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“Long as I remember the rain been comin’ down
Clouds of mystery pourin’ confusion on the ground.
Good men through the ages tryin’ to find the sun.
And I wonder still I wonder who'll stop the rain.”

“Who'll Stop the Rain”
Creedence Clearwater Revival (John Fogerty)

Cosmo’s factory, 1970



Abstract

Natural stones are materials widely used in today’s architecture. White stones
(such as marble) and speckled stones (such as granite) are regarded as suitable for
decorative purposes and as construction materials. A major challenge with
natural stones is that they degrade in nature through weathering effects, such as
UV exposure, acid degradation as well as mechanical weathering through salt
crystallization and ice formation inside the pores of the stones.

The overall objective of this work has been to develop different hydrophobization
methods suitable for natural stones, with the goal of minimizing water contact
with the stone substrates and consequently deterring weathering effects. Another
goal was to develop testing methods for the evaluation of the protective effects of
hydrophobic coatings on natural stones, when weathering was concerned.

In this study, a hydrophobic pore-lining coating for marble stones was produced
via static and dynamic application methods. In the static systems using a total
immersion method, a successful hydrophobization of marble stone products with
a fluorosurfactant was verified by water contact angle and capillary absorption
measurements before and after intentional UV degradation of the outmost
modified layer. Optimization of treatment time and solution concentration led to
marble stones that were fully protected from water absorption, even if the
outermost surface was degraded by UV weathering. The functionalization
method for hydrophobization of porous marble networks was further optimized
by controlling the vesicle behavior of fluorosurfactants via tuning the solvent
polarity and reaction temperature, leading to successful functionalization deep
inside the porous network of the marble stones. This was confirmed by removing
the outermost surface of the coated stones through mechanical grinding and
measuring capillary absorption on the new surface, showing an increase in
effective functionalization depth from um to mm scale. The functionalization
process was furthermore refined through the use of a spray coating method. The
optimized spray coating conditions yielded an effective penetration of the
fluorosurfactant into the pores of marble, ensuring a long-term protection against
water uptake through pore wall functionalization. The final coating also
displayed anti-graffiti properties, allowing for graffiti paint to repeatedly be
easily washed away with a pressure washer 3-4 times. A new coating could be
applied when the first coating lost its effectiveness.
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Lastly, a durable surface coating based on polydimethylsiloxane for granite was
studied to inhibit aging effects related to weathering of granite. The impact of
several common weathering effects was evaluated by determining the mass loss,
water contact angle, capillary water absorption and possible color alterations
before and after the surface treatments. An important discovery was that the
impact of the weathering tests on the pure granite was in most cases quite small,
however, still noticeable and in some cases even considerable (especially
concerning salt weathering). Furthermore, it was found out that sufficiently thick
PDMS coatings displayed a superior stability in all the studied weathering tests
compared to a reference coating, as the impact of weathering on the hydrophobic
functionality of the PDMS-coated samples was minimal. Furthermore, due to the
excellent water and salt blocking behavior, the PDMS-coated stones displayed an
overall better stability against weathering compared to the untreated stones.



Svensk sammanfattning

Natursten sdsom marmor och granit har lange anvants som utgangsmaterial bade
inom konst och byggnadsteknik (till exempel for fasader). Ett stor problem ar
dock de nedbrytande vadereffekterna som natursten kan utsattas for, som till
exempel solens UV-stralning och surt regn, men ocksa mekaniska
nedbrytningsmekanismer, sasom is-sprangning och saltkristallisering, vilka
paverkar stenarnas porositet och mekaniska héllbarhet.

Malet med detta arbete har varit att utveckla ytmodifieringsmetoder for att gora
naturstenar vattenavstotande, sa att kontakten mellan stenarna och wvatten
minimeras och saledes minskar pa vattenrelaterade vittringseffekter. Ett annat
mal i detta arbete har varit att utveckla testmetoder som lampar sig for
undersokning av de vattenavstotande beldggningarnas funktionalitet i
accelererad viaderbestandighetstestning.

I avhandlingen behandlas en vattenavstotande ytbeldggning for marmorstenar
som har framstillts genom statiska och dynamiska modifieringsprocesser. I den
statiska metoden gjordes modifieringen med marmorstenarna helt nedsankta i en
fluorosurfaktantlosning under bestamda forhallanden, varefter stenarna torkades
i ugn samt ytbeldggningen undersoktes genom att mata stenarnas vatningsbarhet
samt kapilldra absorption. Detta gjordes bade direkt efter modifieringen samt
efter att den yttersta ytbelaggningen hade brutits ned med hjalp av UV-ljus, for
att undersoka ytbeldggningens modifieringsdjup.

Optimering av surfaktantkoncentrationen och behandlingstiden gav modifierade
stenar som inte absorberade vatten over huvudtaget, 4ven om den yttersta
ytbeldggningen brutits ned av UV-ljus. Metoden utvecklades vidare genom att
undersoka hur modifieringstemperaturen samt losningsmedlets polaritet
paverkade surfaktantaggregaten i l16sningen. Detta resulterade i marmorstenar
dar ytbelaggningen hade trangt in flera millimeter i stenarna vilket forhindrade
vattenabsorptionen helt dven da tva millimeter av den yttersta stenytan slipats
bort. Studierna om hur micellaggregaten i losningen péaverkades av olika
l6sningsmedel pavisade att mera poldra losningsmedel forskjot surfaktant-
micelljamvikten mot fria surfaktanter, vilket resulterade i en béttre diffusion av
surfaktantmolekylerna in i marmorns porer. Detta ledde i sin tur till en hogre
modifieringseringsgrad av marmorporytorna och en battre vattenavstotande
effekt.
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Modifieringsprocessen utvecklades déarefter till en mera praktisk spraybar
appliceringsmetod. Den optimerade spraybara metoden kan producera
marmorstenar med ytbelagda porer, vilket ger marmorstenarna ett langvarit
skydd fran nedbrytande vadereffekter. Den spraybara ytbeldggningen uppvisade
ocksé anti-graffitiegenskaper, vilket betyder att graffitifarg latt kunde tvittas bort
med en hogtryckstvitt efter upprepade nedsmutsningar. Nar ytbeldggningens
anti-graffitiegenskaper férsimrades med upprepade tvittningar, kunde en ny
beldggning appliceras for att fornya anti-graffitiegenskaperna.

Slutligen studerades en polydimetylsiloxan-beldggning for att forbattra
granitstenars hallbarhet. Effekten av ett flertal vanligt forekommande
nedbrytande fenomen undersoktes med accelererad vaderbestandighetstestning
och utvdrderades genom madtningar av massforlust, kontaktvinklar, kapillar
absorption och fargforandringar fore och efter beldggning samt efter den
simulerade nedbrytningen. Resultaten av dessa tester visade att de olika
vittringsfenomenen brot ned ren granit till olika grad och att den storsta effekten
kunde ses da stenarna utsattes for saltsprangning, dvs. d& en saltlosning bildar
kristaller i porerna. Resultaten fran de simulerade vaderbestandighetstesterna
pavisade dven att en tillrackligt tjock polydimetylsiloxan-beldggning har en
utomordentlig stabilitet i jamforelse med en referens-beldggning samt ren granit.
Orsaken till detta var att de studerade vaderfenomenen hade en minimal effekt
pa den hydrofoba polydimetylsiloxan-belaggningen till f6ljd av den utmarkta
motstdndskraften mot vattenbaserade vittringseffekter.
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Introduction and outline

1. Introduction and outline

Natural stones are exposed to many degrading weathering phenomena occurring
in nature, such as wind erosion, thermal variations, solar radiation and water
processes, or combinations of several factors appearing simultaneously [1]. By
considering the destructive effects of the most common weathering phenomena
for porous calcareous stones (e.g. marble or sandstone); water vapor
condensation, freezing, thawing, intraporous crystallization of salts, and acid rain
dissolution, it becomes evident that it is a daunting task to inhibit the weathering
phenomena completely. However, since water plays the dominant role in most of
the above-mentioned weathering phenomena, eliminating water uptake into the
porous stone is one of the key processes that necessitates investigation. Thus, the
best way to protect such materials from degradation would be to prevent, or at
least limit, the contact between the stone surface and water by making the stone
and its pores hydrophobic [2].

Current research on the conservation of calcareous stone products is focused on
developing effective surface coatings which at least partially reduce water
absorption [2]. The use of hydrophobic polymers and polymer resins (e.g.
fluorinated polymers and acrylic resins) is widespread due to their projected
long-term stability [3-9]. Furthermore, a combination of sol-gel driven
hydrophobic coatings with integrated nanoparticles have also been used in an
effort to obtain biomimetic, super-hydrophobic stone surfaces [10-12] arising from
a low surface energy and an enhanced surface roughness (i.e. the Lotus leaf effect
[13-15]). An interesting stone protection approach that has garnered attention in
recent years is the application of polydimethylsiloxane (PDMS) coatings and films
[16-19], due to their elasticity, toughness and evenness. While the presented
coatings in [16-19] displayed impressive hydrophobic functionality, no attempts
have been done to study the durability of PDMS coatings on natural stones. So far,
granite has not been widely studied in this field, due to its reputedly high
stability against the degradation mechanisms commonly associated with other
types of natural stones. Among the existing studies on granite, a hydrophobic
functionalization of a biomimetic silica nanoparticle-alkoxysilane coating, which
reduced the water uptake by ~20% can be mentioned [10]. Another interesting
study, by Rosario et al, applies a novel consolidant along with commercial
consolidants to granite, which improves the stone’s resistance to salt
crystallization weathering and slake durability [20].
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It is remarkable that none of these treatments successfully inhibited water
absorption completely in spite of exhibiting very high initial water contact angles
when measured on the outer surface of the stone [3-6]. With time, both the
polymer and sol-gel routes display significant water uptake [21] that could
eventually damage the stone by any of the weathering phenomena described
above. For polymeric compounds, this can be related to limited chemical bonding
between the polymer and the stone, differences in the thermal expansion
coefficients between the two components, as well as a low degree of pore surface
modification [22]. A more persistent modification is expected if the
hydrophobizing agent contains functional groups that can bind strongly to
calcareous stone surfaces, e.g. phosphate, phosphonate or carboxylic groups [23-
26]. However, as water can still, to some extent, be absorbed by the stone, the
described degradation effects can continue even if they occur at a slower rate. It
should also be noted that since CaCOs readily dissolves under slightly acidic
conditions, even a small amount of water absorbed in the stone can lead to a loss
of the outermost hydrophobized surface relatively quickly, which in turn will
accelerate the degradation process. This implies that calcareous stones have to be
functionalized deep inside the pore channels in order to provide a long-term
stability.

In this thesis, a testing method suitable for assessing the penetration depth and
functionality of a hydrophobization process targeted to porous natural stones is
presented. Furthermore, a robust accelerated aging protocol is presented to assess
the impact of destructive forces against natural stones, mainly for granite.

In Paper I, a total immersion functionalizing method was tuned for the
hydrophobization of marble by controlling treatment time and solution
concentration. Four fluorosurfactants as well as two fluorinated polymeric
products were initially screened to identify which product resulted in the best
water uptake protection and circumvented UV degradation. By further
optimization of the functionalization protocol using the most promising
compound, a fluorosurfactant, it was demonstrated that it is possible to improve
the UV and chemical instabilities of common surface coatings, by not only
modifying the outermost marble surface, but also the interior of the stones. It is
shown that the treated marble stones are protected from water uptake even after
the outer surface has intentionally been removed by strong UV irradiation,
suggesting that the optimized coatings will be stable for several years of sunlight
exposure.
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In Paper II, the total immersion functionalizing method was tuned further by
controlling the functionalization temperature and the solvent polarity. This is
shown to control the vesicle behavior of the investigated fluorosurfactant, driving
the vesicle-surfactant equilibrium towards free surfactants with increasing
temperature and decreasing solvent polarity. The tuned conditions in the solution
lead to favorable conditions in the Stokes-Einstein diffusion equation, improving
the diffusion of the fluorosurfactant into the marble stones. The consequence of
the improved diffusion was shown experimentally by removing the outermost
surface of the coated stones through mechanical grinding and measuring
capillary absorption on the new surface, demonstrating an increase in effective
functionalization depth from pm to mm scale.

In Paper III, the fluorosurfactant functionalization was tuned for spray-coating
application. The optimized application conditions showed an effective
penetration depth of the hydrophobic properties down to at least 0.5 mm,
ensuring a long-term protection against water uptake. Mechanistic studies of the
functionalization process revealed that the solution mixtures containing ethylene
glycol provide the best functionalization when a penetrating coating was
preferred, due to the prolonged functionalization time as a consequence of the
slow evaporation rate of the solvent combined with the beneficial shift in the
surfactant-vesicle equilibrium towards free surfactants. The coatings also
displayed anti-graffiti properties, allowing for graffiti paint to easily be washed
away with a pressure washer repeatedly 3-4 times. For optimal re-usability of the
anti-graffiti coatings, a new coating could be applied when the first coating loses
its effectiveness.

In Paper IV, a surface coating for granite was studied, to demonstrate how the
weathering effects granite was exposed to could be minimized by coating it with
a sprayable polydimethylsiloxane functionalization. The impact of several
common weathering effects (UV exposure, acid degradation, as well as
mechanical weathering through salt crystallization and ice formation inside the
pores) were evaluated. An important discovery was that the impact of the
weathering tests on the pure granite is in most cases quite small, however still
noticeable and in some cases even considerable (especially due to salt weathering).
Furthermore, due to the excellent water and salt blocking behavior, the
polydimethylsiloxane-coated stones displayed an overall better stability against
weathering compared to untreated stones.
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2.  Background

2.1. Natural stones

Natural stone materials have always been in demand throughout the history of
humankind, stretching back for at least 2.5 million years, when the earliest known
Paleolithic stone tool technocomplex (i.e. the Olduwan) began [27]. The use of
stone materials has always been widespread, with applications in flooring,
cladding, facing, stairs, ornamental architecture, bathroom and kitchen
countertops, funerary, furnishing, etc. The reason for this popularity is that
natural stones have a very good durability and unique appearance, which is hard
to imitate. Additionally, as natural stones are mined from the earth, it is very
environmentally friendly compared to other construction materials.

