decrease, in accordance 

with the capillary water absorption test for which the application of 2BUT induced a lower 

absorption of water. 

 
Figure 3.28 - Water vapour permeability test results expressed as water vapour permeability coefficient (g) and reported 

as comparison before and after treatment. 

Changing in pores size distribution was measured with two different techniques: mercury 

intrusion porosimetry and nuclear magnetic resonance relaxometry (NMR). While the first 

gives a quantitative result, NMR is a qualitative analysis which provides information about the 

variation in the pore dimensions. Smaller relaxation times correspond to pores of smaller 

dimensions, while higher relaxation times refer to pores of bigger dimensions.  

A summary of MIP data expressed as total open porosity of stone and total cumulative 

volume for each type of applied treatment is reported in Tab. 3.6.  

Table 3.6 - Porosity data obtained by MIP measurements, reported as comparison between treated and untreated 

samples.  

Sample code Total open porosity (%) 
Total cumulative volume 

(mm3/g) 

L_NT 37.6 ± 0.9 223.8 ± 1.3 

L_ET 34.1 ± 0.6 190.3 ± 4.4 

L_NBUT 34.7 ± 0.7 216.5 ± 7.2 

L_2BUT 34.2 ± 0.3 205.5 ± 5.3 

L_CAL 36.8 ± 0.6 216.7 ± 3.2 
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All the products based on Ca(OEt)2 bring to a decrease of both total open porosity with better 

results respect to CaLoSil. In fact, L_ET, L_NBUT and L_2BUT show a reduction of total 

open porosity to the initial value of not aged stone (34.4 ± 0.5%) as reported in paragraph 

3.1.1. Fig 3.29 reports a comparison of pores size distribution between treated and untreated 

samples and shows that especially NBUT causes a reduction of macropores with radius > 1 

µm respect to untreated stone. The curves related to other treatments are very similar among 

them. 

 

Figure 3.29 - Pore size distribution curves expressed as log differential intruded volume versus pore radius of untreated 

and treated samples. 

Cumulative pore volume and volume distribution are reported as function of pore radius and 

graphically shown in Fig. 3.30. As reported in Tab. 3.6, all the treatments cause a change in 

the porosity and cumulative volume distribution. In particular, NBUT and CAL lead to a 

decrease of cumulative volume for pores with radius between 1-4 µm respect to untreated 

stone with a higher decrease for NBUT; furthermore, also an increase of pores with radius 

between 0.1- 1 µm is registered (Fig. 3.30 (c) and (e)); ET causes a reduction of pores with 

radius between 1-4 µm and a small increase for pores of smaller dimension (0.1-0.8 µm) (Fig. 

3.30 (b)). Finally, 2BUT leads to a small decrease of pore with radius in the range 2-4 µm. 
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Figure 3.30 - Cumulative pore volume and volume distribution versus pore radius: (a) L_NT, (b) L_ET, (c) 

L_NBUT, (d) L_2BUT and (e) L_CAL. 

Changes in pores size distribution due to application of treatments obtained with NMR 

analysis were evaluated through transverse relaxation time distributions (T2), more readable 

respect to longitudinal relaxation time (T1) (Fig. 3.31). This analysis allows to make a 

qualitative consideration about change in pore radius dimensions. 

The results agree with MIP measurements for pores of bigger dimensions; in fact, changes in 

the curve for pores of bigger dimensions (T > 10 ms) are visible especially for treatment ET, 

NBUT and CAL, while for 2BUT no important change are detectable. Regarding pores of 

smaller dimensions (T < 1 ms), small changes of the curves referred to treated samples 

L_NBUT and L_CAL agree with MIP measurement for which a small increase of pores of 

smaller dimensions was registered. 
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Figure 3.31 - Comparison of T2 distribution functions before and after treatment: (a) L_ET, (b) L_NBUT, (c) 

L_2BUT and (d) L_CAL. 

To evaluate the colour changes induced by the treatments, the overall colour difference ΔE* 

(before and after treatment) offers an index of the variation of all colour components. Fig. 

3.32 represents graphically the average values of ΔE* for four different treatments. For this 

type of stone, all the treatments cause a colour variation > 5 - the limit value for an acceptable 

colour change of the surface [37], [38]. 

 
Figure 3.32 - Colour variation ΔE* generated by four consolidating products. 

 

Looking  at  SEM  images  of  treated  and untreated  surfaces, it  is  visible how CAL forms a  
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superficial  layer  on  the  surface  while,  other  treatments based on calcium ethoxide 

nanosuspension maintain a surface morphology similar to untreated sample (Fig. 3.33).  

 

    

Figure 3.33 - Surface observation with SEM: (a) L_NT, (b) L_ET, (c) L_NBUT d) L_2BUT and (e) 

L_CAL. 

Ultrasound pulse velocity investigates the changes in porous network due to the application of 

consolidating treatments. Higher UPV velocity may indicate a decrease of porosity due to the 

presence of the consolidant inside pores, facilitating the propagation of wave in the 

consolidated zone in comparison to the original rock material. The results are expressed as the 

average of three measurements performed on the same sample, before and after treatment. 

The graphs in Fig. 3.34 reports the UPV profile from the treated surface (0 mm) to the top of 

the material (50 mm). Therefore, y axes show the increase of distance from the treated surface. 

While ET seems to not have a consolidating effect or the treatment penetrates less than 5 mm 

(Fig. 3.34 (a)), NBUT presents an increase of ultrasound velocity in the first mm from the 

treated surface (Fig. 3.34 (b)). The results obtained for L_2BUT and L_CAL are particular; 

in fact, in these cases there is a visible velocity increase only after 10 mm from the treated 

surface. This effect could be ascribable to the type of measurement, rather than an in-depth 

penetration of consolidating agents. More details about UPV values before and after treatment 

for all products are reported in Tab. C.2 (Appendix C). 

(a) 

(b) (c) (d) (e) 



Chapter 3: Results and Discussion 

 

97 
 

    

Figure 3.34 - Ultrasonic profile before and after treatment: (a) L_ET, (b) L_NBUT, (c) L_2BUT and (d) 

L_CAL. 

Drilling tests were carried out on the same samples previously analysed with UPV, measured 

in profile; treated and untreated data are obtained from the same mock-ups, on opposite 

surfaces. The results are expressed as the average of three measurements performed on the 

same sample. By comparing the resistance profiles before and after treatments, data reported 

agree with UPV analysis. In fact, only NBUT induces an increasing of stone resistance from a 

medium value of 8.3 N for untreated part to 9.4 N for treated part, for a penetration of 9 mm 

(Fig. 3.35 (b)) while, ET, 2BUT and CAL do not produce a visible increase of stone 

resistance after treatment. 

  

  

Figure 3.35 - Drilling profiles before and after treatment: (a) L_ET, (b) L_NBUT, (c) L_2BUT and (d) 

L_CAL. 
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By comparing the overall results obtained with the different analyses and material tests, 

treatments based on Ca(OEt)2 nanosuspension and the reference product show a similar 

behaviour regarding the modification of water transport properties inside the material, leading 

to an acceptable change of this value with a higher change, however acceptable, for L_2BUT. 

Nevertheless, a compatibility in water transport behaviour does not correspond to an acceptable 

chromatic variations, being the value of calculated ΔE* always higher than 5. 

Regarding the consolidation effect, all products, except the reference one, induce a decrease of 

stone porosity measured by MIP, but the only treatment which can reach a good penetration, as 

shown by both UPV and DRMS measurements is NBUT. These results may be related to the 

boiling point of the solvent, in fact, as reported by the study of carbonation process kinetic, the 

highest boiling point of this solvent allows to reach a greater penetration of the product by 

delaying the carbonation process. This result agrees with a study reported by Borsoi et al. [39] for 

which solvents having a higher boiling point improve the deposition of lime nanoparticles in 

depth. 

3.1.1.1 Application procedure: by brush with pre-set number of brush 

strokes 

This type of application procedure was performed only for calcium ethoxide diluted in ethanol 

and the reference product, CaLoSil. The maximum number of applications of Ca(OEt)2 

nanosuspension diluted in ethanol for Lecce stone was decided in order to avoid a colour 

change of the surface (ΔE* > 5) [37]. Colour measurements were performed after each brush 

stroke and the number of 7 brush strokes was indicated as the maximum possible to avoid a 

significant colour change of the surface. ΔE* result for L_ET after 7 brush strokes was 4.8 ± 

0.8 while for L_CAL was 3.2 ± 0.8. 

Tab. 3.7 reports data regarding the quantity of product retained after one month from the 

application. The results are reported as a range of value between the minimum and the 

maximum quantity for each type of product. As for the previous application procedure, 

differences among quantity of product retained for samples treated with the same product are 

probably due to the different shape of mock-ups (in accordance to the different analyses, 

mock-ups of different dimensions were necessary). More details of product retained in relation 

to the different analyses are shown in Tab. C.3 in Appendix C. 

Looking at the results, this type of application procedure, compared to brush till saturation, 

led to a similar quantity of product retained for L_ET, and a lower quantity for L_CAL.  
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Table 3.7 - Application by brush with pre-set number of brush strokes: range of amount of product retained after one 

month from the application. 

Product Quantity of product retained (kg/m2) 

ET 0.019 – 0.114  

CAL 0.010 – 0.022 

 

As for the application by brush till saturation, water transport properties were estimated by 

capillarity water absorption, drying rate evaluation and water vapour permeability test. Fig 

3.36 shows data regarding the water absorption through capillarity test which illustrate how 

both treatments cause a reduction of the quantity of water absorbed in the first 45 minutes, 

with a higher reduction for L_ET compared to L_CAL. 

  

Figure 3.36 - Quantity of water absorbed by capillarity, comparison before and after treatment: (a) L_ET and (b) 

L_CAL. 

 

The value of capillary water absorption coefficient (CWAC) agrees with this behaviour 

showing a higher decrease of this coefficient for L_ET (from 10.8 ± 0.8 mg/cm2∙s1/2 to 8.9 ± 

0.9 mg/cm2∙s1/2) compared to L_CAL (from 11.4 ± 1.3 mg/cm2∙s1/2 to 10.5± 0.8 mg/cm2∙s1/2) 

in accordance with the major amount of product retained (Fig. 3.37). 

 

Figure 3.37 - Comparison of capillary water absorption coefficient (CWAC) before and after treatment. 
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Regarding the drying rate (Fig 3.38), the behaviour between treated and untreated samples is 

quite similar. However, treated samples reach the drying state slower than untreated samples 

and both trend starts from a content of water lower than untreated samples, showing a 

reduction of quantity of water absorbed. 

  

Figure 3.38 - Comparison of drying curves before and after treatment: (a) L_ET and (b) L_CAL. 

Water vapour permeability test (Fig. 3.39) confirms the water absorption test with a higher 

decrease of water vapour permeability for L_ET (from 151.41 ± 9.88 g/m2∙s to 94.39 ± 0.41 

g/m2∙s) compared to L_CAL (from 226.66 ± 24.25 g/m2∙s to 167.3 ± 36.7 g/m2∙s), probably 

due to the higher quantity of product retained. In this case, the variation of g value respect to 

untreated stone due to ET is higher than 25%. 

