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Abstract 
 

Biomimetic materials with extreme wetting properties (MEWP) offer great potential as protective 

coatings against water-induced damage and oil-based soiling of stone-built heritage. This thesis 

assessed the performance of two novel coatings, one superhydrophobic, D/S/F (WCA =160.0°), 

and the other superamphiphobic, 6P/1F/2S (WCA=160.3°, OCA=152.2°). This involved 

characterizing their wettability, breathability, mechanical durability, resilience to environmental 

degradation agents (extreme temperature, acid/ rain, particulate matter) and response to accelerated 

UV-aging. Test protocols were adopted from standards, adapted from previous research, and 

optimized through trial runs. Particularly, the sandpaper abrasion test was applied to coatings being 

developed for heritage application for the first time. The D/S/F coating showed a 25% improved 

protection from water uptake compared to the commercial product with minimal effect on 

breathability (%RVP = 16%). It also demonstrated great mechanical durability across many cycles 

of sandpaper abrasion, tape peeling, acid rain simulation and sand-grit erosion. The 6P/1F/2S 

coating, however, did not offer improved protection from water penetration, with a higher 

associated impact on the breathability of stone (%RVP = 54%) but showed promising tolerance to 

freeze-thaw cycles and acid/rain simulation. Both the coatings maintained enhanced 

hydrophobicity over 2 months of artificial UV-aging. In summary, this research delineates the 

performance of two novel coatings displaying extreme wetting behaviour, while also contributing 

towards the development of test protocols that enable application-oriented assessment of coatings 

designed for the protection of stone heritage. 
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1  Introduction 

1.1 The wetting phenomenon and cultural heritage 

Historical monuments as architectural heritage have very high economic and cultural value to the 

country they are situated in. As survivals from our ancestors they represent a country’s national 

identity while maintaining and enriching its extant cultural practices. Some monuments represent 

not just the history of a demarcated piece of land but also the shared global history of humankind. 

These monuments are key pieces to a puzzle that help us understand the history of humanity and 

need to be preserved for future generations to access. Such high priority natural and cultural sites 

are inscribed on the World Heritage List by UNESCO, the United Nations Educational, Scientific 

and Cultural Organization [1]. Consequently, the conservation of heritage monuments requires 

serious and unremitting effort by professionals in both the humanities and the natural sciences [2]. 

A large volume of the world’s tangible cultural heritage lives on in the form of monuments that 

are predominately made from porous inorganic materials including natural stone, as well as 

artificial materials such as mortar, plaster, and brick etc. Unlike heritage objects protected by the 

controlled environment of a museum, outdoor heritage is exposed to the elements resulting in an 

accelerated rate of deterioration. Heritage monuments become vulnerable to many different agents 

of degradation as they age, particularly the pervasive and multi-faceted damage caused by the 

action of water.  

Natural stone becomes physically and chemically vulnerable to the action of water through various 

mechanisms. Water causes stone deterioration through freezing and thawing cycles inside the 

pores of the stone, wetting and drying cycles due to rainwater and condensation, erosion by running 
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water in fountain settings and by intra-porous crystallization of the salts transferred by water from 

the environment [3]. Water also interacts with the mineral constituents of the stone causing the 

hydrolysis of silicate rocks and the dissolution of carbonate rocks, simultaneously releasing 

substances that adversely impact the stone [4]. This fluid is also an important medium for the 

transport of pollutants and biological agents resulting in the growth of microorganisms and the 

formation of a biofilm or crust on the surface of stone monuments. As a result, stone monuments 

suffer loss of material through weathering, as well as, chromatic and textural alterations thereby 

impacting the aesthetic appearance of the monument and obscuring its associated philosophical 

meanings. 

Consequently, it is important to develop materials and strategies to protect built heritage from 

water in order to preempt the weathering and decay of stone and stone-based monuments. This 

body of work contributes to the development of conservation materials with extreme wetting 

properties that are capable of minimizing and inhibiting the deleterious action of water on outdoor 

heritage. 

To develop sustainable conservation materials, the field of biomimetics draws inspiration from the 

sophisticated mechanisms and materials that occur in the natural world. A close look at nature 

reveals a plethora of naturally occurring materials that possess desirable wetting behaviours such 

as superhydrophobicity, the property of a surface that is energetically and structurally predisposed 

to make minimal-possible contact with water droplets. 

There are myriad examples of naturally occurring superhydrophobicity. One typically quoted 

example is the “lotus effect” that is observed in the leaves of the plant species Nelumbo nucifera 

alongside many other terrestrial plants [5], [6], [7]. This effect produces a large static contact angle 
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between the surface and the water droplets, resulting in a characteristic rolling off behaviour. This 

behaviour is the result of a combination of energetic and structural features of the surface, 

particularly the microscale (cellular structures) and nanoscale (presence of wax crystals) roughness 

of the superhydrophobic surface [7], [8], [9]. An often-associated desirable behaviour is water-

repellency i.e., the ability of surfaces to self-clean as the water droplets incident upon them roll off 

carrying with them any dust and impurities present on the surface. This self-cleaning ability is also 

exhibited by the wings of some insects [10], [11]. 

We delve into these phenomena further in chapter 2 but first it is important to categorize the 

different stone-water interactions and define the fundamentals of wettability as a physical 

phenomenon. This is tackled in the following section. 

1.2 Fundamentals of wettability 

The wetting properties of a solid surface reflect its ability to maintain contact with a liquid. This 

behaviour results, in part, from intermolecular interactions when the liquid and solid surfaces 

encounter each other. Consequently, the wettability of a material is determined by a force balance 

between the adhesive and cohesive forces that come into play. Wetting properties are governed by 

three major factors: surface energy, surface roughness, and surface inhomogeneity [12]. 

Wettability can be thought of as an unfolding of a liquid phase on the surface of a solid phase, 

thereby converting a solid-vapour interface into a solid-liquid interface. Consider a drop of liquid 

on a solid substrate, the thermodynamic equilibrium of the three phases i.e., solid, liquid, and 

vapour, determines the equilibrium shape of the liquid drop and the associated static contact angle, 

SCA [13]. The static contact angle, SCA, also called the equilibrium contact angle, θ, is defined 

as the angle the liquid makes at the three-phase boundary point with the underlying horizontal 
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surface [14] and can be visualized in figure 1(a). The static contact angle, SCA, is one of the core 

parameters used to categorize the wettability of a surface. 

 

Figure 1: Schematics of (a) static contact angle (b) sliding angle  

 

Sliding angle, SA, and contact angle hysteresis, CAH, are additional parameters that expound upon 

the definition of wettability. In a dynamic process, the contact angle formed in front of a forward 

contact line is called the advancing CA, θa, while that formed behind a backward contact line is 

the receding CA, θr, as shown in figure 1(b). In general, the advancing and receding angles are not 

the same, which gives rise to contact angle hysteresis, CAH. Hysteresis exists due to surface 

heterogeneity and defects and is defined as the difference between the advancing, θa and receding, 

θr contact angles. The sliding angle, SA, is defined as the critical angle just after which the liquid 

drop begins to slide on a tilted surface [13].  

The SA is an important parameter quantifying the water repellence of a surface, a property related 

to but different from the hydrophobicity of the surface. It is possible for surfaces with very high 

SCAs to also possess high SAs resulting in the spherical droplet being pinned to the surface by 

adhesive forces instead of showing the rolling off behaviour termed “the lotus effect.” This pinned 

hydrophobic wetting is called the “rose petal effect” after the natural surface showing this 
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behaviour. Such a surface is highly superhydrophobic but retains water which can have interesting 

applications involving droplet retention including directional droplet transport, anti-icing, and 

water harvesting to name just a few [15]. 

Typically surfaces with SCA < 90° are classified as hydrophilic, whereas surfaces with SCA > 90° 

are classified as hydrophobic [16]. Recent research suggests that a lower SCA threshold of ~65° 

is a better criterion to distinguish hydrophilic surfaces from hydrophobic ones [17], [18]. The 

typical cut offs are utilized here.  