Natural stones can be classified in three principal groups. The first, igneous rock
(latin igneous=fire), is shaped through the solidification and cooling of magma or
lava, which occurs through geothermal processes in the earth’s crust. Examples of
igneous rocks are granite, pumice and basalt. It has been estimated that about 65%
of the earth’s crust consist of igneous rocks.

The second group is sedimentary rocks, which form through sedimentation of
fossils and rocks. Examples of sedimentary rocks are sandstone, limestone and
gypsum. The sedimentary rocks account for about 8% of the earth’s crust.

The third rock type is metamorphic rocks, which are formed through the
restructuring of other rock types under temperatures and pressures that differ
from those at which the original rock was formed. This metamorphosis is,
essentially, a recrystallization process. Examples of metamorphic rocks are
marble, gneiss and slate. The metamorphic rocks account for about 27% of the
earth’s crust [28].

2.1.1. Marble

Marble is a natural stone which is formed through metamorphism of sedimentary
carbonate rocks such as limestone and dolomite rock (or even pre-existing
marble). These rocks are recrystallized by high temperatures and pressure into a
mineral containing larger crystals of interlocking mosaic of calcite and dolomite.
The purity of the starting material in the metamorphism will play a large role in
the appearance of the metamorphosed marble. Very pure limestone or dolomite
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protoliths’ will result in a pure, white marble, while mineral impurities such as
clay, quartz and iron oxides will present itself as swirls, veins and even total
green, black or brown coloring in the metamorphosed marble. Another important
occurrence in the marble crystallization process is the micro-voids which form in
marble during the metamorphosis and creates a low porosity stone. [29]

White marble has been used in art as a sculpting material since classical times.
Properties that make marble such an excellent sculpting material include the low
hardness of the material, making it easy to carve. Marble is also very
homogeneous from a sculptor’s viewpoint and has a low refractive index,
allowing for light to penetrate deep into the material and giving it a unique luster.
In architecture and building construction, marble is also used to highlight
important buildings, such as the Finlandia Hall. Different applications of marble
are shown in Figure 1.

a) b)

Figure 1. Different uses of marble, including a) the purely artistic David statue by
Michelangelo, and b) utilized in interior design [30].

Marble is acquired by mining in quarries in different parts of the world, which
have the conditions required for it to form, i.e. high pressure and sedimentary
carbonate rocks. The regional variations in available protoliths for metamorphism
account for that marble exists in several different crystal compositions with

! Protolith = the original rock, from which a given metamorphic rock is formed

5
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different material properties depending on the conditions in which it has formed
[31,32].

2.1.2. Granite

Granite is a common type of felsic? intrusive igneous rock that is granular and
phaneritic’ in texture. Granite is predominantly white, pink, or gray in color,
depending on its mineralogy. The geological definition of granite is that it is a
felsic rock with about 63 vol-% quartz. Granite have limited porosity, a high
surface hardness and an inherent toughness, which is why it have been used
throughout human history as a construction material [29].

Although both marble and granite are stone materials and are quarried from the
earth, the stone types are very different from each other. The greatest difference
lies in the lower porosity, hardness and durability of marble when compared to
granite.

2.2. Challenges — aging effects on natural stones

Natural stones are exposed to several degrading weathering phenomena in
nature, e.g. wind erosion, thermal variations, solar radiation and water
phenomena are common effects. The degradation of natural stones is often not
dependent on one distinct phenomenon, but a combination of several working
together. The basic weathering phenomena investigated in this thesis will be
covered in this section.

2.2.1. Physical phenomena

Physical weathering phenomena occur through mechanisms such as freeze-thaw
processes, salt degradation, hygric*, thermal and wet-dry cycling. As a
consequence of these processes, the natural stone fragments along the preferred
intra and intercrystalline microcracks, cleavage planes, joints, etc.

2.2.1.1. Frost weathering

Frost weathering is a form of physical degradation that can cause stone
degradation through thermal variations in the freeze-thaw process during winter.
When the temperature falls below 0 °C and water, which is absorbed in the pores
of the stone, freezes and expands the formed ice applies pressure throughout the

2 Felsic rock = Acidic igneous rock types that are relatively rich in elements that form feldspar (K-,
Na- and Ca-Al:SixOx) and quartz (SiO2)

3 Phaneritic rock = rock type with crystals, which are discernible to the human eye

4 Hygric = moisture-driven
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porous stone, resulting in a degradation mechanism that is very severe for natural
stones [33-35]. The degradation mechanism is schematically explained in Figure 2.

water
Ice  pressure generated

/ pore by ice formation

Microcracking

Figure 2. Degradation mechanisms caused be freezing and salt crystallization.

2.2.1.2. Salt crystallization

Salt crystallization in the pores of a natural stone is another form of physical
degradation, where the formed crystals apply pressure on the porous network
[20,36], causing stone degradation through the same mechanism as through ice
formation (see Figure 2). This mechanism is particularly prevalent in coastal areas,
where salt spray transport salts in the environment [37]. Another route of
exposure is stone buildings and monuments submersed in water or exposed to
waves from the salty sea. Common salts taking part in these degradation
mechanisms are rock and sulfate salts [38,39].

2.2.2. Chemical phenomena

Chemical weathering phenomena are degradation processes that occur through
the reactions that common substances, such as water, carbon dioxide and oxygen
induce on the mineral constituents of natural stones. Chemical degradation is
particularly damaging to natural stones that have complex systems of pores and
grain boundaries, providing a relatively large surface area for the processes to
occur on.

2.2.2.1. (Acid) rain degradation of stones

The penetration of rainwater into natural stones can also be a destructive force,
e.g. as rainwater is slightly acidic, dissolution of calcareous stones is inevitable.
The penetration of water into stones is linked to diffusion, capillary action, vapor
pressure and surface tension, making it a difficult problem to solve [1]. Another
problem that rain and seawater brings, besides dissolution, is the intraporous
crystallization of salts transferred as ions with the water, which may damage the
pore structure (see Chapter 2.2.1.1). Acid rain in itself often dissolves the outer
crust of stones. The main responsible chemicals are nitrous oxides (NOx) and
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sulfuric oxides (SOx). For instance the dissolution reaction of calcium carbonate
when exposed to SO, is [40]:

CaCO0;(s) + S0, (aq) + ¥H,0(1) = CaS0; - %2H,0(s) + CO,(g). (1)

The calcium sulfite hemi-hydrate (CaSO; - %2H,0) formed in the reaction is an
unstable reaction product which is oxidized to gypsum (CaSO, - 2H,0) according
to:

CaSO0; - %H,0(s) + %0,(g) + 2H,0(1) = CaS0, - 2H,0(s) + %H,0().  (2)

Gypsum is then removed from the stone surface through erosion, and the stone is
structurally damaged.

Although granite is a much more durable material than marble, it can also slowly
degrade through hydrolysis, when the granite structure is disintegrated into
granitic sand, a process that occurs through hydrolysis of the potassium feldspars
(the binding network of granite) into clay minerals. The hydrolysis of granite
proceeds via reactive H* ions which attempt to dissolve the mineral matrix, as for
instance when K* ions in K-feldspar are replaced by H* ions according to [41-43]:

2 KAISi;Og + H,0 + 2 HT = Al,Si,05(0H), + 2 K* + 4 SiO,. 3)

As K*and SiO2 are water-soluble, these species are leached out from the system
and kaolinite clay (Al,Si,05(0H),) remains. This weakens the structure of the
material and causes it to break apart into smaller pieces.

A source of hydrogen ions in the atmosphere is the reaction carbon dioxide (CO,)
has with water, which forms carbonic acid (H,CO3). The carbonic acid is further
dissociated into hydrogen ions and bicarbonate (HCO3) according to [41-43]:

CO, + H,0 = H,CO; = H* + HCO3. 4)

2.3. Challenges — graffiti

Graffiti is a large problem in our society as it sullies buildings and monuments.
Keeping buildings free from graffiti defacing can be laborious and expensive,
costing billions of euros annually, and it is particularly damaging to our cultural
heritage [44,45], as seen in Figure 3.
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Figure 3. Graffiti soiling the bell in Giotto’s Campanile, Florence, Italy.

Graffiti can be applied in many different ways, with modern approaches ranging
from stickers to marker pens and aerosol spray paints. Older school approaches
include a hammer and a chisel, simple scratching and chalk or coal drawings.

Currently, there are two forms of graffiti paints that are dominating the market,
i.e. water-based or oil-based paints. The water-based paints include emulsion (or
latex) paint and (acrylic) waterborne pigment paints, which can be applied on
hydrophilic substrates such as wood. On the other hand, oil-based paints like
linseed oil paint are more suitable for oleophilic substrates. All graffiti paints
consist of the same principal components; 1) a pigment, which gives the paint its
color, 2) a binder, which holds the pigments together, and 3) a solvent, which
makes the paint sprayable.

An interesting property of spray paints is that there is actually no chemical bond
between the paint and the underlying surface. Paints adhere simply through
physical van der Waals forces to the surface. The surface energy of a stone surface
is therefore the deciding factor for the adherence of graffiti paints.

2.4. Methods of stone protection

2.4.1. Approaches

The longevity and usefulness of natural stones can be extended by applying a
protective agent to the stone. These protective treatments can be applied with
essentially three end results, as a) a pore-lining coating, b) a consolidating
treatment and c) a surface film. These approaches are schematically drawn in
Figure 4.
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a b C

Figure 4. Different stone protection approaches, including a) a pore-lining coating, b) a
consolidating coating and c) a surface film.

The pore-lining coating is a protective treatment that is performed with a
molecularly small functionalization agent that is transported into the porous
system of the stone via a carrier solution. Inside the pore system, the agent binds
to the pore walls forming a thin layer throughout the stone. Chemicals that can be
used as pore-lining coatings include silanes and surfactants. [46]

Consolidating stone treatments have been used since antiquity, when the Romans
used olive oil to seal their stone materials. Olive oil consolidation treatments
provided some protection by excluding water and other weathering agents from
the porous network of the stone, although the stone was stained permanently by
the oil. Modern stone sealers, also called penetrating sealers, include siliconates,
fluoro-polymers and siloxanes. These sealers are employed as follows; a) the
sealant solution containing a resin and mineral solvent or water is absorbed by
the stone into the porous network, b) the mineral solvent or water evaporate and
c) the resin remains, solidifies, and clogs the pores of the stone, anchoring the
material in the stone. [47,48].

A surface film, sometimes referred to as a topical sealer, is a type of coating which
solidifies on top of the stone surface, typically blocking water absorption, which
also affects the water vapor permeability of the stone negatively. Maintaining the
native water vapor permeability of a building material, such as natural stones, is
very important. The reason for this is that condensation just under a protective
coating is undesirable [12], as it will lead to stone decay as described in Chapter
2.1. Another drawback with surface films is that they are susceptible to peeling
and scratching. Therefore, surface films require a routine of buffing, stripping and
reapplication to maintain optimal functionality. On a molecular level, a surface
film is formed when a large molecule cannot penetrate the pores of the substrate
but instead dries and adheres to the surface. Common chemicals used for surface
film formation include natural wax and polymers [5,12,49].
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2.4.2. Methods of stone protection — mechanisms

Using the approaches mentioned above, different protective treatments can be
performed on natural stones. A popular functionalization method used is
hydrophobization, i.e. lowering the surface energy of stone surfaces with the
end goal of minimizing water contact and consequently deterring water-related
aging effects. The elimination of water has thus been a key aspect when
protective coatings for natural stones have been developed [5,17,40,50]. Studied
approaches include polymers [3-9], silicones [17,50-52] and sol-gel-derived
hydrophobic coatings [13,53,54]. For marble, phosphates and carboxylates are
preferred, due to the strong binding between the functional groups and calcium
carbonate [24-26], while for granite silanes, silicates and siloxanes are
particularly useful [10,20,55].

While consolidating functionalizations have drawbacks when the water vapor
permeability is concerned, the positive effects these functionalizations can
have should not be overlooked. By decreasing the porosity of the treated stone,
weathering effects related to porosity, such as frost weathering, salt
weathering and absorbed water effects [47,56] are minimized. Another benefit
of consolidating coatings is the improved mechanical properties, such as
increased abrasion resistance, surface hardness and compressive strength
[48,57,58].

Stone functionalization is also used in the preparation of anti-graffiti coatings,
such as sacrificial (often sugar-based) coatings [59,60]. These are used to create a
surface film of a dissolvable coating that can be washed away with for instance
warm water. A more permanent solution for keeping stone surfaces clean from
graffiti is to use hydrophobic and oleophobic functional coatings [4], which
minimize the adhesion of graffiti to the surface. This allows for the soiling color
to be washed away with for example organic solvents or pressurized water
[4,61].

A large weathering-related problem for the abovementioned stone coatings is
caused by sunlight and particularly the UV portion of sunlight, which can cause
damage to organic matter. The degradation mechanism occurs through the
interaction of ultraviolet rays with chemical bonds in the organic structure, which
forms free radicals that then react further with oxygen in the atmosphere. These
radicals replace the existing organic chain with carbonyl groups and weaken the
organic matter [62], which is particularly damaging to organic coating materials
used in stone protection [63].

11
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2.5. Interfacial properties

The interactions between water and the interfaces on natural stones are of great
significance, when considering the different coatings discussed in this thesis. The
complex surfaces studied here are heterogeneous, with varying porosities,
leading to special considerations in the theory.

2.5.1. Adhesion and cohesion

It takes great force to pull many solids apart. A good example is diamonds, which
are known for their high hardness. It is apparent that there must be a very strong
attractive force between the carbon atoms in the diamond, which hold the material
together. This force is cohesion, which is active in systems of similar materials.
Adhesion, on the other hand, is active in systems of dissimilar materials, such as
between a piece of adhesive tape and a piece of paper. Adhesive forces are active
when surface atoms of two separate surfaces form ionic, covalent or hydrogen
bonds. Forces between atoms or molecules, such as those in cohesion and adhesion,
are effective only over very short distances (on the magnitude of molecular
dimensions). Consequently, these forces are called short-range forces in contrast to
forces such as gravitational attraction which is a long-range force.

