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Abstrato

O diagnéstico da deterioracdo e a conservacao do patriménio construido em pedra é
complexo, exigindo a contribuicdo de muitas disciplinas para identificar as medidas corretivas
e estratégias de gestao adeagas. As questdes mais importantes estdo relacionadas com a
deterioracdo da pedra e as mudancas cromaticas na estética original da pedra, que tém um
impacto direto no seu valor sociocultur&ntre todas as causas de deterioracao das pedras,

a acdo da agua identificada como a principal causa de deterioracdo das pedras e das
alteracdes cromaticas nos materiais de construcao de pedssim, para evitar a penetragcao

de agua na matriz de pedra, é necessario um tratamento fundamental. Um revestimento
hidrofobico amigo do ambiente seria a melhor opgdo para este fim. Atualmente, o
desenvolvimento de um material protetor de pedra eficiente, duravel e amigo do ambiente é

ainda um desafio generalizado.

A tese de mestrado proposta, que faz parte da -EEONEPROTEEXPL/CTA
GEO/0609/2021, financiada pela Fundacao para a Ciéncia e Tecndt@jiy, visa abordar a
acao da agua sobre pedras carbonatadas através do estudo de trés revestimentos hidrofobos
comerciais diferentes e, especificamente, estudar a sua eficifrmapatibilidade e
durabilidade.

Neste estudo, nove pedras carbonatadas diferentes e uma amostra especifica de granito
foram escolhidas devido as suas varia¢des na natureza fisica, quimica e miner&ldagieta

deste estudo é a caracterizagdo completa de amostras de pedra selecionadas e estudar a
compatibilidade, eficacia e durabilidade de revestimentos hidrofébicos ecoldgicos aplicados
nessas pedrask-oi realizada uma abordagem multianalitica, como oscopia digital, e
colorimetria para avaliar a compatibilidade dos revestimentos hidrofobicos, acelerando o
envelhecimento em camaras climaticas para avaliar a sua durabilidade, tensiometro o6tico
para avaliar a eficacia hidrofébica, e XRF e XRD para deteran composicdo quimica e
mineraldgica de amostras de pedra.

58S | O2NR2 O2Y 2& NXadzZ G§F R2a 200AR2az Sads
gue é composto de silano/siloxano com aditivos fluorados modificados, € o revestimento

hidrofébico mais e€az entre todos os revestimentos hidrofébicos selecionadéEn disso,



este revestimento apresenta boa compatibilidade com as amostras de pedra selecionadas.
Além disso, os resultados obtidos podem ser 0s passos pioneiros para o desenvolvimento de

revesimentosamigos do ambiente que também séo rentaveis

Palavraschave deterioracdode pedras; protecdo do patriménimchosq revestimentos

hidrofobicos ecologicos, pedarbonatada.



Abstract

The decay diagnosis and conservation of stbnét heritage is complex, requiring input
across many disciplines to identify appropriate remedial steps and management strategies.
The most important issuesire related to the stone decay and chromatic chasge the
original stone aesthetics, which directly impact their sociocultural value. Among all thescause
of stone decay, water action is identified as the major cause of stone decay and chromatic
changes in stone building materials. Hence, to preventpgéeetrating water intathe stone
matrix, fundamental treatment imeeded Aneco-friendly hydrophobicoating would be the
best option for this purpose. Currently, the development of an efficient, durable, and eco

friendly stone protector material is stél widespread challenge.

The proposed Master Thesis, which is part of -EGONEPROTEEXPL/CTA
GEO/0609/2021, funded by Fundacéo para a Ciéncia e TecnQIegiB), aims to tackle water
action on carbonate stones by studying three different commerciatdyldobic coatingsnd

specificallystudying their efficiency, compatibilityand durability

In this study nine different carbonate stones and one specific granite sarhplebeen
chosendue to their variations irphysical, chemicabnd mineralogicahatures The task of
this studyis the full characterization of selectestone samples andtudy the compatibility,
effectiveness, and durability afppliedeco-friendly hydrophobic coatingsn thesestones A
multi-analytical approachwas performel such asdigital microscopy and colorimetry to
assesthe compatibilityof the hydrophobic coatingscceleratingageing inclimaticchambers
to assessheir durability, optical tensiometer teevaluate thehydrophobic effectivenessnd

XRF an&RDfor determiningthe chemical andnineralogicacompositionof stone samples

According to the obtained resultthis work demonstrate that the coatingt / bo € ¥ G KA OK
is composed ostilane/siloxane with modifiedluorinated additives,is the mosteffective
hydrophobiccoatingamong all the selected hydrophobic coatingglditionally, this coating
showsgood compatibility with the selected stone sampledso, the obtained results can be

the pioneer steps for developineceofriendly coatings which also aoest-effective.

Keywords stone decay; stone heritage protectiomcofriendly hydrophobic coatings,

carbonate stone.



Objectives and aims

Stonematerial is one of thenostchallengingsubjects when it comes to preservation and
conservation. Since stone heritage all over the world is struggling with external environmental
circumstances and in most cases, there are fewer options for controlling the environmental
conditions, preservatiomnd conservation of stone heritage is becoming a worldwide issue.
Therefore,it is urgent to find valuable, durablepractical and environmentallyfriendly

solutions that could protecstone-built materials

Among all the external factors which causerstalecay water is determined as the most
threatening factor. Water is particularly damaging to porous stone materials and determines
their limited durability over time, especially if the stone is exposed to external environmental
factors.Moreover,water is the maintriggerfor salt solubility andeadsto sat efflorescence

especially in more porous stones

To prevent the further cause of water actions, the best solution is to prevent water
penetration into the stone. To reach this goal applying hydaipb coatings is one of the best

solutions to prevent the future decay and deterioration of stones.

By focusing onen different samples categorizeidto limestones, marbles, and granite,
corresponding to their differenphysical, chemicahnd mineralogcal nature,this studyaims
to answer thefollowing questiors.

1 whichfactorsrelated tothe physicalchemicalandmineralogical characterization
of stone samplescorrelate with the effectivity, compatibility, and durabilityof
hydrophobic coating®

1 Which factors in hydrophobic coatings aaake themmore effective, compatible
and durable when theyare applied onstone materials specifically, carbonate

stones?

Answering these questionsill shedlight on the chemical compason of a coating that
better contributeto stoneprotection andaestheticamaintenance Consequentlythe results
of this study would be a pioneering step for developing novel-B@ndly coatings to finally

reaching to the destination which would h@oducingthe best hydrophobic coating that



considers all the aspects to preserve and conserve the stone heritage while having less

functional and aesthetic effects.

Framework and Study Design

Having a short reviewtructuralframework of theresearchhelps us to better understand
the study. This thesis is structured into 4 chapters, namely Introduction, Materials and
Methods, Results and Discussion, and finally the ConcluSiomesponding references have

been insertecat the end of each chapter.

Chapter 1¢ Introduction, starts with a short literature review concerning stone decay and
deterioration causes. Then, it explains the importance of the subject and why this study needs
to focus on this issue. Various numbers of atseudies related to this research have been
mentioned and discussed in this chapter as well. Also, the general information about the

conservation and preservation of stone materiaiisietailly exposed.

Chapter 2¢ Materials and Methodlogical Approacés focuses on the approaelk and
methodologeswhich have been used in this study which will conclude mainly with analytical
and optical techniques. It begins with introducing the materials which have been applied in
this study including different lithotyes and specific hydrophobic coatings. Then, it continues
by explaining all the techniquesdthe purposes of using themvhichareto characterize the
samples physically, chemically, and mineralogically and to compare the codtiegs their

effectiveness, compatibility, and durability

Chapter 3¢ Results and Discussion, all the obtained data and results of applied techniques
are presented and discusserthis chapter isategorized based on two magroupsof results,
one forthe characterization of stoes, physically, chemicallgnd mineralogicallyand the
other group determines theompatibility, effectivenessand durability of applied coatingm
studied stone samples. Each result has been discussed had been tried to correlatand

discussll the obtainedresults.

Chapter 4¢ comprises the conclusions of this master thesigestigation as well as possible

trends for researcln the near future on the field of stone materials protection.

Vi
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CHAPTER

1 Introduction



1.1 Stone Decay; description and causes

Anyone who has looked closelylastorical stones is probably familiar with stone decay
issues Generally, stone as a construction material is considered one of the most durable and
strong materials compareto wood or clay brick. Despite this point of view, stone can
deteriorate, and may factors are involved. Before focusing on these factors, it is necessary
to understand the stone decay terminology. Finding a common language related to discussing
stone decay has always bedifficult. And even if unique terms are established to deserib
specific types of decay, still it can be difficult to regulate the severity or amount of decay.
Some researchers and organizations have been working to solve this problem (Price, C., et al.,
2011).

The ICOMOSESCS (lllustrated Glossary on Stone DetetimmaPatterns) helps to define
different terms related to the stone community, and distinguish useful definitions such as
decay, damage, deterioration, weathering, and degradatiorthis order,decaydefines as
any chemical or physical modification oétimtrinsic stone properties leading to a loss of value
or the impairment of usevhile damageconsiders duman perception of the loss of value due
to decay Additionally, in contrast taleterioration which isdefined asa decline in condition,
quality, or functional capacityweatheringis any chemical or mechanical process by which
stones exposed to the weather undergo changes in character and deteridkide,
degradation is the process of creating or becoming poorer or lower in quality, ejalu
character, et. Hence, it is crucial to ussuitablewords when it comes to focusing on stone

challenges and conditiorf¥ ergésBelmin, V., 2008).

Due to this current and worldwide issue that seriously threatens the integrity of the
world's stone heriage, it is important to categorize and identify these problems based on the
initial assessment and the typd stone(Barnoos, V., et al., 2020)n additionto considering
the overall goal of the interventigra proper diagnosis is essential for determgthe optimal
conservation method to be employed. Therefore, one of the most crucial aspects of stone
conservation is knowing the causes of deterioratih@khani, R.et al., 2018. The most
significant reasons for stone deterioration include air patint the presence of soluble salts,
biodeterioration, and water action whicplaysa major rolein all theaforementioned causes

(Charola, A., 2016).



1.1.1. Air Pollution

Theimpactof air pollution on stone decay has been a subject matter in the field of stone
deterioration. An important component influencing stone weathering in urban environments
is the air quality Alves, C..et al, 2020;Germinario, L., et al., 2017). Buildingoms¢
deterioration will be affected by changes in air pollution concentration over time (Basu, S., et

al, 2020).

It is commonly accepted that the primary pollutioelated deterioration processes are
gypsum formation and carbonate dissoluti(®aba, M.et al, 2018. The most common stone
decay feature that happens in stone material, especially limestone is crust weatliErguge
1.1) (Rodrigues, J2015. Additionally, traces of iron oxides and components of the stone
substrate like calcite and quantzay be present in crusts, and in certain cases, calcium oxalate

from the partial oxidation of organic has also been deted@dmite, V.get al., 2021).

Figurel.l Examples of black crusts in limestone substré®eslrigues, J., 2015).

It is crucial to differentiate wet depositiokknown as acidic rajrfrom dry deposition to
understand air pollution. Wet deposition is typically far less significant than dry deposition,
which occurs close to industrial and/or urban regions. Sulphur oxidesa®DSG@), often
known as S& are gaseous pollutants that cenfrom a variety of industries. On the other

side, vehicle traffic emits nitrogen oxides (NO andN&also known as NOThese come from



fine coal or coal dust furnaces and pdaed boiler houses, and along with other airborne
particles like furnaceagha = | SNR a2t a | NB RS LipedudirgRlaygry (KS
In the case of stone materials, starting from the surface, the corrosion process slowly goes in
depth alongthe stone, transforming inner layers into new compour{8aba, M.et al, 2018

Charola, A., 2016

Wet acid deposition is mostly brought on by sulfurieB) and nitric (HNg) acids In
the first case it is primarily created in the atmosphere by Sd entersinto stone objects
during precipitation events, causirgypsum fornation at the stone's surface. In the second
situation, nitric acid is created when air D@ oxidized, and it combines with calcium
carbonate to produce calcium nitrate [Ca(R£D (Speziale, Agt al., 2020 Saba, M. gt al,
2018.

highstoneporosity improves water penetration and subsequently carbonate dissolution,
while high porosity distribution boost moisture uptake and enhances the deposition of salts
and gypsunat stone surfaceThese stone features have an impact on the levelashage
produced by acidic depositioherefore high poraisstones like limestones are higtdyrisk
of this deterioration howeverlower porosity lithotypes like marble and graniteave the
possibilityto get affected.Gypsum or other pollutiomerived salts, when combined with
excessive moisture that causes efflorescence, give the stone a porous outer layer that permits

the penetration of chemicals or the formation of thin black cruslal, F.2019).

1.1.2. Soluble Salts

The substance that damages ttone the fastest is soluble salts like sodium chloride
(NaCl), sodium sulphate (Na2S04), and sodium or potassium nitrate §NENQ). In the
seaside environment, soluble salts like NaCl can be found suspended in the air. Other soluble
salts like NgSQ and KNQ@can be found in desert regions and bat guano deposits, respectively

(Oguchi, G.et al, 2021).