Hydrophobicity can be further broken down into three regimes: weak hydrophobicity, enhanced 

hydrophobicity, and superhydrophobicity corresponding to  90°< SCA< 120°, 120° < SCA < 150° 

and SCA > 150°, respectively as shown in figure 2. 

 

Figure 2: Classification of different regimes of hydrophobicity  

 

A surface is defined to be superhydrophilic if water has a SCA smaller than 5° [19]. 

1.3 Theoretical frameworks for wettability 

This section outlines the models that attempt to explain wettability along with the limitations of 

their explanatory power. These are Young's model, Wenzel’s model and the Cassie–Baxter model 

dealt with in chronological order. 
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1.3.1  Young’s Model 

The first model that attempted to systematically explain the interaction between a solid surface 

and a water droplet was proposed by Thomas Young in 1805 [16]. This model describes a droplet 

of water resting on an infinitely horizontal, passive (i.e. uninfluenced by gravity) and atomically 

smooth surface. The exact shape of the water droplet is specified by a force balance equation called 

the Young equation [20]. 

At the contact point of the three phases viz solid, liquid and vapour, the droplet experiences three 

forces: one from the solid-vapour (SV) interface, one from the solid-liquid (SL) interface, and one 

from the liquid-vapour (LV) interface as indicated in figure 1(a). After equilibrating, the droplet 

experiences a net force described by the following equation, 

𝐹𝑠𝑣 − 𝐹𝑠𝑙 =  𝐹𝑙𝑣 cos 𝜃𝛾 (1) 

Since interfacial surface tensions are the forces at play, the equation takes on its popular form as, 

𝛾𝑠𝑣 − 𝛾𝑠𝑙 = 𝛾𝑙𝑣 cos 𝜃𝛾  (2) 

Here, θγ refers to Young’s contact angle. According to this model, the fate of the water droplet is 

decided solely by the relative strengths of the interfacial surface tensions. To illustrate, if γsv − γsl 

= γlv, then θγ = 0° indicating superhydrophilicity. If γsv − γsl > 0, then 0° < θγ < 90°, indicating a 

case of hydrophilicity. However, if γsv − γsl < 0, then 90° < θγ < 180°, indicating hydrophobic 

behaviour. Likewise, γsv − γsl = −γlv, is the force balance that results in the highly desirable scenario 

in which maximum superhydrophobicity could be achieved in theory [21]. 

Young’s model is pioneering but limited in explanatory power. This is because it factors only the 

chemical compositions of the liquid and the contact surface; the morphology of the latter is not 

taken into account to analyze subsequent wetting behaviour. Therefore, a more comprehensive 



 12 

model was needed to explain the existence of superhydrophobic surfaces which are accompanied 

by high surface roughness [16]. 

1.3.2  Wenzel Model 

Young’s model was limited in that it failed to account for the vital role of surface roughness in 

wetting behaviours. R. N. Wenzel, in 1936, was the first to quantitatively consider the contribution 

of surface roughness in relation to special properties of wettability [22]. 

Wenzel recognized that there is a distinction between the total or “actual” surface of an interface 

and the superficial or “geometric” surface; the latter being the surface as measured in the plane of 

the interface. Wenzel writes that perfect smoothness is an acceptable assumption for liquid-liquid 

and liquid-gas interfaces without rigid shape. However, the solid-liquid interface presents a 

situation where the actual surface of contact is greater than the geometric surface due to surface 

roughness/imperfections. Wenzel defined a roughness factor, r,  as the ratio of the actual versus 

the geometric surface. This dimensionless factor, r, is a number larger than unity and equals unity 

only for ideal flat surfaces without bumps/imperfections. Wenzel related the apparent contact angle 

of a water drop on a rough surface, θ∗, to the Young contact angle, θγ, through the roughness factor, 

r,  as follows, 

cos 𝜃∗ = 𝑟 × cos 𝜃γ (3) 

It is generally accepted that the liquid droplet rests on a solid surface in one of two modalities: the 

non-composite (liquid intrusion) mode visualized in figure 3(a) or the composite (air entrapment) 

mode illustrated in figure 3(b) [21]. Wenzel’s model concerns itself with the former of the two 

modalities. 
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Figure 3: (a) Wenzel non-composite wetting (b) Cassie-Baxter composite wetting  

 

 

In the non-composite wetting state, the liquid fills up the grooves in the surface increasing manifold 

the surface area of the solid in direct contact with the liquid (edges a, b and h) compared to the 

composite wetting state (edge b alone). This results in the characteristic Wenzel “sticky state” as 

water droplets get entrapped by the surface, displaying, usually adhesive behaviour through 

pinning. The introduction of the roughness parameter, r, was a huge improvement over Young’s 

model, however, the dynamic behaviour of surfaces displaying water repellency and rolling off 

behaviour could not be explained by this model nor by its successor [22]. Nonetheless, the Cassie-

Baxter model provided further insight into static wetting behaviour and helped in modelling many 

different superhydrophobic materials fabricated over the last few decades. 

1.3.3  Cassie-Baxter Model 

In 1944, Cassie and Baxter put together a powerful model to explain the wettability of porous 

surfaces. The term “porous surface”  illustrates that water droplets are unable to penetrate the 

hollows or cavities of the corrugated surface unlike in Wenzel’s model. Instead, the Cassie Baxter 

model describes a water droplet that sits atop air pockets formed between the liquid and the solid 
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surface. This kind of interaction demonstrates very low hysteresis and excellent rolling-off 

behaviour [23]. 

In the composite wetting state that can be visualized in figure 3(b), the droplet rests on air 

entrapped inside the surface asperities dramatically decreasing the surface area of the solid in direct 

contact with the liquid. Decreased contact area often results in poor adhesion and the rolling-off 

behaviour associated with self-cleaning. The fraction of the surface that comes in contact with the 

top asperities is usually denoted as fs. This dimensionless open porosity factor,  fs,  is a number 

smaller than unity and equals unity only for ideal flat surfaces. According to Cassie and Baxter, 

the apparent contact angle of a water drop on a porous surface (θ∗) is related to Young’s ideal 

contact angle,  θγ through this factor (fs) as follows, 

 

cos 𝜃∗ =  −1 + 𝑓(cos 𝜃𝛾 + 1) (4) 

 

From a thermodynamic point of view, only the Wenzel state is stable, while the Cassie-Baxter 

scenario describes a metastable state. Hence, a transition from the Cassie-Baxter state to the stable 

Wenzel state is often observed. 

Both Wenzel and Cassie-Baxter equations can explain the existence of contact angles higher than 

150o i.e. the defined threshold for superhydrophobicity. However, they differ in their applicability. 

The Wenzel model suggests that an increase in roughness increases the inherent hydrophobicity 

or hydrophilicity of a surface. Therefore, increased roughness results in superhydrophobicity only 

in the case of intrinsically hydrophobic materials. Considering that r > 1 for any surface that is not 

perfectly smooth, the relation in equation (3) suggests that θ∗ < θγ for inherent hydrophilic (θγ < 

90°) materials, while θ∗ > θγ for inherent hydrophobic (θγ > 90°) materials. 
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In contrast, in the Cassie-Baxter model, θ∗ increases with roughness (or surface porosity) 

irrespective of the inherent hydrophilic or hydrophobic character of the material and can therefore 

become θ∗ > 150° even for hydrophilic materials. Considering that fs < 1, equation (4) suggests 

that θ∗ > θγ for both inherently hydrophilic (θγ < 90°) or hydrophobic (θγ > 90°) materials. 

The Cassie-Baxter model offers great explanatory power as intrinsically hydrophilic polymers 

such as PMMA have been used to fabricate superhydrophobic surfaces through surface roughening 

[24].  However, this model also does not shed light on dynamic wetting. For example, the rose 

petal corresponds to θ* = 152° making it superhydrophobic, but “a drop cannot roll off even when 

the surface is turned upside down.” This phenomenon is referred to as the rose petal effect [25]. 