 

Figure 3.39 - Water vapour permeability test results expressed as water vapour permeability coefficient (g) and reported 

as comparison before and after treatment. 

The variation in pore size distribution was evaluated with MIP and NMR. Changes in total 

open porosity, cumulative volume and pores size distribution, evaluated by MIP before and 

after treatments, are reported in Tab 3.8 and Fig. 3.40.  

 

 



Chapter 3: Results and Discussion 

 

101 
 

Table 3.8 - Porosity data obtained by MIP measurements, reported as comparison between treated and untreated 

samples.  

Sample code Total open porosity (%) 
Total cumulative volume 

(mm3/g) 

L_NT 37.6 ± 0.9 223.8 ± 1.3 

L_ET 34.5 ± 0.9 201.6 ± 1.8 

L_CAL 34.1 ± 0.3 211.3 ± 3.4 

 

The results show how both treatments lead to a porosity value similar to natural stone (not 

aged stone as reported in paragraph 3.3.1). However, CAL preserves a pore radius distribution 

more similar to untreated support respect to ET; in fact, while ET reduces pores with radius 

between 1-4 µm, leading to an increase of pores of smaller dimensions, CAL reduces only 

pores with radius between 2-4 µm (Fig. 3.40 and Fig. 3.41).  

 

Figure 3.40 - Pore size distribution curves expressed as log differential intruded volume vs. pore radius of untreated 

and treated samples. 
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Figure 3.41 - Cumulative pore volume and volume distribution versus pore radius: (a) L_NT, (b) L_ET and (c) 

L_CAL. 

NMR results are consistent with MIP analysis; ET causes a higher qualitative variation of pore 

size distribution respect to CAL especially for pores of higher dimensions (T > 10 ms), while 

L_CAL maintains a pore distribution more similar to untreated stone (Fig. 3.42). 

  

Figure 3.42 – Comparison of T2 distribution functions before and after treatment: (a) L_ET and (b) L_CAL. 

As in the case of the application by brush till saturation, looking at the treated surface with 

SEM, a difference between the two consolidating treatments can be seen; in fact, differently 

from L_ET, surface treated with CAL shows the formation of a superficial layer rather than 

an homogeneous one respect to the support (Fig. 3.43). 

   

Figure 3.43 - Surface observation with SEM: (a) L_NT, (b) L_ET and (c) L_CAL. 

(a) (b) (c) 
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For this type of application procedure, results about ultrasonic pulse velocity and drilling 

resistance measurement system were not performed.  

All the obtained data show how both ET and CAL applied with controlled number of brush 

strokes to avoid a colour change of the surface, cause a change in water transport properties 

inside the stone; these changes range within acceptable limits for L_CAL, while the change of 

water vapour permeability due to L_ET is greater than 25% respect to untreated stone. Both 

treatments induce a reduction of porosity value measured by MIP. However, information 

concerning the ability of treatments to penetrate inside the stone is crucial to have a complete 

view regarding their effectiveness as consolidating products with this type of application 

procedure. 

3.3.1.2 Application procedure: by absorption through capillarity 

Treated and untreated samples were analysed with ultrasonic pulse velocity and drilling 

resistance measurement system to study a possible different penetration of products. 

Colorimetric measurements were performed to evaluate the possible change of colour surface 

due to this type of application procedure. Tab. 3.9 reports data regarding the quantity of 

product retained after one month from the application; it shows how for NBUT and CAL, 

this quantity is higher respect to application by brush till saturation, while for 2BUT is lower 

and for ET is similar. 

Table 3.9 - Application by absorption through capillarity: amount of product retained after one month from the 

application. 

Product Quantity of product retained (kg/m2) 

ET 0.067  

NBUT 0.097 

2BUT 0.034 

CAL 0.086 

 

For this type of application procedure, it was possible to measure the fringe reached by the 

product  during the proof and the results are reported in Tab. C.4 in Appendix C.  

Results concerning treated and untreated samples, acquired by ultrasonic pulse velocity, were 

obtained from the same samples and expressed as the average of three measurements. Data 

show that there are no consistent variation between treated and untreated samples for 

L_2BUT and L_CAL; while, ET seems to increase UPV velocity in the first 25 mm and only 
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NBUT causes a small increase of UPV between 5 and 10 mm from the treated surface (Fig. 

3.44 (b)). In fact, NBUT is the product which penetrates mostly as reported in Tab. C.4 in 

Appendix C. The increase of UPV for L_NBUT after 20 mm from the treated surface can be 

ascribed to water inside the material, rather than a consolidating effect. More details about 

UPV values before and after treatments for all products are reported in Tab. C.5 (Appendix 

C). 

    

Figure 3.44 - Ultrasonic profile before and after treatment: (a) L_ET, (b) L_NBUT, (c) L_2BUT and (d) 

L_CAL. 

The consolidating effect due to NBUT is confirmed by DRMS which shows how this 

treatment causes an increase of stone resistance from 6.6 N to 7.4 N in the first 10 mm from 

the treated surface (Fig. 3.45 (b)).  

  

  

Figure 3.45 - Drilling profiles before and after treatment: (a) L_ET, (b) L_NBUT, (c) L_2BUT and (d) L_CAL. 
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Instead, a consolidation effect due to ET is not confirmed by this technique. This different 

result could be related to heterogeneous treated and untreated parts. 

Colorimetric data were obtained by analysing ten points from both treated and untreated 

parts. As for the application by brush till saturation, the procedure by absorption through 

capillarity led to a higher change of surface colour for all type of applied treatments (Fig. 

3.46). However, in this case the most important change are due to ET and 2BUT, differently 

from the application by brush where the higher colour variation are registered for NBUT and 

CAL.  

 
Figure 3.46 - Colour variation ΔE* generated by four consolidating products. 

 

Making a comparison between applications by brush till saturation and absorption through 

capillarity, it can be seen that even if the quantity of product retained for L_NBUT and 

L_CAL is a little bit higher in the last case, the results regarding consolidating efficacy are 

similar. In fact, the only product which can penetrate more deeply inside this variety of stone 

is NBUT.  

3.3.2 Noto stone 

TG-DSC analysis performed on Noto Stone, shows that this limestone is composed by 

calcium carbonate for a percentage of 96,2%, determined from the mass loss of 41.8% 

between 600-800 °C (Fig. 3.47 (a)). FT-IR analysis confirms the presence of calcium 

carbonate in the form of calcite with characteristic peaks at 1430, 875 and 713 cm-1; a silicate 

component is also present, as evidenced by the absorption peak at 1036 cm-1(Fig. 3.47 (b)). 
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Figure 3.47 - Chemical characterization of Noto stone by (a) TG-DSC and (b) FT-IR analyses.  
 

The ageing process was successful also for this stone leading to an increase of porosity from 

30.3 ± 0.9% to 34.5 ± 0.6% and  cumulative volume from 155.9 ± 2.4 mm3/g to 172.1 ± 0.9 

mm3/g (Fig. 3.48). Furthermore, it is visible an increase of pores with radius > 2 µm. 

  

Figure 3.48 - Cumulative pore volume and volume distribution versus pore radius of (a) not aged and (b) aged Noto 

stone. 

In the following section, results concerning the efficacy of four products as consolidating 

agent for Noto stone, applied with different procedures, will be examined.  

3.3.2.1 Application procedure: by brush till saturation 

In this section, results regarding the different analyses performed to understand the efficacy of 

four products applied by brush till saturation are reported. Tab. 3.10 presents data regarding 

the quantity of product retained after one month from the application for each type of 

product, reported as a range of value between the minimum and the maximum quantity. 

Differences among quantity of product retained for samples treated with the same product are 

probably due to the different shape of mock-ups (in accordance to the different analyses, 
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mock-ups of different dimensions were necessary). More details of product retained in relation 

to the different analyses are shown in Tab. C.6 in Appendix C. 

Table 3.10 - Application by brush till saturation: range of amount of product retained after one month from the 

application. 

Product Quantity of product retained (kg/m2) 

ET 0.028 – 0.208 

NBUT 0.010 – 0.077 

2BUT 0.019 – 0.113  

CAL 0.017 – 0.122 

 

Starting with water transport properties, Fig. 3.49 shows the results about water absorption 

through capillarity for the different consolidating products. All treatments lead to a decrease 

of water absorbed in the first 45 minutes with a higher reduction for products based on 

calcium ethoxide rather than the reference one (Fig. 3.49 (a), (b), (c)). 

  

  

Figure 3.49 - Quantity of water absorbed by capillarity, comparison before and after treatment: (a) N_ET, (b) 

N_NBUT, (c) N_2BUT and (d) N_CAL. 

This different behaviour among calcium ethoxide based products and CaLoSil is confirmed by 

the average of capillary water absorption coefficient (CWAC) (Fig 3.50); the values confirm 
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that N_ET, N_NBUT and N_2BUT show a higher decrease of water absorption, maintaining 

the variation within an acceptable limit [37]. 

 
Figure 3.50 - Comparison of capillary water absorption coefficient (CWAC) before and after treatment.  

Regarding the drying test (Fig. 3.51), treated and untreated samples show a different 

behaviour in reaching a drying state, except for N_ET which presents a similar trend respect 

to untreated stone. In particular, N_ NBUT and N_CAL retain a major quantity of water 

during the test. 

  

  

Figure 3.51 - Comparison of drying curves before and after treatment: (a) N_ET, (b) N_NBUT, (c) N_2BUT 

and (d) N_CAL. 
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The water vapour permeability test (Fig. 3.52) indicates that all treatments lead to a decrease 

of water vapour permeability compared to untreated samples. 

 
Figure 3.52 - Water vapour permeability test results expressed as water vapour permeability coefficient (g) and reported 

as comparison before and after treatment. 

Results obtained with mercury intrusion porosimetry (Tab. 3.11) show that all the products 

based on calcium ethoxide and the reference one (CaLoSil), are successful in reducing the total 

open porosity of stone leading to a porosity value similar to not aged stone (30.3 ± 0.9%), 

considering the value reported in paragraph 3.3.2. 

Table 3.11 - Porosity data obtained by MIP measurements, reported as comparison between treated and untreated 

samples.  

Sample code Total open porosity (%) 
Total cumulative volume 

(mm3/g) 

N_NT 34.5 ± 2.6 172.1 ± 0.9 

N_ET 29.6 ± 0.2 156.1 ± 3.1 

N_NBUT 29.6 ± 0.6 166.7 ± 2.7 

N_2BUT 29.6 ± 0.6 154.1 ± 15.1 

N_CAL 29.2 ± 0.8 153.3 ± 4.9 

 

Fig. 3.53 reports a comparison among the pores medium dimension of treated and untreated 

samples and shows that all treatments, included the reference one, lead to a decrease of pores 

radius dimension respect to untreated stone.  
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Figure 3.53 - Pore size distribution curves expressed as log differential intruded volume vs. pore radius of untreated 

and treated samples. 