The presence of moisture is thkey factor that influencessalt weathering. Since

mentioned saltare highly water solubleéheyundergo in solution, wichallowstheir transfer



and mobility by capillarity along the pore system of the stoffses, C.et al., 2021 Lubelli,
B.,208). ¢ KS GNIJ LIISR 41 GSNI gAft 2FGSYy SOFLIR2NIGS
crystallizationand leading tosalt efflorescence(Figure 1.2)Repeating this cycle affects the

slow growth of salts within the porous materidlezzerini, M.,et al., 2022).Further
recrystallizations from hydrate to dehydrate will be caused by variations in relative humidity
andtemperature.The hygroscopicity of soluble salts, which can be defined asapacity of

water vaporadsorptionlike the moisture already present e air, provides the basfer this

matter (Lisci, C.et al., 2022 Morillas, H.get al, 2020.

In addition, the clay which is contained in the stone may absorb the moisture and expand.
Thus, this process induces another deterioratio@chanism, i.e., expansiarontraction.
When only water is present, this mechanism is mainly reversible, but when salts are included,
the cycles are no longer reversible, and the expansion gets significantly worse with each

successive cycl&lert, K.gtal.,2022

Figurel.2 Salt efflorescence (the whitish powder) on granitic stones of a window from a historical structure in the town of
Chaves, Portugal (Alves, C., et al., 2021).

1.1.3. Biodeterioration

The injurious effects promoted by thaevelopment of microorganisms and plants on the
surface of the stones are referred to as biodeterioratigigure 1.3YCharola, A., 20)6A

combination of physical, chemical, and aesthetic damagsttme maerial is involved in
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biodeterioration (Cappitdli, F., et al., 2020).Biocolonzation of stone can cause soiling,
discoloration, patinasand fouling, particularly on limestones and markiéhang, G.et al.,

2019).

Figurel.3 effects of microorganisms and biodeterioration on limestone (Pinheiro, A., et al., 2019)

Over thetime ofdevelopment of microorganisms on the surfasfestone monuments and
buildings colonizationof microorganism®&ccurs(Zhang, Get al., 2019)dimatic conditiors
and its changesan promote colonizatiomhich leads tamore serious problem related to
biological growth on the stone surfate convert inorganic C£nto biomass, then to deposit
and enrich the cellular components on the stone's surfadee microbial population on the
surface,which can forma biofilm, modifies the surface properties as soon as the initial
immobilization of carbon takes place on te@nes surface(Sesana, Eet al., 2021)The other
species may then colonize the stone surface after a biofilm has formed. The formation of
lichens, then mosses, liverworts, and ferns may be made possible by the microorganisms in

the biofilms,including bacteria, fungi, and algé@epriest, P., et al., 2017).

Water isthe factor that trigger the development omicroorganisms as well asinlight
which providesthe energy for their photsynthesis(Zhang, G.et al., 2019). While some
organisms Wl be on the surfacgepilithic colonization) some of them may penetrate the

stone(endolithiccolonization). Stonewith translucent mineralé their compositionsuch as
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calcite,maybe more susceptibl® microbial growth, sincallows light to reach he interior

pass(Charola, A., 2016

1.1.4. Water Actions

As mentioned in every cause of stone decagfer action plays a key rol® make or
develop the decay cause$his matter can lead toonsideringwater as themain cause of
stone decay Due to its capacity to act as the solvent in acidic rains, transport veateible
salts by stone capillaries, triggers biological activity at the interfaces between stone and the
environment, and in some cases, cause physical deterioratiorrésadtsin the loss of stone
material. These irreversible damages are highhydesired, especially when implies cultural
heritage artworks. Additionally, water can be incorporated into stone structures or
monuments through precipitation phenomena like rain, sndwijl, fog, and condensation
that can be drawn up from the ground by capillary absorption. Furthermore, the importance
of the location of a building or monument should not be overlooked. Salts and other potential
contaminants, as well as water from diffetewater basins including lakes, rivers, and seas,

could be carried by the windMorillas, H.et al, 2020Lee C., et al., 2005

The damages degree and its frequency, caused by water, in different lithotypes are
distinctive as well. Since water can dissocalcium carbonate, and if its effect is frequent and
continuous, carbonatebased stonesare the most susceptible to breakdown by water
(Benavente, Det al., 2020)Compact limestoneand marbleften have minimal porosities,
which limits their capacity to dissolve in water to the surface in direct contaatous
limestones, on the other hand, are subjected to more harmful action becesader is able
to penetratedeep into the pores and attaclatcium carbonate in deeper layers S @6 off = wod 3

al., 2019 Steiger, M., et al., 2011).

Also, it needs to be mentioned that water action can cause unobjectionable mechanical
effects on a stone substrate which impacts tinéegrity of the stone matrix. I(iu, X.,et al.,
2020). The action of water on stone material is so threatening that needs deeper insights into
this field. As mentioned before, carbonate stones fall into a category that extremely suffers

from the action of water and requires more focus eservation and conservatiorlpsseini,



M., et al., 2018 Ciantia, M., et al., 2015). The fundamental approach to the process of
preservation and conservation te tackle water penetraton through stone material and
prevent stone deterioration by watercgions as aforementioned. This aim can be achieved by

using superhydrophobic protective substan¢Earapanagiotis, let al., 2022).

1.2 Preservation and Conservation of Stone

The first stepafter diagnosisof the causes of stone decayould berecognizing the
suitable treatment(Becerra, J.et al., 2020)Traditionally, the stone would be repaired with
mortar, some protective coating would be applied, or the rotten portion of the stone would
be removed and relaced with newstone (Price, C., et al., 2011However, since prevention
is better than cure, increasing emphasis on the environment in which the stone finds itself is
a better solution. For this purpose, focusing on both preventive and active conservati

fundamental(Morais, M, et al., 2019).

UNESCO gives us a general perspective on conservation and preservation definitions and
treatments. It clearly mentions thah general terms, conservation may be defined as the
operations which together aretended to prolong the life of an object by forestalling damage
or remedying deterioration. In the domain of cultural property, conservation aims to maintain
the physical and cultural characteristics of the object to ensure that its value is not diminished
and that it will outlive our limited time spaVifas, V., et al., 1988). On the other hand,
preservation or preventive deterioration is one type of the actions in the conservation of
materials and its aim defind® obviate damage liable to the caused &y environmental or
accidental factor which poses a threat in the immediate surroundings of the object to be
conserved. Accordingly, preventive methods and measures are not usually applied directly but
are designed to control the microclimatic conditiorfstiee environment with the aim of
eradicating harmful agents or elements which may have a temporary or permanent influence

on the deterioration of the obje¢Vinas, V., et al., 1988).

Hence, preservation and conservation methods must be carried out tisengroper tools
and materials, considering the degree of decay or degradation of the stone, the exposure

circumstances, and the function of the stone element. By using such protective coatings, it is



also possible to reduce the amount of repair and mairgnce work that needs to be doni.

is alsocosteffective and time-savingapproach for longerm, and enablgo preserve the
cultural values over time Therefore, using preservative/conservative approaches has
benefited from asustainability perspectiveK@rapanagiotis, let al., 2022;Lettieri, et al.,
2021).

Regarding th characterization of the stone decasgme treatments including cleaning,
consolidationand protective coatingbave been applied tpreventthe stone materiafrom

future deterioration(Tortora, M. et al., 2020).

1.2.1 Cleaning

Cleaning is a challenging problem and a vital part of conservation, and care must be taken
to ensure that the treatments don't change the original surfa@@stegaMorales, B, et al.,
2021).Depends on the type of material that needs to be cleaned and the desired post
cleaning effects, the cleaning technique can be divided into two categories based on the
method used: mechanical and chemical (Zhu, G., et al., 2022¢hanical (brushing and
rubbing, washing and steaming, wet and dry abrasives, etc.) and chemical (alkaline
treatments, acidic treatments, or organic solvents, etc.) approaches are typically used as the

primary cleaning techniqug®oschRoig, P.et al.,2015).

The fundamental cleaning methods should take into account the potential harm (and
ensuing legal action) that improper or overzealous cleaning may cause, as well as the
environmental concerns raised by the use of specific chemicals or excessive Watse
strategies ought to have been developed primarily through careful consideratiesiten

rather than in a laboratory

Numerous researchers have focused on the techniques for cleaning.ed&arple Poze
Antonio and his associatesorked onremoving sulphated black crusts from stone materials
using mechanical, chemical, and laser cleaning procedures {®Rupmio, J., et al., 2016).
Senesi and his research team conducted another study on the removal of black crusts on a

limestone using laser clearg and laseinduced breakdown spectroscopy (Senesi, G., et al.,



2016). The results of these studies can prove the emphasis on different cleaning techniques

as remedial conservation.

As mentioned in 1.1.1, pollution and dirt present in the air can leasidoe deterioration.
Cleaninghe surface stonepreventsfurther deterioration however, a better solution would
be to makethe surface of the stoneselfcleaning.In this case, the minimum intervention
related to cleaning would be performedCélangiuli,D., et. Al., 2019). Hydrophobic and
superhydrophobic coatings can be a good option for solving the problem of cleaning by

making the surface of stones selkaning WWu, Y.et al., 2022Hosseini, M.et al, 2018).

1.2.2 Consolidation

Consolidation may be messary to restore some strength of some parts of the stone that
decay causes weakness. Consolidation as treatment should be practically cheap, easy to
apply, safe to handle, and completely invisible. Consolidants are typically brushed, sprayed,
pipetted,2 NJ A YYSNRA SR Ayidi2 GKS aG2ySaQ adaNKFI OS | yi
(Possenti, Egt al., 2019Scherer, G., et al., 20D9

Since the 19th century, inorganic substances such as silicious consolidants, alkali silicates,
calcium,and barium hydroxids, among others, have been used as stone consolidarits.
aim of using inorganic consolidants is to produce a decay resistance phése porous of
deteriorated stones. It can happen by binding stone panicles togetheyugh solvent
evaporation or chemical reaction with the stone. It is important to consider that the binding
agent of theconsolidantsshould be alike the original agent of the stone thuschemically
compatible. For instance, calcareous stones such as limestone and marble should be
consolidated withsubstanceswhich result in the formation of calcium or barium carbonate;
on the other hand, sandstone should be consaletl with substancesvhich deposit silica as

a final product(Borsoi, G.et al., 2016).

Although inorganic consolidants are the most compatible material with deteriorated
stones structurally and remain stable over time, they have failed to meet maimgoétjuired
performances. These failures include inadequate penetration and formation of shallow and

hard surface crusts, formation of soluble salts in the consolidation reaction, the growth of
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precipitated crystals, incapability to improve the mechanpraperties of stone, and possible

change in the colar of the stone(Menningen, J.et al., 2021).

Alkoxysilanes are a family member of monomeric molecules which can hydrolyze with
water to produce either silica or chains of alkylpolysiloxanes. Diffexgrés of alkoxysilanes
which are often used as stone consolidants are tetraethoxysilane (ethyl silicate or silicic acid
ester), triethoxymethylsilaneand trimethoxymethylsilane. Polymerization proceeds by
hydrolysis and condensation when the alkoxysilanes deposited in the stone. Siloxane
linkages {StO-St) are formed as a strengthening factor at the end of the procBssl(igues,

A., et al.,, 202). Even though alkoxysilanes have been commonly applied to sandstone
consolidation, they have been applied marble and limestones, as well. The most noticeable
advantage of using alkoxysilanes is the ability to penetrate deeply into porous stones because
of their low molecular weight antbw viscosity. On the other handheir dangerous effects

on environmen, their high cost,their tendency to change the colour of the stone, the
possibility of their evaporation from the surface before hydrolysis can take place, and being
an irreversible treatment are some of theonstaints encountered in their useSierra

Fernandez, Agt al., 2017.

Synthetic organic polymers are prepared trough polymerization of monomers that are low
molecular weight compounds. Two types of synthetic organic polymer application methods
have been used t@onsolidate stones. The first and simpler method is polymerizing the
monomeric organic molecules, solubilizing this polymer resin in an organic solvent, and then
applying it to the stone. After dryness, the polymer integrates the stone structure. In anoth
method, monomers that are either pure or dissolved in a solvent are polymerized in the pores
of the stone after the solution has penetrated the stoffodrigues, Agt al., 2022)Besides
the advantages of using synthetic organic consolidants whickudec improving the
mechanical properties of disintegrated stone, they have seviaratations as well. These
weaknesses include their deterioration in the presence of oxygen and light, discoloration of
stone, loss of tensile strength, loss of brightnasseversibility of treatment,and not being

environmentallyfriendly (Xu, F.et. al., 2019).

Since consolidation has severdlallenges and limitationeegards to the compatibility

with the stone materials, it is crucial to only take action when it ischilitely necessary.
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Therefore, nowadays consolidation treatment has a different approach in the scientific and
conservative fields from the past. It has been trying to find a solution to have fewer

interventions in the materials as possible (Pratico, tal.e2020).