2.5.2. Wetting and liquid spreading

Wetting, which occurs when a liquid comes into intimate contact with a solid
surface, is dependent on the adhesive and cohesive forces interacting at the
water-solid interface. The spreading coefficient at the liquid-solid interface, Sts, is
defined as [64]:

Sps =Wa—We =Yy = Vv — Vs (5)

where Wa is the work of adhesion, Wc is the work of cohesion, ysvis the solid-
vapor surface tension, yrvis the liquid-vapor surface tension and vystis the solid-
liquid surface tension. If Scs is larger than zero, the liquid will completely wet the
surface.

The spreading process is dependent on the surface properties of a solid. The
adhesive interactions can for instance be manipulated by surface
functionalization. When a water droplet comes into contact with a surface and
when it does not wet the surface completely, it will spread until an equilibrium
contact radius is reached. To model this, one has to account for the capillary,
gravitational and viscous effects. The drop radius varies as a function of time
according to [65]:

12
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r(t) = [1 —exp (— (2:;% + ﬂ) M}F' ©
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However, when complete wetting occurs, the variation in drop radius during
spreading is given as:

2 3
961V 2 A(t+to)\3 24pgAvE
r(t) = (na <t+to)> +(FE) 2| (7)

2
Vs = =
K 7-9637m3y 7

where yic is the surface tension of the fluid, V/is the drop volume, # is the viscosity
of the fluid, p is the density of the fluid, g is the gravitational constant, 4 is the
shape factor, to is the experimental delay time and re is the drop radius at
equilibrium [65]. An example of the spreading process is given in Figure 5.

f— t

Figure 5. Example of the spreading process modelled by equation 6.

2.5.3. Flow and absorption in porous media

As natural stones are porous, the flow processes in porous media require special
considerations as highlighted in Chapter 2.2. The elementary principles of fluid
flow in porous media are highlighted here. The basic law governing flow in
porous media is Darcy’s law;

3 _ KA (Ph—Pa)
Q== (8)

For transient processes in which the flux varies from point to point, the
differential form is used;

=36 ©)

where @ is the volumetric flow rate, k is the permeability of the porous medium,
u is the fluid viscosity, A is the cross-sectional area of the porous medium, (p, —

13
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Pq) is the pressure drop across the medium and L is the length of the sample [66].
Further developments of this law are needed to model pores of natural stones,
because Darcy’s law is excellent for modelling straight tube-like pores, while the
pores of natural stones are more tortuous and have non-circular shapes. A
modified Hagen-Poiseuille equation suggested by Cai et al. in [67] accounts for
non-circular pore shapes and tortuosity according to:

m(ar)*AP

g =" (10)

8uLg

where r is the pore radius and « is the dimensionless geometry correction factor,
with a =1 for circular capillaries, a = 1.094 for square capillaries and a = 1.186 for
pores with equilateral triangular shapes. More data for a can be found in [68]. AP
is the pressure loss, La is the actual length of the tortuous capillary pore and u is
dynamic viscosity.

As for water absorption through natural stone pores, which can be equated to
thin capillaries, the traditional capillary rise model can be considered. If a
capillary tube is immersed partially into a liquid, for instance water, the water
will rise to a certain height inside the capillary. This height is positive for water
(in a glass tube), while it is negative for mercury in the same glass tube, as
mercury is a non-wetting liquid. If a very thin glass tube with the radius R is
inserted into water, the water will climb the walls until the whole inside of the
tube is covered by a thin layer of water, while a meniscus (the air-water interface
in the tube) will rise to a certain height. This height, /1, can be calculated
considering the forces at work around the meniscus. At the meniscus, the
physical force of interfacial tension can be defined as 2mRy;, , ie. the
circumference of the pore multiplied by the surface tension. This force is
opposing the gravitational pull on the water that has risen above the water
surface level inside the cylinder. The gravitational force can be defined as 7R%hpg,
i.e. the volume (= mass) of the water pillar multiplied by the gravitational
acceleration. Using this information the height of the capillary rise can be
calculated according to [64];

_ 2w
h=2l, (11)

where R is the radius of the capillary and yy, is the interfacial tension between the
liquid and the vapor, p is the liquid density and g is the gravitational acceleration

If the liquid in the cylinder is not completely wetting the whole cylinder,
incomplete wetting is observed and a contact angle can be defined (see chapter
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5.4 for more details on these). By consulting Figure 6, it becomes apparent that the
interfacial tension will be reduced to cos(0)y;, and the capillary rise can be
expressed as:

h = M. (12)
pgR

Equation 12 is a capillary rise equation that is valid for all systems, as for
complete wetting and a contact angle of zero will result in a cos(f) of 1 (i.e. the
equation is reduced to Equation 11). The result of equation 12 is illustrated in
Figure 6.

v

1
ZPghR

Figure 6. The capillary rise of a liquid in a smooth-walled capillary with the radius R.

Adhesive and cohesive forces can affect liquids inside the capillary in several
ways. If the mutual attraction between water molecules in the system is very
strong and the surface of the capillary wall is hydrophobic, i.e. has very weak
interactions with the water molecules, the water molecules will strive to minimize
contact with the wall and form a convex meniscus at the water-air interface. If, on
the other hand, the surface of the wall is hydrophilic, the water molecules will be
attracted to it and a concave meniscus will form, resulting in an increase in
capillary rise, as illustrated in Figure 6.

While these models are excellent for modelling straight tube-like pores, the pores
of natural stones are tortuous, interconnected and have variable cross-sectional
areas, rendering them difficult to model exactly. However, the presented theory
gives a basic understanding of the processes occurring in capillary absorption of
water into natural stone pores and the importance of interfacial properties.
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2.6. Surfactant chemistry

As surfactants were extensively studied in the marble functionalizations, the
basics of surfactant chemistry are covered here. A surfactant is a molecule, which
consist of a hydrophobic (water-repelling) part and a hydrophilic (water-
attracting) part [64]. An example of a surfactant is depicted in Figure 7.

Hydrophilic part

Hydrophobic part

Figure 7. Schematic representation of a surfactant compared to the skeletal formula of a
real surfactant, with a hydrophilic phosphate part and a hydrophobic fluorocarbon part.

Surfactants decrease the surface tension of liquids as their concentration increases
in a solution. This decrease of the surface tension occurs linearly, depending on
the surfactant concentration, cs, as the molecules strive to arrange themselves in
the most energetically favorable orientation, resulting in an accumulation of
surfactants at the liquid-gas interface, e.g. a water surface in contact with air, as
depicted in Figure 8 when ¢s < c.m.c. (critical micelle concentration).

AINARBERARD

000 004060000

Figure 8. The mechanisms of surfactant accumulation at the air-liquid interface and
micelle formation in the liquid phase. The red headgroup represents the hydrophilic
group of the surfactant.
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As the surfactant concentration reaches the c.m.c., the air-liquid interface becomes
saturated with surfactants and the molecules start to self-assemble into aggregates,
such as micelles and vesicles (depicted in Figure 8), when ¢ > c.m.c.. The liquid-gas
surface tension remains constant at concentrations above the c.m.c. Micelles, which
are aggregates of surfactants, are formed to attain the most energetically favorable
orientation of “hiding” the hydrophobic part of the surfactant (the black “tail” in
Figure 8) when this occurs in water (as opposed to in oil, where the polar “head
group ” is “hidden” instead). Different types of micellar aggregate shapes are
obtained depending on the surfactant form, as seen in Figure 9.

The Israelachvili model [69] can be used to account for variations in surfactant
aggregation behavior (= association). The structural shape of the surfactants will
influence the conformation of the micellar aggregates through the packing
parameter P, defined as:

p=-= (13)

aolc’

where v is the volumetric space occupied by the hydrophobic tail group, a, is the
optimal head group cross-sectional area and [, the critical chain length. The
different micellar aggregate structures that can be formed are summarized in

Figure 9.
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Figure 9. Different surfactant shapes and their resulting aggregation behavior, governed
by the Israelachvili model as interpreted by Consola et al [70]°.

5> Note that Israelachvili defined the packing parameter of inverted truncated cone surfactants as
P>=1[71].
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Vesicles can occur in many different forms, as indicated in Figure 10. Some of the
size ranges that could be mentioned are small unilamellar vesicles (SUVs, 20 to 50
nm in diameter), large unilamellar vesicles (LUVs, 100 nm to 1 um in diameter)
and giant unilamellar vesicles (GUVs, > 1 um diameter). Furthermore, variations
of these, such as the oligolamellar and multivesicular forms can occur, but they
can still be classified in the groups of small, large and giant vesicles.
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Figure 10. Schematics of unilamellar, oligolamellar and nested multivesicular vesicles
[72].

An interesting feature of the surfactant-vesicle equilibrium, i.e. when ¢s > c.m.c. in
Figure 8, is that the equilibrium can be shifted by changing the polarity of the
liquid or adding electrolytes to the solution. The equilibrium between free
surfactants in the solution and the micellar aggregates consists of continuous
demicellization and assembly [73-79]. The vesicle-surfactant equilibrium can shift
towards free surfactants or other constitutions, such as from giant to small vesicle,
which can be more suitable for diffusion into porous matrices, such as those
found in natural stones. Furthermore, an increase in the solution temperature will
change the polarity of the solvent and can thus also affect the vesicle stability [78-

80].
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3. Aims of the study

The goal of this thesis was to develop and evaluate a series of model systems
suitable for stone protection. Recommendations were to be developed with the
goal of a better coating and coating methods based on a materials science approach.
This thesis focuses on case studies of granite and marble coatings to understand the
benefits of a pore functionalization approach for marble. Another focus was to
determine the most severe weathering effects that granite is exposed to.

The first model system to be studied was a pore-functionalized fluorosurfactant
coating for marble stones. A broad study was carried out in order to evaluate
different application parameters and determine how the composition of the
fluorosurfactant solutions, in regard to their concentration and co-solvent
composition, may affect the coating quality. The colloidal behavior and self-
assembly of a fluorosurfactant was studied to improve the functionality of the
surfactant coating with the end goal of a spray coating application approach for
easy, low-cost coating. Additional functionality testing of the fluorosurfactant
coating, as an environmentally friendly anti-graffiti coating, was also performed.

The second model system studied was a polymeric surface coating for granite
stones. This system was studied through the formulation of test methods suitable
for simulating aging effects to determine the impact of weathering on granite
stones and the polymeric coatings.

The specific objectives of this thesis are:

e To evaluate the effects of time and surfactant concentration on marble
surface functionalization when considering the effects on capillary
absorption (Paper I)

e To evaluate the effects of temperature and solvent composition on the
fluorosurfactant vesicle equilibrium and the consequences that the changes in
this equilibrium can have on marble pore functionalization (Paper II)

e To investigate the sprayability of the fluorosurfactant formulation, with
special consideration on the evaporation kinetics of the solutions and the
beneficial properties of water- and oil-repellent surfaces as anti-graffiti
coatings (Paper III)

e  Toinvestigate the impact of weathering effects on granite (Paper IV)

e  To evaluate the durability of PDMS when used as a protective coating for
granite (Paper 1V)
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4. Materials and methods

4.1. Materials

The characteristics of the stone substrates and functionalization agents used in
this work are briefly described in this section.

4.1.1. Natural stones

Marble stones from Carrara, Italy, were used throughout the marble studies.
Italian Carrara marble was used for its reputation of being a very chemically pure
marble consisting almost entirely of calcite, CaCOs, with some minor traces of
dolomite, CaMg(COs)2, which was confirmed through XRD (see Paper I for
further details). The marble stones investigated had the dimensions of 2x2x1,
5x5x1 or 10x10x1 cm?®.

Granite from the Fujian province, China, was used throughout all the granite
experiments. Stones with the dimensions of 5x5x1 cm? were used in all the tests,
except for the frost weathering, where granite samples with the dimensions 2x2x1
cm?® were used. The used granite stones consisted of silica, SiO2, and the feldspars
albite, NaAlSizOs, anorthite, CaAl:S5i20s, and sanidine, KAIlSisOs, which was
confirmed through XRD (see Paper IV for further details).

The stones were washed in de-ionized water when received and dried in 60 °C for
1 week before any experiments were conducted. Note that it has been reported
that marble stones may experience inter-granular decohesion under these
circumstances [80].

4.1.2. Functionalizing agents

A commercially available fluorosurfactant, with the trade name Capstone FS-63
(Dupont), was used for the marble functionalizations. The structure of the
fluorosurfactant in the commercial Capstone FS-63 mixture is depicted in Figure
11, along with the known structure of PDMS.
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Figure 11. The used functionalizing agents. a) The fluorosurfactant Capstone FS-63. b)
The repeating unit of polydimethylsiloxane (PDMS). c) Cross-linked PDMS network [81].

A cross-linked polydimethylsiloxane (PDMS, Dow Corning Sylgard 184) solution
was prepared by first mixing a two-part commercial PDMS, consisting of a base
component and a cross-linking curing agent in the ratio 10:1, which was then
diluted in toluene (Sigma Aldrich) to form a 10 wt-% solution. Faceal Oleo HD
(Uudenmaan Pintasuojaus, Finland), a commercial water-repellent protective
agent consisting of waterborne acrylic copolymer with fluorinated groups for
hydro- and oleophobicity, non-ionic cross-linking groups and silane groups for
bonding to mineral surfaces, was used as received as a reference coating to
evaluate the effectiveness and performance of the PDMS coatings on granite.

4.2. Protective application techniques

4.2.1. Functionalization through total immersion

Functionalization of marble stones through a total immersion technique was
performed by using solutions with known concentrations produced by dilution in
Milli-Q purified water, ethylene glycol and co-solvents solutions consisting of water
combined with ethylene glycol, ethanol, methanol or propylene glycol. Typically,
three marble pieces per treatment were put into beakers containing 40 mL of the
selected hydrophobization mixture at different concentrations when diluted in a
solvent. The reaction vessels were sealed and put into a temperature-controlled
oven for a specific reaction time. After the total immersion functionalization, the
samples were washed with water and dried at 60 °C for another 24 h. The marble
samples were then kept at room temperature for a week before any experiments
were performed. The investigated reaction ranges on marble through the total
immersion method are summarized in Figure 12 and Table 1.
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Table 1. Samples produced to investigate the static system — application parameters.