Fig. 3.54 shows cumulative pore volume and volume distribution for each treatment. The 

most evident change in the cumulative volume distribution is referred to pore with radius 

greater than 1 µm. In fact, all treatments show a decrease of pores with radius between 2-10 

µm, mostly for N_ET and N_CAL; while, N_NBUT and N_2BUT present also a small 

decrease of pore radius between 1-2 µm. 
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Figure 3.54 - Cumulative pore volume and volume distribution versus pore radius: (a) N_NT, (b) N_ET, (c) 

N_NBUT, (d) N_2BUT and (e) N_CAL. 

 

NMR analysis reports T2 distribution functions for both treated and untreated samples; as 

reported by MIP results, all treatments are able in reducing pores of bigger dimension (T>10 

ms), with better results for ET and CAL (Fig 3.55). Furthermore, Fig 3.56 (c) shows that 

N_2BUT presents a variation also in the part of curve related to pores of smaller dimension 

(T< 1 ms), an effect not visible for MIP measurement. 

  

  

Figure 3.55 - Comparison of T2 distribution functions before and after treatment: (a) N_ET, (b) N_NBUT, (c) 

N_2BUT and (d) N_CAL. 
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To evaluate  the  colour change due to the application  of products,  ΔE* was evaluated  

before and after treatments. All products lead to a colour change > 5 with the higher change 

for N_2BUT (Fig. 3.56).  

 
Figure 3.56 - Colour variation ΔE* generated by four consolidating products. 

 

By considering morphological variation, observations with SEM show how treatments based 

on calcium ethoxide maintain a surface morphology similar to untreated stone, differently 

from CAL (Fig 3.57).  

 

    

Figure 3.57 - Surface observation with SEM: (a) N_NT, (b) N_ET, (c) N_NBUT d) N_2BUT and (e) 

N_CAL. 

Looking at UPV measurements - obtained and reported as for Lecce stone - only NBUT and 

2BUT cause an increase of UPV value several mm below the treated surface (Fig 3.58). More 

details about UPV values before and after treatments for all products are reported in Tab. C.7 

(Appendix C). 

(b) (c) (d) (e) 

(a) 
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Figure 3.58 - Ultrasonic profile before and after treatment: (a) N_ET, (b) N_NBUT (c) N_2BUT and (d) 

N_CAL. 

UPV results are confirmed by DRMS only for NBUT which seems to penetrates several mm 

inside the stone leading to a change of stone resistance from 2 N to 3 N (Fig 3.59 (b)) in the 

first 15 mm. CAL does not cause an increase of stone resistance while a different datum 

regards N_ET; in fact, UPV shows no variation before and after treatment (Fig. 3.58 (a)), but 

highlights two zones with different ultrasound pulse velocities: 5-25 mm with a lower velocity 

and 25-45 mm with a higher velocity. This difference is confirmed by DRMS which presents a 

higher stone resistance for untreated stone, the part with higher ultrasound pulse velocity. 

Therefore, the difference between treated and not treated parts registered with DRMS are due 

to a non homogeneous mock-up, characteristic of natural stones. 

  

  
Figure 3.59 - Drilling profiles before and after treatment: (a) N_ET, (b) N_NBUT (c) N_2BUT and (d) 

N_CAL. 
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Looking at the overall results regarding application by brush till saturation, all tested 

consolidating agents change water transport properties of stone by reducing water absorption 

through capillarity and water vapour permeability in a tolerable way; therefore, they are 

compatible with this stone support. MIP measurement shows that all products are able to 

reduce stone open porosity; but, in accordance with SEM images, the reference product seems 

to form a superficial layer on the treated surface. 

However, this compatible behaviour does not correspond to aesthetical requirement, in fact all 

products lead to a ΔE* value higher than 5. Furthermore, among all consolidating agents, the 

only product which can penetrate more in depth is NBUT. 

 

3.3.2.2 Application procedure: by brush with pre-set number of brush 

strokes 

This application procedure was performed only for calcium ethoxide nanosuspension diluted 

in ethanol and the reference product. The maximum number of brush strokes for Noto stone 

to avoid a colour change of the surface (ΔE* > 5) was 8. ΔE* results calculated after 8 

applications were: 4.5 ± 0.4 for N_ET and 2.1 ± 0.8 for N_CAL.  

Data regarding the quantity of product retained after one month from the application are 

presented in Tab. 3.12. The results are reported as a range of value between the minimum and 

the maximum quantity for each type of product. As for the application by brush till saturation, 

differences among quantity of product retained for samples treated with the same product are 

probably due to the different shape of mock-ups (in accordance to the different analyses, 

mock-ups of different dimensions were necessary). More details of product retained in relation 

to the different analyses are shown in Tab. C.8 in Appendix C. 

By comparing these results with those obtained after application by brush till saturation, it can 

be seen that in this case the amount of product retained is a bit lower respect to the previous 

application procedure. 

Table 3.12 - Application by brush with pre-set number of brush strokes: range of amount of product retained after one 

month from the application. 

Product Quantity of product retained (kg/m2) 

ET 0.017 – 0.051  

CAL 0.010 – 0.025 
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Information concerning water transport inside the material was obtained with capillary water 

absorption test, drying behaviour and water vapour permeability test. For each test, data are 

reported as the average of three samples. The quantity of water absorbed in the first 45 

minutes (Fig. 3.60), decrease for treated samples respect to untreated ones.  

  

Figure 3.60 - Quantity of water absorbed by capillarity, comparison before and after treatment: (a) N_ET and (b) 

N_CAL. 

Also the capillary water absorption coefficient (Fig. 3.61) shows a major reduction for N_ET 

(from 13.9 ± 1.1 mg/cm2∙s1/2  to 10.7 ± 2.0 mg/cm2∙s1/2 ) respect to N_CAL (from 12.6 ± 1.8 

mg/cm2∙s1/2  to 10.6 ± 1.2 mg/cm2∙s1/2). 

 
Figure 3.61 - Comparison of capillary water absorption coefficient (CWAC) between treated and untreated samples. 

 

Results regarding the drying behaviour (Fig. 3.62) show that for both treatments the time 

required to reach a drying state is a bit higher respect to untreated samples. 
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Figure 3.62 - Comparison of drying curves between treated and untreated samples: (a) N_ET and (b) N_CAL. 

 

Water vapour permeability test (Fig 3.63) confirms water absorption test showing a decrease 

in water vapour permeability for both treatments, with an excessive reduction for N_ET 

(from 156.74 ± 9.77 g/m2∙s to 90.93 ± 1.01 g/m2∙s). 

 
Figure 3.63 - Water vapour permeability test results expressed as water vapour permeability coefficient (g) and reported 

as comparison before and after treatment. 

Changes in total open porosity and cumulative volume due to the applied treatments 

calculated by MIP are reported in Tab. 3.13. The results indicate that both treatments lead to 

a reduction of porosity value similar to not-aged sample (30.3 ± 0.9% as reported in paragraph 

3.3.2). 

Table 3.13 - Porosity data obtained by MIP measurements, reported as comparison between treated and untreated 

samples.  

Sample code Total open porosity (%) 
Total cumulative volume 

(mm3/g) 

N_NT 34.5 ± 2.6 173.4 ± 0.9 

N_ET 30.1 ± 1.9 172.1 ± 0.9 

N_CAL 28.9 ± 0.8 166.3 ± 5.6 
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Variation in pores radius dimension after treatments are reported in Fig. 3.64; the results 

show that both treatments lead to a decrease of average pores radius. 

 

Figure 3.64 - Pore size distribution curves expressed as log differential intruded volume vs. pore radius of untreated 

and treated samples. 

Porosity distribution and cumulative volume reported as function of pore radius are 

graphically shown in Fig. 3.65. As reported in Tab. 3.8, both treatments cause a change in 

porosity and cumulative volume distribution, with a major reduction for pores with radius 

between 2-4 µm. In particular, ET leads to a decrease of pores with radius between 2-10 µm, 

and an increase of pores with radius between 1-2 µm (Fig. 3.65 (b)).  

 

  

Figure 3.65 - Cumulative pore volume and volume distribution versus pore radius: (a) N_NT, (b) N_ET and (c) N_CAL. 
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While, N_CAL show a decrease of pores with radius between 1-4 µm, but a bit increase for 

pores with radius greater than 4 µm (Fig. 3.65 (c)). 

Looking at NMR results (Fig. 3.66) T2 distribution functions of treated samples are 

qualitatively different respect to untreated ones for both treatments. In particular, bigger 

changes are visible for pores of higher dimensions (T > 10 ms), as reported also for MIP 

measurements. 

  

Figure 3.66 - Comparison of T2 distribution functions between treated and untreated samples: (a) N_ET and 

(b) N_CAL. 

As discussed for Noto samples treated by brush till saturation, also with a pre-set number of 

brush strokes, only surface treated with ET shows no visible difference with untreated surface, 

while N_CAL presents a superficial layer on the surface (Fig. 3.67). 

   

Figure 3.67 - Surface observation with SEM: (a) N_NT, (b) N_ET and (c) N_CAL 

For this type of application procedure, ultrasonic pulse velocity and drilling resistance 

measurement system were not performed. 

In conclusion, even if the amount of product retained is lower than application by brush till 

saturation, the several analyses show how both ET and CAL applied with a controlled 

number of brush strokes produce a similar porosity variation and they are compatible with the 

treated support leading to a variation of water transport properties and porosity value in a 

acceptable range. Therefore, as the results between two applications procedures are 

comparable and since a controlled number of brush strokes prevents a colour change of the 

(b) (c) (a) 
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surface, it can be considered a better application procedure than brush till saturation. 

However, analysis regarding the ability of both treatments to penetrate inside the stone are 

fundamental to have a complete picture of their effectiveness as consolidating products. 

3.3.2.3 Application procedure: by absorption through capillarity 

Regarding this application procedure, treated and untreated samples were analysed only with 

ultrasonic pulse velocity and drilling resistance measurement system to understand if this 

different type of application can produce a different penetration of treatments. Colorimetric 

measurements were carried out to evaluate chromatic effect due to the treatments. The 

analysed samples are the same for the three analyses. Tab. 3.14 reports data regarding the 

quantity of product retained after one month from the application. 

Table 3.14 - Application by absorption through capillarity: amount of product retained after one month from the 

application. 

Product Quantity of product retained (kg/m2) 

ET 0.107 

NBUT 0.235 

2BUT 0.478 

CAL 0.138 

 

By comparing this type of application procedure with the others, in this casa a bigger amount 

of product was retained from the treated samples.  

The fringe reached by the products during the proof are reported in Tab. C.9 in Appendix 

C. 

Despite a better penetration of CAL (Tab. C.9, Appendix C), UPV results show that only 

NBUT causes an increase of UPV velocity with a penetration till 35 mm from the treated 

surface; 2BUT shows a small increase of UPV in the first 20 mm from the surface, while 

profiles related to N_CAL and N_ET are similar before and after treatment (Fig 3.68). 

Despite, a bigger amount of retained product respect to application by brush till saturation, 

also in this case, only NBUT causes an increase of UPV values. More details about UPV 

values before and after treatments for all products are reported in Tab. C.10 (Appendix C). 
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Figure 3.68 - Ultrasonic profile before and after treatment: (a) N_ET, (b) N_NBUT, (c) N_2BUT and (d) 

N_CAL. 