Similarly, the high water-repellency and rolling-off behaviours of superhydrophobic surfaces such 

as the lotus leaf also remain uncharacterized by both models. In this way, these theoretical 

frameworks cannot predict whether a droplet will stick or slide in response to surface tilting which 

presents an altogether more complex and dynamic scenario. Nonetheless, both models are pivotal 

to our understanding of static wetting behaviours. However, to holistically characterize the 

wettability of a surface we must introduce other parameters into our discussion and expand the 

definition of wettability. 

1.3.4  Contact Angle Hysteresis 

As previously discussed, the static contact angle (θ∗), which describes the contact of a drop on a 

horizontal surface, does not adequately describe the wettability of a surface alone. A droplet on a 

surface with a high contact angle may remain pinned until the surface is tilted to a significant angle 

[26]. In 2000, Öner and McCarthy emphasized that if the goal was to obtain a water-repellent 

surface, the static contact angle was irrelevant beyond its role of pushing the water droplet into a 
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rigid spherical geometry of minimal contact. The hysteresis was more important in determining 

hydrophobicity than the maximum achievable contact angle. Hysteresis is a property that 

quantifies how readily a droplet rolls off upon tilting the surface. The smaller the force required to 

achieve this rolling off, the more water-repellent the surface [27]. 

The critical line force per unit length (F) that is needed to start a droplet moving over a solid surface 

is given by equation (5) as follows,  

 

𝐹 =  𝛾𝑙𝑣(cos 𝜃𝑟 − cos 𝜃𝑎) (5) 

 

where F is the critical line force per unit length, γlv is the surface tension between the liquid and 

vapour, and θr and θa are the receding and advancing contact angles, respectively [28], [29].   

 

Figure 4: Advancing and receding contact angles  

 

According to equation (5), as θa − θr decreases, the critical force F needed to make the drop move 

decreases. Consequently, surfaces with enhanced water repellency must correspond to small 

θa − θr values. This gives rise to an important parameter for the classification of wettability called 

contact angle hysteresis, defined as the difference between the advancing (θa) and receding (θr) 

contact angle as chosen in figure 4 [30], [31]. 
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2  Literature review 

2.1 Biomimetics 

The term biomimetics was coined by American biophysicist Otto Schmitt during the 1950’s and 

refers to the process of reverse engineering natural phenomena to mimic them in modern 

technology [32]. It operates off the principle that advanced materials science or structural 

engineering has a lot to learn from the biological models, processes and systems perfected by 

nature over millions of years of evolution [33].  

This work more specifically concerns itself with the biomimicry of biological surfaces displaying 

special wettability such as superhydrophobicity, water-repellency and self-cleaning. The goal is to 

develop materials for the protection of natural stone used in historic monuments. To achieve this 

goal a well-established methodology, suited to application in the field of heritage, has been 

employed to develop novel coatings by enhancing the properties of commercially available 

polymer systems.  

Interdisciplinary research in biomimetics has played a big role in the fabrication of materials with 

extreme wetting properties, MEWP, referring to superhydrophobic (SCA > 150° for water), 

superhydrophilic (SCA < 5° or water), superoleophobic (SCA > 150° for oil), superoleophilic 

(SCA < 5° for oil) and superomniphobic (SCA> 150° for both water and oil) materials. These 

MEWP are of interest due to their countless potential applications, for instance in automobiles, 

ships and aircrafts, microelectronics, textiles, biomedical devices and implants, devices in 

renewable energy systems, construction sites and buildings, and in other applications relevant to 

self-cleaning, friction reduction, oil–water separation, water harvesting and desalination, drug 

delivery, anti-icing, anti-corrosion, and anti-bacterial methods. These materials have the potential 
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to lead a new generation of products and devices with unique fine-tuned functionalities. In relation 

to this body of work, these materials have also found application in the conservation of cultural 

heritage by providing protection from water damage [19].  

Many such materials have been fabricated over the years by heavily drawing inspiration from 

natural surfaces. Some examples of such natural surfaces include the lotus leaf, the peanut leaf, 

rose petal, the poplar leaf, butterfly wings, shark skin, the compound eyes of mosquitoes, gecko 

feet, spider silk, cacti and in the anisotropic dewetting of the rice leaf, among many others [34]. 

Studying these special surfaces has helped in theorizing the basis of their desirable wettability with 

the ultimate goal of designing new surfaces with controllable wettability [35], [36]. 

In the 19th century, great emphasis was put on surface chemistry to explain this behaviour as was 

demonstrated by Young’s model of wettability that explains the intrinsic hydrophilicity (high 

energy) and hydrophobicity (low energy) of a surface based on intermolecular forces. However, 

surface chemistry alone was not adequate to explain the phenomenon of superhydrophobicity 

possessed by surfaces with contact angles higher than 120°. The Wenzel and Cassie Baxter models 

appeared in the first half of the 20th century highlighting the importance of surface morphology 

on wetting behaviour. However, our understanding of these surfaces was only as good as the 

resolution afforded by our instrumentation. 

The introduction of the first commercial scanning electron microscopes (SEMs) in 1965 opened a 

new world of possibilities by dramatically improving the resolution at which we could inspect the 

biological surfaces showing extreme wettability [37]. A wealth of such data has been collected 

since the 1960’s [38]. 
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Barthlott and Neinhuis in 1997 were the first to correlate the hydrophobicity demonstrated by 

natural surfaces to their topology. Their investigation revealed that special wettability was linked 

to the presence of microstructures in the form of micro-scale papillae and epicuticular wax present 

on the surface [5], [38]. 

At the start of the 21st century, the presence of smaller branch-like nano-scale structures on top of 

the micro-papillae revealed that special wetting behaviours were a consequence of a highly 

organized, multiscale hierarchical structure [39], [40]. The rose petal also showed extended nubs 

covered with waxy nanocrystals under an electron microscope. It is now widely understood that 

nanoscale roughness is essential in the fabrication of superhydrophobic surfaces with very high 

contact angles and low sliding angles that results in water-repellency and associated self-cleaning. 

Furthermore, the arrangement and orientation of these multiscale structures influence how water 

droplets tend to move on these surfaces e.g. in the case of anisotropic dewetting of the rice plant. 

These observations from the natural world provided guidelines for the synthesis of new materials 

possessing controllable wettability [40], [41]. 

2.2 Fabrication of MEWP 

Many different methodologies have been employed by researchers over the years to fabricate materials 

with programmable wettability. Different methods utilize a combination of the same two 

conventional approaches: 

• Roughening the surface of intrinsically hydrophobic/low energy materials (SCA>90º)  

• Modifying an already rough surface with low surface energy (or hydrophobic) molecules 

(such as long chain fatty acids, organic silanes particularly fluoroalkyl silanes [40], thiols 

and azides) [42] 
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In some methodologies, fillers and nanoparticles are used to enhance surface roughening.  

A brief overview of some of these strategies is as follows: 

• Plasma treatment followed by deposition of a low-surface-energy layer [43] 

• Casting on microporous templates to create patterned array structures [44] 

• The layer-by-layer method first introduced in 1991 by G. Decher [45] through which it is 

possible to fabricate multilayer assemblies using a large number of building blocks as done 

by Zhao et al. [46] and Zhai et al. [47]. These include water-soluble polyelectrolytes, 

polymers bearing hydrogen donors and acceptors, biomacromolecules such as enzymes 

and DNA, colloid particles, oligo-charged dyes, and so on [46].  

• Electrochemical synthesis including electrochemical deposition of gold, silver, zinc oxide 

and copper etc. on anodized materials [48], electrochemical polymerization on electrodes 

followed by deposition of low energy materials [49], galvanic cell reactions by which 

metallic nanoparticles can be deposited on substrates, [50] and roughening by anodic 

oxidation of metal plates for the deposition of low energy molecules [51]. 

• Sol-gel which involves polymerization of a colloidal sol through hydrolysis and 

polycondensation reactions resulting in the development of a 3D porous network within a 

wet, gel-like structure. Upon drying the gel incorporates any lingering particles into its 

network [52], [53], [54]. 