Sample Solvent used Co-solvent Functionalization Reaction Surfactant
ratio temperature time concentration
by volume

Ma-1h-1% H:0 - 60 °C 1h 1%
M:-1h-5% H0 - 60 °C 1h 5%
M:-1h-10% H0 - 60 °C 1h 10%
M:-24h-1% H0 - 60 °C 24 h 1%
Ma-24h-5% H:0 - 60 °C 24h 5%
Ma.-24h-10% H:0 - 60 °C 24h 10%
Ma.-72h-1% H:0 - 60 °C 72h 1%
M:-72h-5% H:0 - 60 °C 72h 5%
M:-72h-10% H0 - 60 °C 72h 10%
Mp-W-20C H:0 - 20°C 24h 10%
Mb-W-40C H0 - 40 °C 24h 10%
Mp-W-60C H:0 - 60 °C 24h 10%
Ms-W-80C H0 - 80 °C 24h 10%
Mp-25EG-20C  EG- H20 25:75 20 °C 24h 10%
Mp-25EG-40C  EG- H20 25:75 40 °C 24h 10%
Mp-25EG-60C  EG- H20 25:75 60 °C 24h 10%
Mup-25EG-80C  EG- H:0 25:75 80 °C 24h 10%
Mp-50EG-20C  EG- H20 50:50 20°C 24h 10%
Mp-50EG-40C  EG- H20 50:50 40 °C 24h 10%
Mp-50EG-60C  EG- H20 50:50 60 °C 24h 10%
Mp-50EG-80C  EG- H20 50:50 80 °C 24h 10%
Mp-75EG-20C  EG- H20 75:25 20 °C 24h 10%
Mp-75EG-40C  EG- H20 75:25 40 °C 24 h 10%
Mp-75EG-60C  EG- H20 75:25 60 °C 24h 10%
M-75EG-80C  EG- H20 75:25 80 °C 24h 10%
Ms-100EG-20C  EG - 20 °C 24h 10%
Mp-100EG-40C EG - 40 °C 24h 10%
Ms-100EG-60C  EG - 60 °C 24h 10%
Mp-100EG-80C EG - 80 °C 24h 10%
M.-25PG PG - H:O 25:75 60 °C 24h 10%
M-50PG PG - H:O 50:50 60 °C 24h 10%
Mc-25Me MeOH - H:O 25:75 60 °C 24h 10%
Mc-50Me MeOH - H.O 50:50 60 °C 24 h 10%
M.-25Et EtOH - H:O 25:75 60 °C 24h 10%
M.-50Et EtOH - H.O  50:50 60 °C 24h 10%
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Temperature impact
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Figure 12. Investigated reaction ranges for marble.

4.2.2. Functionalization through spray coating

Functionalization of marble stones via spray coating was performed by using an
optimized concentration of the fluorosurfactants (10 vol-%). Dilutions were made
using water and varying concentrations of two suitable co-solvents for the system,
water combined with ethylene glycol and ethanol.

A volume of 100 mL/m? of all the solutions was applied to the stones using a
custom made spray coater (Arctic IP Investment Ab, Salo, Finland) with variable
pressure, flow rate, and pitch. To apply 100 mL/m?, a flow rate of 1.05 mL/min
was used with an application speed of 35 mm/s, a pitch of 5 mm, a pressure of 1
bar and a spray-head-to-surface distance of 200 mm. The used spray head was a
DAGR airbrush (Devilbiss, Dorset, United Kingdom). After coating, the samples
were allowed to react for 24 hours at room temperature, after which the samples
were placed in a 60 °C oven for 24 hours. The marble samples were then kept at
room temperature for a week before any experiments were performed. The exact
reaction conditions for the spray coated marble samples discussed in this thesis
are summarized in Table 2.

Table 2. Samples produced to investigate the dynamic system — application parameters.
All samples were prepared at a surfactant concentration of 10 vol-% at 25 °C and were
allowed to react for 24 h.

Sample Solvent used Co-solvent ratio
Ma-W H0 -
M-25EG C2HeO2- H20 25:75
Ma-50EG C.HeO2- H20 50:50
M«-100EG C2HeO2 -
Ma-25Et C:Hs0H- H20 2575
Ma-50Et C:Hs0H- H20 50:50
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For the granite samples, the same spray-coater was used to apply the PDMS
solution and the commercial silane Faceal Oleo HD on granite stones. By varying
the spray-head speed, 20-100 mL/m? of the 10 wt-% PDMS in toluene solution
were applied to the granite stones, while using the flow rate of 0.2 mL/min, a
pitch of 2 mm, a pressure of 2 bar and the spray-head to surface distance of 330
mm. 400 mL/m? of the Faceal Oleo HD solution was applied as received, using a
spray-head speed of 30 mm/s, a flow rate of 0.5 mL/min, a pitch of 2 mm, a
pressure of 1 bar and a spray-head to surface distance of 330 mm. After coating,
the granite samples were allowed to react for a week at room temperature before
any experiments were performed. The exact reaction conditions for the spray-
coated granite samples discussed in this thesis are summarized in Table 3.

Table 3. Samples produced for granite studies — application parameters. All samples
were prepared at 25 °C and were allowed to react for 24 h.

Sample Component used Surface coverage Component
[mL/m?] concentration
[Mass-%]
G-PDMS-20 PDMS 20 10
G-PDMS-40 PDMS 40 10
G-PDMS-60 PDMS 60 10
G-PDMS-80 PDMS 80 10
G-PDMS-100 PDMS 100 10
G-FO-400 Faceal Oleo HD 400 100°

¢ As received. The dry weight of the commercial Faceal Oleo HD solution was experimentally
determined to be 3.70+0.06%
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5. Characterization methods

5.1. Capillary water absorption

Capillary water absorption is one of the most important parameters to consider in
stone conversation research. It is a powerful parameter that can be used to
evaluate how much a functionalization affects the water absorption capacity of
natural stones. As many of the weathering effects discussed in Chapter 2.2 are
dependent on water absorption, a capillary absorption measurement can be used
to quickly evaluate and predict the functionality of a protective functionalization.

Capillary water absorption measurements were performed according to a method
adapted from the current standard [82]. Measurements were carried out for at
least 48 h, ensuring that the water absorption through capillary forces reached a
maximum value. The capillary absorption was calculated according to:

Am my—mg (1 4)

Qca= T =="7

where Qca, the amount of water absorbed per unit area, m,, by capillarity (in
kg/m?), is calculated by considering the mass difference the sample expresses at
time x, when compared to the starting mass, m,, normalized against the area of
the surface in contact with the filter paper bed, A (in m?). Relative absorption
values were further obtained by:

48 h

%o aps = QQ;"—%'Z,; x100%. (15)

The obtained averaged capillary absorption data for the functionalized samples
after 48 h on the wet bed, Q;*g,gples, was further normalized against the average
value obtained from several untreated samples of the same dimensions, Q¢g2,
thus giving a value in percent absorption, % 4ps, compared to the untreated stones
at the given time point. The normalized absorption value was then subtracted
from 100% resulting in the water protection efficiency of the stone. The use of
three stone pieces per coating and measurement thus provided the standard
deviations seen in the presented water protection efficiency tables and figures.

5.2. Appearance — color coordinates

The potential optical effect the treatments had on the natural stones was
investigated through colorimetric measurements using a Minolta CM3600d
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spectrophotometer (Konica Minolta, Marunouchi, Chiyoda, Tokyo, Japan ) and
evaluating the absolute color difference, AE;;, in the CIELAB color space, with
AEy;, defined as [83]:

AEg, = /(L — L1)? + (a; — ap)? + (b; — b1)?, (16)

where L: is the lightness of the standard sample and L: is the lightness of a
processed sample. The same annotation also applies for a (the red-green color
component), and b (the blue-yellow color component).

5.3. Water vapor permeability

The water vapor permeability is generally studied by attaching treated and
untreated stones to a container with water and weighing the system once every 24
h [12]. A slightly modified setup was used in the experiments presented in this
thesis. A cylindrical piece of stone is sealed into the top of a plastic tube (d = 30
mm) with an elastomeric polymer, PDMS, Sylgard 184 from Dow Corning, and
the water vapor permeability was studied over time gravimetrically. The
measurements were carried out at a relative humidity of 51.5+4%. The
measurement system is illustrated in Figure 13.

a) b)

Elastomer

Water
vapor

Elastomer

Water

Figure 13. a) Experimental setup of the water vapor permeability tests used in this thesis,
b) stone with known top area (=A).

The water vapor permeability rate was calculated by:

_ Am ml’i_mto

Qperm. - T = T' (1 7)

where Qyperm. is the water vapor penetrated per unit area (in mg/cm?), Am is the
mass difference between m; , the mass of the whole system at the time to (in mg),
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and my,, the mass of the whole system at the time fi (in mg). A is the surface area
(in cm?) of the schematic sample shown in Figure 13. The water vapor penetration
was plotted against time to evaluate the effect the different coatings had on this
important property.

5.4. Contact angles

A high static contact angle (SCA) is considered as a prerequisite for a good
hydrophobic treatment, as a successful surface functionalization is needed to
inhibit water absorption. The contact angle can be calculated from the interfacial
tensions that exist within a solid-liquid-vapor system. These interfacial tensions
are represented by the arrows in Figure 14.

Yrv

0,
<€ >
YsL Ysv

Figure 14. A liquid droplet on a solid surface, with the interfacial tensions shown.

The equation that describes the connection between the contact angle, 6y, and the
interfacial tensions shown in Figure 14 is known as the Young equation [84]:

Ysy = Yy €0s Oy + ¥s, (18)

where ygy is the solid-vapor interfacial tension, y;y is the liquid-vapor interfacial
tension, yg, is the solid-liquid interfacial tension and 6y is the Young contact
angle. There are several types of contact angles that could be measured, e.g. the
static, receding and advancing contact angle. However, the data obtained would
not give much further useful information linked to the effectiveness of the surface
treatments when stone protection is concerned. In this thesis, water contact angles
were measured using a KSV CAM 200 optical goniometer (KSV instruments Ltd.,
Helsinki, Finland), using 2 uL droplets of Milli-Q purified water that were
applied by a microsyringe in triplicate for each sample, thus providing the
reported standard deviations.
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5.5. Dynamic light scattering

When the size and size distribution of particles or micellar aggregate systems are
to be determined (typical measurement range 0.3 nm-10 um), dynamic light
scattering (DLS) is one of the fastest methods available. DLS measures temporal
fluctuations of scattered light, which occur as a consequence of the Brownian
motion of particles in a solution. The temporal variations of the scattered light
yield a Doppler shift and a broadening of the central Rayleigh line which can be
used to determine the dynamic properties of the system and convert the obtained
data to a particle size [85]. By considering the Brownian motion of particles,
which travel at a certain speed, the hydrodynamic size of the particles can be
related to the movement via the Stokes-Einstein equation:

D= ol (19)

6mndy '

where D is the diffusion coefficient, k;, is the Boltzmann constant, 7 is the solvent
viscosity, T is the absolute temperature and dj,, the hydrodynamic diameter.

In DLS, a well-defined light beam, usually a monochromatic laser beam, is used
to illuminate particles that induce light scattering, such as micellar aggregates or
vesicles in a solution. The initial position and scattering of the analyzed particles
at the time ¢ is then compared to another signal obtained at the time f + 7in a
process called correlation. This correlation is a mathematical method used to
measure how a system changes over time and evaluate the non-random nature of
a system in an apparently random dataset. When using a temporal intensity trace
in DLS analysis, the correlation coefficient, G(t), can be calculated as [86]:

G(r) = [ 11t +1)dt, (20)
where t represents the initial time and 7 the delay time. This can be simplified to a
summation:

Gi(Ti) = Xi=o (I (t; + T1). 21)

To better explain this process, an example is provided in Figure 15. All particles are as in
the starting point at time ¢ and the correlation is perfect (=1). The blue particles
have moved (arrows) at time t + 7 (e.g. 80 us) and the correlation could be for
instance 0.85. An implication of this is that the faster a correlogram reaches zero,
the faster the analyzed particles are and consequently have a larger diffusion in
the solution or potentially they aggregate, sediment or flocculate. From this
follows that correlograms with a low starting value have very fast particles (= fast
diffusion or sedimentation/flocculation). In a DLS analysis, the correlation

28



Characterization methods

software compares the initial state with later states. If the states are identical, the
correlation obtained is 1. The chance of perfect correlation is of course only
possible in the first microseconds of a measurement, as the continuous movement

of water molecules induces diffusion of all particles.

Time t (=0s)

Figure 15. Particles in the laser path at time t and time t + 1.

In a real measurement, a correlation close to 1 is desirable, as it would indicate the
best qualitative result. As a rule of thumb, correlation values around 0.8 and
above imply results with excellent quality, while results with correlation values
below 0.8 are indicative of decreasing quality. The results can, however, be
acceptable if a sufficiently long correlation time is used, as the results depend on
baseline noise and signal intensity. As longer correlation times provide more data,
the signal intensity will gradually accumulate to finally overcome the baseline
noise, resulting in a better signal-to-noise ratio, thus providing reliable results
even for systems with very low correlation values.

Another parameter that can be studied using DLS is the impact that temperature
variations and different solvents have on the relative concentration of micellar
aggregates. This parameter was studied by multiplying the size distribution with
the derived count rate, i.e. the scattered intensity after correction for the used
attenuator, eliminating effects from temperature and viscosity and providing
comparable data for the studied datasets. By using the derived count rate, a
parameter linked to the concentration of micellar aggregates [87-91], a semi-
quantitative analysis of the changes in both concentration and size distribution at
different temperatures was possible.

The instrument used to measure dynamic light scattering was a Zetasizer Nano
ZS (Malvern Instruments, Malvern, United Kingdom). Along with particle size
distributions, the machine gives a cumulant mean value, called z-average. This z-
average value is obtained based on the signal intensity fitted to a polynomial of
the natural logarithm of the G1 correlation function according to:
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Ln[G1] = a + bt + ct* + dt> + et* + -, (22)

where the value of b is the z-average diffusion coefficient, which is converted into
a size using the dispersants viscosity and instrument constants. Only the terms a,
b and c are used by the Malvern software for z-average calculation to avoid over-
resolving the data.

5.6. Viscosity

Several methods can be used to measure the viscosity of a fluid, such as Ostwald
viscometers and rotational rheometers [92]. To study the fluorosurfactant
solutions used to produce the Mv sample series, a Bohlin CS rotational rheometer
(Bohlin reologi AB, Lund, Sweden) was used, as illustrated in Figure 16.