Drilling measurements (Fig. 3.69) confirm UPV results showing an increase of stone 

resistance for N_NBUT from 2,2 N to 3 N in the first 10 mm (Fig. 3.69 (b)).  

  

  

Figure 3.69 - Drilling profiles before and after treatment: (a) N_ET, (b) N_NBUT, (c) N_2BUT and (d) N_CAL. 

 

While DRMS related to N_ET and N_2BUT shows a small increase of stone resistance in the 

first 5 mm below the treated surface. These data cannot be confirmed by UPV, because data 

acquired by this measurement starts 5 mm below the surface. Furthermore, the difference in 

stone resistance registered for N_CAL with DRMS is probably due to the heterogeneity of 

the specimen between treated and untreated faces, rather than the treatment. In fact, also 

UPV measurements show two different velocities between 5-25 cm and 25-45 cm from the 
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treated surface, with a higher UPV in the second part which correspond to the not-treated 

one analysed with DRMS. 

Regarding the colour change of the surface, also with this type of application procedure, all 

treatments lead to ΔE* value higher than the acceptable limit (Fig 3.70). 

 
Figure 3.70 - Colour variation ΔE* generated by four consolidating products. 

Making a comparison between results obtained with UPV and DRSM between applications 

by brush till saturation and by absorption through capillarity, both techniques agree that the 

best consolidating agent for Noto stone is calcium ethoxide nanosuspension diluted in n-

butylacetate. In fact, both an increase of UPV and stone resistance is obtained, indicating a 

consolidating effect produced by this treatment. Despite 2BUT is the most retained product, 

it did not led to a consolidating effect, probably because the treatment remained most of all 

on the surface; therefore, no UPV increase is registered with a penetration higher than 5 mm.  

3.3.3 Vicenza Stone 

This organogenic limestone is characterized by the presence of 95.6% of calcium carbonate 

determined on the base of mass loss of 41.5% between 600-800 cm-1, as shown by TG-DSC 

analysis (Fig. 3.71 (a)). 

  

Figure 3.71 - Chemical characterization of Vicenza stone by (a) TG-DSC and (b) FT-IR analyses. 
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FT-IR analysis agrees with TG-DSC result showing the characteristic vibrational peaks of 

calcite (1430, 875 and 713 cm-1) (Fig. 3.71 (b)). Furthermore, a small shoulder between 1014 

and 1120 cm-1 is associated to asymmetric stretching vibration of silicon-oxygen group (Si-O). 

Therefore, a silicate component is present. 

The effect of ageing test for this type of stone - evaluated with MIP analysis - is particular 

because instead of an increase of porosity, this process led to a decrease of this value moving 

from an initial porosity value of 31.2 ± 1.9% to a final one of 28.3 ± 0.8% (Fig. 3.72). In 

accordance with this value, also the cumulative volume changed from a higher value of 149.9 

± 12.7 mm3/g to a lower value of 131.5 ± 4.1 mm3/g. This result may be related to an internal 

stress induced by the ageing process, which led to the clogging of internal open porosity. This 

ageing process caused a decrease of pores with radius between 0.2-0.4 µm, and an increase of 

pores between 0.1-0.2 µm and bigger than 10 µm. 

  

Figure 3.72 - Cumulative pore volume and volume distribution versus pore radius of (a) not aged and (b) aged 

Vicenza stone. 

In the following paragraphs, results regarding the efficacy of four products as consolidating 

agents for Vicenza stone, applied with different application procedures, will be discussed. 

3.3.3.1 Application procedure: by brush till saturation 

In this section, results regarding the several analyses performed to test the efficacy of the four 

products applied by brush till saturation are reported. Tab. 3.15 reports data regarding the 

quantity of product retained after one month from the application. The results are reported as 

a range of value between the minimum and the maximum quantity for each type of product. 

Differences among quantity of product retained for samples treated with the same product are 

probably due to the different shape of mock-ups (in accordance to the different analyses, 
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mock-ups of different dimensions were necessary). More details of product retained in relation 

to the different analyses and material tests are shown in Tab. C.11 in Appendix C. 

Table 3.15 - Application by brush till saturation: range of amount of product retained after one month from the 

application. 

Product Quantity of product retained (kg/m2) 

ET 0.011 – 0.060  

NBUT 0.028 – 0.058  

2BUT 0.012 – 0.051 

CAL 0.027 – 0.210 

 

Regarding the quantity of retained product, the range of value are similar for all type of 

treatments. Only CAL leads to a major quantity of product retained, in particular for samples 

treated for UPV and DRMS analyses.  

Water transport properties were evaluated with three types of tests as for other carbonate 

stones. All the treatments, included the reference one (CaLoSil), reduce the water absorption 

in the first 45 minutes of the test and the capillary water absorption coefficient, whit a too 

high change for V_ET (from 17.9 ± 1.2 mg/cm2∙s1/2 to 11.3 ± 1.4 mg/cm2∙s1/2) and V_CAL 

(from 18.8 ± 0.5 mg/cm2∙s1/2 to 13.3 ± 2.7 mg/cm2∙s1/2) (Fig. 3.73 and Fig. 3.74). Despite 

V_CAL presents a major quantity of retained product, the effect of this treatment and ET is 

comparable. This behaviour could be related to a non homogeneous distribution of CAL 

inside the sample. 
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Figure 3.73 - Quantity of water absorbed by capillarity, comparison before and after treatment: (a) V_ET, (b) 

V_NBUT, (c) V_2BUT and (d) V_CAL. 

 

Figure 3.74 - Comparison capillary water absorption coefficient (CWAC) before and after treatment.  

By comparing the drying rate, V_ET, V_2BUT, V_CAL show a similar behaviour between 

treated and untreated samples, while V_NBUT  shows a slower drying particularly from the 

half of the test (Fig. 3.75).  
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Figure 3.75 - Comparison of drying curves before and after treatment: (a) V_ET, (b) V_NBUT, (c) V_2BUT 

and (d) V_CAL. 

Regarding the water vapour permeability test, all treatments based on calcium ethoxide cause a 

reduction of water vapour permeability to an acceptable limit (Fig. 3.76). 

 

Figure 3.76 - Water vapour permeability test results expressed as water vapour permeability coefficient (g) and reported 

as comparison before and after treatment. 

 

On the contrary, V_CAL presents an excessive g reduction respect to untreated stone (from 

328.19 ± 15.26 g/m2∙s to 153.89 ± 11.06 g/m2∙s), causing an unacceptable change of water 

vapour properties [37]. 

Total open porosity and total cumulative volume for untreated and treated stone are reported 

in Tab. 3.16. Treatments which are effective in reducing the total open porosity are those 

based on Ca(OEt)2 nanosuspension.  
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Table 3.16 - Porosity data obtained by MIP measurements, reported as comparison between treated and untreated 

samples.  

Sample code Total open porosity (%) 
Total cumulative volume 

(mm3/g) 

V_NT 28.3 ± 0.8 131.5 ± 4.1 

V_ET 24.9 ± 0.4 113.1 ± 4.2 

V_NBUT 24.4 ± 0.9 149.0 ± 2.2 

V_2BUT 24.5 ± 1.1 123.8 ± 3.8 

V_CAL 28.1 ± 1.4 139.8 ± 3.2 

 

All the products maintain constant the bimodal pores size distribution of untreated stone 

(Fig. 3.77 and Fig. 3.78). Respect to untreated samples, ET causes a small reduction of pores 

with radius between 2-4 µm; NBUT  leads to a decrease of pores with radius between 0.1-0.4 

µm and 2-10 µm; 2BUT reduces pores with radius greater than 10 µm but increase those ones 

between 0.2-0.4 µm and 2-10 µm; finally, N_CAL show a decrease in pores higher than 10 

µm, with an increase of those ones between 0.2-0.4 µm. 

 

Figure 3.77 - Pore size distribution curves expressed as log differential intruded volume vs. pore radius of untreated 

and treated samples. 
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Figure 3.78 - Cumulative pore volume and volume distribution versus pore radius: (a) V_NT, (b) V_ET, (c) 

V_NBUT, (d) V_2BUT and (d) V_CAL. 

In this case, NMR results (Fig. 3.79) are not always consistent with MIP analysis. In fact, a 

qualitative analysis of T2 distribution functions shows that ET causes a change only for pores 

of smaller dimensions, an effect not visible for MIP analysis for which only a change in pores 

of bigger dimension is evident (Fig. 3.78 (a)). NBUT leads to a change in pores of smaller 

dimension, as detected also for MIP analysis, but evident changes for pore of higher 

dimensions are not present, differently from MIP analysis (Fig 3.78 (b)). 2BUT causes a 

variation for pores of bigger dimensions (Fig. 3.78 (c)), while CAL leads to a change for both 

pores of smaller and bigger dimensions (Fig. 3.78 (d)), as detected by MIP. 
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Figure 3.79 - Comparison of T2 distribution functions before and after treatment: (a) V_ET, (b) V_NBUT, (c) 

V_2BUT and (d) V_CAL. 

Differently from the carbonate stones seen previously - Lecce and Noto stones - in this case 

only 2BUT causes a not acceptable variation of surface colour (ΔE*>5) (Fig. 3.80).  

 
Figure 3.80 - Colour variation ΔE* generated by four consolidating products. 

As for the previous carbonate stone, by observing the treated surface with SEM, products 

based on calcium ethoxide nanosuspension seem to not alter the surface of the stone, while 

CAL creates a superficial layer on the treated surface (Fig. 3.81). 
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Figure 3.81 - Surface observation with SEM: (a) V_NT, (b) V_ET, (c) V_NBUT, d) V_2BUT and e) 

V_CAL. 

Ultrasound pulse velocity were obtained and reported in the same way of previous carbonate 

stones. The graphs in Fig. 3.82 show that all treatments cause a small increase of stone 

resistance in the first millimetres from the treated surface, except for V_CAL - even if CAL 

corresponds to the product most retained during this analysis. More details about UPV values 

before and after treatments for all products are reported in Tab. C.12 (Appendix C). 

    

Figure 3.82 - Ultrasonic profile before and after treatment: (a) V_ET, (b) V_NBUT, (c) V_2BUT and (d) 

V_CAL. 

UPV are only partly confirmed by drilling test; in fact, DRMS shows how for V_2BUT an 

increase of stone resistance only in the first mm below the surface is evident, while starting 

from 5 mm no meaningful change between treated and untreated profiles are visible, 

differently from UPV for which a decrease of stone porosity is registered also between 5-10 

mm from the treated surface (Fig. 3.83 (c)). Also the increase of UPV for V_ET between 5-

10 mm are not confirmed by DRMS.  

(b) (c) (d) (e) 

(a) 
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Only V_NBUT presents a small increase of stone resistance few mm from the treated surface, 

as shown by UPV results. Probably this effect could be related to the higher boiling point of 

the solvent which by delaying the beginning of the carbonation process can lead to a higher 

penetration of the product. 

  

  

Figure 3.83 - Drilling profiles before and after treatment: (a) V_ET, (b) V_NBUT, (c) V_2BUT and (d) 

V_CAL. 