• Electrospinning to fabricate nanostructured ultra-thin fibers, denoted as electrospun 

nanofibers (ENFs) from a wide range of polymeric materials. These ENF’s can be 

deposited on any surface to create nanoscale roughness necessary for superhydrophobicity 

[55]. Ma et al. prepared superhydrophobic block copolymer fibers through this 

electrospinning technique [56]. 
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• Lithography, a top-to-bottom approach involving printing of natural surfaces and 

transferring them onto substrates [57] 

• Chemical etching creates surface roughening because of the dislocation defects found in 

crystalline metals being more prone to dissolution. This is followed by surface fluorination 

which lowers the energy of the surface [58] 

• 3D printing provides a new way to topographically engineer surfaces. A single-step 3D 

printing process can be utilized to produce an ordered mesh by using an ink with low 

surface energy molecules already mixed into it [59], [60]. Yang et al. also describe a novel 

additive manufacturing process called immersed surface accumulation based 3D printing 

based on the accumulation of material along the  movement  of a light  guide  tool  inside  a 

photocurable  resin. Consequently, an inserted object can pick up photocured resin as the 

light probe moves, fabricating multiscale structures on its surface to achieve enhanced 

hydrophobicity [61]  

The strategies mentioned above have produced many useful MEWP that find application in a 

multitude of different fields. However, methods and materials designed for the conservation of 

heritage must meet specific criteria that dramatically narrows down the list of applicable strategies. 

A method developed for the conservation of stone-built cultural heritage must (i) be suitable for 

the treatment of very large surfaces under normal ambient conditions, (ii) not include the use of 

expensive materials due to the scale of application, and (iii) be flexible for the treatment of various 

stone types.  

Furthermore, the materials being utilized must fulfil some requirements such as no colour and/or 

reflectance changes, a significant reduction in water penetration, negligible changes in 

breathability, good adhesion, mechanical and physical durability, transparency and no formation 
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of harmful by-products. Finally, the intentional easy removal of the protective material, whenever 

necessary, is a desirable property to aspire towards despite being difficult to achieve on a porous 

substrate such as stone. 

For this purpose, what follows is a review of the materials and methods tailored for use in the field 

of cultural heritage conservation, particularly those designed for the protection of stone-built 

heritage [62]. 

2.3 MEWP for the protection of stone heritage 

The history of surface treatment conducted on stone objects dates back to ancient Greek and 

Roman periods and presumably even further back in history, when natural materials such as oils 

and waxes were used for protection and polishing purposes [63], [64]. The extensive use of 

polymeric substances in conservation is due to their ability to form protective outer layers and 

control the transport of different fluids from the surface to the monument’s interior [65]. 

Traditionally polymeric resins, acrylic and vinyl polymers, organo-silicone compounds and 

fluorinated film-forming agents have been used for this purpose [66,] [67], [68]. 

Among the many hydrophobizing commercial resins, film-forming alkoxy-silanes/siloxanes and 

their composites have shown the most promising results. Unlike acrylic polymers, siloxanes do 

not necessitate the use of toxic organic solvents and show much less sensitivity towards colour 

changes under UV radiation [69]. Fermo et al. studied the nature of the resulting stone-resin surface 

interaction, by depositing a commercial siloxane, Alpha®SI30, on marble, limestone and dolomite 

substrates. A multi-analytical approach revealed that a homogeneous crack-free resin layer was 

formed on the stone surface. However, the coating was found to be too thin to mask the 

contribution from the roughness of the substrate [65]. Consequently, the protection offered by the 
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pure polysiloxane was limited by the nature of the substrate as the smooth and thin film simply 

followed the roughness and porosity of the underlying surface. Due to this, pure polymer systems 

typically only impart weak hydrophobicity to the substrate [66], [67], [68]. 

Lettieri et al. tested the performance of a siloxane in different concentrations on a highly porous 

calcarenite stone called “Lecce stone” [70]. Despite the high porosity of the substrate, a high 

concentration of siloxane resulted in cracking and a consequent loss of protection against water 

uptake by capillarity. Such cracking is frequently exhibited by products that polymerise by a sol-

gel route and is attributed to shrinkage that occurs during the drying phase [70]. This highlights a 

limitation in the extent to which we can maximize hydrophobization simply by increasing the 

concentration of the polymer. Therefore, the hydrophobicity imparted to stone by polymer systems 

needs to be enhanced through modification. 

As discussed earlier, two major factors control the wettability of a surface: surface energy and 

surface roughness. To develop materials with extreme wetting properties (SCA > 150◦ 

accompanied by low CAH) both factors need tuning to produce a nanostructured surface covered 

by a low-surface energy material. In the last two decades, two main approaches have been 

developed to produce such MEWPs [62]. 

The most popular approach used is to disperse inorganic nanoparticles in a polymer solution, or 

preferably in a polymer precursor solution composed of silanes and siloxanes. Inorganic 

nanoparticles (such as those of Ag, SiO2, TiO2, ZnO, ferrites and other metal oxides) possess many 

desirable physicochemical properties including high cohesion due to large surface area, high depth 

of penetration due to nano dimensions and good optical properties. Moreover, the photocatalytic 

activity of TiO2 and ZnO nanoparticles can impart self-cleaning properties to the nanocomposite 
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material [20]. A highly rough surface is produced when the nanoparticle dispersion is deposited 

on stone often without the need for low-surface energy materials because NPs tend to form 

nanostructured clusters within the polymer matrix [62]. 

Manoudis et al. pioneered this approach in 2007 [72]. The group used SiO2 NP’s (7nm diameter) 

to roughen the surface of Poly(methyl methacrylate), PMMA, and perfluoropolyether, PFPE, 

followed by their application on marble and calcium carbonate substrates. These nanocomposites 

successfully imparted superhydrophobicity to stone, transforming the static contact angles of the 

pure polymer systems from 108° to 157°±3° and 112° to 162°±2° for PMMA and PFPE 

respectively. PMMA is an intrinsically hydrophilic polymer that was successfully made 

superhydrophobic through surface roughening, pointing at the great potential of the nanoparticle 

treatment to transform surfaces [72]. 

The pioneering methodology involved the dispersion of oxide nanoparticles in an alkoxy-

silane/siloxane dissolved in organic solvent. The dispersion was then applied by spraying on the 

target substrate followed by annealing under vacuum at 40°C to remove the solvent. During this 

process, the alkoxy silane/siloxane undergoes a sol-gel process resulting in a continuous poly(alkyl 

siloxane) material of very high viscosity i.e. enriched with NPs [71]. The simplicity of the 

preparation and deposition methods and the price and availability of the materials made this 

approach promising for use in the protection of stone monuments [72]. Since then, the 

methodology has been improved and applied on various types of substrates offering promising 

results.  

Manoudis et al. also investigated the role of nanoparticle concentration on the SCA and CAH using 

PMMA and a commercial poly(alkyl siloxane) called Rhodorsil 224, treated with SiO2 NP’s [24]. 
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It was found that the SCA of surfaces treated with dilute dispersions (<1% w/v) increased rapidly 

with increase in nanoparticle concentration until it reached a maximum value. Further increase in 

particle concentration had no effect on the SCA.  

The CAH, however, displayed a more complicated behaviour by first increasing with increase in 

particle concentration and then decreasing at higher particle concentrations [24]. Above 1% w/v 

the films showed comparable (and low) hysteresis values. This behaviour was explained through 

a mixed regime using data from atomic force microscopy (AFM) and SEM imaging. At high 

particle concentration the Cassie-Baxter model explains the low hysteresis due to the composite 

wetting phenomenon. However, at lower particle concentrations there are large areas on the surface 

that are still smooth and the water droplets falling on these smooth areas behave like Wenzel drops. 

This explains the high hysteresis associated with the pinned “sticky” state at low concentrations. 

Since the smooth areas quickly get populated with aggregates as particle concentration increases, 

the shift into the low hysteresis associated with the Cassie-Baxter conformation can be observed. 