Drag cup motor

-(— Air bearing

I <— Position sensor

-<— Measuring system chuck

Bob

|j€——— Cup

<

Measured fluid

Figure 16. The used measurement setup of the Bohlin CS rheometer. Adapted in part
from [92].

The fluorosurfactant solutions were added to the temperature-controlled cup. The
rotating bob was then inserted and rotated at set shear rates to determine the
viscosity as a function of temperature via the temperature-controlled cup.

5.7. Determining the effective pore hydrophobization depth

A novel method was developed to investigate how deep the marble
functionalizations were effective at preventing water absorption. This method is
illustrated in Figure 17.
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P J Measurement
Froceaure f :
(capillary absorption) Depth
hydrophobization ﬂ _ ~ analyzed
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Figure 17. Method used to determine effective functionalization depth.

Initially, after coating, the capillary absorption is recorded to obtain indicative
results of the coating performance at a sub-nanometer level. The next step is to
intentionally degrade the outermost surface functionalization by using a strong
UV light’. To remove the outer surface functionalization of a typical sample, 30
minutes of UV irradiation was needed. The surface degradation was
subsequently confirmed by contact angle measurements, followed by capillary
absorption to investigate functionality at the nm-pum range. The micrometer range
was reached through the limited penetration of UV light into marble. The next
step in the depth analysis study was to use a belt and disk grinding machine
(Biltema, Helsingborg, Sweden) to remove 0.5, 1.0 and 2.0 mm through grinding?®
of the outermost marble surface, permitting the produced surface to be
investigated by the capillary absorption method at the millimeter range.

5.8. Testing anti-graffiti performance

Two commercial graffiti spray paints from Montana-Cans (Heidelberg, Germany)
were used for graffiti resistance testing of the spray-coated marble samples (M.
series). Montana Black, a solvent-based lacquer consisting of nitrocellulose and
alkyd resin-based color with evaporation-driven drying and Montana White, a
synthetic lacquer of alkyd resin basis with oxidizing drying were used in the tests.
According to the product specification, the solvents used in both products were
xylene, acetone, butane, propane, 2-methoxy-1-methylethyl acetate, ethylbenzene
and solvent naphtha. Incidentally, both the selected colors appeared black when

7 A VZero 085 UV lamp from Integration Technology Ltd with an arc length of 85 mm and a
power output of 200 W/cm was used in these experiments
8 The grinding depth was determined using a digital caliper with an accuracy of 0.01 mm

31



Characterization methods

applied to marble, thus offering the best color contrast available for the visual and
computational analyses.

The graffiti color was applied on the stones in the M. series in even layers using a
cardboard mask until the selected areas were covered, after which the painted
stones were allowed to dry for 24 h at room temperature according to the scheme
presented in Figure 18. The cleanability was tested by pressure washing the soiled
surfaces with a low-cost pressure washer, a Karcher K2 (Alfred Karcher GmbH &
Co. KG, Winnenden, Germany) with a maximum pressure of 11 MPa, for 5 min
with the pressure washer sprayhead at a distance of 10 cm from the surface for
each stone. To quantify the cleanability of the samples, the following color
analysis method was developed; a cardboard box (40x40x40 cm?3) with even LED
lighting was constructed. A digital camera was attached to an opening at the top
of the box and photographs were taken of the samples before and after each
graffiti cleaning cycle. The Image] software (version 1.48v) was then used to
calculate the pixel surface area of the areas covered by each graffiti color. Due to
the excellent black and white contrast offered by black graffiti on white marble,
the pixel area difference in percentage could be calculated.

After the cleanability evaluation, the remaining color was removed with a tissue
soaked in acetone until the surfaces appeared clean with no traces of the
previously applied color. A new layer of paint was then applied on the same area
as the previous layer after which the washing and evaluation were repeated. Note
that the acetone cleaning steps did not affect the functionalization (see Paper III
for further details).

Before cleaning After cleaning

Montana Montana
Black White
3

f
.
Y, : |
g A -
P e . 1
2 - R .

Figure 18. Color application scheme, before and after cleaning, with schematic and real

Schematic
representations

Real samples

samples.
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5.9. Simulation of aging effects

5.9.1. Acid degradation

Hydrolysis is one of the main processes by which granitic rocks are chemically
weathered. Granite stones with the dimensions of 5x5x1 c¢m?® were used to
evaluate the effects of acid degradation on pure granite as well as the PDMS
coatings and the reference Faceal Oleo HD coating. The stones were immersed in
a solution with the initial concentration of 0.001 M (pH 3) HCI solution for 1
month (30 days), using 3 mL acid per gram stone. The solution was changed
every 7 days, to ensure a continuous hydrolysis. The pH of the reacted solution
was measured every week to monitor changes, investigating if H* was consumed
and if hydrolysis continued throughout the experiment. It was found that, for all
samples, the pH increased to 3.3-3.5 after each week. After the acid immersion
exposure, the stones were evaluated with contact angle and capillary absorption
measurements, and through determination of mass loss.

5.9.2. Frost weathering

The freeze-thaw test attempts to reproduce the stresses, which may arise inside
the rock when water turns into ice, generating pressure on the rock material.
These effects are generally obtained by varying the temperature below and above
0 °C in the samples containing water. The freeze-thaw test was conducted in a
way adapted from [93] (see Figure 19). The water-saturated samples were left to
freeze at —18 °C for 16 h and then allowed to thaw at 40 °C for another 8 h. This
process is defined as one freeze-thaw cycle and was repeated 30 times in this
experiment. The effects of the freeze-thaw cycling were evaluated by measuring
color difference, contact angles, capillary absorption and the weight loss after the
last cycle.
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a)

-18°C
For16 h

Carpeting
(absorbent cloth)

‘ Repeated 30 times ’

Ice Pressure generated
by ice formation

Water  Granite

Microcracking

Figure 19. Schematic of the frost weathering a) cycling process and b) mechanism of
degradation.

5.9.3. Salt weathering — resistance to salt crystallization

When investigating the impact that salt weathering has on natural stones, the
common way of testing is to immerse the stone in a salt-containing solution for a
set time, dry the stone and repeat the process [36]. While this is an excellent way
of testing the impact of consolidating treatments, which block the stone pores and
thus salt ion diffusion into the stone from all sides, it is not suitable for the
evaluation of protective coatings only covering one face of the stone, as in the case
of the PDMS-coated granite stones presented in this thesis. This is accounted for
by exposing stones with different protective treatments to capillary absorption of
salt solutions, thus only exposing the protected side of the stone to the degrading
effects of salt crystallization. The test was carried out by performing a ’salt
exposure’ —‘drying’ cycle as follows; 1) capillary absorption of a 14 wt-% sodium
sulfate solution for 2 h by placing the treated side of the stones facing the
absorbent bed, 2) oven drying at 40 °C for 8 h, and 3) cooling at room temperature
for 14 h. After every 5 cycles, the tested stones were washed in for 3 days (with
continuously renewed water), after which the stones were dried to constant
weight. The effects of the salt crystallization were evaluated by measuring the
weight loss (every 5 cycles) and by measuring color difference, contact angles and
capillary absorption after the 30th and final cycle.
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5.9.4. Standardized accelerated aging

To test the long-term impact of UV light and moisture on the coated granite
stones, the samples were exposed to standardized accelerated aging using a QUV
Accelerated Weathering Tester (Q-lab, Ohio, USA), which is capable of
reproducing the damaging effects caused by sunlight (= photodegradation) and
the damaging effects of dew and rain (= chemical weathering).

The QUV Accelerated Weathering Tester reproduces the sunlight and moisture-
driven effects by exposing the tested materials to alternating cycles of UV light
and moisture at controlled, elevated temperatures. These features allow the QUV
Accelerated Weathering Tester to reproduce the damage that corresponds to
several months or years of real life outdoors exposure in a few weeks.

In the test, the samples were exposed to UV irradiation for 8 h, followed by 4 h of
water condensation. This test was carried out for 2 months, which according to
the European standard [94] would correspond to two years of actual outdoor
exposure. The effects of the accelerated UV and moisture driven weathering
(UV/M weathering) were evaluated by measuring color difference, contact angles,
capillary absorption and weight loss.
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6. Results and discussion

6.1. Marble protection via fluorosurfactant functionalization —
static systems

6.1.1. Static systems — effects of time and volume

The first step taken in order to understand the properties affecting the
functionalization efficiency of fluorosurfactants on marble was to investigate the
influence fluorosurfactant concentration and functionalization time had on the
hydrophobic properties of stones modified with FS-63 in total immersion
functionalizations. This was achieved by studying the functionalizations in the Ma
series.

Static water contact angle measurements were carried out to study how well the
outermost stone surface had been hydrophobized (summarized in Table 4). While
the pure marble surface had a contact angle of about 64°, the water contact angles
for the modified samples were in the range of 95-105°, which shows that the FS-63
functionalizations gave a complete surface coverage for the as-treated samples
relatively quickly (within 1 h) irrespective of the solution concentration.

Table 4. Water contact angle values and protection efficiency values (relative to pure
marble stones) before and after 30 min of UV treatment.

Sample Water contact angle [°] Protection efficiency [%]

As recieved After UV As recieved After UV
Pure marble 64+3 17+2 0+10% 0+10%

After treatment After UV After treatment After UV
M.-1h-1% 1053 40+10 35+2 1943
M:-1h-5% 95+1 7446 76+8 38+4
M-a-1h-10% 99+8 48+6 89+7 34+8
Ma-24h-1% 97+3 78+3 99+4 29+5
M.-24h-5% 100+1 58+7 1000 80+10
M.-24h-10%  102+3 79+5 100+0 100+3
M.-72h-1% 100+3 89+3 90+20 0+10
M.-72h-5% 102+2 66+6 100+0 80+20
Ma-72h-10% 101+3 42+10 100+0 99.4+0.5

A more robust evaluation method is the capillary absorption test, in which the
functionalized marble stones are continuously in direct contact with a water bed
for a prolonged period of time. Increasing the FS-63 concentration during
functionalization correspondingly improved the water protection efficiency for all
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the studied systems, revealing that the functionalization process is concentration-
dependent. For the samples functionalized for 1 h (the Ma-1h series), the water
protection efficiency increases from 35%, through 76%, to ~90% with increasing
functionalization concentration (from 1 vol-% to 5 vol-%, and finally to 10 vol-%

FS-63). The treatment time is an equally important parameter, as an increase from
1h to 24 h or 72 h resulted in a fully protected surface for all of the investigated

after treatment
after UV

concentrations. These results are summarized in Figure 20.

1% s

2 1h
Figure 20. Water protection efficiency for the FS-63 formulation in a concentration-

reaction time matrix.
As expected, the treated stones did not perform equally well after strong UV
exposure for 30 min, due to varying pore functionalization degrees. The lowered
contact angle values listed in Table 4 indicate that the outermost hydrophobic
layer had been removed. Several of the samples that displayed a good water
protection efficiency after treatment now displayed water protection efficiencies
of less than 40% water, which is true for all functionalizations performed with too
short reaction time or too low surfactant concentration, while the samples treated
with a 5 vol-% FS-63 solution for 24 h and 72 h showed an acceptable water
protection (above 80% compared to the untreated marble). However, if a
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concentration of 10 vol-% was used, a close to complete protection was obtained
when the stone was treated for at least 24 h, even after UV degradation. This is a
good improvement compared to previous studies [12,17,95-98], where the
maximum protection efficiency for treated surfaces was 90% after

functionalization.

The fact that higher concentrations and longer treatment times improve the
hydrophobization of the interior surface of the pore walls implies that the process
is kinetically controlled by diffusion of the molecules inside the pores, which will
be discussed further in section 6.1.2.2.

The results obtained from the intentional removal of the surface functionalization
through severe UV treatments were indicative of an excellent stability for the
samples functionalized with FS-63. However, to better estimate the stability of the
protective coating over time under natural conditions, accelerated weathering, as
specified in 59.4, was performed to test the performance of samples
functionalized with 5 vol-% FS-63 for 72 h at 60 °C. A test period of 60 days was
used in this test.

Before the test commenced, the samples displayed a water protection efficiency of
99.940.5% and after 60 days of accelerated weathering, the same samples
displayed a water protection efficiency of 80+30% water compared to untreated
marble aged for the same amount of time, indicating that the functionalization
was reasonably stable. According to [94], the amount of UV radiation the stones
are exposed to in the two months of accelerated weathering would correspond to
two years of outdoor sun exposure in Helsinki, Finland. Additionally, the water
spraying (which simulates rain) will also contribute to the degradation, thus the
projected real aging time could be longer.

6.1.2. Static systems — effects of vesicle behavior and temperature

6.1.2.1. Performance of functionalized marble samples

The next step was to investigate the impact that temperature and co-solvent
manipulation of possible surfactant aggregate behavior had on the marble
hydrophobization efficiency in the total immersion functionalization. This was
achieved by studying the functionalization in the Mo series.

Data from the co-solvent and temperature matrix is presented in Table 5 and
Figure 21, showing how effective the different solutions were when the treatment
was performed at increasing temperatures and when using different EG:water co-
solvent ratios.
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Figure 21. Protection efficiencies recorded for the co-solvent systems at different
temperatures after 48 h on the capillary absorption bed. a) After treatment, b) after UV

degradation, c) after 1 mm grinding, and d) after 2 mm grinding.

After the functionalization (Figure 21a), the water contact angle for all samples
increased from 64+3° for the native marble to 110—-120° with no detectable trends,
confirming that at least the outermost surface of the marble stones had been
successfully functionalized. These contact angle measurements are available in
the supplementary data of Paper II. In the capillary absorption tests, all
treatments (except with 0% EG at 20 °C) performed very well, showing zero or
almost zero percent water absorption, and consequently close to 100% protection
efficiency. The impact of ethylene glycol addition as a co-solvent can be clearly
seen in the 20 °C series, where an addition of only 25% ethylene glycol to the
solvent improved the protection efficiency from 60% to 100%. It is important to
note also that the higher viscosity in the high EG concentrations did not impact
the functionalization negatively and this will be further discussed in Section

6.1.2.2.
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Table 5. Protection efficiencies recorded for the various co-solvent systems at different
temperatures after 48 h on the capillary absorption bed, after treatment and after UV
irradiation and grinding. + denotes the standard deviation.