1.2.3 SurfaceCoating

In the 1970s and 1980s, many attempts have been made to find one single treatment for
both consolidation and protection stones at on(ferice, G.et. al., 201} However, many
conservators today recognize the value of both consolidation and protection techniques
(Bayer, I. S. 2020yhe hydrophobicity was first identified on Lotus leaf surfaces by Neinhaus
and Barthlott, and it was subsequently patented as thwtus effect(Figure 1.4)n 1998
(Parkin, 1., et al., 2005).

Figurel.4 (a) Fullscale picture of a lotus leaf with inset to show water droplet on its surface, and (b) microstructure of the
surface of a lotus legiVang, T.gt. al., 2014

The reasorior the hydrophobicity ofthe lotus leaf is thénierarchical roughness structure
which leads to placair pockets forming inside the grooves underneath the ligandreduces
the contact area between the liquid and the surfgd®ang, T.et. al., 2014. Trerefore,due
to the microscale mounds and the narszale haifike structures hydrophobicity and self
cleaning propertiexan be explainable. Consequently, roughness of the surftnes akey
role in the aspect ofiydrophobicity andseltcleaning propety of the surface Chindaprasirt,
P..et al., 2020).
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The waterrepellene strategy has a straightforward justification. Water plays a
importantrole in the stone decays, as previously mentioned. A treatment that tackles water
from penetratingshould thereforehelp in reducing deteriorationDeveloping hydrophobic
coatings from irreversible, and toxic compounds to more environmeintahdly and
compatible substrates clearhowsthe needfor cultural heritage community to find a more

sustainable solutionArtesani, A.et. al., 2020).

In the past, most of the techniques for creating watepellency rely on the application
of organic substancesuch as resins, acrylate®sed substances, waxes, etc. However, there
are some drawbacks related to the use of these compounds, such as high viscosity, colour,
and gloss changes leading to a thick, coloured coating (Liu, Q. et al., 2007); formulatidn base
on organic compounds, with insufficient compatibility with the ancient stone and some of
them with toxicity upon removal from the substrate (Melo, M.J., et al., 1999); and, eventually,
excessive, and thus unsuitable reduction of water vapor permeabaitych would result in
a detrimental water accumulation inside the stone (Price, C., etal., 2011). Altilstiighese
compounds are somehow preferable ine ghey are better to abound since more eco

friendly and sustainable coatings are tested receayer, I. S. 2020)

The other group of compounds that had been frequently used in the past was solvents
basis treatments. The substrate that needs to be protected is coated with the solution
containing the polymer (ots monomers), which after solvertryness it creates the desired
film. This process ensures that the protective layer will effectively penetrate the substrate,
even into its smallest pores. On the other hand, the usdosic solvents in protective
treatments causes serioussuesfor the environment where the solvent will evaporate, the
operators, and anyone who comes in contact with the treated surfabe®8(ergo Ballester,

M., et. al., 200

Startingin the 2010s, thestudiestook astep forward in the development of protective
coatings that wereecofriendly, reversible, andompatiblewith the substrate(Artesani, A.,
et. al., 2020)The most important categories for products that repel water include siliconates,
silicones, and siloxanes. These products come in a variety of vissasitiecan contain an
organic solvent, be aqueous solutions, or be wdiased emulsions as liquid, cream, and gel

(Malaquias, R.et. al.,2022). The 8D bond is a highly adaptable chemical bond that connects
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inorganic and organic species as well as seaga building block for complex 3D oligomers
and a wide range of materials and molecules. The siloxane bond is strong in its function as a
linkage, chemically resistant to a variety of conditions, and simple to produce, for example,
through the reactionof silanes with organic or inorganic hydroxyl groups. In simple words,
silanes are extremely smalized molecules with a strong alkali resistance and the capacity to
penetrate deep into lesporousmaterial. Sloxane can be used on less porous materials and
are alkali resistant, but porous substrates like brick and stone are where they perform best
(Glosz, Ket., al 2020).Water and oil repellency can be achieved by precisely choosing the
silane/siloxane prduct and the concentration of additional nanoparticlg¢$osseini, M.gt.

al., 2018).

The other group of compounds that are considered good weatgellent agenst is the
fluoropolymess class When it comes taegCH2 >¢CH3 >¢CF2 >CF3 the energy surface
decreases, thereforduorinated and perfluorinated materials have low wettability aack
assumed as logicaloption to producehydrophobicmaterials(Aslanidou, D.et. al., 2018).
On the other handfluorinated chemicals, including perfluoroalkylsilanand fluoroacrylic
polymers,are dangerous to human health and environmeMain awareness has been
focused on thedangerousfeaturesof the short andong-chainPFAAs (perfluoroalkyl acids)
which have been identified as contaminants of high concern owarigeir high persistence,
toxicity, bioaccumulation potential, and distribution in the environméW{ang, Z.et. al.,

2015).

Another concerning issue refers giminating Volatile Organic Compounds (VOCs) from
coating formulation to avoid potential gative effects on the environment and the health of
users. In order to achieve this environmental goal, coatings have gradually been produced by
switching from solvenbased products with high V@Contents to low or zeroaVOC water

based system@Artesani, A., et al., 2020).

In this research, eclriendly hydrophobic coatings with different chemical bases will be
discussed in the next chapter. The aim is to study their durability, compatibility, and efficiency
to confront external weathering facts and gain insightsito the correspondence of their

chemical composition with their performance.
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2 Materials and Methodological Approaches
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2.1 Materials

This master thesis was focused on the study and influence of different coatings
compositions and their relation for effectiveness, compatibility, and durability on previously
selected samples representative of the most important Portuguese lithotypesmBierials
used in this research have been categorized tato maingroups. The first group is the stone
samples and mockips which have been selected as case studies. Accordingly, samples from
different lithotypes with different physicalchemicaJ] and mneralogicalproperties were
chosen to perform this study in order to have comprehensive data and results, according to
their chemical and mineralogical nature. The second group of the studied material is
composed of 3 commercial hydrophobic coatings. Tfaees three different hydrophobic

coatings with different chemical compositions have been selected.

2.1.1. Stone Specimens

Ten natural stones with high commercial values have been selected to study the effects
of the hydrophobic coatings on stones, includiinvg different types of limestone, four various
kinds of marble, and one specific type of granite (Table 2.1). The quarry localization of all the

studied samples is in Portugal.

The logic behind this selection is as selected stones from different lithetyyzere
different mineralogicabind chemicatompositionsas well agifferent physical features such
as texture, colour, porosity, roughness, hardness, thermal conductivity, and water vapor

permeability which can lead to comprehensive data and result®topare.

In this selection, nine different carbonate stones and one specific granite sampk
been chosen. Among all natural stones, granite is one oh#rdest and most resistamn
the earth. Granite is selected due to its extreme durability, resisé to water, and low open
porosity, as well as its different mineralogical and chemical compositions, compared to
carbonate stones. The granite sample can be also considered as@rmmmate benchmark

to validate the acquired data and results from thié carbonate samples (Frasca, M., et al.,
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2006; Pires, V., et al., 2014). Moreover, due to testing the compatibility of the coatings and
colour change, it has been tried to select a set of samples with a wide range of colours from

dark grey to almost whe. The general introduction of samples can be found in table 2.1.

Table2.1. General Information of the studied stone Samples (Photos are taken by CANON 80D professional camera in
Hercules Laboratory, Evora)

Ref N. Commercial Name  Typology Quarry Macroscopic Appearance

_ Arrimal, .
L1 Branco Real Limestone

Porto-de-M0s N B EE D
HE B R BB
10 cw

Codacal, Serrc
L2 Rosal Dunas Limestone Ventoso,

Porto-de-Més

Cruz da Légue

L3 Creme Champagne Limestone _
Aljubarrota
L4 Moca Creme Limestone Relvinha
Santo
L5 Brecha St. Antonio Limestone  Antdnio, Sao
Bento, Leiria
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Viana do

M1 Verde Viana Marble

Alentejo
M2 BRANCO Marble Estremoz
M3 Creme JPL Marble Estremoz
M4 Rosa JPL Marble Estremoz
Gl Granito Alpalh&o Granite Cinza Alpalhac

2.1.2. Hydrophobic Coatings

As it is already mentioned, three different hydrophobic coatings Haaen chosen in this
research which will be referred to as Coating number 1 (CN1), coating number 2 (CN2), and
coating number 3 (CN3). Since all these coatings are commercial the real marketing name and
the chemical composition cannot be discussed withongserving the copyrights. Therefore,

only the base chemical composition of each coating will be compared.
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CN1 is a brownish solution made by modified silane/siloxane mmarm dispersion in
water with particle size from 7 nanometers with free VOC. CiNan almost colourless
transparent solution produced by modified silicon dioxide (SiO2) nano particles with free VOC.
CN3 is a milky solution manufactured by micrano emulsion free of Perfluorooctanoic Acid
(PFOA) and Perfluorooctanesulfonic Acid (Ple@&)s based on nano silanes, siloxanes, and

novel modified C6 fluorinated compounds free of VOC.

The reason for studying and comparing these hydrophobic coatings among each other is
althoughmany polymer$ave been proposed and studied to meet the hydnopic features,
still the sustainability of the treatmentsgconomically and ecériendly environmentallyis
problematicin the 21st century and it is considered when selecting the most appropriate
conservation solutiorfKarapanagiotis, I., et al., 202Bmongall these studied hydrophobic
coatings polysiloxanes, and their precursors, silareag] silicon dioxidéave bea frequently
used (Lettieri, M., et. al., 2016).Therefore, this study by selecting and comparing these
coatings aimed to find out the improvements and challenges of preferred hydrophobic

coatings on stone material.

2.2 Methodological approaches

The experirental techniques used in this research have been applied to characterize the
stone samples physically, chemicabiynd mineralogically, and to compare the differences
among three applied coatings related to their effectiveness, durability, and compatibilit
before and after simulating external environmental factors. Hence, all the methodological
approachescomprising all the analytical techniques used in this study, are further discussed
in detail. Methodological approachesan be categorized intfour sepaate classifications
regards to their purposdull characterization of stone samplexjatings compatibility assays,
coatings protective hydrophobic performancend coatings durability approachThe
characterization of stones sample has been -sategorzed into physical, chemical, and
mineralogical identification which different techniques have been involved Wiibreover,

all the correspondingechniqueshavebeen repeated on differenstatesas before and after
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simulating the external environmentaldtors. The experimental seifp adopted is presented

in figure 21.
Hardness
Roughness
Thermal
( Conductivity
Physical S
’ Colorimetry
Open prosity
Chractrization of —
stone Samples Water Vapor
Permeability
Chemical XRF
Mineralogical XRD
Colorimetry
Schemic p N
Methodological Coatings
Approaches | Compatibility Digital Microscopy
Assays
Water Vapor
- ~ Permeability
Coatings
Protective .
Hydrophobic Static Contact Angle
Performance

AN S

-

Coatings Durability QUV accelerating

Approach ageing simulation

oy

Figure2.1 The experimentadetup adopted for this study
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2.2.1 Sample Preparation

a) stone mockups

Generally, for all the techniques applied for stone samples, four different types of-mock
ups have been prepared: powder, powder pressed pellets, cut in 30x30x4 mm dimensions,
and cut in 50x50x50 mm dimensions. The classification of sample preparatios fgpe

applied techniqguesiasbeen presented in Table2.

Table2.2. Classification of sample preparation for different techniques

sample preparation types applied technigues Examples

powder 1 XRD

17 XRF

powder pressedpellet _
1 colorimetry

¢ hardness

cut in 5x50x50 mm 1 thermal conductivity

1 open porosity |

1 roughness
1 colorimetry

1 water vapor permeability N B
cutin 3x30x4 mm

1 digital microscopy SRR
1 static contact angle

1 ageing simulation
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Sampleswere powdered withthe Planetary Ball Mill PM100 used at 500 rpm for 20
minutes for each sample. Based on the sampling procedure for the XRF technique, which was
published in 1997, 10 mg of fine powder has been pressed usiigten Specac's Manual
Hydraulic Press to make the pellets (Sampling, 1., 1997). The stone speciveensvetcut

by a STRUERS cutting saw

In total, 4 sets of mockips have been cut in 30x30x4 mm dimensi@nset as a controlled
standard, and three sets corresponding to CN1, G¥#8, CN3. All the moekps have been

washed with distilled water and dried in the oven at 60 degrees.

2.2.1.1Hydrophobic coatings

The Process of preparing each coating was followed by the application guides provided by
their companiesAccording to the CN1 application guide, it was diluted in distilled watar in
ratio of 1:10. Then, it was sprayed on a set of 10 studying stone‘moelfigure 2.2.3 The
period of time that CN1 needd to be driedwasbetween 4 to 24 hours. The coated samples

with CN1 remained at room temperature for 24 hours to be completely ditégufe 2.2.l

CN2 application is as same as CN1 which means tieeafadiluted coatings material in
distilled water is 1:10. Then, it was sprayed on another set of 10 stone-opsKl he amount
of time that CN2 neegldto be dried is between 6 to 24 hours. Therefore, the coated samples

were placed at room temperature f@4 hours to be completely dried.