This behaviour resembles the effect of roughness on wax, Teflon and PDMA surfaces and has 

been reproduced in other works as well [43], [73], [74], [75], [76]. 

Another study by the same group confirmed that the nano-scale of the particles was essential in 

creating extreme wetting behaviour as micro-scale particles following the same methodology 

failed to produce superhydrophobic coatings [77]. This result validates our assumption that the 

surface topography responsible for extreme wetting behaviour is directly reproduced by the 

dimensions of nanoparticle aggregates [77]. 

Manoudis et al. also demonstrated that the choice of substrate, type of nanoparticle and choice of 

polysiloxane had very little impact on the wettability of the nanocomposite films [78]. This implied 
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that many different combinations of polysiloxanes and metal oxide nanoparticles should be able 

to impart superhydrophobicity to stone; thereby greatly expanding the versatility of these water-

repellent polysiloxane nanocomposites both in the materials used to synthesize them and the types 

of surfaces that could be protected by them [78]. 

De Ferri et al. tested the performance of a polysiloxane nanocomposite on granite, sandstone and 

limestone [79]. The coatings aged well, maintaining a high SCA of 150° even after four months 

of exposure to atmospheric conditions for all stone types. However, protection from water 

absorption by capillary action was only promising in the case of granite. On sandstone and 

limestone the nanocomposite did not offer sufficient protection after prolonged contact with water 

due to film cracking [79]. To make these nanocomposites applicable in real-world contexts, it was 

necessary to incorporate crack-resistance into their design.  

As exemplified by de Ferrie et al. polymeric water repellent treatments applied on porous 

carbonate substrates often provide only limited protection from water absorption by capillarity 

despite showing very high initial SCA measurements. This can be caused by 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 [80]. A more 

persistent modification is expected if the hydrophobizing agent also carries functional groups that 

can bind strongly to calcareous stone surface e.g. phosphate, phosphonate or carboxylic groups. 

The use of nano-scale surfactants can accomplish this by improving diffusion through the porous 

stone matrix and promoting better binding between the organic polymer and the inorganic 

substrate.  
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In 2013, Facio et al. achieved this by adding a surfactant, n-octylamine, to the mixture that 

catalyzes the sol-gel transition while also preventing crack formation [81]. In this way they were 

able to synthesize a crack resistant water repellent nanocomposite. Alongside Chatzigrigoriou et 

al., they also introduced an application-oriented improvement in methodology as both groups used 

a low-cost one-step synthesis offering great potential for large-scale application [82]. The 

improved methodology eliminated the use of volatile organic compounds and the need for heat 

during the annealing step [81]. Chatzigrigoriou et al. dispersed silica nanoparticles in a commercial 

aqueous mixture of silanes and siloxanes through vigorous stirring. The resultant waterborne 

product was applied though brush application on marble, sandstone, mortar, wood, cotton and 

ceramic substrates and cured at ambient temperature and humidity. The treatment produced high 

SCA (>160o) and low SA (< 5o) with an improved methodology that was both environment and 

conservator friendly [82].  

An alternative method to synthesize such materials is to polymerize precursors of 

siloxanes/silanes. Coricione et al. explored a photopolymerization technique that involved “dual-

curing” of a mixture of methacrylate-siloxane-based monomers to produce an O-I hybrid coatings 

with embedded SiO2 nanoparticles [83]. The mixture was first photo-polymerized with UV 

radiation and then heated at 140o to complete a thermal stage of the sol-gel process that was 

responsible for the formation of SiO2 NP’s. SEM analysis of the cured film confirmed that the 

silica NPs were incorporated into the methacrylic-siloxane matrix. The coatings were tested on a 

calcareous stone and showed good hardness, extraordinary hydrophobicity and appropriate 

breathability while maintaining transparency [83]. 

In the last two decades, a growing interest was also seen in the production of superoleophobic 

surfaces corresponding to high oil contact angle (OCA) and an ability to repel oil. Such a material 
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could offer added protection from oil-based soiling agents such as spray paint. Anti-graffiti 

protection for heritage monuments could help reduce maintenance costs and minimize the need 

for restoration interventions. However, creating a superoleophobic surface is a challenging task, 

as it is more difficult to impede the wetting of low surface tension liquids, such as oil, compared 

to water. Luckily, many superoleophobic materials synthesized also show superhydrophobicity, 

exhibiting what is termed as superamphiphobicity or super-omniphobicity. This extreme wetting 

behaviour is highly desirable for the protection of stone monuments for virtually any kind of 

contaminating fluid. 

Aslanidou et al. were successful in producing a superhydrophobic nanocomposite that also 

displayed superoleophobic behaviour and elaborated on the Cassie-Baxter to Wenzel transition in 

a series of stick-slip events during evapouration [84]. As mentioned in the previous section, the 

transition from a meta-stable Cassie-Baxter to a thermodynamically stable Wenzel state is 

commonly observed in MEWP and is particularly frequent for low surface tension liquids such as 

oil. This work contributed towards understanding the behaviour of low surface tension fluids on 

nanocomposite surfaces [84].  

A superomniphobic coating was also prepared on silk substrates and the treatment was shown to 

be completely reversible under compressed liquid carbon dioxide [85]. And a similar 

superomniphobic, water and oil repellent material made from alkyl silane, organic fluoropolymer 

and silica nanoparticles was tested on marble and sandstone [86]. The coatings offered good 

protection against water penetration by capillarity and slightly reduced the breathability of the 

substrate with practically no effect on stone optics. However, the coatings showed a severe 

transition of wettability, from superhydrophobicity to superhydrophilicity, upon extreme thermal 

treatment as hydrophobic (methyl) groups were replaced by hydrophilic (hydroxyl) groups in the 
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FT-IR spectra [86]. This adds to the complexity of these types of extreme wetting nanocomposites 

in real-world applications. 

In 2018 Lettieri et al. tested the ability of an experimental material, nanoF, consisting of a fluorine 

resin containing SiO2 nanoparticles to impart hydrophobicity and oleophobicity to calcareous stone 

[87]. Its performance was compared to two commercial materials, one fluorine-based (Fluoline 

PE) and the other silicon-based (Kimistone DEFENDER). The new material had better optical 

properties compared to either of the commercial products, and also showed an unexpected 

improvement in vapour permeability possibly due to high hydrophobicity of the pore walls inside 

the stone brought about by the application of the nano-filled coating [87]. However, reduction in 

water absorption by capillarity was not significant for all despite all treatments showing low 

wettability [87]. In another related study on the same nanoF material, the treatment was tested for 

potential anti-graffiti action due to its oleophobicity [88]. It was found to offer protection from 

artificially simulated pancreatin (pigeon excrement), but the anti-graffiti protection efficacy was 

found to depend more on the staining agent and cleaning procedure than the surface treatment. 

However, the nanoF product did fulfill the sustainability criteria in the development of 

conservation materials, as it offered protection comparable to commercial products in much 

smaller amounts [88]. 

In addition to the damage caused by water and graffiti, environmental pollutants in urban areas 

also pose a serious threat to historic monuments and often work in unison with water.  As a result, 

efforts have also been made to synthesize materials capable of degrading environmental 

contaminants by exploiting the photocatalytic properties of different semiconductor metal oxides 

[89]. Among these, TiO2 is the most widely used due to its low cost, safety, chemical stability and 

high photocatalytic efficiency [90], [91]. The development of photocatalytic products active in de-
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soiling is a possible way to limit soiling damage and to reduce the frequency of costly cleaning 

operations [92].  

Unfortunately, commercial nano-TiO2 dispersions are known to produce non-homogenous whitish 

films and do not perform well under solar radiation as they contain a UV component of less than 

5%. To meet this need, Gherardi et al. prepared nano-TiO2 based dispersions that were photo-

active under solar irradiation due to the presence of benzyl alcohol molecules involved in the non-

aqueous synthesis [93]. It was also found that the photocatalytic performance of the TiO2 

nanocomposites was highly dependent on the porosity of the stone substrate as well as the solvent 

used to create the dispersion. A water-based treatment gave optimal results on porous limestone 

and a 2-propanol based treatment worked well when it came to compact marble [94]. 