Sample After treatment After UV 1 mm ground 2 mm ground
Ms-W-20C 60+20 32+3 22+3 1545
Mu-W-40C 100.0+0.0 40+20 18+8 15+9
Ms-W-60C 100.0+0.0 98+2 90+10 73+7
Msp-W-80C 100.0+0.0 99.7+0.6 99.5+0.9 1001
Mu-25EG-20C 100.0+0.0 80+30 21+4 15+2
Mu-25EG-40C 100.0+0.0 97+2 30+20 30+10
Mu-25EG-60C 100.0+0.0 99.9+0.2 79+3 59+4
Mu-25EG-80C 100.0+0.0 99.7+0.6 90+20 90+20
Mb-50EG-20C 100.0+0.0 97+6 3010 27+4
Mu-50EG-40C 100.0+0.0 90+10 49+7 34+7
Mu-50EG-60C 100.0+0.0 100.0+0.0 94+5 75+4
Ms-50EG-80C 99+3 99+2 98+2 94+8
Ms-75EG-20C 98+3 90+20 56+7 45+9
Ms-75EG-40C 100.0+0.0 90+20 6010 5010
Mu-75EG-60C 98+3 99+1 90+10 80+20
Ms-75EG-80C 100.0+0.0 99.7+0.5 96+7 90+20
Mp-100EG-20C 9745 90+20 70+20 51+6
Mp-100EG-40C  99.8+0.4 95+9 70+20 60+10
Mp-100EG-60C  100.0+0.0 98+2 96+2 90+10
Mup-100EG-80C 9843 966 90+10 90+10

After the intentional removal of the outermost functionalization by UV radiation,
which was confirmed through contact angle measurements, some clearer trends
in the capillary absorption measurements can be observed, as seen in Figure 21b.
For treatments performed at 60 °C or higher (independent of EG:water ratio), the
stones absorbed close to zero percent water, resulting in protection efficiencies of
about 100%. The trends found below 60 °C showed the beneficial effect that
ethylene glycol addition had on the protection efficiency, as increasing the EG
concentration improved the protection efficiency. The trend was most
pronounced in the 20 °C treatment series.

When 1 mm of the outermost surface had been removed, a clear trend was seen
in the samples treated at 40 °C and lower. Increasing the ethylene glycol
concentration during functionalization correspondingly increased the protection
efficiency at 1 mm, which is very interesting, as the higher viscosity imparted by
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ethylene glycol during functionalization did not affect the diffusion of the
surfactants into the pores negatively. For the samples treated at temperatures
above 60 °C, the protection efficiency is relatively high, independent of the
ethylene glycol fraction in the solvent. This shows that the impact of increasing
the temperature is more significant than the effect of the co-solvent
concentration. On the other hand, in practical applications, tuning the solvent
properties would be more practical than increasing the temperature. After the
final grinding step, when 2 mm of the outermost surface had been removed, the
same trends observed in the previous grinding steps were still evident. The
trend shows that the beneficial effect of ethylene glycol addition is still present
in the treatments performed at 20 °C and 40 °C. At this grinding depth, a
distinct improvement in protection efficiency was also observed when
increasing the temperature from 40 °C to 60 °C. Both of these effects will be
addressed in the following section.

6.1.2.2. Mechanistic studies on temperature and co-solvent effects

In the previous sections, it was observed that increases in the surfactant
concentration, reaction time, reaction temperature and the addition of a less polar
solvent had positive effects on the protection efficiency even at deeper grinding
depths. These parameters can be linked by the Stokes-Einstein diffusion law
(equation 19), which governs the flow of particles in a liquid bulk.

Assuming that the diffusion of surfactants forming micellar aggregates follows a
Stokes-Einstein diffusion behavior, it can be concluded that an increase in
temperature and decrease in viscosity and micellar aggregate diameter will lead
to a more rapid diffusion in solutions containing micellar aggregates. The
improved protection efficiency at higher temperatures is related to several factors.
Beyond the obvious link between diffusion and temperature in equation 19,
where higher temperatures give faster diffusion, the temperature also affects the
viscosity and possibly also the micellar aggregate size positively, increasing the
diffusion of the micellar aggregates.

As can be seen from Figure 22, the viscosity of the studied FS-63 solution
mixtures decreases with temperature (generally a decrease of 70-85% when
heating from 20 °C to 80 °C), which is beneficial for the diffusion of the potential
micellar aggregates.
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Figure 22. Viscosity as a function of temperature for the different mixtures. The lines are
asymptotic fits to the obtained data as a guideline for data interpretation. The solutions 0%
EG, 50% EG and 100% EG were used to functionalize the marble stones in the My-W, Mp-
50EG and Mb-100EG series, respectively.

Dynamic light scattering (DLS) was used to investigate the hydrodynamic
diameter (dyp) of the surfactant aggregates in the various solutions. For the
solution where FS-63 was diluted in pure water (sample 0% EG), a main peak
centered at ~600 nm can clearly be seen (Figure 23). This large vesicle size
suggests that the surfactants self-assemble into large unilamellar vesicles (LUV)
or multilamellar vesicles (MLV) in aqueous solutions [72]. This is not surprising
since the FS-63 fluorosurfactants contain two hydrophobic perfluorinated chains
per phosphate head group, resulting in a surfactant packing parameter suitable
for the formation of bilayer structures. The presence of large spherical vesicles
was further confirmed by light microscopy, where only the largest vesicles
(diameter > 1000 nm) could be seen due to the limited resolution. Furthermore, in
the DLS size distribution plot, a smaller population of aggregates with a diameter
of about 100 nm can also be seen. It is, in any case, clear from the particle size
distributions of the vesicles that an increase in temperature causes a decrease in
the number of vesicles.
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Figure 23. a) Particle (in this case vesicle) size distribution for the 0% EG sample with
derived count rate correction. b) Microscopy image showing the surfactant aggregates,
confirming the presence of vesicles.

In the capillary absorption tests (Figure 21), a clear improvement in water
protection efficiencies could be observed when the EG-to-water ratio was
increased already at room temperature. Based on the 1/n behavior in the Stokes-
Einstein diffusion equation, one would expect a slower diffusion when adding
ethylene glycol to the solution. This is evidenced by the ~5-fold increase in
viscosity when exchanging the water with EG (see Figure 22). This indicates that
the viscosity of the solution mixture is not a dominating factor for the

functionalization process.

The size distributions obtained from the DLS measurements are shown in Figure
24 for the different EG:water ratios, which can be compared to the 0% EG sample
in Figure 23a. At 20 °C (black lines), a clear decrease in the size and abundance of
the vesicles can be seen, starting from ~600 nm for pure water, moving down to a
barely detectable peak at ~100 nm for the pure EG sample (100% EG).
Furthermore, looking at the intensities, the amount of vesicles is also decreasing
with increasing EG concentration. This effect is due to the change in polarity of
the solvent, which destabilizes and/or reorganizes the vesicles [78,79,96].
Consequently there are more free surfactants available in the solutions with high
amounts of EG.
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Figure 24. Vesicle size distributions for the various mixtures with derived count rate
correction.

In Figure 24, the effect that temperature had on the vesicle behavior at different
EG:water ratios is shown. For the 25% EG and 50% EG samples, there is clearly a
downshift in vesicle size when increasing the temperature, while the numbers of
vesicles are still quite high. Consistent with the Stokes-Einstein equation, the
smaller vesicle size also promotes faster diffusion rate which is reflected in Figure
25. This also contributes to the improved protection efficiencies seen for these
samples (Figure 21). For the 75% EG and 100% EG samples, an increase in
temperature seems to create many small-sized intensity populations in the DLS
results, which is difficult to explain. From the DLS correlograms for these samples,
an inconsistent behavior was noticed, which is probably related to low vesicle
concentrations. This leads to the conclusion that most of the vesicles have broken
down into free surfactants under these conditions, which is beneficial for a
successful pore functionalization, promoting enhanced diffusion of the surfactant
molecules into the pores.

From the DLS measurements, it is also possible to extract the diffusion
coefficients as a function of temperature for the solutions containing up to 50%
EG, based on the Stokes-Einstein theory (see Figure 25). The increase in
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temperature results in faster diffusion rates, which based on the vesicle size
distributions seen in Figure 23 and Figure 24 is most likely related to both the
disruption of the vesicles and their decrease in size. As the surfactant vesicles
completely break down at higher EG concentrations, the Stokes-Einstein
assumption cannot be utilized to explain the diffusion phenomenon for the 75%
EG and 100% EG series, as there are no observable aggregates. However, free
surfactant molecules can diffuse more easily than when they are assembled into
micelles or vesicles, as the concentration gradient inside/outside the pores
should be the driving force for drawing the surfactants into the pores. There are
also additional effects that could contribute to the relatively poor protection
efficiencies observed at low temperatures and low EG concentrations. These
include the physical hindrance of large vesicles entering the smallest pores (the
mean pore diameter of the investigated Carrara marble is 100-400 nm as
measured by mercury intrusion porosimetry, see Paper I for further details),
and the very strong interaction between the phosphate group of the surfactant
and the calcium carbonate pore walls of marble which might slow down the

diffusion.
5 —_
m 0% EG
e 25%EG
w4 A 50%EG 1
= A
R A e
Q0 W °® n
5 n
= * I .
[} [ ®
8 21 A " I
c A = °
Ke)
(%) | | | ®
g 1 A = . = T
) : ° °
0 -
T T T T T T T T T T T T T
20 30 40 50 60 70 80

Temperature / °C

Figure 25. Diffusion coefficients obtained from the DLS measurements.

6.1.2.3. Effect of co-solvent polarity

As lowering the solvent polarity by adding EG to the solvent mixture had a
positive effect on the diffusion behavior (and the protection efficiency),
potentially other co-solvents could further improve the results. The log Pow value
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describes the relative polarity (or solubility properties) of a solvent as the
preferential partition a liquid has in octanol and water. On this scale, EG displays
a relatively low value (-1.93) [99]. By further increasing the log Pow of the co-
solvent, i.e. by using propylene glycol (PG, -0.92), methanol (MeOH, -0.74), and
ethanol (EtOH, —0.30) under otherwise similar conditions (10 vol-% FS-63 and
reaction temperature of 60 °C), it is expected to further favorably influence the
micellar behavior of the FS-63 surfactants.

Visual observations and DLS measurements (not shown) revealed that, out of
these solvents, only ethylene glycol could be used in its pure form to dilute the
FS-63 compound, while when using PG, MeOH or EtOH as co-solvents, the
compound started to phase separate at co-solvent-to-water ratios above 0.5. DLS
measurements of the solutions containing 25% and 50% co-solvent gave all
similar results as the 75% EG and 100% EG solutions, ie. very poor
correlograms and uncertain size distributions most likely due to the collapse of
the vesicles. This further proves that the polarity of the solvent plays an
important role on the solvation of the hydrophobic perfluorinated chains of the
FS-63 surfactant.

Furthermore, the protection efficiencies were evaluated for these samples as
well (see Figure 26 and Table 6). The general trend was that the higher log
POW the co-solvent has, the better protection efficiency can be achieved. For
example, a close to ideal protection efficiency could be obtained for the 25%
EtOH, 50% EtOH and 50% MeOH samples even down to a depth of 2 mm,
which is a great improvement from the solutions with pure water and EG-
water mixtures under similar conditions (see Figure 21 and Table 5). This
further corroborates that the disruption of the surfactant vesicles (and possibly
also the solution viscosity) plays a crucial role in the functionalization
efficiency of porous marble.
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Figure 26. Protection efficiencies for stones in the M. series after 48 h on the capillary
absorption bed. Note that only the added co-solvent is given, while all samples were
functionalized at 60 °C, e.g. 25% ethylene glycol corresponds to sample Mc-25EG-60C.

Table 6. Protection efficiencies for stones in the M. series after 48 h on the capillary
absorption bed.

Sample After treatment 0.5 mm ground 2 mm ground
Mb-W-60C 100+0 90+10 73+7
M-25EG-60C 100+0 83+2 59+4
M50EG-60C 100+0 99.1+0.8 75+4
M.-25PG 100+0 98+2 81+2
M-50PG 100+0 96+4 84+2
Mec25Me 100+0 97+3 77+3
M-50Me 100+0 96+4 99.8+0.3
M.-25Et 100+0 97+3 95+6

M.-50Et 100+0 99+1 99.4+0.7

6.1.2.4. Water vapor permeability and color change

The water vapor permeability of stone materials should be unchanged by a
hydrophobic treatment. This is important as water condensation beneath a
protective coating as well as accumulation of condensed water behind a treated
stone can lead to stone decay [9]. Water permeability measurements of the stones
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functionalized through the protocol immersion functionalization in the Ma-24h
series is plotted in Figure 27. The samples display an almost linear increase in
Qperm. values as a function of time and the rates are summarized in Table 7.
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Figure 27. The water vapor permeability rates for marble treated with FS-63 at different
concentrations: B = untreated, ® = Ma-24h-1%, ¥V = Ma-24h-5% and € = M.-24h-10%. The
dotted lines being the nonlinear regression with a sigmoidal dose-response curve fit are
included as guidelines for the eye.

Table 7. The water vapor permeability rates through modified stones as well as the
measured color changes after hydrophobization and after UV degradation of all FS-63
treatments when compared to untreated samples.

Vapor diffusivity rate, Q/t Color change AE,,

Sample [mg/cm?h] After hydrophobization After UV degradation
Untreated  0.178+0.005 - -

M:-24h-1%  0.69+0.03 3.7 3.6

M:-24h-5%  0.403+0.001 2.0 3.5

M:-24h-10% 0.34+0.01 3.3 4.5

The water vapor permeability study yielded very good results; no impediment of
the permeability could be detected, indicating that no pore-blocking occurred.
This was also the goal of the functionalization, i.e. to apply a layer to the pore
walls that would not affect the natural stone negatively. The positive effect of the
functionalization on water vapor permeability, i.e. the apparent increase in Q as a
function of concentration seen in Figure 27, could be contributed to the increased
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hydrophobicity of the marble pores. The diffusion rate of water vapor through
hydrophobic pores is greater than the diffusion rate through hydrophilic pores, a
phenomenon also encountered in production of hydrophobic nanotubes [100,101]
and observed for a similar coating [96]. The reason for the water vapor
permeability decreasing again for the highest tested concentration (10 vol-% FS-63)
could be due to an increased layer thickness at the pore openings in those pores.
However, it should be noted that the permeability for this sample is still higher
than for the untreated stones. To further corroborate the non-blocking nature of
the surface-lining coating, mercury intrusion porosimetry (MIP) was performed
on untreated marble and the sample Ma-5%-24h. No large variations in the open
porosity were detected, indicating that the pores are not blocked by the treatment.