Looking at the overall results, treatments based on calcium ethoxide nanosuspension present 

better results respect to the reference product. Considering the analyses regarding water 

transport properties inside the stone, 2BUT and NBUT show a better performance, reducing 

the water absorption coefficient and the water vapour permeability but remaining in an 

acceptable range of variation respect to untreated stone, differently from V_ET. Furthermore, 

both 2BUT and NBUT lead to a variation of stone porosity after treatment, but both of them 

change considerably the colour of the treated surface. UPV and DRMS measurements show 

that 2BUT can penetrate inside the stone for 5 mm, while NBUT causes a small variation of 

stone resistance.  
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3.3.3.2 Application procedure: by brush with pre-set number of brush 

strokes 

This application procedure was performed only for calcium ethoxide diluted in ethanol and 

the reference product. The number of applications for Vicenza stone, decided on the basis of 

the colorimetric measurements performed after each brush stroke, was 11. Colour change of 

the surface (ΔE*) was 2.0 ± 0.3 for V_ET and 1.8 ± 0.6 for V_CAL. Tab. 3.17 reports data 

regarding the quantity of product retained after one month from the application. The results 

are reported as a range of value between the minimum and the maximum quantity for each 

product. Small differences among quantity of product retained for samples treated with the 

same product are probably due to the different shape of mock-ups (in accordance to the 

different analyses, mock-ups of different dimensions were necessary).  More details of product 

retained in relation to the different analyses are shown in Tab. C.13 in Appendix C. 

Table 3.17 - Application by brush with pre-set number of brush strokes: range of amount of product retained after one 

month from the application. 

Product Quantity of product retained (kg/m2) 

ET 0.019 – 0.053  

CAL 0.014 – 0.062  

 

Results regarding water absorption through capillarity are reported in Fig. 3.84 and Fig. 3.85. 

The graphs indicate that both treatments lead to a reduction of water absorbed in an 

acceptable way. 

  

Figure 3.84 - Quantity of water absorbed by capillarity, comparison before and after treatment: (a) V_ET and (b) 

V_CAL. 
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Figure 3.85 - Comparison of capillary water absorption coefficient (CWAC) before and after treatment.  

By analyzing the drying behaviour of the stone, both treatments do not alter significantly the 

drying rate of the stone (Fig. 3.86). However, ET slows down the process of water 

evaporation. 

  

Figure 3.86 - Comparison of drying curves before and after treatment: (a) V_ET and (b) V_CAL. 

 

Both treatments reduce the water vapour permeability with respect to untreated samples, with 

a reduction of g value higher than 25% for V_CAL (from 328.13 ± 15.26 g/m2∙s to 193.22 ± 

19.39 g/m2∙s), the maximum value for an acceptable change [37] (Fig. 3.87).  

 

Figure 3.87 - Water vapour permeability test results expressed as water vapour permeability coefficient (g) and reported 

as comparison before and after treatment. 
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Changes in total open porosity and cumulative volume due to the applied treatments 

calculated by mercury intrusion porosimetry are reported in Tab 3.18; while, Fig. 3.88 shows 

how both treatments maintain a bimodal pore radius distribution. ET leads to a reduction of 

pores with radius >10 µm and increase those ones between 4-10 µm (Fig. 3.89 (b)); while 

CAL reduces pores with radius > 2 µm and slightly increase pore with radius between 0.2-0.4 

µm (Fig. 3.89 (c)). 

Table 3.18 - Porosity data obtained by MIP measurements, reported as comparison between treated and untreated 

samples.  

Sample code Total open porosity (%) 
Total cumulative volume 

(mm3/g) 

V_NT 28.3 ± 0.8 131.5 ± 4.1 

V_ET 24.5 ± 1.1 121.9 ± 10.4 

V_CAL 24.1 ± 1.2 130.3 ± 1.6 

 

 

 

Figure 3.88 - Pore size distribution curves expressed as log differential intruded volume vs. pore radius of untreated 

and treated samples. 
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Figure 3.89 - Cumulative pore volume and volume distribution versus pore radius: (a) V_NT, (b) V_ET and 

(c) V_CAL. 

NMR relaxometry referred to V_ET is not consistent with MIP analysis; in fact, no visible 

change in T2 curves before and after treatments are visible (Fig. 3.90 (a)). Instead, for 

V_CAL, NMR results agree with MIP, by showing a modification of the curve for both pores 

of smaller (T< 1 ms) and greater dimension (T>10 ms) (Fig. 3.90 (b)). 

  

Figure 3.90 - Comparison of T2 distribution functions before and after treatment: (a) V_ET and (b) V_CAL. 

By observing the surface of support before and after the application of treatments, it can be 

seen that CAL forms a superficial layer on the surface, differently from ET (Fig. 3.91). 

   

Figure 3.91 - Surface observation with SEM: (a) V_NT, (b) V_ET and (c) V_CAL. 

(a) (b) (c) 
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For this type of application procedure, results about ultrasonic pulse velocity and drilling 

measurement system were not performed. Therefore, consideration about the capacity of the 

consolidating treatments to penetrate inside the stone with this type of application procedure 

cannot be discussed. Regarding the compatibility between products and stone support, results 

show that both ET and CAL change water transport properties and total open porosity 

compared to untreated stone in a comparable way; but, CAL reduces to much the value of 

water vapour permeability of the stone (from 328.1 to 193.2 g/(m2∙s)) and forms a superficial 

layer on the treated surface. 

3.3.3.3 Application procedure: by absorption through capillarity 

Regarding this application procedure, treated and untreated samples were analysed only with 

ultrasonic pulse velocity and drilling resistance measurement system to acquire information 

about the penetration of products with a different type of application. Also colorimetric 

analysis was performed on the same samples. Tab. 3.19 reports data regarding the quantity of 

product retained and, with respect to the application by brush till saturation, a higher amount 

of consolidating agent is retained by the stone treated with calcium ethoxide nanosuspension 

based treatments; while for CAL the situation is different, in fact the quantity of product 

retained by absorption through capillarity is lower.  

Table 3.19 - Application by absorption through capillarity: amount of product retained after one month from the 

application. 

Product Quantity of product retained (kg/m2) 

ET 0.230 

NBUT 0.463 

2BUT 0.357 

CAL 0.154 

 

The fringe reached by the product during the proof are reported in Tab. C.14 in Appendix 

C. 

Fig. 3.92 reports UPV measurements and, looking at the graphs, all treatments based on 

Ca(OEt)2 nanosuspension seem to penetrate several cm inside the stone (Fig 3.92 (a), (b), 

(c)) in accordance with the fringe reached by these products respect than CAL (Tab. C.14, 

Appendix C). 
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 More details about UPV values before and after treatments for all products are reported in 

Tab. C.15 (Appendix C). 

    

Figure 3.92 - Ultrasonic profile before and after treatment: (a) V_ET, (b) V_NBUT, (c) V_2BUT and (d) 

V_CAL. 

DRMS results partially agree with UPV measurements, in fact only NBUT shows a good 

penetration inside the stone in the first 8 mm leading to an increase in stone resistance from 

7,3 N to 9,7 N (Fig. 3.93 (b)). 

  

  

Figure 3.93 - Drilling profiles before and after treatment: (a) V_ET, (b) V_NBUT, (c) V_2BUT and (d) 

V_CAL. 



Chapter 3: Results and Discussion 

 

137 
 

The discordance between UPV and DRMS for samples V_ET and V_2BUT, can be ascribed 

to a lower consolidation effect which does not correspond to a stone resistance increase 

detectable with DRMS. 

Looking  at  the colour measurements, in this  case  only the  reference  product  lead  to a 

ΔE* value higher than 5. All treatments based on Ca(OEt)2 nanosuspension remained in an 

acceptable range (Fig. 3.94). 

 
Figure 3.94 - Colour variation ΔE* generated by four consolidating products. 

By comparing this type of application procedure with brush till saturation, results about UPV 

and DRMS are comparable. In fact, both application procedures show how only NBUT leads 

to an increase of UPV together with an increase of stone resistance, while CAL does not 

cause any change for both the analyses. By evaluating what happens with other consolidating 

treatments based on calcium ethoxide, the lack of a consolidating effect registered with DRMS 

may be ascribed to a low increase of stone resistance due to the treatments, not detectable 

with this technique.   

3.3.4 Carrara Marble 

TG-DSC analysis (Fig. 3.95 (a)) shows that this stone is composed mainly of calcium 

carbonate due to the mass loss of 43.2% around 600-800 °C [26]. This technique allows to 

make a quantitative analysis of calcium carbonate which results of 99.7%. FT-IR analysis 

confirms the presence of calcite with characteristic peaks at 1420-1460, 875 and 713 cm-1 (Fig. 

3.95 (b)). 
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Figure 3.95 - Chemical characterization of Carrara marble by (a) TG-DSC and (b) FT-IR analyses. 

 

Marble samples were subjected to the artificial ageing and Fig. 3.96 shows the results of MIP 

measurements before and after the process. The initial porosity of 1.2 ± 0.1% and cumulative 

volume of mercury intruded of 4.4 ± 0.4 mm3/g do not change significantly; in fact, after the 

test, they became 1.3 ± 0.1% and 4.8 ± 0.6 mm3/g. Therefore, this ageing process was not 

successful for this type of stone. 

  

Figure 3.96 - Pore-size distribution curves by means of MIP for (a) not aged and (b) aged Carrara marble. 

Despite the ageing test was not successful, in the following sections, results about application 

of consolidating treatments on Carrara marble will be reported for completeness. The 

discussed application procedures will be only: brush till saturation and brush with pre-set 

number of brush strokes. 

3.3.4.1 Application procedure: by brush till saturation 

Tab. 3.20 reports results regarding the quantity of product retained after one month from the 

application. The results are reported as a range of value between the minimum and the 

maximum quantity for each type of product. Small differences among quantity of product 

retained for samples treated with the same product are probably due to the different shape of 
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mock-ups (in accordance to the different analyses, mock-ups of different dimensions were 

necessary). More details of product retained in relation to the different analyses are shown in 

Tab. C.16 in Appendix C. Carrara marble has a low value of porosity, thus it was difficult to 

perform capillary absorption test and to evaluate the drying rate. Therefore, the only data 

about water transport properties inside the material are referred to water vapour permeability 

test. 

Table 3.20 - Application by brush till saturation: range of amount of product retained after one month from the 

application. 

Product Quantity of product retained (kg/m2) 

ET 0.002 – 0.005 

NBUT 0.010 – 0.044  

2BUT 0.009 – 0.030  

CAL 0.003 – 0.041  

 

Carrara marble presents a very low permeability to water vapour and all treatments based on 

Ca(OEt)2 cause a reduction of the initial values (Fig. 3.97). The only exception is due to 

M_CAL for which the water vapour permeability value increase after treatment; this different 

behaviour could be related to different atmospheric conditions present during the water 

vapour permeability proof for treated and untreated sample. In fact, the used formula, 

involves also atmospheric pressure, which varies in relation to the atmospheric conditions. 

 
Figure 3.97 - Water vapour permeability test results expressed as water vapour permeability coefficient (g) and reported 

as comparison before and after treatment. 