Cappelletti et al. found that hybrid coatings of TiO2 and silane were more effective in reducing 

salt formation compared to the pure resin [95]. Kapridaki and Maravelaki-Kalaitzaki and D’Orazio 

and Grippo had also designed transparent and hydrophobic TiO2-based hybrid coatings that 

conferred antibacterial activity and self-cleaning behaviour to stone substrate thus preventing 

biofilm growth and pollutant absorption [96], [97]. The choice of binder and its effect on the 

photocatalytic efficiency and hydrophobicity of nano-TiO2 coatings was investigated by La Russa 

et al. [98]. They demonstrated that the performance of the coating was related to the depth of 

penetration into the pore structure. Greater depth of penetration ensured both durability and 

hydrophobicity [98]. 

In more recent studies, Chatzigrigoriou et al. have utilized Ca(OH)2 nanoparticles to create new 

polysiloxane nanocomposites that impart superhydrophobicity to stone with an excellent chemical 

compatibility with limestone and limestone-like rocks (marble, travertine). The nanocomposites 
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provided good protection against water penetration by capillarity with only a small effect on the 

colour of the stone [99]. 

The nanoparticle approach has yielded many interesting MEWP with great versatility and 

applicability on a range of substrates offering protection from pigeon excrement and 

environmental pollutants. It also shows excellent results when it comes to minimal colour 

variation, as most nanoparticles are whitish. So much so, that a polymer-NPs composite has also 

been reported to induce less colour change to sandstone than the corresponding pure polymer did 

[86]. 

However, there are some concerns and limitations. The stability of the hydrophobic character of 

the self-cleaning nanocomposites when exposed to prolonged UV-radiation has been questioned 

and not enough is known about the potential health and environmental risks associated with the 

use of nanoparticles [100]. 

Moreover, many nanocomposites with very high SCA have not shown proportional protection 

from water. Some superhydrophobic and hydrophobic surfaces have been shown to offer the same 

protection from water absorption by capillarity. Interestingly, some superhydrophilic materials 

have also offered protection against water absorption provided a hydrophobic component is 

present in the material [101]. Consequently, the actual performance of these nanocomposites must 

not be inferred from their very high WCAs and OCAs alone as this is not a reliable measure of 

water repellency. CAH and SA parameters are necessary but they are often excluded from 

literature [102].  
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A second strategy to develop superhydrophobic and highly hydrophobic materials for the 

protection of stone includes the use of sols, solutions or emulsions which contain low surface 

energy materials. Many such functionalized polyolefins have been synthesized over the years.  

Tetraethoxysilane (TEOS) is a material that has been widely used to produce organic-inorganic 

(O-I) hybrid materials for stone preservation. TEOS is one of the most used stone consolidants, 

[103] whose effectiveness derives from hydrolysis-condensation reactions that lead to the 

formation of amorphous silica inside stone pores [71], [104], [105], [106]. The compatibility of 

the deposited silica gel with silicate substrates guarantees high durability on silicate stone [71]. 

However, its effectiveness is known to depend on the presence of quartzitic fractions inside the 

substrate. Consequently, TEOS-based consolidants have a tendency to crack during drying when 

applied to carbonate stone and are notorious for imparting only temporary hydrophobicity [103]. 

As we have seen, the use of surfactant has been widely adopted to improve crack-resistance and 

durability of conservation materials. Mosquera et al. synthesized a new O-I hybrid nanomaterial 

via sol-gel through the co-condensation of tetraethoxysilane (TEOS) and hydroxyl-terminated 

polydimethylsiloxane (PDMS-OH) in the presence of a non-ionic surfactant. The hybrid material 

was shown to improve the mechanical durability of the stone and create hydrophobicity with no 

associated negative effects on the treated stone. The material was also crack resistant due to both 

the PDMS and the surfactant. The former enhanced flexibility and shrinkage and the latter reduced 

surface tension of the solvent thereby facilitating homogenous co-condensation with regular pore 

sizes [107]. 

Further efforts to create crack-free TEOS materials resulted in an O-I hybrid xerogel made by Dan 

Li et al. PDMS-OH was used as an additive to TEOS with di-n-butyltin dilaurate (DBTL) serving 

as the catalyst. The DBTL was found to decrease gelling time, thereby increasing efficiency and 
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the xerogel’s cracking was improved by the addition of PDMS-OH. Moreover, it is known that the 

addition of colloidal silica particles to TEOS-based consolidants shows a significant reduction in 

fracture percentage and prevents cracking of the gel network during the drying phase [108], [109]. 

Therefore, a hybrid TEOS-SiO2-PDMS-OH solution was applied to limestone that increased both 

surface roughness and associated hydrophobicity (up to 97°) without any colour changes [110]. 

Later, Luo et al.  investigated the possible use of nano-hydroxyapatite (n-HA) as a new inorganic 

consolidant [111]. The composites were prepared by the co-condensation of TEOS and PDMS-

OH in the presence of n-HA. The TEOS/PDMS/n-HA material imparted enhanced hydrophobicity 

to the stone without compromising vapour transport. The improved hydrophobicity was achieved 

by the reduction of surface tension by PDMS and the increase of surface roughness by n-HA. The 

n-HA was also reported to effectively improve mechanical properties, crack-resistance, and 

weathering resistance without any colour changes to the stone [111]. 

Liu et al. created a similar composite for sandstone protection based on TEOS, PDMS-OH and a 

surfactant i.e. cetyl trimethyl ammonium bromide (CTAB) [112]. The CTAB created protrusions 

with the micro and nano-scale structure and prevented cracking during the drying process. The 

TEOS-PDMS-OH/CTAB coating improved the sandstone’s ability to resist acid and salt 

crystallization weathering significantly [112]. 

A special class of surfactants called fluorocarbons/fluorosurfactants are known to possess an 

exceptional ability to lower surface tension of polymer systems even when added in very low 

concentrations. These fluorinated molecules impart enhanced hydrophobicity and the polar groups 

of the surfactant facilitate stronger attachment to the stone substrate [113]. Perfluorooctanoic acid 
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(PFOA) and perfluorooctane sulfonate (PFOS) are two fluorosurfactants that are typically 

associated with fluoropolymers. Their chemical structure can be seen in figures 5 and 6. 

Figure 5: Chemical structure of perfluorooctanoic acid (PFOA) 

 

Figure 6: Chemical structure of perfluorooctane sulfonate (PFOS) 

 

However, in recent years, these C8 (eight-carbon) fluorocarbon products have been shown to be 

environmentally persistent and potentially hazardous in nature. In response to environmental 

concerns, C8 FCs can be replaced by short-chain fluorocarbons to create ecofriendly fluorinated 

polysiloxanes (FPS) like the ones utilized by Ugur in 2014 [116]. 

These fluorinated polysiloxanes (FPS) can be applied at room temperature without any need for 

special equipment. Additionally, Ugur proposes that unlike film-forming coatings e.g., acrylic and 

epoxy resins, these water repellents do not seal the pores of the stone surface thereby disturbing 

the breathability of the stone. Instead, Ugur’s FPS are proposed to form a thin layer on the pore 

walls as can be visualized in figure 7. It should be noted that numerous studies on siloxanes have 
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shown that they do not affect vapour permeability to a large extent. However, the same cannot be 

said for acrylics. 

 

Figure 7: Stone surface with a) FPS impregnation b) filled pores c) film-forming sealant 

 

Ugur modified two porous stones, limestone, and tuff, with a C6 fluoropolymer producing a 

byproduct supposedly 40 times less bio-accumulative than PFOA. Based on the anticipated low 

water solubility, it had very low mobility in soils making it an eco-friendly chemical [115], [116]. 

The general schemes for the organo-silicates and C6 fluorocarbons used are shown in figures 8 

and 9 respectively. 