Finally, in order to investigate whether any undesired color alterations occurred
on the stone surface, colorimetric measurements were conducted on stones
treated with different concentrations of FS-63. All hydrophobized samples were
compared to untreated stones and this color difference is summarized in Table 7.
The small measured color changes AEg;, ~ 2-5) revealed that no significant
discoloring of the marble surface had occurred even when wusing a
fluorosurfactant concentration up to 10 vol-%. It should be noted that the detected
differences are slightly above the just noticeable difference level, which is defined
as the color change needed to see a difference with the naked eye, i.e. AEy;, = 2.3.
This is further corroborated by visual comparison between an untreated and
functionalized marble stone in Figure 28. The small difference detected in AE,,
was found to be a slight decrease in the lightness parameter (L) when the
measured data were evaluated. No additional significant color changes were
observed for the UV irradiated samples either.

Figure 28. Untreated (left) marble and marble functionalized with Ma-24h-10% (right)
produced for aesthetic evaluation.
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6.2. Marble protection via fluorosurfactant functionalization -
Dynamic systems

While the studies on static total immersion functionalization systems presented in
section 6.1 provide valuable information on the mechanisms of fluorosurfactant
functionalization of porous marble systems, the practical applicability of these
systems is limited. Thus, a spray coating version of the same functionalization
method is presented in this section.

6.2.1. Capillary absorption and contact angles of dynamic system samples

After spray coating, the water contact angles were close to or higher than 90°
(Table 8), showing that the spray coating functionalization was successful. While
contact angles slightly below 90° were observed for the Md-Et samples, they still
displayed significant increases when compared to pure marble. After the graffiti
cleaning cycles (see section 6.2.3 for further details), all recorded contact angles had
decreased and were below 90°, indicating that the outermost functionalization had
been partially removed due to the impact of the pressure washer cleaning.
However, all samples still displayed very good results in the capillary absorption
tests (Figure 29), showing that the fluorosurfactants had penetrated into the stone.
All coatings displayed a large decrease in water absorption. The samples Md-50Et
and Md-100EG displayed water protection efficiencies of 98+2% and 96+2%,
respectively, while the other samples absorbed almost no water at all, displaying
water protection efficiencies very close to 100%. After the graffiti cleaning cycles, all
samples displayed continued low water absorption, showing that the produced
coatings were very robust, as the semi-mechanical high pressure cleaning of the
stone surface did not affect the coatings” water-repellent functionality significantly,
with the Md-W sample displaying the highest water absorption after four cleaning
cycles (water protection efficiency of 93+5% after the graffiti cleaning cycles).

Table 8. Static contact angles as received, after coating and after the cleaning cycles.

Sample Spray-coated samples
As received After 4 graffiti cleaning cycles
Pure marble 60+4 62+5
After coating After 4 graffiti cleaning cycles
Mas-W 90+4 80+3
Ma-25EG 10343 78.6+0.5
Ma-25Et 87+2 77+3
Mq-50EG 102+2 7612
Ma.-50Et 86+2 86+2
M-100EG 104+3 8242
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Figure 29. Water protection efficiency of spray-coated stones after functionalization and
after four graffiti cleaning cycles.

6.2.2. Determining the effective functionalization depth

In sections 6.1.2.2 and 6.1.2.3, the impact of different co-solvents had on Capstone
FS-63 surfactant vesicle behavior was elucidated and it was shown how it was
linked to the penetration efficiency into marble stone. While that study focused
on the functionalization process in a static system, here the dynamic effects such
as the evaporation of the solvent mixture need to be considered (see section 6.2.3
for further details). To investigate the penetration efficiencies of the investigated
treatments, a comparison was performed between the samples Ma-W, Ma-50EG
and Ma-50Et. The 50% co-solvent coating solutions were selected as they would
give the largest difference in performance based on the impact that the co-
solvents have on vesicle behavior and penetration depth, as seen in section 6.1.2.3.
Thus, these samples were characterized by capillary absorption after UV

irradiation and mechanical grinding and the results are presented in Figure 30
and Table 9.

In section 6.1, it was demonstrated that marble samples functionalized by FS-63
using a total immersion method resulted in water absorption as low as 0% even at
a depth of 2 mm below the functionalized surface. It was clarified that the solvent
polarity was the most important parameter for enhancing the penetration depth,
as less polar solvents were able to destabilize the surfactant vesicles. In the
functionalization penetration study of these dynamic systems (Figure 30), the
samples prepared using the Ma-50EG solution performed better than the Ma-W
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and Mu«-50Et samples, at least after the intentional UV degradation, suggesting
that the EG-based coating method allow the fluorosurfactant to more easily
diffuse and react within the marble pores. After grinding 0.5 mm there were no
statistically significant differences between the different formulations (analyzed
through ANOVA with post-hoc Tukey HSD), although all samples still displayed
decreased water absorption compared to similarly ground pure marble, showing
that the pore-lining coating was effective at this depth for all the coatings.
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Figure 30. Water protection efficiency of the coatings after treatment, after UV irradiation
and after removing 0.5 mm of the outermost surface through sandpaper grinding.

Table 9. Recorded water protection efficiencies after 48 hours.

Solvent used After treatment After UV After 0.5 mm grinding
Mas-W 99.8+0% 32+3% 30+4%

Ma-50EG 94+6% 70+10% 40+10%

Ma-50Et 98+2% 0+10% 10+30%

DLS measurements on the solutions used to coat the stones indicated that the
presence of free surfactants or smaller vesicles promotes the penetration of the
pore-lining coating even when spray-coated at room temperature. Another
contribution to the improved performance for the EG-containing solutions could
be related to the slower evaporation rates, which is discussed in greater detail in
the following section.
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6.2.3. Mechanistic studies on the effect of evaporation kinetics

The evaporation behavior of the coating solutions used for functionalizations in
the Mu series is presented in Figure 31. From the initial slopes, it is clear that the
EtOH-containing solutions evaporate faster than the pure water solution. The
point where 10 wt-% of the original solution remains occurred at 5, 2.5 and 2.25 h
for the Ma-W, Ma-25Et and Ma-50Et solutions, respectively. As ethanol evaporates
concurrently with water, it is difficult to predict the exact compositional changes
in those solutions.

The solutions containing ethylene glycol, on the other hand, display a clear two-
step evaporation behavior, where the initial slope corresponds well with what is
expected from the loss of water. The slower evaporation rates observed for the EG
solutions after the departure of water demonstrate why EG-based coatings are
beneficial for spray coating, as it would take several days for ethylene glycol-
based solutions to evaporate from a coated stone at room temperature. This gives
the Capstone FS-63 molecules a longer time to react and diffuse into the pores,
which is a clear benefit for coatings intended for outdoor use. The peculiar initial
increase in mass for the EG sample can be explained by the hygroscopic nature of
ethylene glycol [44], which also can contribute to the slow evaporation rate of the
solution.

— MW
100 _ﬁ\\ —— M_25EG
—— M-25Et
—— M_50EG
—— M_-50Et
—— M100EG

Remaining solution (wt-%)

30

time / hours

Figure 31. Evaporation kinetics of different solution droplets placed on small marble
stones at room temperature, when considering the mass-% solution of the different
solutions remaining as a function of time.
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As the investigated M4-25EG and Ma-50EG solutions contained 10 vol-%
Capstone FS-63, which in turn consists of 35% surfactant and 65% volatiles
(water and iso-propanol), the mass losses presented in Figure 31 could be used
to calculate the theoretical composition of the solutions at different time points.
A few assumptions were made in the calculations. Firstly, that no EG
evaporated during the 24 h evaporation experiment, and secondly, that the
solvent in the pure Capstone FS-63 solution (water and isopropanol, an
azeotrope with a boiling point of 80 °C) evaporated ideally with the same rate as
water. The estimated composition diagram based on the evaporation kinetics of
the Ma-25EG and M¢-50EG samples showing the compositions in mass-% at
different time points is presented in Figure 32a. DLS analysis was performed for
solutions corresponding to the estimated solution composition at different times,
after the start of the evaporation system (Table 10). The evolution of the micellar
aggregates shows that the preferential evaporation of water from the system
leads to a decrease in both the z-average size and the vesicle size distribution
and concentration of vesicles (Figure 32b&c and Table 10). This is expected as
the initial large multilamellar vesicles would shift into small unilamellar and
bilamellar vesicles along with the complete destabilization of the vesicles, which
increase the amount of free surfactants in the solution [72] upon the evaporation
of the volatile phase. This effect is most likely a result of the gradual decrease of
the solvent polarity (as the EG concentration increases), which destabilizes the
Capstone FS-63 vesicles, releasing free surfactants into the solution.
Consequently, this also promotes the diffusion of surfactant molecules into the
porous marble. It should be noted that also the viscosity of the system increases
upon the preferential evaporation of water, which theoretically could slow
down the surfactant diffusion. However, from the grinding results in Figure 30
and Table 9, it is evident that the positive effects that the small vesicle sizes have
on the pore functionalization is more important than the negative influence that
the high viscosities would give.
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Figure 32. a) Estimated composition diagram based on the evaporation kinetics of the
Ma-25EG (black line) and M4-50EG (blue line) samples showing the compositions in
mass-%. The symbols indicate the time points in the evaporation process. Estimated
compositions at different times after the start of the experiment is indicated as: X 0 hours,
® 6 hours, O 12 hours, 4 24 hours. b) Particle (or vesicle) size distributions by intensity
recorded with DLS as obtained when measured for the M«-25EG solution c) Particle size
distributions recorded with DLS for the Mds-25EG solution, corrected for the vesicle
concentrations in the solutions.

Table 10. z-averages determined from DLS measurements.

25-EG

Time % Evaporated Mass Ratio Z-average [nm]
FS-63 Volatiles EG

Oh 0% 1 19.4 6.5 555+6 nm

6h 62.5% 1 2.6 6.5 31+3 nm

12h 68.1% 1 17 6.5 21+4 nm

24 h 70.5% 1 0.5 6.5 8.4+0.5 nm

50-EG

Time % Evaporated Mass Ratio Z-average [nm]
FS-63 Volatiles EG

Oh 0% 1 13.5 13 95+5 nm

6h 34.2% 1 41 13 18+4 nm

12h 38.3% 1 3 13 11.7+0.2 nm

24h 44.6% 1 1.3 13 37+3 nm
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6.2.3. Anti-graffiti applications of the spray-coated fluorosurfactant
functionalization

The graffiti cleanability of the coatings in the Mu series was largely similar with
no clear trends, indicating that no formulation was better than the other. The
results from these studies are summarized in Figure 33 and Table 11, where the
results for the Ma-W coating are shown.
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Figure 33. Marble stone (M«-W) after graffiti cleaning cycles.

Table 11. Percentage Color left on stone after cleaning.

Cleaning After first coating After re-application
Montana Black Montana Montana Black Montana
White White
1st 0.3% 2.3% 0.2% 0.04%
2nd 1.5% 0.2% 0.2% 0.1%
3rd 46.5% 7.0% 16.3% 1.1%
4th 94.8% 40.7% 88.8% 90.6%

There were no large differences in cleanability after the three first graffiti
application/cleaning cycles and the graffiti colors were easily removed with a
pressure washer. It should be highlighted that untreated marble stones painted
with the same graffiti spray paint could not be removed with the pressure washer
at all. After the fourth application/cleaning cycle, the excellent cleanability effect
was lost.
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While the results for the cleaning of Montana White are largely similar to the
Montana Black matrix, the nitrocellulose-based Montana Black was slightly
harder to wash away. A reason for this could be that nitrocellulose is usually used
to modify alkyd resins as to increase the adhesion and hardness of paint films,
which also seems to be the case here [102]. The results still demonstrate that the
developed fluorosurfactant coating is very robust against both the alkyd resin-
based Montana White graffiti paint and the nitrocellulose-based Montana Black
paint. It should be noted that after the four graffiti application/cleaning cycles, the
stones could be completely cleaned via chemical cleaning, using acetone.

In order to demonstrate the usability of the sprayable Capstone FS-63 solutions as
anti-graffiti coatings, new coatings were applied to the samples that had
undergone the four initial cleaning cycles. Initially these coatings displayed better
cleanability than the same samples after the first coating. This is related to the
considerable pore penetration of the surfactant molecules in the first
functionalization step (see Section 6.2.2), which in the second step would prevent
more surfactants from penetrating into the marble pores, due to the
hydrophobized pore openings. This would result in a more tightly packed surface
coating of fluorosurfactants on the marble providing the anti-graffiti properties.
In the second anti-graffiti testing round, the coatings were also functional for 3
graffiti paint application/cleaning cycles. This indicates that the anti-graffiti effect
for the Capstone FS-63 system can be considered semi-permanent as a periodic re-
application of the coating is needed when multiple cleaning cycles are to be
performed. It has been reported that a successful functionalization of the porous
network of a material impacts the anti-graffiti properties positively, as the low
surface energy of the pores hinders graffiti absorption [103]. This is one of the
causes for the excellent functionality displayed by the pore-penetrating
functionalization presented here, as when the second coating is applied, the pores
are already functionalized thus providing this benefit.

6.3. Granite protection

6.3.1. Initial characterization of the coatings and stones

The PDMS and Faceal Oleo HD solutions were used to coat the granite samples
according to the protocols described in the Materials and methods section. The
capillary absorption data after coating is presented in Figure 34 and summarized
in Table 12 together with the corresponding contact angles, color differences and
water vapor permeability rates.
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Table 12. Water contact angles, capillary absorptions, color differences and water vapor
permeability rates for the granite stones before and after coating with the different
formulations.