CN3 application guideecommendsthe range of ratio 1:6 to 1:14 of diluted coatings
material in distilled water. The more concentration the greater effects of water repellency.
Also, more concentration can cause moreaol changes in samples after applying the
coating. Therefore, to be getting along with the other coatings concentrations and less colour
change, the middle ratio of 1:10 has been considered. Then, the diluted solution was sprayed
on the third set of stonenockups. Regarding its application guide, 2 or 3 times of spraying
on samples depending on their surface’s absorbance are needed. Therefore, another layer of
CN3 materials was sprayed on magbs while the previous layer was not completely dried.
The perod that CN3 neeeldto be driedwasbetween 4 to 24 hours. The coated samples with

CN3 remained at room temperature for 24 hours to be completely dried.
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a) b)

Figure2.2 the process of applying coatings on samples: (a) spraying CN1 on one set-afpsiodkthe coated samples
with CN1 during the drying process.

2.2.2 Stone Sample Characterization

2.2.2.1 Physicatharacterization

a) Surface Hardness Testing

Hardness tests have alwayseen important to conclude on specific mechanical
characterization of materials, especially stones in a fast, economic, anelesiructive
manner (Fort, R., et al., 2013)n this study, lhe surface hardness test has been done to
identify the hardness, e of the physical characterizations of selected stone samples.
Hardness has a direct correlation to hydrophobi€iyang, Y.et. al., 2015)Theeffectivity of
hydrophobic coatings can be directly improved by increasing the material har{iess, J.,
et. al., 2022).

In this research, the hardness testing was performed by using an Equotip 550 portable
testing device with an impact device D. This testing instrument works with the rebound
method. The procedure of operation is like the wialown SchmidtHammer. It indirectly

measures the loss of energy of acalled impactdeviceD. Led, the inventor of this method
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defined his hardness value called the héardness value: HL. Therefore, the results are given

as HLD (Wilhelm, K., et al., 20\4les H., et al., 201}

In this measurement,dr each specimen, six different surfaces have beramined
Therefore, six individual measurements were done for each sample, and the average value
and standard deviatiowere calculated. To optimize the testings@lts the tested surface of

the cubical block specimens was polished to reduce the roughness of the material

b) Surface Roughness Measurement

Material roughness is a physical characteristic of the surface texture that can deeply
affect their durability due to its influence on particle retention and adhesion capacity, which
may cause their further decay, e.g., particles of organic materials, mdraps, and/or
atmospheric pollutants that can cause processes of soiling and salt crystallization (black
crusts). In general, an increase in material roughness also increases the specific surface;
therefore, the material is more exposed to all environrtedragents (Vazquealvo, C., et al.,
2012).Because of these mattersurfaceroughnesss a keyrole in the characterization of

stone materials.

Since the hydrophobicity improves with increasing the surface roughness (Tang. H.,
et. al., 2009), irthis dudy surface roughnesas a physical characterizatias, measuredo
find out the correlation between the effectivity of the applied hydrophobic coatings and the

surface roughness of studied samples.

In this research, the roughness of the specimens’amad$ has been measured with a
Mitutoyo Surftest S210 (calibration standard by 1ISO199W)e results of this portable, nen
destructive device are given as Ra, Rq, and-Rmie 2.3 which are the roughness average
of the absolute values of the profile lghts of the peak heights across the evaluation length,
the root mean square of the profile heights over the evaluation length, and the average
absolute values of the heights of the five highesbfile peaks and the five deepest valleys

within the evaluaton length, respectively. (Ledorrey, M., 2007).
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Figure2.3. Description of Ra, Rq, and Rz values-(Moaey, M., 2007).

In this measurement,is different points of each LJS O A strfayechave beeassessed
Therefore, sixndividual measurements were done for each san@teirface, and the average
valueand standard deviatiorhas been calculated. Among these parameters, Ra (um) has
been selected as thenost appropriateto compare among all the specimensince it is

commonly used for this purpos@Goncalves, T. 20084zquez, P., 2013).

C) Thermal Conductivity Measurement

A roclés ability to transfer heat through it is determined by its thermal conductivity,
which is measured in W/mBy means of \atts per meterKelvin It hasto do with stationary
heat flow, and the higher the value, thleasiera rock conducts heat (Amaral, P., et al., 2013).
The thermal conductivity of stones changes with their type since they have variable and

different mineral constituents (Ozkahraman, ket al., 2003).

Generally, thermal conductivity gives knowledge tbé physical and mechanical
properties of the materia(Popov, Y., et al., 1999)Therefore, in this studythe thermal
conductivity values of each stoneare compared to have a general mgective of their

featuresfor future applications.

In this study, thermal conductivity was measured in ten selected stone samples using
an ISOMET 2104 Heat Transfer Analysegure 2.4)The thermal probe used to make the
measurements has a range betwe2.00 and 6.00 W/mK. The average valaed standard
deviationfor the thermal conductivity oéachsample were achieved by placing the probe in

three different places oits polished surface.
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Figure2.4. Heat Transfer Analyser ISBW2104 with the metal measuring probe on top of the stone sample

d) Colorimetric measurement

One of the most important factors which extremely change in stone when it comes to
meeting external environmental factors is its cato Chromaticchange becomes more
important when it relates to stone heritage (Sesana, E., et al., 2021). Changesunrako
result from staining by foreign substances or discoloration due to a change in the structure of
YA Y SNI f & @arapanhdiais{ilezNJ2022. Stone colar stability, as well as the colour
of natural stones, must be characterized to be able to assess the compatibility of protective

coatings that may be applied to it.

In this study,chromatic changebad the man goalof assesig the compatibility of
hydrophobic coatingafter treatment as well as after artificial ageisgnulation(Andreotti,
S..etal., 2018). To reach this goabl@rimetric testing has been applied to two different types
of samplegFigure 25). The first application of a colorimetric measuremertoisdentify and
characterize the colour of the selected storveBich has been done on the powdeellets to
obtain the bulk colour of each ston&he other measurement assestée colour differerce
of each moclkup®@ surface before and after treatment as well as after ageing process. To limit
and reduce the errors corresponding to the heterogeneity of sam@esfaces the center

area for each mockp has been examined during each s{émure 25.b).
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The colorimeter which is used in this study is the Datacolor Check IIAHjus2(25.3).
The USAYV detector has been used on three different points of each sample and the average

and standard deviatioof the obtained datehavebeencalculated

In this measurementthe CIE&Db colour space was automatically used to plot aalo
measurements The calculation of colour difference relates toa*b parameters in colour
space and is based on the Hering The@as, T., 2011He designed a graphic chahat is
associated with the three axes oftaree-dimensionalcolour space. L* is the vertical axis
representing lightness; 100 represents a complete white sample and 0 is a complete black
sample. a* is the axis in the plane normal to L* aegresents the rednesgreenness quality
of the colaur. Positive values signify redness and negative values denote greenness. b* is the
axis normal to both L* and a* and represents the yellownekgeness quality of the colw.
Positive values indicate yelwvness and negative values denote blueness. (Gilchrist, A., et al.,

2017).

(a (b

Figure25. The Datacolor Check Il Plasvhile processing the colorimetry measurements of stone
specimens, (b measurement with LAV aperture.
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e) Open Porosity measurement

The porosity of a stone material directly relates to its deformability and deterioration
which is different in the various types of ston€arbonate rocks occur with a wide range of
porosities and hence of mechanical character; igneous rocks that have been weakened by

weathering processes also have typically high porosities (Franklin, J. A., 1979).

Since the open porosity have a direct cdateon with water vapor permeabilit{Crina, B.,
et. al., 2013), the open porosity test for each sample has been performed in this study. Water
vapor permeability can impact the compatibility of hydrophobic coatings with stone samples
(Zuena, M.et. al.,2021) and therefore the role of open porosity can be investigated in studied

hydrophobic coatings.

Each stongl & Lipéhdorosity was assesses following the test protocol outlined by
European Standard EN 198BN 1936 2006) The test procedure canebsummarized as

follows:

The samples should if possible be large, to minimize the influence of experimental error.
Hence, the mockips which have been selected for this measurement are cubical samples
with 50x50x50mm dimensions. For each type, six cubes have been cut and exanfired.
experiments were conducted at 2414C room temperature. Throughout testing, the relative
humidity was kept at a range of 50 £ 5%. Specimens were dried for 24 hd@stC in the
oven prior to the test, and then they were placed in the desiccator to cool for around 8 hours
at room temperature. Each dried specimen was weighmeg) pefore being put into a vacuum
vessel, where the pressure was steadily reduced until it reached &0ut 0.7 kPa (=15 +5
mm Hg). The samples were evacuated half immersed half submerged for 2h to remove
trapped air. Demineralized water was then gradually added to the container until all of the
specimens were submerged. After then, the pressure wasigéd to atmospheric, and the
specimens were submerged in water for a further 24 hours. Each specimen was weighed after
being submerged in watent,) and air, and the surface was dried].

Open porosityPo, (percentage) was calculated corresponding ¢ E (Li, Y., et al., 2015)

t, —®nmn Equationl
a Yk
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f) Water Vapor Permeability Test

The ability of a porous material to allow water vapor to pass through its pores under the
impact of a variation in water vapor concentration is exges by the water vapor
permeability test procedure. This feature is determined by the structure of porous materials

and can characterize the material as a physical parameter (Togkalidou, T., et al., 2013).

In this study, water vapor permeability has beperformed to determine the breathability
and therefore compatibility of hydrophobic coatings on the studied stone sam@ksZ#al, I.,

et. al., 2021).

In order to perform the testthe cup method (ASTM, 2014) is applied for measuring water
vapor transmission which leads to water vapor permeance. According to the technical criteria
established by the Water Vapour Permeability CoefficieWs; wasmeasured in g.m.s1.Pa
1 using astraightforward gadlow method with a constant pressure differential across the
specimen. The average of the differences between mass by a time unit (in g/h) of at least
three values obtained in steaetate flow is used to estimate the water vapor fl@. Wyp

is provided in g.m.st.Palby the EQR:

Ds8

U 75 8 mh Equation2

where:

Gw - Water vapor flux;

h ¢ thickness of Specimens;
As- Specimens tested area;

n t-Vapor pressure inside and outside the container differs.

The following provides a general overview of the experimental design. Before measuring
permeability, specimens were first dried for 24 hours at 60Gdggrees in the oven. After
that, they wereplaced in the desiccator for the same amount of time. Each dry specimen was
weighed separatelynfs). The stone specimens were prepared for receiving in special
containers. Each container was filled with cotton and 1 cm of distilled water to produce a
competely wet environment igure 2.6. Following that, each stone specimen cut in
30x30x4mm was set on the container's square opening in size e2®m, and silicone

mastic was used to seal off any potential air entries. Each set of a container, watatoaed
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specimen was weighed (in milligrams), and it was then put within Aralab FitoClima 600
stability test chamber with 2@ temperature and 40% of relative humidity. The test was
weighted continually every 24 hours after it started. When the sets acquairedss difference

of 0.1%, the test was concluded.

Figure2.6. The sets of containers, wet cotton, and the specimens glued to the plastic cove

2.2.2.2 Chemical Characterization of stone samples

a) X-Ray Florscence Spectroscopy

Xray fluorescence (XRF) spectroscopy is an analytical technique that can be applied to
determine the elemental composition of many kinds of mater{alstzis, I., et al., 2011Qne
of the most crucial methods for the examination and quéication of the elements that
constitute rocks is XRF, which has a long history of success according to various studies such
as (Chubarov, V., et al., 2010)T&her, A., 2012), and (Janssens, K., et al., 2004). Therefore,
this study tried to identify he elemental composition of stone samples by using the XRF
techniqueto find out any relation between the elemental composition of stones and the

compatibility, effectiveness, and durability of applied coatings.

The energydispersive Xay fluorescence analysis for this investigation was carried out
using a portable spectrometer, the Tracer 11l SD Bruker AXS, running at 40 kV and 11 pA. The
device has a silicon driftlRklash SDD detector with a Peltier cooling system and a spot size of

3 to4 mm The device has been used on the powdeligis of each sample. For eachliet,
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3 different specta have beerobtainedand each spectrum was acquired for 60 seconds. The

energy resolution of the spectrometer was 150 eV at 5.9 keV. The instrumeatbws not

subjected to vacuum. The sample surface was brought into contact with tfed & NJzY Sy (G Q:
window. Data was collected using S1IPXRF® Software, and spectra were analysed using

ARTAX®-pay software The obtained data were normalized using thek Y h k. LIS |

2.2.2.3 Mineralogical Characterization of stone samples

a) X-Ray Diffraction Analysis

The practical method of-Kay diffraction (XRD) is used to identify crystalline materials. It
offers details on the structures, phases, preferred crystal orientations (textand other key

elements suclasgrain size, crystallinity, strain, and crystal defg@&sanaciu, A. Et al., 2015).