A summary of MIP results for each type of applied treatment is given in Tab. 3.21. Due to 

the low initial porosity, all the applied treatments do not show any significant change respect 

to untreated support by maintaining the variation in a very small range, ascribable to the 
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measurement rather to a real effect due to the treatment. Therefore, the decrease of g value 

seen for treated samples can be explained with the formation of a superficial layer on the 

treated surface which does not have a consolidating effect but influences the water vapour 

transmission between treated and untreated faces. 

Table 3.21 - Porosity data obtained by MIP measurements, reported as comparison between treated and untreated 

samples.  

Sample code Total open porosity (%) 
Total cumulative volume 

(mm3/g) 

M_NT 1.3 ± 0.1 4.8 ± 0.6 

M_ET 1.1 ± 0.1 4.1 ± 0.7 

M_NBUT 1.9 ± 0.1 7.6 ± 0.6 

M_2BUT 1.3 ± 0.1 5.1 ± 2.1 

M_CAL 1.6 ± 0.5 6.0 ± 0.8 

 

In this case, pore size distribution curves expressed as log differential intruded volume versus 

pore radius are difficult to read, being the average pore radius very small (Fig. C.1 in 

Appendix C).  

Also results about NMR relaxometry are difficult to interpret due to the small value of 

porosity of marble; furthermore, data regarding M_CAL was not possible to acquire, probably 

due to the impossibility of water to penetrate inside the sample during the water absorption 

under vacuum - the procedure preliminary to NMR analysis (Fig. C.2 in Appendix C).  

Colour measurement shows that all treatments do not cause a significant colour variation, 

being all the ΔE* values < 5 (Fig. 3.98). Since the treatments producing calcium carbonate 

usually induce a whitening of the surface, this effect is more difficult to be detected in a white 

stone like Carrara marble. 

 
Figure 3.98 - Colour variation ΔE* generated by four consolidating products. 
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The formation of a superficial layer due to application of CAL is present also for Carrara 

marble, differently from products based on calcium ethoxide nanosuspension (Fig. 3.99). 

 

    

Figure 3.99 - Surface observation with SEM: (a) M_NT, (b) M_ET, (c) M_NBUT, d) M_2BUT and e) 

M_CAL. 

3.3.4.2 Application procedure: by brush with pre-set number of brush 

strokes 

This application procedure was performed only for calcium ethoxide diluted in ethanol and 

the reference product. The number of applications for Carrara marble, decided on the basis of 

the colorimetric measurements performed after each brush stroke, was 10. ΔE* results 

calculated after 10 applications were: 3.5 ± 0.3 for M_ET and 2.1 ± 0.1 for M_CAL.  

As for the application by brush till saturation, also in this case it was not possible to acquire 

information about water transport properties with capillarity water absorption test and drying 

rate. Tab. 3.22 reports data regarding the quantity of product retained after one month from 

the application. The results are reported as a range of value between the minimum and the 

maximum quantity for each type of product. Small differences among quantity of product 

retained for samples treated with the same product are probably due to the different shape of 

mock-ups (in accordance to the different analyses, mock-ups of different dimensions were 

necessary). More details of product retained in relation to the different analyses are shown in 

Tab. C.17 in Appendix C. 

 

(b) (c) (d) (e) 

(a) 
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Table 3.22 - Application by brush with pre-set number of brush strokes: range of amount of product retained after one 

month from the application. 

Product Quantity of product retained (kg/m2) 

ET 0.006 – 0.020 

CAL 0.007 – 0.015 

 

Also in this case, the only test which can give information about water transport properties is 

water vapour permeability and it shows that both treatments ET and CAL reduce water 

vapour permeability respect to untreated samples, with a bit higher change for M_CAL (Fig. 

3.100). 

 
Figure 3.100 - Water vapour permeability test results expressed as water vapour permeability coefficient (g) and 

reported as comparison before and after treatment. 

Looking at the porosity data obtained with mercury intrusion porosimetry (Tab. 3.23), both 

treatments do not cause any significant change in stone porosity, as for the application by 

brush till saturation; indeed, as for application by brush till saturation, the variation of water 

vapour permeability may be related to the formation on a superficial layer of the product on 

the treated surface due to the impossibility of the products to penetrate more inside the stone. 

Graphs regarding cumulative pore volume and volume distribution versus pore radius do not 

show significant change between treated and untreated samples (Fig. C.3 in Appendix C). 
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Table 3.23 - Porosity data obtained by MIP measurements, reported as comparison between treated and untreated 

samples.  

Sample code Total open porosity (%) 
Total cumulative volume 

(mm3/g) 

M_NT 1.3 ± 0.1 4.8 ± 0.6 

M_ET 1.6 ± 0.1 6.7 ± 1.5 

M_CAL 1.1 ± 0.1 4.2 ± 0.5 

 

Also NMR relaxometry presents results difficult to interpret due to the very small value of 

porosity of marble (Fig. C.4 in Appendix C).  

Looking at SEM images, also for this type of application procedures, CAL forms a superficial 

layer on the treated surface, differently from ET which maintains a morphology similar to 

untreated support (Fig. 3.101). 

   

Figure 3.101 - Surface observation with SEM: (a) M_NT, (b) M_ET and (c) M_CAL. 

For this type of application procedure, results about ultrasonic pulse velocity and drilling 

measurement system were not performed. 

  

(a) (b) (c) 
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CHAPTER 4

Conclusion and future perspectives

During this research work a new product based on calcium ethoxide was studied and applied on

carbonate stones with different total open porosity to understand its compatibility and efficacy as

consolidating agent. The initial calcium ethoxide nanosuspension was diluted in three organic

solvents (ethanol, 2-butanol and n-butylacetate); therefore, three different products to test were

obtained and compared with a reference one, CaLoSil E50 (calcium hydroxide nanoparticles

dispersed in ethanol).

Calcium ethoxide leads to the formation of calcium carbonate inside the porous structure of the

material by reacting with moisture and carbon dioxide of the atmosphere; therefore, the first part

of the project concerned the analysis of the kinetic and reaction pathway of this carbonation

process. Furthermore, an evaluation of the mineralogical phases formed in products’ coatings

deposited on glass surface and maintained at different relative humidity conditions (RH) and

controlled room temperature for two weeks, one months and three months was carried out; the

aim of this second analysis was to investigate the effects of solvents and different relative

humidity conditions on carbonate phase formation.

Regarding the kinetic process, n-butylacetate resulted the solvent which mostly delayed the

conversion of calcium ethoxide to calcium carbonate, probably because of the higher boiling

point of this solvent with respect to the others. In fact, by µFT-IR analysis, peaks related to

calcium carbonate were registered after two minutes for product in ethanol and 2-butanol and six

minutes for product in n-butylacetate, from the beginning of the carbonation reaction. Therefore,

the type of solvent plays effectively an important role in the control of carbonation rate: lower

vapour pressure (slow evaporation rate) leads to slower carbonation.

Concerning the reaction pathway, two possible mechanisms can be followed: (i) insertion of a

CO2 molecule within the Ca-O bond followed by hydrolysis and alcohol elimination, and (ii)

hydrolysis reaction of the ethoxide with the formation of calcium hydroxide as intermediate

which subsequently carbonates. Also in this case a different behaviour was registered between the

alcohols and n-butylacetate; in fact, while alcohols followed both reaction pathways, for n-

butylacetate only the first mechanism occurred. Probably this is due to the lower quantity of

water in n-butylacetate and therefore of available OH groups.
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Coating analysis highlighted the complexity of carbonation process, which always led to the

formation of vaterite, the most kinetically favoured, in all relative humidity conditions. It is very

interesting to underline how in presence of a major quantity of water - higher relative humidity

condition - vaterite can partially transform to calcite, most thermodynamically stable. In fact, for

all the analysed products, vaterite formed for both relative humidity conditions (50-90%), while

calcite is found only at 90% RH. This difference may be related to the process of dissolution of

vaterite and subsequent recrystallization to calcite in presence of water (90% RH). In the case of

products diluted in ethanol and 2-butanol, the prevalence of only vaterite at 50% RH, can be

ascribed to the presence of alcohols, which influence the morphology of the vaterite stabilizing

this phase and preventing the transformation to the thermodynamically stable calcite as observed

by Manoli et al1. In the case of n-butyalcetate, the presence at 50% RH of an amorphous phase

after two weeks and subsequently of vaterite after one month and three months may be related to

the higher boiling point of the solvent which delays the carbonation process and, therefore, the

formation of a crystalline phase. By comparing the coating analysis of Ca(OEt)2 based products

with the reference one (CaLoSil E50), the presence of calcite is confirmed only for the value of

90% RH. Tab. 4.1. reports the global results regarding the mineralogical phases formed for all

products in both relative humidity conditions and for all the considered periods.

Table 4.1 - Summary of coating results regarding calcium carbonate polymorphs, obtained with XRD and µFT-IR

analyses, for all the analysed products after two weeks, one month and three months. ACC - amorphous calcium carbonate.

2 weeks 1 month 3 months

Product 50% RH 90% RH 50% RH 90% RH 50% RH 90% RH

ET vaterite vaterite

calcite

vaterite vaterite

calcite

vaterite vaterite

calcite

2BUT vaterite vaterite

calcite

vaterite vaterite

calcite

vaterite vaterite

calcite

NBUT ACC vaterite

calcite

ACC vaterite vaterite vaterite

CAL aragonite vaterite

calcite

aragonite vaterite

calcite

aragonite vaterite

calcite

1 F. Manoli and E. Dalas, “Spontaneous precipitation of calcium carbonate in the presence of ethanol,
isopropanol and diethylene glycol,” J. Cryst. Growth, vol. 218, pp. 359–364, 2000.
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In the second part of the research, the proposed new products were applied on carbonate stones

with different total open porosity - Lecce stone, Noto stone, Vicenza stone and Carrara marble.

Three different types of application procedures (by brush till saturation, by brush with a pre-set

number of brush strokes in order to avoid a colour change of the treated surface and by

absorption through capillarity) and a multi-technique approach was used for the assessment of

products’ effectiveness and compatibility as consolidating agents. In particular, Mercury Intrusion

Porosimetry and Nuclear Magnetic Resonance Relaxometry were used to determine the variation

of cumulative volume and pore size distribution; variation of water transport properties was

evaluated by observing the water absorption through capillarity, drying rate and water vapour

permeability; Scanning Electron Microscopy (SEM) and spectrophotometric measurements were

used to assess morphological and aesthetical variation of the surface with, respectively; finally the

penetration reached by the products was identified by using Ultrasonic Pulse Velocity (UPV) and

Drilling Resistance Measurement System (DRMS).

Before the application of treatments, all stones were subjected to an artificial ageing process

based on thermal cycles, which led to different results in accordance with the type of substrate.

This process resulted successful for Lecce and Noto stones and ineffective for Carrara Marble

due to its low initial porosity. Vicenza stone presented a decrease of the porosity, probably

because the ageing process led to an internal stress which brought to the clogging of the pores.

Results showed that the major differences in terms of effectiveness among all treatments are

mainly connected to type of used solvent rather than the type of application procedure.

Moreover, the results are not always related to the quantity of retained product, both in terms of

chromatic variation and consolidating effect.