 

Figure 8: General scheme for the organo-silicates 
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Figure 9: Scheme for C6 fluorocarbons 

 

Ugur’s FPS treatment effectively imparted hydrophobicity to both porous stones without any 

colour variation and maintained this hydrophobicity, up to a certain degree, even when exposed to 

extreme temperatures [116]. 

Kronlund et al. in 2015 proposed a strategy of total immersion to maximize the hydrophobicity 

achieved on marble through products containing fluorosurfactants/fluorinated polymers [117]. The 

contact angle measurements for six different products showed the SCA transformed from 64 ± 3° 

for untreated marble to ∼100° or higher, implying that the outermost surface was successfully 

hydrophobized. Mechanical grinding and capillary absorption measurements indicated 

functionality of the hydrophobic molecules up to a depth of 2 mm with no reduction in 

breathability. One of the products maintained 0% water uptake by capillarity for up to 72 hours of 

UV irradiation indicating that the total immersion strategy facilitates deep penetration resulting in 

protection from water uptake even when the outermost layers are abraded [117]. Fluorinated 

oligomers have also been tested by Cao et al. [118]. 

Although this second approach benefits from the absence of NPs in the recipe to achieve 

hydrophobicity, the fluorinated compounds frequently used as low-surface energy agents are 

hazardous as well and possess high environmental stability and mobility [119]. Since the highest 

SCA achieved on a smooth surface is that of Teflon at 120o it is clear that this approach works best 
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on substrates that are already roughened. This makes this approach best used in combination with 

other methods. 

This body of work utilizes the improved methodology described in the review paper by 

Karapanagiotis and Manoudis [151] to develop superhydrophobic and superamphiphobic 

nanocomposite coatings from two commercially available polysiloxanes, a C6 fluorocarbon 

polymer and SiO2 NP’s. The work follows the characterization of the novel nanocomposites’ 

wettability, mechanical strength and response to artificial aging.  

3  Materials  

The two novel superhydrophobic coatings characterized in this work were produced by dispersing 

SiO2 nanoparticles in two commercial organo-functionalized silanes by Evonik called Dynasylan® 

SIVO 121 and Protectosil SC®. The coatings were deposited on marble substrates to test their 

protection of the stone from water penetration and other related parameters. 

3.1 Marble 

Marble is a metamorphic rock formed from limestone under extreme temperatures. The parent 

rock consists of carbonate minerals i.e. calcite and dolomite. Under extreme temperature and 

pressure these minerals grow larger and fuse together to form marble. The different colours and 

patterns of marble depend upon the impurities present during rock formation. Marble has been 

valued for its durability and aesthetic appeal since ancient times. Our choice of substrate is based 

on the fact that a large volume of the world’s stone heritage utilizes this precious natural stone 

[120]. 
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The marble used in our experiments originated from Serres, Northern Greece, not far from the 

Drama-Kavala-Thassos region that is famous for its ancient marble quarries [121]. The marble 

used showed a compressive strength of ~150 MPa, a porosity of 0.5% and a specific gravity of 2.8 

based on the RILEM CPC 11.3:1984 test method reported by Dr. Tsiridis. 

3.2 Dynasylan® SIVO 121 

Dynasylan® SIVO 121 is a commercial wood surface impregnation agent that protects wood 

substrates from degradation caused by exposure to water and oils by imparting hydrophobic and 

oleophobic properties to these substrates. Our research group was interested in testing the 

product’s performance on a mineral substrate.  

Evonik reports Dynasylan® SIVO 121 to be a water-borne silane system that is nearly VOC-free 

and contains multiple fluoroalkyl functional groups. VOC’s are gasses emitted into the air from 

some products and processes that are toxic when inhaled and known to be carcinogenic. They can 

also react with gasses in the air to form other air pollutants [122]. Therefore, it is an important 

environmental consideration to try to eliminate the use of VOC and organic solvents. This product 

meets this criteria making it a safe and environmentally friendly choice.  

3.3 Protectosil® SC  

The environmentally friendly Protectosil® SC products are valued for their ability to impart 

hydrophobicity and oleophobicity to any mineral surface upon application and provide ideal 

protection for porous substrates such as sandstone and brick masonry, concrete, marble, or granite. 

This product is a corrosion inhibitor that penetrates the substrate deeply and does not allow the 

ingress of water and water-soluble pollutants. The deep penetration in the substrate implies that its 

protection should not be affected by abrasive load or exposure to ultraviolet radiation from the sun. 
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Herein, the potential of creating a superhydrophobic nanocomposite from this product through the 

introduction of nanoparticles has been explored [123].  

3.4 Fluoropolymer 

The fluoropolymer additive used has a commercial name Daikin Unidyne TG 5601 and is a 

cationic C6 fluorocarbon polymer. As discussed previously, C6 fluoropolymers are much more 

environmentally friendly than their C8 counterparts [115]. 

3.5 SiO2 nanoparticles  

The SiO2 NPs with diameter of 7 nm were selected as they have shown good results in previous 

studies. These were commercially acquired in fumed powder state from Sigma Aldrich.  

4 Background information 

This chapter details the work done prior to this research in preparing and depositing the novel 

coatings that were later characterized in the methodology, results and discussion chapters. It also 

includes a brief reasoning behind the shortlisted treatments that were tested alongside their initial 

static contact angles and colour measurements. 

4.1 Preparation and deposition of the coatings 

For the first treatment group, Dynasylan® Sivo 121 was diluted to a 20% w/w aqueous solution 

labelled D. 1% w/w SiO2 nanoparticles (fumed powder, Aldrich, 7nm) were introduced into D 

through vigorous mixing for 20 minutes. The dispersion labelled D/S was immediately sprayed 

onto marble. A 2% w/w SiO2 nanoparticle (fumed powder, Aldrich, 7nm) variant called D/2S was 
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also prepared. To further boost the hydrophobic/oleophobic character of the nanocomposite 

dispersion, a small quantity of fluoropolymer (C6 fluorocarbon polymer, cationic) was introduced 

into the D/S dispersion to create the D/S/F treatment.  

For the second treatment group, an aqueous solution was prepared with Protectosil® SC and 

fluoropolymer (C6 fluorocarbon polymer, cationic) in the ratio 6:1 labeled 6P/1F. Next, a 

nanocomposite was prepared by vigorous stirring of 2% w/w SiO2 nanoparticles (fumed powder, 

Aldrich, 7nm) into the 6P/1F solution for 20 minutes. This was followed by immediate deposition 

through spraying onto the marble substrate. This treatment was labelled 6/F/2S. The different 

coatings with their corresponding labels are summarized in table 1. Table 2 goes on to list the 

contact angle measurements for each of these coatings across the Dynasylan and Protectosil 

groups. 

Samples were prepared by spraying 0.08 g of each treatment per cm2 of marble substrate followed 

by drying at 60oC for 1 hour to enable curing through the sol-gel process and to remove excess 

solvent. 

Table 1: List of treatment types and their labels 

 

 

Treatment Type 

 

Label 

 

20% w/w aq. sol of Dynasylan® 

 

D 

D + 1% w/w SiO2 NPs D/S 

D + 2% w/w SiO2 NPs D/2S 

D + 1% w/w SiO2 NPs + fluoropolymer D/S/F 

D + 2% w/w SiO2 NPs + fluoropolymer D/2S/F 

Aq. sol of Protectosil® SC and fluoropolymer (6:1) 6P/1F 

6P/1F + 2% w/w fluoropolymer 6P/1F/2S 
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A preliminary comparison was done between treatment variants to optimize the nanoparticle 

concentration and siloxane to fluoropolymer ratios in the coatings selected for further testing, listed 

in table 1.  

The effect of nanoparticle concentration on the Dynasylan nanocomposites was revealed in the 

SEM images in figures 10a, 10b and 10c [153]. The surface of treatment D is smooth (figure 10a) 

and affected only by the roughness of the underlying marble substrate. The D/S nanocomposite 

surface (figure 10b) shows the presence of micro-clusters carrying nanostructures [24], [62]. 