Proving diffractograms to determine the mineralogical characterization folBregig's Law
(Eq.3):

n< ' HR aAy" Equation3

where:

N ¢ reflection order;
<¢wavelength;

d ¢ distance between atomic plans;

‘ ¢ Bragg angles (Jauncey, G., 1924).

Since, the hydrophobicity of stone surface could relate to its mineral composition
(Andreotti, S.et. al., 2018, in this study, theXxRD technique has been used to identify the
mineralogical compositions of each stone samyaefind out any correlation between the
mineralogical composition of samples and the effectiveness of applied coatildlyjs<ray
diffraction analyses in this theswere only carried out from a qualitative standpoint in order
to compare with other investigations. Due to this, quantitativea)} diffraction analysis will

not receive any special attention.

In this research? mg finegrained powdemas obtained fronthe stone sample using the

Ball Mill PM100. XRD measurements were performed by using up a BAX&D8 Advance
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(Bruker AXS Inc., Madison, WI, USA) diffractometer, wittkQadiation kI ndmpnnanc Yy Y
2LISNYF GAY3 aniYhe {26RERI RAFFNI OGAZ2Y RIGE 41 a
measuring duration ol second in the range &¢75° (). The obtained XRD patterns were

identified with the PDHCDD Diffraction Databasesing DIFFRAC.SUITE EVA and Highscore

Plus sofivare.

2.2.3 Coating Compatibility essays
2.2.3.1 Chromatic changes

The following equations (E4,5, and6) can be used to determine differences in the L*,
a*, and b* parameters:

niF &Lt Equatiord

nlp ¢Be* | Equation5

nor Lot 0 Equation6
GKSNSE bnb adlkyRa FT2NJ KS NBEFSNByOS aidz2yS aLlS
YR bib aidlyRa F2NJ GKS | f GSNBSR ad2yS aLISOAYS

or hydrophobic coatings treatment (Prieto, B., et al., 2010).
Colour differencé OF y 0SS adl dSR Fa | &) whigli ddesyialzy SNA O
specify how the colours differ but rather their magnitude. (Prieto, B., et al., 2010)
No9fF Pboph F e Equation?
2.2.3.2 Digital Microscopy

Digital microscopy is an effective technique for visualizing data, includingrésgiution
photographic and observational data that may help with research on the need of havirg high

resolution detailed 2D and 3D modeling images (Maxfiveros, J., et 812020).

In this study, an active top light 200X magnification Hirox-BR¥icroscope was used for
the observation of the stone specimens. Then, the acquired pictures have used to compare
the color change or stain trace on stone samples after coatimgttnent. Also, the

comparison has been repeated after the ageing procedure as well.
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2.2.4 Hydrophobic effectiveness

2.2.4.1 Contact Angle Measurement

Water contact angle measurement is a technique that will immediately indicate the
wettability of the solid. When arop of a pure liquid is placed on a planar, solid surface,
adhesive forces are created between the liquid and the surface that favor spreading, while
cohesive forces inside the liquid work to prevent spreading. The contact angle is determined
by the equiibrium between these forces. Young's equation (Eq. 8), which links the contact
angle to the surface free energy of a system including solids (S), liquids (L), and vapors (V),

states that,
tsv-tgl O24a" Equation8
where
I svis the solid surface free energy,
1vis the liquid surface free energy (also known as surface tension),
Iy Ruis the solidliquid interfacial free energy (Young, T., 1805).

The liquid will wet the solid surface if the substrate's surface energgyatvely large but less
than the liquid's surface tension, and the resulting contact angle is 0 to 90. In contrast, if the
solid surface's surface energy is low, the drop will adhere poorly and wet the surface poorly,
increasing the contact angle. Fortasce, a solid surface is described as hydrophobic when a

water drop has a contact angle of greater than 90 (Lamour, G., et al., 2010).

Contact angle measurements can be an extremely helpful technique to measure the
effectiveness of hydrophobic treatmends stone. several research as (Facio, D., et al., 2015),
(Ferri, L., et al., 2011), and (Manoudis, P., et al., 2014) have focused on the contact angle
measurements and how they can determine the wettability of the surfaces. Hence, in this
study, static catact angle measurement is extremely practical for comparing the impacts of

hydrophobic coatings on different selected stone samples.

The measurement of the static contact angle is required by the UNI10921:2001 norm. The

test procedure was done to evalwathe hydrophobicity of the treated stone surface by
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measuring the static contact angle on stones samples, before, after the treatment, and after
the weathering simulation. Measurements were done by using a rharé Model 210
Goniometer/Tensiometer. In ik procedure, a pipette was filled with deionized water and a
dropper was placed on a sample holder, and the test surface was in a horizontal position
(Hgure 2.9. To have a good average appraisal, the contact angle of the drop deposited on a
stone surface was measured between 3 to 10 seconds for each sample. 12 drops on each
sample surface were performed and for each drop 4 measurements have been considered.
Obtaned values were averaged and the standard deviation was calculated. The obtained

images and data were processed with DROPimage software.

Figure2.6 raméhart Model 210 Goniometer/Tensiometauringstatic
contactanglemeasurement na sample

2.2.5 Durabilityassessment

2.2.5.1 QUV accelerating ageing simulation

Several studies such as (Carmd@pairoga, P., et al., 2017), (Corcione, C., et al., 2017), and
(Lisci, C., et al., 2022) have focused on the durability of hydrophobic treatmenke @tidne
when it comes to meeting weather conditions by controlled ageing situations in the

laboratory. Therefore, in this study has tried to examine the durability of applied coatings on
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stone samples by comparing their color, water vapor permeability, @ntact angle before

and after the ageing simulation.

Samples were put through weathering cycles in the &Py chamber in accordance with
ASTM G15€7 (ASTM G154C7, 2006). This standard includes 15 minutes of spray mode (7 L
per 1 min of MilliQwater) and 3:45 hours of condensations at 50 °C. It also includes 8 hours
of UVA radiation of 340 nm at 60 °C (1.55 W/m2 irradiance). A cycle lasts 12 hours. There are
14 days in the test. The samples' color, contact angle, and water vapor permeability were

as®ssed at time 0 (before aging) and at time 14.
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3.1 Physical Characterization of Stone Samples

In this section, all the obtained results related to the techniques already mentioned will
be presented and discussed to give a comprehensive perspective of the studied stone
materials. The results of hardness, roughness, thermal conductivity, colorimeemn
porosity, and water vapor permeability of the studied stone samples are presented and

discussed in the following.

3.1.1 Hardness

Surface hardness test results for each stone sample are presentédbie 3.1. Each
sample with its typology, Hardness lbegalue (HLD) and the corresponding standard

deviation of examined points on the surface has been included.

Table0.1. Hardness surface Test Results of Stone Sarttptewlyses per each sample were perfednto obtain the mean

value and standard deviation)

Ref N. Typology Mean (HLD) Stdev (HLD)
L1 Limestone 535.5 8.6
L2 Limestone 478.8 20.9
L3 Limestone 696.1 6.6
L4 Limestone 570.6 36.8
L5 Limestone 665.3 151
M1 Marble 459.1 53.9
M2 Marble 533.6 47.2
M3 Marble 573.6 33.0
M4 Marble 554.8 30.0
G1 Granite 862.0 25.8

To better compare the surface hardness of stone samples among each other, the data

has been plotted on a bar chart, presented in Figure 3.1.
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Figure 31. Graphic Representation of Surface Hardness of Stone Samples

Theresults of the surface hardness test show that the surface hardness of all the studied
samples ranges from 459.17 + 53.98 to 862.00 + 25.89 HLD (Table 3.1). The highest value of
surface hardness among all the studied samples belongs to G1. Among markileestdne
samples, M1 and L2 have the lowest rate for surface hardness, respectively (Figure 3.1).

l O0O2NRAYy3I G2 az2kKada KINRySaa aortsS o6c¢l 62N
resistance to abrasion or scratching, minerals are ranked with the numeetasd related to
their hardness from 0 to 10 (qualitative ordinal scale). Hence, different materials can have a
numerical range of values to compare their hardness (Zeng, X., 2021). When it comes to stone
materials, the hardness of composed minerals catedmine the hardness of stone (Wahab,

G., 2019). Therefore, granite has a rather high degree of hardness, around 7, because of the
presence of quartz and other silicabased minerals. Since marble and limestone are mostly
made of calcite, they rate aroahtwo on Moh's scale of hardness and because calcite is a

major component, the hardness range of marble and limestone is less than granite (Table
3.1).

It is important to take into account that Moh's scale is just a qualitative ordinal scaling

that helpsto compare the hardness of different minerals and it did not provide the surface

50



hardness of specific lithotypes. For this reason, the accurate amount of surface hardness is
evaluated in this study based on the Hardness Leeb (HLD) scale (Wedekind, W., 2016
However, HLD (Hardness Leeb Degree) is the unit provided by the used equipment for
measuring surface hardness, converting this unit to another unit of hardness such assN/mm

has not been possible because of the limitation related to the equipment.

3.1.2 Raighness

Surface roughness test results for each stone sample are presented in Table 3.2. The mean
value and standard deviation of tiRd w2 dzZ3 Ky Saa | @SN} 3S 6>Y0 LI NI

have been included.

Table0.2. SurfaceRoughnes3est Results of Stone Samp@sinalyses per each sample were performed to obtain the

mean value and standard deviation)

Ref N. Typology wlk o60>YU

Mean Sdev
L1 Limestone 5.88 1.60
L2 Limestone 3.48 1.18
L3 Limestone 2.50 0.76
L4 Limestone 3.39 0.95
L5 Limestone 2.72 0.32
M1 Marble 3.25 0.58
M2 Marble 2.30 0.24
M3 Marble 4.30 0.13
M4 Marble 4.92 0.86
Gl Granite 4.02 1.10

1Rais the absolute value of the profile height deviations from the mean line, recorded within the evaluation
length
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To better compare the roughness of the surfaces of stone samples among each other,

the data has been plotted on a bar charesented in Figure 3.2.

8
7
6
5
4
3
2
1
0
L1 L2 L3 L4 L5 M1 M2 M3 M4 Gl

Ref N. of Stone Samples

Ra gm)

® Limestone m  Marble m  Granite

Figure0.2. Graphic Representation of Surface Roughness of Stone Samples

Based on the results of the surface roughness test, the range of surface roughness of
studied samples is from 2.30 £ 0.24t05.88+ 260 ® ¢ KA & NI y3IS F2NJ f A YS:
+0.76t05.88+1.66Y I YR F2NJ YI RBO+D2R4 ahdid.98 50388 Y3Tale
3.2). Therefore, the roughest surface among limestones belongs to sample L1, and among

marbles belongs to sample M4 (Figure 3.2).

I O0O2NRAY3I G2 (WebslRS 19863 enlinfcénehIn surface roughness of a
hydrophilic surface will increment its capacity to retain water. Therefore, the hydrophobicity
of the surfaces directly relates to their roughness. Therefore, the wettability of untreated
stone samples othis study does not match perfectly with the results of surface roughness,

as will be discussed further.
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3.1.3 Thermal Conductivity
Thermal conductivity test results for each stone sample are presented in table 3.3. The

mean value and standard deviatiofithe<  &M&tyYparameter have been included.

Table0.3. Thermal Conductivity results of Stone Sam(8eanalyses per each sample were performed to obtain the mean

value and standard deviation)

Ref N. Typology < oYy
Mean Stdev
L1 Limestone 2.09 0.00
L2 Limestone 1.95 0.00
L3 Limestone 2.54 0.01
L4 Limestone 2.36 0.01
L5 Limestone 2.35 0.01
M1 Marble 2.46 0.00
M2 Marble 2.33 0.00
M3 Marble 2.53 0.00
M4 Marble 2.57 0.00
G1 Granite 2.46 0.01

To better compare the thermal conductivity of stone samples among each dtteer,

data has been plotted on a bar chamesented in Figure 3.3.
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Figure0.3 Graphic Representation of Thermal Conductivity of SBaraples

Table 3.3 displays the thermal characteristics of studied samples of dry stones at ambient
pressure (1 atm) and temperatur@g °Q. Samples of limestone are found to have thermal
conductivities between 1.95 + 0.00 and 2.54 + 0.01 ‘Wh The thermal conductivity of
marble samples is observed in the range of 2.33 + 0.00 to 2.57 + 0.0&KWrhhe thermal
conductivity of the granite sample is 2.46 + 0.01 Nk (Table 3.3).

Amaral, P and cauthors, categorized rocks for building purposesluding limestone,
marble, and granite, as quality ranking based on their thermal conductivity. This qualification
determines the medium valuation for thermal conductivity ranges from 0.3 to 4 W/n
(Amaral, P., et al., 2013). Therefore, based os thassification, all the studied samples in
this research consider as medium thermal conductivity, and it can be considered that there

are no significant differences.
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3.1.4 Chromatic Characterization

Colorimetry measurement results for each stone sample are presented in table 3.4. The
mean value and standard deviation of three coordinates of the CIELAB &paag, and b*,

have been included.