For all types of stone, products based on Ca(OEt)2 nanosuspension resulted able in reducing the

total open porosity and changed the water transport properties of the stones in an acceptable

way. Exceptions were registered for Ca(OEt)2 diluted in ethanol and applied on Noto stone by

brush with pre-set number of brush strokes and on Vicenza stone by brush till saturation.

Instead, in some cases, the reference product did not reduce the porosity of samples (as for Lecce

stone and Vicenza stone treated with brush till saturation). CaLoSil E50 led to the formation of a

superficial layer on the treated surface and it showed a low compatibility by inducing a too high

change of water transport properties, especially for Vicenza stone treated with both types of

brush procedures.
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However, low aesthetical compatibility is registered when products are applied by brush till

saturation and absorption through capillarity, mostly for Lecce stone but also for Noto stone, in a

minor way; for Vicenza stone the chromatic variations range within acceptable limits.

The penetration depth reached by the treatments was evaluated with UPV and DRMS for the

two application procedures by brush. The most promising product for Lecce stone resulted

NBUT for both types of application procedures; while for Noto stone good results were obtained

mostly with NBUT applied by brush till saturation and also with ET and 2BUT for the

application through capillarity absorption. Finally, a better penetration for Vicenza stone was

reached by 2BUT and NBUT applied by brush till saturation and only by NBUT for the

application through capillarity absorption. Therefore, the higher boiling point of the solvent

seems to be an important parameter to permit a better penetration of the treatments based on

Ca(OEt)2 nanosuspension. This behaviour agrees with a study described by Borsoi et al.2 which

highlights that to improve the penetration depth and the effectiveness of a lime nanosuspension

in stones with different porosity, a compromise between the stability of the nanosuspension and

the evaporation rate of the used solvent must be reached. Calcium ethoxide may have a similar

behaviour, even if the carbonation process is more complex.

Different results were achieved by applying the consolidating agents on Carrara marble. In fact,

the ageing process was not appropriate to damage this lithotype, therefore no significant change

regard compatibility and effectiveness of the treatments was recorded.

In conclusion, by considering the overall analyses, best results in terms of compatibility and

effectiveness are obtained by diluting the product in n-butylacetate, the solvents with the highest

boiling point.

Some integrations of previous results will involve a study regarding the interaction between the

calcium ethoxide applied on carbonate stone and environmental conditions and the acquisition of

information about the penetration depth reached by the treatments applied with pre-set number

of brush strokes. Moreover, to complete the data regarding this type of application procedure,

also 2BUT and NBUT will be applied on carbonate supports and the evaluation of their efficacy

and compatibility as consolidating agents will be performed.

Future perspectives concern the application of the analysed products on real case studies

involving the same carbonate stones, to understand how environmental conditions can influence

the obtained results. The efficacy evaluation of the applied products will be performed with non-

2 G. Borsoi, B. Lubelli, R. van Hees, R. Veiga, A. S. Silva, L. Colla, L. Fedele, and P. Tomasin, “Effect of solvent
on nanolime transport within limestone: How to improve in-depth deposition,” Colloids Surfaces A Physicochem.
Eng. Asp., vol. 497, pp. 171–181, 2016.
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destructive techniques and compared with commercial treatments usually applied for the

consolidation of carbonate stones. Furthermore, an evaluation of durability of the considered

products will be carried out.
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APPENDIX A - Kinetic of carbonation process and reaction pathway 

 Calcium ethoxide in ethanol 

  

  
Figure A.1  - µFT-IR spectra showing kinetic process and reaction pathway of calcium ethoxide diluted in ethanol 

mixed with powered carbonate stones: (a) Lecce stone, (b) Noto stone (c) Vicenza stone and (d) Carrara marble. 

Time intervals: start, beginning of the reaction; 2m, two minutes; 10m, ten minutes; 6h, six hours; 2w, two weeks. 
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 Calcium ethoxide in 2-buthanol 

  

  
Figure A.2 - µFT-IR spectra showing kinetic process and reaction pathway of calcium ethoxide diluted in 2-buthanol 

mixed with powered carbonate stones: (a) Lecce stone, (b) Noto stone (c) Vicenza stone and (d) Carrara marble. 

Time intervals: start, beginning of the reaction; 2m, two minutes; 10m, ten minutes; 6h, six hours; 2w, two weeks. 

 

 

 

 

 

 

 

 

(b) (a) 

(c) (d) 



APPENDIX A: Kinetic of carbonation process and reaction pathway 
 

155 
 

 Calcium ethoxide in n-butylacetate 

  

  
Figure A.3 - µFT-IR spectra showing kinetic process and reaction pathway of calcium ethoxide diluted in n-

butylacetate mixed with powered carbonate stones: (a) Lecce stone, (b) Noto stone (c) Vicenza stone and (d) 

Carrara marble. Time intervals: start, beginning of the reaction; 6m, six minutes; 10m, ten minutes; 6h, six hours; 2w, 

two weeks. 
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APPENDIX B - Coating analysis 

 Calcium ethoxide in 2-buthanol 

  

Figure B.1 - 2BUT50 after one month: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: V, 

vaterite. 

 

  

Figure B.2 - 2BUT90 after one month: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: C, 

calcite; V, vaterite. 

 

  

Figure B.3 - 2BUT50 after three months: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak 

assignments: V, vaterite. 
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Figure B.4 - 2BUT90 after three months: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: 

C, calcite; V, vaterite. 

 

 CaLoSil 

  

Figure B.5 - CAL50 after one month: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: A, 

aragonite. 

 

  

Figure B.6  - CAL90 after one month: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak 

assignments: C, calcite; V, vaterite. 
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Figure B.7  - CAL50 after three months: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: 

A, aragonite. 

 

  

Figure B.8  - CAL90 after three months: (a) XRD pattern and (b) µFT-IR spectrum. XRD peak assignments: 

C, calcite; V, vaterite. 
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APPENDIX C - Characterization and analysis of treated samples 

 LECCE STONE 

Table C.1 - Lecce stone, application by brush till saturation: amount of product retained according to different type of 

analysis. 

Sample Analysis 
Quantity of product retained 

(Kg/m2) 

L_ET 

Water absorption by capillarity 

Drying Rate 

 

0.115 ± 0.016 

L_NBUT 0.108 ±  0.010 

L_2BUT 0.165 ± 0.068 

L_CAL 0.097 ± 0.021 

L_ET 

Water vapour permeability 

0.026 ± 0.002 

L_NBUT 0.044 ± 0.001 

L_2BUT 0.044 ± 0.005 

L_CAL 0.028 ± 0.008 

L_ET  
 

MIP 

0.016 ± 0.011 

L_NBUT 0.012 ± 0.003 

L_2BUT 0.018 ±  0.007 

L_CAL 0.063 ± 0.008 

L_ET 

NMR 

Colorimetric measurement 

0.026 ± 0.002 

L_NBUT 0.016 ± 0.003 

L_2BUT 0.017 ±0.006 

L_CAL 0.047 ± 0.005 

L_ET 

UPV 

DRMS 

0.065 ± 0.002 

L_NBUT 0.081 ± 0.004 

L_2BUT 0.051 ± 0.005 

L_CAL 0.012 ± 0.002 
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Table C.2 - Lecce stone, application by brush till saturation: values of ultrasound pulse velocity before and after 

treatment for all products. The depth profile is expressed from not treated (5 mm) to treated surface (45mm). 

 UPV (m/s) 

Depth 
(mm) 

L_ET 
NT 

L_ET 
T 

L_NBUT 
NT 

L_NBUT 
T 

L_2BUT 
NT 

L_2BUT 
T 

L_CAL 
NT 

L_CAL 
T 

5 3213 3220 3613 3710 3703 3723 3246 3196 

10 3193 3246 3546 3700 3576 3653 3223 3253 

15 3200 3206 3590 3673 3553 3690 3236 3290 

20 3233 3226 3563 3683 3550 3603 3190 3250 

25 3233. 3186 3546 3646. 3583 3636 3210 3280 

30 3246 3240 3580 3636 3593 3620 3190 3250 

35 3213 3220 3546 3580 3560 3560 3190 3230 

40 3240 3213 3570 3543 3560 3606 3210 3223 

45 3233 3160 3590 3616 3613 3620 3170 3203 

 

 

Table C.3 - Lecce stone, application by brush with pre-set number of brush strokes: amount of product retained 

according to different type of analysis. 

Sample Analysis 
Quantity of product retained 

(kg/m2) 

L_ET Water absorption by capillarity 

Drying Rate 

0.114 ± 0.027 

L_CAL 0.010 ±  0.003 

L_ET 
Water vapour permeability  

0.019 ± 0.001 

L_CAL 0.012 ± 0.000 

L_ET  
MIP 

0.025 ±0.001 

L_CAL 0.022 ± 0.006 

L_ET 
NMR 

0.023 ± 0.005 

L_CAL 0.014 ± 0.003 

 

 

 

 

 

 

 



APPENDIX C: Characterization and analysis of treated samples 
 

161 
 

Table C.4 - Lecce stone, application by absorption through capillarity: fringe reached by the products during the 

application. 

Product Fringe  (mm) 

ET 4 

NBUT 10 

2BUT 5 

CAL 7 

 

 

Table C.5 - Lecce stone, application by absorption through capillarity: values of ultrasound pulse velocity before and 

after treatment for all products. The depth profile is expressed from not treated (5 mm) to treated surface (45mm). 

 UPV (m/s) 

Depth 
(mm) 

L_ET 
NT 

L_ET 
T 

L_NBUT 
NT 

L_NBUT 
T 

L_2BUT 
NT 

L_2BUT 
T 

L_CAL 
NT 

L_CAL 
T 

5 3726 3716 3636 3693 3756 3720 3166 3166 

10 3560 3670 3713 3706 3703 3683 3163 3113 

15 3623 3700 3633 3713 3673 3710 3216 3123 

20 3603 3696 3670 3786 3633 3613 3196 3210 

25 3630 3626 3643 3723 3646 3646 3210 3183 

30 3646 3673 3626 3676 3766 3700 3223 3170 

35 3666 3636 3643 3720 3600 3630 3223 3166 

40 3700 3690 3633 3706 3650 3653 3216 3173 

45 3603 3636 3713 3780 3633 3730 3210 3133 
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 NOTO STONE 

Table C.6 - Noto stone, application by brush till saturation: amount of product retained according to different type of 

analysis. 

Sample Analysis 
Quantity of product retained 

(kg/m2) 

N_ET 

Water absorption by capillarity 

Drying Rate 

 

0.101 ± 0.009 

N_NBUT 0.077 ± 0.008 

N_2BUT 0.113 ± 0.045 

N_CAL 0.122 ± 0.026 

N_ET 

Water vapour permeability 

0.028 ± 0.002 

N_NBUT 0.032 ± 0.024 

N_2BUT 0.047 ± 0.001 

N_CAL 0.017 ± 0.001 

N_ET  
 

MIP 

0.208 ± 0.005 

N_NBUT 0.020 ± 0.013 

N_2BUT 0.019 ± 0.008 

N_CAL 0.047 ± 0.013 

N_ET 

NMR 

Colorimetric measurement 

0.028 ± 0.003 

N_NBUT 0.010 ± 0.001 

N_2BUT 0.020 ± 0.005 

N_CAL 0.057 ± 0.013 

N_ET 

UPV 

DRMS 

0.044 ± 0.035 

N_NBUT 0.072 ± 0.064 

N_2BUT < 0.010 * 

N_CAL 0.084 ± 0.019 

* For this sample, the quantity of product was very low to be measured with the available scale. 
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Table C.7 - Noto stone, application by brush till saturation: values of ultrasound pulse velocity before and after 

treatment for all products. The depth profile is expressed from not treated (5 mm) to treated surface (45mm). 