Sample WCA Capillary Color Q/t
[°1 absorption [%] difference [mg/cm?h]
AE,

Pure granite 41+3 0+10 - 0.0553+0.0007

G-FO-400 12242 60+10 0.34 0.0560+0.0003
G-PDMS-20 12142 7010 0.83 0.0512+0.0004
G-PDMS-40 124+4 88+6 2.52 -*
G-PDMS-60 120+1 89+6 3.11 0.0513+0.0005
G-PDMS-80 121+3 94+3 3.91 -*
G-PDMS-100 125+1 906 532 0.0531+0.0005

* Not determined.
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Figure 34. Water protection efficiencies before weathering with the different
formulations.

The contact angle measurements showed that the mean water contact angle on
the untreated granite stones was 41+3°, while all PDMS coatings gave rise to
water contact angles of ~120° or higher, which indicated a successful
hydrophobization of the granite surface. Also the Faceal Oleo HD-coated granite
stones displayed a contact angle of 122+2° indicating a successful
hydrophobization. The relatively large contact angles were probably a result of
the low polarity of the coating material combined with structural effects of the
underlying granite surface.

The capillary absorption and standard deviation for nine untreated granite stones
were measured to be 0.059+0.008 kg/m? after 48 h on the absorbent bed. The
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coated (and weathered) samples were all standardized against this mean value
(0.059 kg/m?) according to (7) and the standardized values obtained are presented
here. The percentage absorption format was chosen, since it highlights the impact
that the weathering effects had on the porosity of granite stones more clearly.

The capillary absorption measurements in Figure 34 showed that the reference
coating, Faceal Oleo HD, absorbed 40+10% water compared to pure granite after
coating, while the PDMS coated granite stones displayed a decreasing water
uptake trend (from 30% to less than 10% compared to pure granite) when the
surface coverage was increased from 20 to 100 mL/m?. These preliminary results
indicated that a PDMS surface coverage of 40 mL/m? or more should be used to
block 90% of the water absorption.

The vapor permeability measurements revealed that the coatings did not affect
the vapor permeability of the pure granite significantly, as the PDMS-coated
granite samples displayed a permeability of about 95% compared to pure granite.
The water vapor penetration through a 1 cm thick pure PDMS elastomer layer
was found to be negligible, which further proves that the pores were not entirely
blocked by PDMS for the coated stones. The Faceal Oleo HD-coated stones
displayed a permeability that is within the error margins of the pure granite,
which is also what the manufacturer advertises.

In order to investigate if any undesired color alterations occurred to the stone
surface, colorimetric measurements were conducted on stones treated with
different surface coverage of PDMS, as well as the reference coating of Faceal
Oleo HD. All hydrophobized samples were compared to the untreated stones and
the color differences are summarized in Table 12. The small measured color
changes for the PDMS coatings (AEy;, of about 0.8-5) revealed that no significant
discoloring of the granite surface had occurred even when using a PDMS surface
coverage of 100 mL/m?2. It should be noted that the detected differences are
slightly above the just noticeable difference level, i.e. AEy;, > 2.3. By reviewing the
color difference, it was revealed that the lightness parameter (L) decreased with
increasing PDMS coverage, probably as the light reflection decreased slightly
with increasing scattering due to the morphological effects from the coatings.

6.3.2. Impact of weathering effects on the coatings and granite stones

The weathering tests showed that the coating stability and the hydrophobic
functionality were found to be closely interlinked. As a sufficiently efficient
coating could block water from entering the pores, the degradation effects related
to salts and water were smaller and the coating was less likely to further degrade
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from weathering effects related to water. The benefit of a good protective coating
can be seen in Figure 35, where the capillary absorption of the PDMS coatings
with a surface coverage above 60 mL/m? displayed unchanged capillary
absorption after the different weathering tests, showing the superior stability of
this coating. The data for the granite coatings before and after weathering is
summarized in Table 13 together with the corresponding contact angles, color

differences and mass losses.
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Figure 35. Capillary absorption matrix, showing the capillary water absorption after
coating and after the different weathering tests for the investigated coatings.
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Table 13. Summarized capillary absorptions, contact angles, color differences and mass
losses before and after the weathering tests.

Sample Before After UV/IM After acid After salt After frost
weathering  weathering  degradation  weathering  weathering
Capillary absorption [%]
Pure granite 100£10 112+6 93+1 12642 10645
G-FO-400 40+10 90+40 3616 117+9 50+10
G-PDMS-20 30+10 8+2 8+2 29+8 60+20
G-PDMS-40 12+6 7+1 6.0£0.5 14+4 30+20
G-PDMS-60 11+6 5.9+0.8 6.6+0.8 9+2 8+1
G-PDMS-80 6+3 6.2+0.8 7+1 9+1 7+2
G-PDMS-100 10+6 7.1+0.3 7.1+0.6 1142 7+4
Water contact angle [°]
Pure granite 4143 39+1 44.4+0.6 6215 60+2
G-FO-400 122+2 5+1 123+1 76+7 106+2
G-PDMS-20 12142 11545 119+3 12747 112+4
G-PDMS-40 124+4 120.5+0.8 116+2 123+3 109+4
G-PDMS-60 120+1 126+2 118+1 131+4 110+10
G-PDMS-80 12143 121+1 12043 127+3 109+4
G-PDMS-100 125+1 120+3 116+2 130+6 11045
Color difference AE,,
Pure granite - 3.32 1.55 1.47 4.6
G-FO-400 0.34 1.73 1.8 2.21 4.77
G-PDMS-20 0.83 1.32 1.18 1.56 2.68
G-PDMS-40 2.52 1.34 4.68 2.71 2.76
G-PDMS-60 3.11 0.34 5.04 418 1.4
G-PDMS-80 391 0.74 425 2.49 3.92
G-PDMS-100 5.32 2.67 4.78 3.8 1.24
Mass loss [%]
Pure granite - 0.025+0.001 0.044+0.002 0.5+0.1 0.001+0.001
G-FO-400 - 0.060+0.001 0.055+0.003 0.620.1 0.013+0.002
G-PDMS-20 - 0.0221+0.0006  0.040+0.003 0.06+0.01 0.023+0.007
G-PDMS-40 - 0.024+0.003 0.0361+0.0004 0.08+0.08 0.0164+0.003
G-PDMS-60 - 0.0209+0.0004  0.037+0.001 0.07+0.02 0.0180+0.003
G-PDMS-80 - 0.023+0.002 0.0315+0.0006  0.04+0.01 0.0178+0.002
G-PDMS-100 - 0.0215+0.0008  0.0325+0.0009  0.04+0.004 0.0215+0.007

From the UV/M weathering tests, it was evident that UV light is unable to
degrade the PDMS network. The reason for this is that PDMS is a very chemically
stable hybrid material with a robust silicone backbone that radicals produced by

UV radiation simply cannot degrade. The Faceal Oleo HD coating, on the other

hand, was completely degraded by UV exposure, as the contact angle decreased

from 122+2° (hydrophobic) to 5+1° (hydrophilic), which is significantly lower than

the contact angle of pure granite. This degradation was due to radical attack on

the less stable acrylic polymer network it consisted of [63]. This change in

material properties was also reflected in the large increase in water absorption,

from the 36+6% absorption recorded after coating to the significantly higher 90+40%
after UV/M weathering.
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The effect of acid dissolution on granite can be deduced from the mass losses
recorded after the experiment. The pure granite decreased by 0.044+0.002% in
mass, while the Faceal Oleo HD-coated sample decreased slightly more, by
0.055+0.003%, and the best PDMS sample decreased by only 0.0315+0.0006%. The
positive effect of the PDMS coating is evident in its ability to minimize contact
between between the acid and the pure stone surface. While only the front side of
the stone is fully protected with the coating (accounting for ~36% of the stone’s
surface area), 64% of the stone surface area of the PDMS-coated stone is still
susceptible to unhindered acid reactions, which accounts for the mass loss these
stones displayed.

The damaging effects of salt weathering seem to be the most severe aging
mechanism investigated, as seen in Figure 36 and Table 13. The recorded mass
losses during this experiment were greater than in any of the other weathering
experiments. The mass of the pure granite stones decreased by 0.5£0.1% after 30
salt crystallization cycles, while the Faceal Oleo HD-coated stones displayed a
similar mass loss (0.6+0.1%). The PDMS-coated stones, in contrast, displayed
mass losses on an order of magnitude lower than the pure granite and Faceal
Oleo HD-coated stones (in the range of 0.04-0.08%), which is due to the limited
capillary absorption of the coatings that consequently reduces the salt ion
diffusion into the pores in these systems.
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Figure 36. Mass loss of pure and coated granite stones as a function of the number of salt
crystallization cycles. The dashed lines are Box Lucas exponential fits, using the model:
y = a(1 — e™™), with a Levenberg Marquardt iteration algorithm, which are included as
guidelines for data interpretation.
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The effect of the salt crystallization cycles was also detectable in the capillary
absorption measurements, where the absorption for the pure granite increased by
26 percent units due to the damaging effects of salt crystallization, which
increased the open porosity of the granite stones. A similar effect could be seen
for the Faceal Oleo HD-coated stones, where the capillary absorption increased
from 40+10% after coating to 117+9% after salt weathering, showing that the
Faceal Oleo HD coating was ineffective when it comes to preventing salt
weathering. The contact angles of the Faceal Oleo HD-coated granite stones had
also decreased from 122+2° to 76+7°, demonstrating a detrimental effect of salt
weathering on the surface coating. The PDMS-coated granite stones, on the other
hand, displayed no large changes in capillary absorption or contact angles after
the salt weathering.

Interestingly, the frost weathering appeared to be more detrimental for the
protective coating materials than for the granite stone itself. As seen from Table
13, the mass losses recorded for the PDMS- and the Faceal Oleo HD-coated stones
after the frost weathering were actually larger than the mass loss recorded for the
pure granite. Furthermore, the contact angle for the pristine granite sample was
slightly higher after frost weathering, while the percentage of capillary absorption
was within the error margins of the unaged sample. The PDMS- and Faceal Oleo
HD-coated granite samples displayed a small decrease in contact angles after the
30 freeze-thaw cycles as well as slight deviations in the capillary absorption
results, indicating that the coatings were only slightly affected by frost
weathering, when capillary absorption and surface hydrophobicity are concerned.
Finally, while the recorded color differences were noticeable after freeze-thaw
aging, it should be highlighted that the small size of the samples used in this test’
could have an influence on the results due to the phaneritic nature of granite. The
measured color differences are included to show that no large changes occurred
from the weathering process.

An interesting observation can be made from the two mechanical weathering
tests (i.e. salt and frost weathering) on the pure granite and stones coated with
Faceal Oleo HD, where 30 salt crystallization cycles seem to have a much larger
impact on the tested stones than 30 freeze-thaw cycles. When considering these
weathering effects, it is important to note that freezing water crystallizes into an
open hexagonal lattice structure [104], while the sodium sulfate crystallization
proceeds via mirabilite crystal growth [105]. Another difference between the frost

% Stones with the area of 2x2 cm? were used instead of 5x5 cm? (as used in the other weathering
tests), due to the size restrictions of the container used in the freeze-thaw experiment
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and salt weathering is that the freeze-thaw process occurs through frost wedging,
i.e. it slowly expands the pores, while salt weathering occurs as a result of internal
pressure being applied in the entire salt-filled pore system due to crystal growth.
This distinction reveals that frost weathering is more localized, creating far less
stress points than in salt weathering, where the effects can be said to be global.

Finally, an important factor to contemplate when considering the overall impact
of weathering, is that none of these processes would occur independently in
nature. Rather a combination of different weathering effects can augment the
weathering impact on pure granite or coated stones. For instance, sunlight may
degrade a protective treatment, such as the Faceal Oleo HD coating investigated
here, and leave it open to enhanced salt weathering due to increased water and
salt absorption.
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7. Conclusions

In this study, protective surface functionalizations for marble and granite have
successfully been produced and evaluated using new methods.

In the functionalization of marble, the parameters affecting the functionalization
efficiency were initially studied under ideal conditions, using a total immersion
functionalization method. Initially, the effects of surfactant concentration and
reaction time were evaluated to determine the reaction kinetics of the
functionalization process and it was found that longer reaction times and higher
concentrations were beneficial for functionalization effectiveness. Then the effect
of co-solvent composition and temperature during functionalization was studied.
Higher reaction temperatures proved to be beneficial for the modification process,
while the use of co-solvents, which are less polar than water, proved to affect the
surfactant vesicle equilibrium, shifting the equilibrium towards free surfactants
and consequently improving the molecular dynamics of the system and giving
better pore modifications compared to other systems.

The marble functionalization system, optimized under ideal reaction conditions,
was then adapted to a dynamic application scheme, utilizing spray coating for
marble pore penetration and functionalization with fluorosurfactants under room
temperature conditions. Also in this system, the effect of different co-solvents was
studied and it was found that the addition of ethylene glycol gave the best results,
when a successful pore penetration was the goal. As the slow evaporation rate of
ethylene glycol enabled a longer reaction time for the fluorosurfactants, the best
results were obtained when using EG-rich spray coating solutions.

The applicability and stability of a PDMS coating for granite was also studied
with the focus on different weathering effects using simulated weathering
methods. It was found that with a sufficient surface coverage, all the studied
weathering effects could be prevented. The ability of the coating to inhibit water
uptake hindered salt from being introduced into the pores and by this means salt
weathering could be minimized.
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8.  Further studies

Further studies in this field could focus on the use of surfactants in different
coating applications using the methods developed in this thesis. Controlling
simple parameters such as solution temperature and co-solvent composition
could potentially improve the coating efficacy of surfactants used in coating
production of different porous materials.

The superb stability demonstrated for the PDMS coatings could also be applied
for the protection of other substrates than granite, providing a long term
protection for a variety of surfaces. This would be very beneficial for the marine
and automotive industries.

Regarding the studies conducted here, the marble functionalizations (Papers I-III)
could be evaluated by a proper weathering durability test, such as the one
presented in Paper IV. Another subject that could be of interest, as the coatings
can be easily applied by spray coating, is the scale-up of the presented spray
coating method, which will be very useful for hydrophobizing large stone objects
and for the retrofitting of buildings and bridges.

If the protection of important historical marble monuments are considered with
the fluorosurfactant total immersion method, further studies should be carried
out on the effects the immersion and higher temperatures the functionalizations
have on marble from a (poro)mechanical standpoint.
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