Table0.4. a*b*L* parameters of Colometry Measurements for Stone Samp(8snalyses per each sample were

performed to obtain the mean value and standard deviation)

Ref N. Typology L* a* b*

Mean Stdev Mean Stdev Mean Stdev
L1 Limestone 89.98 0.26 1.13 0.02 6.47 0.12
L2 Limestone 92.74 0.20 1.08 0.01 5.18 0.06
L3 Limestone 90.53 0.46 1.05 0.06 5.19 0.13
L4 Limestone 92.25 0.04 1.23 0.00 6.37 0.08
L5 Limestone 89.49 0.32 2.07 0.08 8.69 0.19
M1 Marble 89.29 0.49 -0.39 0.03 -1.45 0.08
M2 Marble 96.45 0.31 0.74 0.24 3.35 0.67
M3 Marble 75.21 0.19 -0.93 0.02 -1.61 0.15
M4 Marble 97.84 0.17 0.52 0.06 1.93 0.25
Gl Granite 81.14 0.06 0.59 0.01 4.02 0.04

The colour space mathematical model can perfectly explain the values of CIE L*a*b*
parameters (Delgad®@onzalez, M., 2018). In this graph, the horizontal axis (a*) relates to the
colour hue from green to red. Th&00 value represents pure green while +1ws pure
red. The vertical axis (b*) relates to the colour hue from blue to yellow.-I0@ represents
pure blue while +100 shows pure yellow. Therefore, each coordinate in the graph determines
the specific colour. Moreover, L* column shows the brigiss of the related colour. O value

represents pure black and +100 shows pure white (Figure 3.4).
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Figure0.4 colaur space mathematical modelling (DelgaGmnzalez, M., 2018).

The coordinate positions of a*b* parameters of each stonmgke have been presented
in figure 3.5 which is compared and adapted to figure 3.4. It provides a range of colair hue
and coordinates of the stone samples. a* parameter determines a range-i@8 + 0.02 to
2.07 £ 0.08 while the b* parameter shows a ganfrom-1.61 + 0.15 to 8.69 £ 0.19. (Table
3.4).

The colour hue for all the samples in the horizontal and vertical axis is extremely close to
0. It means the colour hue of samples is extremely close to white however the tint of other
colours is detectaldl visually. The most greenish as well as blueish hues belong to M3, and

the most reddish and yellowish hues belong to L5 (Figure 3.5).

56



yellow

®a*b* position of each stone 10
sample L5
Hp
L1
ve
b
13 L2
-
G
a4 § M2
® b—T—<
0
Ma
2 L3
green 0 red
2 ! Q 1 3
m3 | M1
v L
2
a*
blue

Figure0.5. a*b* Position of each stone sample in the agolchart

L* parameter of each stone sample refers to their brightness is represented in figure 3.6.
It shows a range of brightness from 75.21 £ 0.17 to 97.84 + 0.17 (table 3.4). Therefore, the
darkest one belongs to M3 and the brightest one belongs to M4 (figiee 3
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Figure0.6. the brightness of each stone sample
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Finding the exact coordinates of the color of each sample has been done based on the
homogenous powder g@lets. It has been done for the purpose of recognizing the exact

coordinate of the sample’solours in colour hue chart.

One of the most challenges related to the chromatic characterization of studied stone
samples is theiheterogeneity The heterogenejtof the stone samples does nallow a bulk
colour characterizationFor this matter, homogenous powder pellets have been prepared and
analysis for determining the colour of stone samples has been done on these pellets instead

of the samples” surfaces.

On the other hand, studied coatings have been applied on the heterogenous surface of
stone samples. The reason is to understand the compatibility and durability of applied
coatings on the surface of the stone samples. Thereftugher analysis fordetermining
colaur changes has been done on the same point of each surfacevery state, before and
after treatment as well as after ageing proceSsice hydrophobic coatings are applied on the
heterogeneous surfaces of each sample, further analysis for colmmge has been done on
the center ofeach surfacéo minimize the errorgorrespondingo the colour heterogeneity

of each stone.

3.1.5 Open porosity
The openporosity of eachstone samples measured and ipresented in table &. The

mean and standard deviatioralues are calculated and hakeen included

Table0.5. open porosity [%] values of stone samg&analyses per each sample were performed to obtain the mean value

and standard deviation)

RefN. Typology = Open Porosity (%)

Mean Stdev
L1 Limestone 13.30 0.20
L2 Limestone 11.33 0.30
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L3 Limestone 8.50 0.10

L4 Limestone 0.40 0.01
L5 Limestone 1.21 0.05
M1 Marble 0.20 0.01
M2 Marble 0.50 0.01
M3 Marble 0.21 0.01
M4 Marble 0.34 0.02
Gl Granite 0.66 0.05

To better compare the open porosity of stone samples among each other, the graphic

representation has been presented irgbie 3.7
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Figure0.7. Graphic Representation of open porosi of Stone Samples
According to table 3, the range of open porosity of studied samples is from 0.21 £ 0.01
to 13.30 = 0.20 %. This range for limestones is from 0.40 = 0.01 to 13.30 + 0.20 % and for

marbles is btween 0.20 £ 0.01 and 0.50 + 0.01 %. Therefore, the variety of open porosity is

highly noticeable among limestones rather than markdesi demonstrates that this study
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has covered a wide range of different stones regarding this characterigtie.open prosity

of granite (G1) is approximately close to marbles endefined as 0.66 + 0.05 % (Table 3.5).

Since limestones argenerallymore porous than marbles and granitedyue to the
different processes involved nmocka f@rmation, (McGee, E., 199@he significant increase in
the percentage of open porosity in limestone samples specifically in samples L1, L2, and L3

can be explained (Figure 3.7).

3.1.6 StoneBreathability

Water vapor permeabilityg.m'.st.Pal) test results for each stone sample are presented
in table 3.6.

Table0.6 Water Vapor Permeability Valig.m?.s1.Pal) for Stone Samples

Ref N. Typology Wye(g.nrl.st.Pal)
L1 Limestone 6.03E12
L2 Limestone 6.31E12
L3 Limestone 2.95E12
L4 Limestone 8.93E12
L5 Limestone 7.70E12

M1 Marble 2.18E12
M2 Marble 4.72E12
M3 Marble 5.11E12
M4 Marble 3.75E12
G1 Granite 5.53E12
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One of the limitations of this technique was the extreme amount of time needed to
measure the weight loss which happened during the evaporation of water through the
surfaces of stones. Therefordye to the time consumption of this techniquad the limited
time to perform the exprimentsonly one test has been performed to have insights into the

breathability of the studied stone samples.

Based on the results of the water vapor permeability measurement, the rang  sftyWr
1sl.Pal) of studied samples from 2.18EL2 to 8.93EL2. This range for limestones is from
2.95E12 to 8.93EL2 and for marbles is between 2.18F and 5.11H2 g.m!.sl.Pal.
Therefore, the variety of water permeability is highly noticeable among limestones rather
than marbles. Ta water vapor permeabilityvith granite (G1) is defined as 5.53E (Table
3.6).

To better compare the water vapor permeability of stone samples among each other, the

graphic representation has been presented in Figure 3.8.
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Figure0.8 Graphic representation of water vapor permeability value (gghPal)of Stone Samples

Differences in permeability were expected in accordance with the typical distinction for

porous networks among limestones, marbles, and gemiZhang, L. 2013). Therefore, the
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limestones have a higher amount of water vapor permeability rather than other lithotypes,

specifically in samples L1, L2, L4, and L5 (FigureSaB)pleL.3 shows a different behawio

relates to water vapor permeabilityThe result of open porosity for this sample is

approximately high among limestones however the water vapor permeability is the lowest

amount (Figure 3.8). As mentioned earlékre to thelimitation of having a group of samples

to havemore solid and regsentative resultssimilar tests usingnore mockupshaveto be

performed in the near future.

3.2 Chemical characterization of Stone Samples

major elements that are presemn the studied stones.

Table0.7 Elemental XRRnalysisResults (a.u)3 analyses per each sample were performed)

Table 3.7 displays the-rdy fluorescence spectrometry resultghich determined the

Ref N. Typology Elements (a.u.)

Ba Ca Fe K Mn P S Si Sr Ti Zr Zn
L1 Limestone 0.01 95.14 044 0.34 0.01 0.04 0.05 0.07 050 0.03 0.05 -
L2 Limestone - 9587 0.32 0.34 0.02 0.04 0.06 0.08 0.39 0.03 0.05 -
L3 Limestone - 93.01 050 0.38 0.04 0.05 0.06 0.11 0.30 0.06 0.05 -
L4 Limestone - 95.06 0.38 0.34 0.02 0.04 0.06 0.08 0.24 0.03 0.03 -
L5 Limestone - 58.19 0.83 0.20 0.02 0.02 0.03 0.04 0.31 0.03 0.04 -
M1 Marble 0.01 90.87 0.69 0.37 055 0.04 0.04 0.10 0.37 0.03 0.05 -
M2 Marble - 100.60 0.65 0.41 0.07 0.06 0.06 0.13 0.27 0.06 0.04 -
M3 Marble - 91.50 0.76 0.38 0.04 0.05 0.05 0.10 0.47 0.04 0.05 -
M4 Marble 0.01 95.00 1.07 0.37 0.06 0.05 0.06 0.10 0.44 0.03 0.05 -
Gl Granite 0.01 199 1813 229 0.29 0.00 0.01 155 0.71 0.56 0.65 0.09

Generallylimestone and marbles are composedoaicite and/or dolomite(Pecchioni, E.,

2019{ KO St QYI 1 KZ

{ o2

HAHAO® ¢ KSNBET2NEZ

lfov 2 y 3
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limestones and marbles, calcium has the highest amount. However, sample L5 is considered

as the least amount of calcium.

Considering what is stated by-Ehher quartz, potassium feldspar, sodiuoalcium
feldspar, and other common minerals like micas maganost of the coarse grains found in
granite (EFTaher, A., 2012)¢ KSNEF2NBE> - wC 3ANI yAGSQa |yl fea
chemically composed ahajor elements like ironpotassium, calcium, silicon, and traces of

other elements including strontiuntitanium, and zirconium.

The higher amount of Fe in limestones and marbles relates to samples L5 and M4
respectively. The colorimetry measuremer(B8gure 3.5 demonstrate that these stones
exhibit some reddish huehich can be related to the presenceahigh amount oiron-based

mineralsin these samples.

It is important to consider thathe equipment usedo characterized the major elements
involvessome challenges. Due its limitations, ligher elements,like Na, Al, and/g, cannot
be detectedand are not presented in this sectioAdditionally, some elements including Rh,
Pd, Cu, and Ni which have been detectedlirspectia are related to thecomponents othe

equipmentand therefore have not been considered in the presented results.

3.3 Mineralggical Characterization of Stone Samples

Qualitative diffractograms of the limestones, marbles, and granite samples are shown in
figures 3.9, 3.10, and 3.11 respectively, which demonstrate the crystalline phases that are
present in each stone. A databasentaining Xray diffraction patterns of minerals was used
to match each diffraction pattern, in reference to d (distance between atomic plans or
interatomic distance), obtained for each stone. The peak intensity value is displayed as
counts. The mineralogal phases identified in each sample are mentioned in table 3.8. More

detailed information about the obtained diffractogranspresented in appendix 1.

According to Houston, E. results fromra¢ diffraction on the studied stones allow for the

gualitative identification of several minerals. Relative intensity (counts) values can be used as
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indicators of the rocKorming minerals, but they cannot providelative proportions of the

major minerals present (Houston, E., 1997).

This techniques ableto determine that the limestones L1, L2, L3, and L4 are composed
of the same minerals, likealcite (CaCO3) amguartz (SiO2) (Figure 3.9n the other hand,
Sample L5 is composed dblomite (CaMg(CO3)2yuartz (SiO2)andalbite (NaAlSi308and
calcite (CaC03). In sample L5 despite the other studied limestones, calcite is not the main
composed mineral. On the other hand, as mentioned before based on theeX&s, L5 has
the lowest amount ofcalcium element (Table 3.7%ince the main mineral for sample L5 is
dolomite, it is possible to justify the huggecreasedamount of Ca element in this sample

based on its mineralogy which is different from the refthe limestones.
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Figure0.9 Limestones Xay diffraction patterns. Diffractogramsere obtained for a) L1, b) L2, c) L3, d) L4 and e) L5.

According to the diffractograms obtained for the marble samples, it was possible to
determine that the main composed mineral for the samples Biid M2, is calcitehowever,
it is calcite magnesian in samples M3, and Mde Tommon mineral is quaramongall the
marble samples, twever other minerals were identified, including biotite and amphibole in
sample M1, phillipsite in sample M2, albite in sample M4, and muscovite in samples M2, M3,

and M4 (Figure 3.10).
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Figure0.10 MarblesXray diffraction patterns. Diffractogramsere obtained for aM1, b)M2, c)M3, and d) M4.