 UPV (m/s) 

Depth 
(mm) 

N_ET 
NT 

N_ET 
T 

N_NBUT 
NT 

N_NBUT 
T 

N_2BUT 
NT 

N_2BUT 
T 

N_CAL 
NT 

N_CAL 
T 

5 2993 2996 3016 3033 2896 2983 2950 2903 

10 3003 3010 2980 3043 2786 2890 2933 2910 

15 2983 2996 2950 2953 2823 2853 2956 2926 

20 2966 2990 2906 3026 2836 2833 2980 2973 

25 2930 2956 2900 2940 2856 2876 2996 2970 

30 3033 3030 2906 2963 2926 2953 2990 2976 

35 3173 3186 2936 2980 2970 3003 2996 2986 

40 3200 3193 2936 2990 2986 3036 3003 2996 

45 3160 3160 2920 2980 3023 3046 3006 2956 

 

 

Table C.8 - Noto stone, application by brush with pre-set number of brush strokes: amount of product retained 

according to different type of analysis. 

Sample Analysis 
Quantity of product retained 

(Kg/m2) 

N_ET Water absorption by capillarity 

Drying Rate 

0.051 ± 0.019 

N_CAL 0.013 ± 0.002 

N_ET 
Water vapour permeability  

0.017 ± 0.001 

N_CAL 0.010 ±  0.000 

N_ET  
MIP 

0.033 ± 0.002 

N_CAL 0.025 ± 0.001 

N_ET 
NMR 

0.031 ± 0.003 

N_CAL 0.019 ± 0.003 
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Table C.9 Noto stone, application by absorption through capillarity: fringe reached by the products during the 

application. 

Product Fringe  (mm) 

ET 14 

NBUT 13 

2BUT 7 

CAL 27 

 

 

Table C.10 - Noto stone, application by absorption through capillarity: values of ultrasound pulse velocity before and 

after treatment for all products. The depth profile is expressed from not treated (5 mm) to treated surface (45mm). 

 UPV (m/s) 

Depth 
(mm) 

N_ET 
NT 

N_ET 
T 

N_NBUT 
NT 

N_NBUT 
T 

N_2BUT 
NT 

N_2BUT 
T 

N_CAL 
NT 

N_CAL 
T 

5 3253 3286 3080 3303 3020 3033 3100 3070 

10 3240 3220 3120 3336 3033 3063 3080 2996 

15 3166 3186 3033 3313 3033 3063 3046 2953 

20 3100 3093 3033 3220 3053 3040 2960 2923 

25 3133 3146 3013 3266 3033 3043 2940 2913 

30 3166 3126 2953 3266 2996 2990 2996 2936 

35 3146 3153 2956 3146 2990 3033 3106 3026 

40 3120 3126 2986 3146 3026 3070 3213 3146 

45 3180 3226 3016 3073 3070 3093 3246 3226 
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 VICENZA STONE 

Table C.11 - Vicenza stone, application by brush till saturation: amount of product retained according to different type 

of analysis. 

Sample Analysis 
Quantity of product retained 

(kg/m2) 

V_ET 

Water absorption by capillarity 

Drying Rate 

 

0.060 ± 0.010 

V_NBUT 0.028 ± 0.002 

V_2BUT 0.012 ± 0.001 

V_CAL 0.108 ± 0.008 

V_ET 

Water vapour permeability 

0.011 ± 0.002 

V_NBUT 0.058 ± 0.005 

V_2BUT 0.045 ± 0.001 

V_CAL 0.027 ± 0.007 

V_ET  
 

MIP 

0.039 ± 0.001 

V_NBUT 0.076 ± 0.004 

V_2BUT 0.040 ± 0.005 

V_CAL 0.038 ± 0.030 

V_ET 

NMR 

Colorimetric measurement 

0.014 ± 0.003 

V_NBUT 0.034 ± 0.002 

V_2BUT 0.028 ± 0.002 

V_CAL 0.113 ± 0.025 

V_ET 

UPV 

DRMS 

0.012 ± 0.002 

V_NBUT 0.076 ± 0.014 

V_2BUT 0.051 ± 0.017 

V_CAL 0.210 ± 0.030 
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Table C.12 - Vicenza stone, application by brush till saturation: values of ultrasound pulse velocity before and after 

treatment for all products. The depth profile is expressed from not treated (5 mm) to treated surface (45mm). 

 UPV (m/s) 

Depth 
(mm) 

V_ET 
NT 

V_ET 
T 

V_NBUT 
NT 

V_NBUT 
T 

V_2BUT 
NT 

V_2BUT 
T 

V_CAL 
NT 

V_CAL 
T 

5 3010 3096 3263 3353 3293 3380 2950 2903 

10 2983 3110 3216 3333 3256 3276 2933 2910 

15 3013 2980 3256 3303 3263 3210 2956 2926 

20 2966 3006 3270 3276 3196 3223 2980 2973 

25 2896 2946. 3256 3250 3210 3243 2996 2970 

30 2876 2886 3183 3213 3230 3250 2990 2976 

35 2870 2880 3236 3220 3210 3256 2996 2986 

40 2993 3010 3143 3176 3256 3183 3003 2996 

45 3030 3056 3230 3210 3236 3230 3006 2956 

 
 

Table C.13 - Vicenza stone, application by brush with pre-set number of brush strokes: amount of product retained 

according to different type of analysis.  

Sample Analysis 
Quantity of product retained 

(kg/m2) 

V_ET Water absorption by capillarity 

Drying Rate 

0.025 ± 0.009 

V_CAL 0.040 ± 0.001 

V_ET 
Water vapour permeability  

0.019 ± 0.001 

V_CAL 0.014 ± 0.001 

V_ET  
MIP 

0.053 ± 0.006 

V_CAL 0.062 ± 0.001 

V_ET 
NMR 

0.035 ± 0.003 

V_CAL 0.022 ± 0.003 
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Table C.14 - Vicenza stone, application by absorption through capillarity: fringe reached by the products during the 

application. 

Product Fringe  (mm) 

ET 35 

NBUT 45 

2BUT 35 

CAL 24 

 

Table C.15 - Vicenza stone, application by absorption through capillarity: values of ultrasound pulse velocity before 

and after treatment for all products. The depth profile is expressed from not treated (5 mm) to treated surface (45mm). 

 UPV (m/s) 

Depth 
(mm) 

V_ET 
NT 

V_ET 
T 

V_NBUT 
NT 

V_NBUT 
T 

V_2BUT 
NT 

V_2BUT 
T 

V_CAL 
NT 

V_CAL 
T 

5 3386 3570 3053 3280 3270 3460 2993 2946 

10 3266 3470 3053 3316 3390 3533 2966 2913 

15 3306 3480 3086 3293 3343 3476 2980 2956 

20 3276 3503 3023 3190 3350 3500 2993 2956 

25 3313 3480 3046 3246 3276 3466 2990 2996 

30 3313 3440 3086 3246 3350 3486 3016 2970 

35 3326 3393 3026 3123 3300 3383 3063 2993 

40 3363 3410 3033 3126 3336 3336 3076 3060 

45 3386 3300 3073 3053 3373 3333 3073 3023 
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 CARRARA MARBLE 

Table C.16 - Carrara marble, application by brush till saturation: amount of product retained according to different 

type of analysis.  

Sample Analysis 
Quantity of product retained 

(kg/m2) 

M_ET 

Water vapour permeability  

0.002 ± 0.001 

M_NBUT 0.044 ± 0.001 

M_2BUT 0.030 ± 0.024 

M_CAL 0.041 ± 0.023 

M_ET  
 

MIP 

0.005 ± 0.003 

M_NBUT 0.012 ± 0.003 

M_2BUT 0.010 ± 0.005 

M_CAL 0.012 ± 0.004 

M_ET 

NMR 

Colorimetric measurement 

0.003 ± 0.001 

M_NBUT 0.010 ± 0.001 

M_2BUT 0.009 ± 0.001 

M_CAL 0.003 ± 0.003 
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Figure C.1  - Carrara marble, application by brush till saturation. Cumulative pore volume and volume distribution 

versus pore radius of: (a) M_NT, (b) M_ET, (c) M_NBUT, (d) M_2BUT and (d) M_CAL. 
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Figure C.2 - Carrara marble, application by brush till saturation. Comparison of T2 distribution functions between 

treated and not treated supports: (a) M_ET, (b) M_NBUT and (c) M_2BUT. 

 

Table C.17 - Carrara marble, application by brush with pre-set number of brush strokes: amount of product retained 

according to different type of analysis. 

Sample Analysis 
Quantity of product retained 

(kg/m2) 

M_ET 
Water vapour permeability  

0.006 ± 0.000 

M_CAL 0.007 ± 0.001 

M_ET  
MIP 

0.020 ± 0.001 

M_CAL 0.013 ± 0.001 

M_ET 
NMR 

0.009 ± 0.001 

M_CAL 0.015 ± 0.003 
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Figure C.3 - Carrara marble, application by brush with pre-set number of brush strokes. Cumulative pore volume 

and volume distribution versus pore radius of: (a) M_NT, (b) M_ET and (c) M_CAL. 

 

  

Figure C.4 - Carrara marble, application by brush with pre-set number of brush strokes. Comparison of T2 

distribution functions between treated and not treated supports: (a) M_ET and (b) M_CAL. 
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Ca(OEt)2: calcium ethoxide nanosuspension a 1:3 solution (v/v%) of ethanol and

tetrahydrofuran, with an initial calcium concentration of 46,5 g/L and average particles’

dimension of 295 nm.

EtOH: ethanol.

THF: tetrahydrofuran.

REL: Recommended Exposure Limits, terms adopted from the US legislation and referred to

the concentration of solvent not to be exceed for a safety region, mediated in a 40-hour

working week.

ET: calcium ethoxide nanosuspension diluted in ethanol to reach a calcium concentration of

20 g/L.

2BUT: calcium ethoxide nanosuspension diluted in 2-buthanol to reach a calcium

concentration of 20 g/L.

NBUT: calcium ethoxide nanosuspension diluted in n-butylacetate to reach a calcium

concentration of 20 g/L.

CAL: Calosil E50 diluted in ethanol to reach a calcium concentration of 20 g/L.

ACC: amorphous calcium carbonate.

KBr: potassium bromide used to prepare pellets for FT-IR analysis.

Ca(NO3)2: calcium nitrate used to reach and maintain a relative humidity condition of 50%

inside a drier.

KNO3: potassium nitrate used to reach and maintain a relative humidity condition of 90%

inside a drier.

ETD: everhart-thornley detector for secondary electrons, SEM analysis.

LTD: large field detector for secondary electrons, SEM analysis.
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