G1 diffractograms (Figure 3.11) can be compared with the element contents obtained
from XRF analysis (Table 3.7) and it is possible to confirm the higima.iof Si element rather
than other samples is coincident with the minerals identified. Figure 3.11 shows that
identified minerals in sample G1 arguartz, (SiO2), albite (Na(AlSi308)), Orthoclase
(KASI308), and Clinochlore ((Mg.Fe)&B4010(CH)8). Therefore, based on the presented
minerals, the noticeable amount of Si element (Table 3.7) is complemented with

mineralogical identification for this sample.
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Table0.8 The presence of minerals in the studied stone samples; + presence of mimergsesence of minerals

Ref N. Typology Minerals
Calcite ME;:‘C;;‘.:M Quartz Dolomite Albite Biotite Amphibole Phillipsite Muscovite Clinochlore Orthoclase
L1 Limestone + - + - - - - - - - -
L2 Limestone + - + - - - - - - - -
L3 Limestone + - + - - - - - - - -
L4 Limestone + - + - - - - - - - -
L5 Limestone + - + + + - - - - - -
M1 Marble + - + - - + + - - - -
M2 Marble + - + - - - - + + . .
M3 Marble - + + - - - - - + - -
M4 Marble - + + - + - - - + - -
G1 Granite B - + - + + - - - + +
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3.4 Compatibility, Durability, and Effectiveness of The Hydrophobic Coatings

In this section, the results of three main techniques which have beed iwgurpose of
measuring the compatibility, effectiveness, and durability of applied coatings on stone

samples are discussed.

3.4.1 Chromatic Changgévaluation

Colour changes are typically the first modifications that are evident to the naked eye
before anyother investigation. These chromatic alterations can be relatethe chemical
reaction of stones to the applied hydrophobic coatings, or the weathemsgltingfrom the
accelerated ageing process. Therefore, the changes are determined by two different
categories, compatibility of the hydrophobic coatings on the stones, and durability of them

after ageing process.

3.4.1.1 Compatibility of Hydrophobic Coatings

However, in terms of colour compatibility in the conservation field, must be considered
that the colour variations would not be visible to the naked eye after applying any protective
treatment (Andreotti, S., et al., 2018). On the other hand, accordiritbedcCIE L*a*b system,
GKSY np9 60201t RAFFSNBYOS Ay O2f2dz2NbLthaa ' ™
naked eyel! YR @KSYy n9 x p I &A\ ByidibeiPersia/ &., 201B)t 2 dzNJ |
Therefore, the colour difference of each sample atipplying the coating and after using the
accelerated ageing chamber has been calculated and the limit acceptance of colour changes
g2dZ R 0S fSaa Ky po LG YSIya SFOK &l YLX S
GNBIFGYSYyilod ¢KS NBeXazdachdampld arqpteseitgt inSabl©XKI.
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Table39® n9 F2NJ/ bmI /bHI YR /bo I LILX ASR pRofessa i dzZRASR alzy

Ref N. Typology n9 / bwm n9 [/ bH n9 / bo
before ageing after ageing  before ageing  after ageing before ageing after ageing
L1 Limestone 4.24 3.73 6.63 1.70 5.01 2.14
L2 Limestone 9.82 1.85 5.55 5.45 412 1.09
L3 Limestone 2.99 4.31 1.26 2.05 2.85 3.86
L4 Limestone 3.81 2.89 5.54 4.97 2.18 1.07
LS Limestone 3.55 0.68 7.75 3.63 2.56 1.50
M1 Marble 1.77 2.68 3.05 2.00 1.05 0.48
M2 Marble 1.61 2.98 0.95 0.73 1.11 2.59
M3 Marble 4.46 3.64 2.66 1.25 1.30 3.66
M4 Marble 9.52 3.70 2.85 0.82 2.37 2.74

Gl Granite 7.03 1.34 2.58 7.66 111 6.90

For a better comparison, the graphic representatiofrigures3.12and 3.13shows all the
colaur changes on the studied stone samples. The red area shows ther ablanges which
are visible to the naked eye and therefore the applied coating is not compatible with the

related stone sample.

According to table 3.9 and figure 3.1Bge difference in colour changa CN1lbefore and
after treatment,is less than 5 exceépn samples L2, M4, and Glhe colar change for CN2
GKAOK A& |LIWIXASR 2y YINDtSa | yR DNheohérS Aa ¢
hand, this coating for all the limestones except sample L3 makes an extreme amountunf colo
changesAmong KS (G KNBS aiddzRASR O2FGAYy3aZ np9 F2NJ / b

stone samples. However, the colochanges in L1 and L2 are close to the limitation value.

The chromatic changes of stone samples after treatment for each coating could directly
relate to their chemical commition. CN1 is silane/siloxane micr@nobased. CN3 is based
on nanosilane, siloxane with modified fluorinated compounds. CN2 is based on modified
silicon dioxide. Therefore, different lithotypes could react differently to toéour changes
after treatments based on their mineralogical and chemical composition as well as the

chemical composition of hydrophobic coatings.
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Figure2.012 Graphic representation gfE for CN1, CN2, and CN3 applied on stud@testamples before arafter

applyingtreatment

Figure 3.13 shows the colour change of stone samples after applying different coatings
before and after ageing proceds. CN1lthe colaur change after ageing process is less than 5
in all the samples. Hence, CN1 shows acceptable belrawio simulation wethering
conditions.On the other handthe colaur of samples, L2 and G1 coated withZgjét changed
beyond the limitation after ageing process. Therefore, with this hydrophobic coating, the
colour of the marble samples does not change to be vidiblihe naked eyeAdditionally, All
the samples coated with CN3 excegranite have acceptable colour changes after ageing

process.

Comparing figure 3.12 and 3.13 determines that however, samples coated with CN3 are
the most compatible in terms of colour changesfore and after ageing process, however,
compatibility of this coating for sample G1 is challenging after ageing process. Further analysis
focused on granite stone samples in terms of colour changes is demanded to help for a better

understanding of thesehallenges.
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Figure3.113. Graphic representation gfE for CN1, CN2, and CN3 applied on studied stone samples before aadeifigr

process

3.4.1.2 Durability of Hydrophobic Coatings

It is a crucial matter that the colm of stone materials would not change after passing
time and facing weathering conditions especially when it comes to stone heritage. It means
that the hydrophobic coatings should not only be compatible with the stone samples but also
should be durable aéir facing weathering conditions. For this purpose, todour difference
from aged moclups to coated ones has been calculated for each sample. Therefore, for

YSF&adNAY3I (GKS Rdz2NF oAt AGe 2F O2FdGAy3&a n9o I F4S

AccordingtoTat S o ddped +ff GKS @I fdzSa F2NI np9 | Fi SN
the colaur change after changing compared to after applying coatings for all the samples is
not visible to the naked eye. This matter confirms the durability of this coating b&hives
the same except for G1. Colochange for aged moelps L2 and G1 coated with CN2 is higher
than 5 as well.
For purpose of observing calo changing, every state of each megg (11 mockups
related to each specific stone samplegs beendocumentedthrough digital picturegTable
3.10) For better comparison to see the calechanges after applying hydrophobic treatments

and the accelerated ageing chamber, all pteotosrelated to each mockip are gathered in
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atable. Table 3.1includes all the pictures that have been taken for sample L2 as an example.

More details for other samples are presented in appendix 2.

Since the surfaces of the samples are not homogenous, the colorimeter detector has been
placed in thecentreof each nock-up. It is due to have a specific area as a standard part among
all the mockups. Therefore, the color changes in other parts of the surfaces are not
examined. According to table 3.10, yellow stains accrued in sample L2 coated with CN3
coating after aging process. However, the other meagg without any treatment behaves
the same after ageing process. Hence, the possibility of marking stains in this sample could
be not completely related to the applied coating. There is a possibility that L2 coated with

CN3 marked a stain after ageing procese to its weakness in the weathering situation

generally.
Table3.110. pictures of every state of sample L2
L2 without any treatments with applied coatings after accelerated ageing
2
[
£
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As a validation of th@resentedpictures, digital microscopy was useddorroboratethe
Graro0fS O2f 2dz2NJ KdzS o6& Gl 1Ay3a LAOGIINBaE 2F (KSE
been tried to take pictures from the stained area of each surface. All the pictures taken by
digital migoscope for sample L2 in different states are presented in table 3.11. More details

about other samples are presented in appendix 3.

Table 3.10 compared to table 3.11, clearly shows the yellow hue on sample L2 coated with

CNL1 after the accelerated ageipgocess.

Table3.111. pictures are taken by digital microscope of every state of sample L2 during the compatibility assessment

without any treatments with applied coatings after accelerated ageing

—
N

initial specimens

CN1

CN2

CN3
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3.4.2 Hydrophobic Properties

Static contact angles measured on hydrophobized stone samples following studied
coatings are shown in table 3.12. It represents the main value and standard deviation of the
contact angle of 12 water drops on each surface of the treated and untreated stone samples
in different states including before and after ageing process. Sincsutfaces of the stone
samples are not homogenous and the application of coatings which has been done by hand
spray has some imperfectiaue to being heterogenous of aerosdhet mean value of the
contact angle of 12 drops of water has bemnsidered. To have the comprehensive values,

these drops have been spread on four edges of each sample as shown in Figure 3.1

Figure3.114 Studying the hydrophobic properties of sample G1 treated with CN

75



Table3.112 Satic contact angle results of applied hydrophobic studied coatings on studied stone samples

Ref N. Typology without any treatment CN1 CN2 CN3

Before ageing after ageing before ageing after ageing before ageing after ageing before ageing after ageing

Mean  Stdev Mean  Stdev Mean  Stdev  Mean  Stdevn  Mean  Stdevn  Mean  Stdev Mean  Stdev  Mean @ Stdev
L1 Limestone 58.4 8.0 49.9 10.9 66.2 5.7 57.0 9.8 96.8 13.1 42.3 9.1 120.1 6.5 122.4 6.2
L2 Limestone 47.4 3.1 54.0 11.2 72.9 12.7 70.4 12.9 109.9 24.8 68.4 16.7 131.9 4.4 128.0 3.9
L3 Limestone 65.3 14.8 39.3 12.1 98.1 20.6 99.5 15.7 109.7 11.8 97.8 17.4 124.5 3.8 121.4 7.0
L4 Limestone 56.7 12.8 57.5 8.0 94.8 6.9 90.9 159.7 115.0 9.1 81.9 18.1 120.3 7.0 123.0 5.8
L5 Limestone 52.4 8.4 40.0 9.3 97.9 9.7 88.9 15.5 109.5 12.8 110.9 21.0 108.4 16.2 109.8 11.9
M1 Marhle 56.8 12.2 58.4 8.3 100.5 18.7 93.9 11.7 103.2 195 104.1 16.2 113.9 6.7 109.5 6.1
M2 Marhle 72.2 10.6 38.3 5.6 103.1 18.4 105.9 11.9 105.7 11.6 79.5 14.8 119.3 10.2 114.2 7.9
M3 Marble 64.4 18.2 51.9 9.2 1111 8.7 112.6 3.5 121.6 12.3 90.9 25.4 120.1 5.4 116.4 9.8
M4 Marble 62.1 10.5 55.4 18.9 1135 11.7 109.2 9.5 120.4 8.4 124.0 8.8 120.4 11.5 115.2 9.2
Gl Granite 56.0 14.0 57.7 8.5 113.3 5.0 98.1 6.7 124.6 11.0 120.8 12.2 121.6 10.4 110.3 6.3
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3.4.2.1 Hydrophobic Effectiveness

As mentioned earlier, @02 NRAYy 3 (2 2SSyl StQa G(KS2NRI GKS
an effective hydrophobic coatinmust be more than 90 degreed/énzel, R., 1936however,
this number can be 150 degrees for superhydrophobic surfaces (Malavasi, I., et al., 2015).
Therefore, if the contact angle of the water drop on the stone surface reaches 90 degrees or

more, the suface considers a hydrophobic surface.

The graphic representation of the contact angle resaftsoated mockups with different
coatings and untreated samples (standards) before ageing prosedsown in Figure 351

The green area presents the hydroghoity of the studied samples.

According to Figure 3.15 and Table 3.12, the contact angle of CN3 for all the stone samples
before ageing state exists in the green area which means all the qoexkoated with CN3
have effective hydrophobicity. Stone sarmpl coated with CN2 were effectively made
hydrophobic after applying the related coating, however, due to the standard deviation in
samples L1, L2, and M1 this coating may fdftl the required expectations. Among all the

applied coatings, CN1 has the $e&ydrophobic effectiveness in all the studied samples.

;i: T T
_ -t-1- B | S - ———

CN1 before age CN2 bet

le {degree)

t

tic

sta

M3
ageing = CN3 before 3

Figure3.115graphic representation of static contact angle results of applied hydrophobic studied coatings on studied stone

samplesbefore ageing process
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The graphicepresentation of the contact angle results of coated mogs with different
coatings and untreated samples (standards) after ageing process is shown in Figure 3.16. The

green area presents the hydrophobicity of the studied samples.

According td=igure 3.6 andcompared to Figure 3.1%he contact angle of CN3 for all the
stone sampleafter ageingprocess stilexists in the green area which means all the mopk
coated with CN3 have effective hydrophobiatyen after ageing procesehich demastrate
its resistance CoatingCN2 after being submitted to theageing process contrasted with
before ageing which shows an acceptable hydrophobicity in most of the samples, could not
fulfil the expected hydrophobicity. However, this coating for sample s8Il shows an
acceptable contact angle value. Aged marbles and granite coated with CN1 exist in the green
areaof hydrophobicity which means contact angle of water drojpgher than 90 degrees,
although due to the standard deviation for samples M1, &idhis coating may not fulfil the

required expectations

(e

M1 M2 M3 mMé

Figure3.116 graphic representation of static contact angle results of applied hydrophobic studied coatings on studied stone

samples after ageing process
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Theenhancements (%n contact angles of each sample after applying different coatings
are presented in figure 371 This percentage has been calculated based on the increased

contact angle value after applying coatings compared to untreated mipsk(standads).

70%
60%

50%

40%
30%
20%
10% I
0%
L1 L2 L3 L4 L5 M1 M2 M3 M4 G1

mCN1 m CN2 CN3

enhancements in contact angle %

Figure3.117. enhancement®so in hydrophobicity of studied stone samples for each applied coating

According to figure 32, CN1 has the least improvements in hydrophobicity on the
surfaces of stone samples compared to other cogs$i The difference is more noticeable
among limestones. However, in sample G1, the differsriceimprovements among all

appliedcoatingsare low.

Although CN1 and CN3 both have the silaiexane base composition, the noticeable
difference in their compatibility with stone samples could be related to modifiedrinated
compounds (C@&hemistry)additives in CN3. Thishemical compositiondue toits ultralow
surface energyachieves well-performedcoating functionalityBayer, |, 2020).Therefore,

this reason can explain the decent effectiveness of CN3 among all the coatings.

3.4.2.2 Hydrophobic Durability

The durability of hydrophobic coatings cae &ffected by natural or artificial weathering

(Corcione, C.et al., 2017). Therefore, the comparison of contact angle value after ageing
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process with coated samples can give an insight due to the durability of applied coatings.
Measurements of the conta angle are taken before and after ageing process to evaluate the
eventual loss of hydrophobicity. The reduction percentage of hydrophobicity of studied stone

samples coated with studied hydrophobic coatings is presented in Figue 3.1

L1 L2 L3 L4 LS M1 M2 M3 M4 G1
20%

0% I - I
-20% I I
-40%
-60%
-80%

-100%
-120%

reduction of hydrophobicity after
ageing %

-140%

m without any treatment ®m CN1 m CN2 = CN3

Figure3.118reduction % of hydrophobicity of studied stone samples after ageing process

The accelerated ageing process can directly affect the durability of the applied coatings
through simulation of the weathering condition€lien, K., et al., 2015). Therefore, fless
percentageof reduction of hydrophobicity of applied coatingfter ageingcould mean the

coatings are durable when it comes to weathering conditions

According to figur@.17, the hydrophobicity of mockips L3 L5, M2, and M3 without any
treatments has decreased significantly. It may be more noticeable in these samples because

of their chemical and mineralogical compositions, open porositgl/or hardness

Among the applied coatings, the durability of CN2 tieshighestreduction percentage
in all the studied limestones except sample L5. According to the mineralogical compositions
of studied limestones, dolomite is the main mineral for sample L5 in contrast with others
which consist mostly of calcite. Thidfdrence in mineralogical compositions could be the

reason for the different behaviour of this sample in terms of hydrophobic durability.
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Among all the applied hydrophobic coatings, CN2 showdawest durability especially
related to the mockups L1, L2L4, M2, and M3Additionally,CN3shows the most durability,
although, the durabilityobserved onsample G1 sharply decreased compared to other
samples According to the chemical composition of the studied coatings, CN3 and CN1 are
silane/siloxanebased however, the chemical composition of CN2 is based on silicon dioxide.
This chemical composition difference can be able to explain the strong decrease in the

durability of CN2.

3.4.3 Water vapor permeability measurements

Due to the limitations for water vapor permeability which are already mentioned and
according to the results of chromatic changes and static contact angle, CN3 is chosen as the
optimal choice for the hydrophobic coating to measure its water vapor permgaldince,
the other studied coatings, CN1 and CN2, didfutftl the required expectations related to
colour change and hydrophobicity, aradlsobecause the water vapor permeability teista
time-consuming techniquethis measurement has been done ofty stonesamplescoated

with CN3.

3.4.3.1 Compatibility of Hydrophobic Coatings

Water vapor permeability test results for each stone sample before and after treatment

and the percentage of their change are presented in table 3.13.

Table3.113 water vapor permeability value of each stone sample before and after treatment with their change %

Ref N. Typology Dbefore treatment after treatment changes
(g/m.s.Pa) (g/m.s.Pa) %
L1 Limestone 6.03E12 5.10E12 -15%
L2 Limestone 6.31E12 5.93E12 -6%
L3 Limestone 2.95E12 1.71E12 -42%

L4 Limestone 8.93E12 4 59E12 -49%
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L5 Limestone 7.70E12 4.04E12 -48%

M1 Marble 2.18E12 1.19E12 -46%
M2 Marble 4.72E12 3.90E12 -17%
M3 Marble 5.11E12 3.65E12 -29%
M4 Marble 3.75E12 2.16E12 -42%
Gl Granite 5.53E12 3.52E12 -36%

According to table 3.13, the water vapor permeability value of all the stone samples
decreased however the variation of reduction is different among them. Samples L1, L2, and
M2 consider in a lower reduction range while samples L3, L4, L5, M1, and M4 hayleer

percentage of reduction of water vapor permeability after CN3 application.

To better compare the changes in water vapor permeability for stone samples before and

after treatment, the graphic representation is presented in Figur®.3.1

60%

50%

40%
30%
20%
10% I I
0% I
L1 L2 L3 L4 L5

M1 M2 M3 M4 G1
Ref. N of stone samples

reduction of water vapor permeability
after treatment %

B Limestone m  Marble Granite

Figure3.119. graphic representation of water vapor permeability reduction % after treatment
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Change in water vapor permeability is one of the significant parameters to evaluate the
harmless and compatibility of hydrophobic coatings afégplication (Lettieri, M., et al.,
2021). This feature is of utmost importance because if following the application of a coating,
the permeability of water vapor significantly decreased, at the interface between the treated
and untreated stone sections,ater may condense, creating mechanical stress that could
start the decaying process (Scheerer, S., et al., 2009). In the other words, the compatible

hydrophobic coating should let the surface of the stdmeathe

The differences in the reduction of watevapor permeability depend on several
indicators. Firstly, the sampling process for this experiment was different. Although the
treated and untreated mockips derived from one specific stone sample, they have minor
differences in their characteristics. &mndly, as mentioned earlier, since the experiment has
been done just for one moelkp instead of having a mean value of a group of them, the errors
of experiments could be higher. Lastly, due to technical matters, the humidity chamber used
for keeping thecontainers during the test was not the same before and after treatment.

Therefore, all the factors could cause variation in the values of the water vapor permeability.

Several researchers mentioned the enhancement of water vapor permeability in stone
sampes after applying nano F (fluorinateased) treatments irrespective of the porosity of
the stones (Lettieri, M., et. al., 2021; Petronella, F., et. al., 2018; Kronlund, D., et. al., 2015).
According to their investigations, it was hypothesized that theated samples would have
less condensation of water molecules on the hydrophobic pore walls. As a result, the
permeability of the treated value increased compared to untreated samples. Although the
results in table 3.13 do not indicate the enhancement @itev vapor permeability in any
studied samples, the less reduction percentage of water vapor permeability in samples L1,
and L2which have the most open porosity among studied sampbesild relate to this
phenomenon Further tests due to measuring the ap@orosity of treated stone samples are
preferable to investigate better the correlation of open porosity and water vapor permeability

after treatment in the future.

On the other hand, the water vapor permeability should not strongly be decreased after

treatment. it means protective coatings prevent the breathability of stone sample surfaces
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(Castelvetro, V.et. al., 2002). Among all the samples, L4, and L5, show the highest water

vapor permeability reduction.

3.4.3.2 Durability of Hydrophobic Coatings

Water vapor permeability test results for each stone sample before and affemgand

the percentage of their change are presented in table 3.14.

Table3.114 water vapor permeability value of each stone sample after treatmentegyeing process with their change %

Ref N. Typology after treatment after ageing change
(g/m.s.Pa) (g/m.s.Pa) %
L1 Limestone 5.10E12 4.80E12 -6%
L2 Limestone 5.93E12 5.15E12 -13%
L3 Limestone 1.71E12 3.39E12 98%
L4 Limestone 4.59E12 3.36E12 -27%
L5 Limestone 4.04E12 3.52E12 -13%
M1 Marble 1.19E12 2.92E12 145%
M2 Marble 3.90E12 3.04E12 -22%
M3 Marble 3.65E12 3.61E12 -1%
M4 Marble 2.16E12 3.35E12 55%

G1 Granite 3.52E12 1.97E12 -44%

The variation of the changes after treatment and ageing process among all the samples is
different from after treatment According to table 3.14, the water vapor permeability
decreased irall the samples except L3, Mdnd M4, however, he reduction for smple M3

is so low that it can be considered as with no changes.

Weathering conditions can decrease the permeability of water vapor in normal situations

however more reduction means less durability of applied treatn{®uncon, Regt. al., 2021).
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However, positive changes can determine the breathability of the surfaces in corresponding
samples Castelvetro, V et. al., 2002). The reason could be because of the enhancement of
open porosity in stones after artificial ageingeftieri, M., et. al., @21). Therefore, the
positive changes could nootally be relatedto the lack of durability of the applied coatings.
Further tests due to measuring the open porosity of treated stone samples are preferable to
investigate better the correlation of open pasity and water vapor permeability aftageing

in the future
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4.1 Conclusion

In this studythree different naneparticle coatings with different chemical comgiton
introduced as CN1 with silane/siloxane, CN2 with silicon dioadd,CN3 with silane/siloxane
and modified fluorinated additivebhave been compared by applying them to ten different
stone samples including limestone, marble, and granite. Stone samples have been fully
characterized due to their physical, chemical, anchenalogical nature to understand how
different properties of these samples can correlate with the effectiveness, durability, and
compatibility of the applied coatings. Additionally, chromatic changes, wettability, and
breathability of treated and untreatedtone samples have been compared before and after

treatment as well as the artificial ageing process.

The study aimed to answer two main questions. Firstly, which factors related to the
physical, chemical, and mineralogical characterization of stone Esmnporrelate with the
effectivity, compatibility, and durability of hydrophobic coatings? Corresponding to this
guestion,according to the mineralogical compositions of studied limestones, dolomite is the
main mineral for sample L5 in contrast with otBewhich consist mostly of calcite. This
difference in mineralogical compositions could be the reason for the different behaviour of
this sample in terms ahe hydrophobic durabilityof applied CN2. Additionallyhe result of
open porosity and water vapgrermeability clearly shows a relation with the compatibility
and durability of applied coating$he less reduction percentage of water vapor permeability
insamples L1, and L2 which have the most open porosity among studied samples, could relate

to increasingin their water vapor permeability after CN3 treatment.

Secondly, next question is whi¢actors in hydrophobic coatings can make them more
effective, compatible, and durable when they are applied on stone materials specifically,
carbonate stonesAcording to the obtained results of chromatic changes, CN3 is the most
compatible coating in terms of colour changes before and after ageing process, however,
compatibility of this coating for sample G1 is challenging after ageing process. Moreover, this
coding clearly has the most hydrophobic effectivity among all the applied protective coatings.

Since the CN1 has the least compatibility and effectiveness, Comparing the chemical
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composition of these coatings reveals that although CN1 and CN3 both havélahe s
siloxane base composition, the noticeable difference in their compatibility with stone samples
could be related to modified fluorinated compounds (C6 chemistry) additives in CN3.
However, the durability of this coating still has some challenges. rAcgpto the results
obtained from water vapor permeability, some anomalies happened related to samples L4,
M1, and M3 due to the enhancement of water vapor permeability after ageing. Compared to
other research, The reason could be because of the enhanceoi@pen porosity in stones
after artificial ageing. Therefordhese anomaliexould not complete due to the lack of

durability of the applied coatingsnd still there is a need for further investigations.

Overal| the results of this studgre a pioneering step for developing novel efc@endly
hydrophobic coatings carried out under Ec&TONEPROTEC project (EXPL/CTA
GEO/0609/2021) aimso finally reaching to the destination which would be producing the
competitive, effective, and sustainabhydrophobic coatingthat considers all the aspects to

preserve and conserve the stone heritage.
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Appendices
Appendix 1 XRD diffractograms
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Appendix 2: photos of samples in different states taken by CANON 80
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M1 without any treatments with applied coatings after accelerated ageing
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Appendix 3: Digital Microscopy photos of stasamples in different states
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