Therefore, a two-length-scale hierarchical structure is formed on the D/S surface [24], [62] which 

is responsible for the large WCA and OCA associated with these coatings [153]. 

 

Figure 10: SEM images of marble with treatments (a) D, (b) D/S, (c) D/2S (d) D/S/F 

 

 

The SEM images of Figures 10b and 10c suggest negligible differences in the structures of the D/S 

and D/2S surfaces. The microclusters in the D/2S surface were only found to be slightly larger 

compared to the D/S surface. However, this small difference had no effect on the WCA which was 

practically the same for both D/S and D/2S surfaces. OCA, however, slightly increased with NP 
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concentration (Table 2) as low surface tension fluids are known to be more sensitive to slight 

changes in surface structure compared to high surface tension water droplets [102]. Overall, the 

structures of the D/S and D/2S surfaces were quite similar [153]. 

Previously published studies on the wetting properties of nanocomposites showed that beyond a 

specific critical value of NP concentration, the surface becomes saturated with hierarchical 

structures [78], [138]. Further increase of the NP concentration does not have a significant impact 

on the surface structure and the resulting WCA of the composite material [24], [62], [78], [138]. 

The critical value of the NP concentration depends on the type of the polymer and nanoparticles 

used. SEM images of figures 10b and 10c suggest that for the composite studied herein, the 1% 

w/w NP concentration is adequate to reach the saturation point, as no major difference is observed 

between the structures of the D/S and D/2S surfaces and their corresponding WCAs.  

Taking into consideration that (i) the wettabilities of the D/S and D/2S coatings are similar and (ii) 

the increasing concern about the potential health and environmental risks associated with the use 

of NPs [100], [139], the low NP concentration of 1% w/w was selected to prepare the fluorinated 

D/S/F coating [153]. Similarly, different ratios of Protectosil SC, fluoropolymer and SiO2 

nanoparticle concentration were tested, and the treatments mentioned in Table 1 were shortlisted 

based on the best combination of SCA and colour differences, as well as an effort to select 

conservative amounts of additive to meet sustainability criteria. 

4.2 Contact angle measurements  

Contact angle measurements categorized the level of hydrophobicity and oleophobicity imparted 

to stone by each of the treatments. Commercially available olive oil was used for OCA 
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measurements. Table 2 summarizes both the water contact angle (WCA) and the olive oil contact 

angle (OCA) for each of the shortlisted treatments measured by Dr. Manoudis.  

 

Table 2: Summary of initial contact angle measurements for each treatment. 

 

The D/S/F coating is superhydrophobic with a WCA=160° and the 6P/1F/2S coating displays 

superamphiphobicity with WCA= 160.3° and OCA=152.2° These two novel MEWP are central 

to the following research work.   

4.3 Colorimetric measurements 

Before proceeding to other tests, it was essential to first quantify the colour change across treated 

and untreated surfaces as coatings intended for use in the field of conservation must conform to a 

narrow range of permissible chromatic variation in the substrate after treatment.  A portable point-

Treatment 
Water Contact Angle (WCA) (o) Olive Oil Contact Angle (OCA) (o) 

Mean Stand. Dev. Mean Stand. Dev. 

Dynasylan®     

D 115.6 1.7 87.9 2.8 

D/S 133.40 1.83 111.5 1.55 

D/2S 132.53 1.7 123.4 5.95 

D/F 129.5 1 118.9 1 

D/S/F 160 1 137 2 

D/2S/F 161 1 94* 4 

Protectosil® SC     

6P/1F 130.7 1.2 103.4 5.7 

6P/1F/2S 160.3 2.5 152.2 0.7 
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and-shoot PCE-CSM 4 from PCE Instruments, UK [126] was used for colour measurements 

(figure 11). 

Figure 11: Instrument used for colour measurements  

 

A global colour difference parameter, ΔΕ, was measured across bare and coated marble samples 

and derived from equation (6) from the CIE 1976 scale [99], 

∆𝐸∗ = √(𝐿𝑡
∗ − 𝐿𝑢

∗ )2 + (𝑎𝑡
∗ − 𝑎𝑢

∗ )2 + (𝑏𝑡
∗ − 𝑏𝑢

∗ )2  (6) 

where L*, a* and b* correspond to the brightness, red–green component and yellow–blue 

component, respectively. The ‘t’ and ‘u’ subscript refer to the treated and untreated samples 

respectively [99]. Three measurements per sample were taken and the average values were 

reported.  

The samples gave promising colorimetric results with all coatings showing a colour difference 

corresponding to ΔΕ < 5. This colour variation is invisible to the human eye and deemed acceptable 

according to Italian guidelines for materials to be used for the conservation of historic surfaces 

[134]. The colorimetric results for the Dynasylan and the Protectosil SC treatment groups are 

summarized in tables 3 and 4 respectively.  
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Table 3: Colorimetric measurements for the Dynasylan group 

 

  

 

 

 

 

 

 

 

 

 

 

 

Table 4: Colorimetric measurements for the Protectosil SC group 

 

 

 

 

 

 

 

 

 

 

The addition of nanoparticles to create materials with extreme wetting properties has consistently 

shown excellent results regarding minimal colour variation due to their whitish colour. To the 

extent that, in the past, a polymer-NPs composite has been reported that induced less colour change 

to sandstone than the corresponding pure polymer did [86]. The results shown by the 

superamphiphobic Protectosil coating are similar as the pure polymer displays a larger chromatic 

variation than the nanocomposite corresponding to much smaller ΔΕ values. 

 

Treatment 

 

ΔΕ* 

 

stdev 

D 0.82 0.37 

D/S 2.00 0.46 

D/2S 2.05 0.30 

D/S/F 3.61 1.41 

D/2S/F 4.41 1.87 

 

Treatment 

 

ΔΕ* 

 

stdev 

P 3.72 0.52 

6P/1F 1.3 0.3 

6P/1F/2S 1.9 0.4 
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5 Methodology 

5.1 Contact angle measurements 

The Krüss Mobile Surface Analyzer (MSA) was used to confirm the WCA right before 

experimentation was consistent with that measured right after sample preparation. SCA was 

measured at three random points on the specimen, as shown in figure 12, and mean values were 

reported.  

Figure 12: Krüss Mobile Surface Analyzer (MSA) 

 

 

5.2 Water absorption by capillary action test 

The treatments’ ability to reduce water absorption by capillarity was evaluated using a gravimetric 

sorption technique [127], based on the European standard EN-15801 [152]. The test was carried 

out using 5 x 5 x 2 cm test pieces with one 5 x 5 face coated with the treatment under analysis. 

Prior to the test, the lateral sides of the samples were sealed with a layer of Teflon tape followed 

by a layer of electrical insulation tape. This was done to eliminate any contribution in mass change 
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due to contact of water with the bare sides of the specimen. In optimization attempts, paraffin 

followed by electrical tape was tested as the sealant. It did not provide satisfactory insulation. 

Figure 13: Optimization run to test water absorption by capillarity  

 

The dry weighed stone blocks were placed with the treated side face-down on a filter paper pad (1 

cm of Whatman paper, No. 4) fully drenched in distilled water. The sample was extracted after 

regular intervals, blotted to remove excess water, and weighed. The test was run for 48 hours in 

total to give the low porosity substrate plenty of time to saturate in water and for the water uptake 

to flatline. Alternatively, the test can also be discontinued when the difference between two 

consecutive weights becomes less than 1% of the mass of water absorbed by the specimen 

according to the standard consulted [152]. The Protectosil group was tested by Dr Manoudis 

following the same protocol except without the need to insulate the lateral sides of the specimens. 

The percentage reduction in water absorption by capillarity was measured by comparing the mass 

of water absorbed by the treated versus untreated surface using equation (8), 

% 𝑅𝐶 =  
𝑚𝑢−𝑚𝑡

𝑚𝑢
 ×  100 (8) 
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where, mu and mt correspond to total mass of water absorbed by untreated and treated marble 

specimen respectively [128], [129]. 

Four test pieces per treatment and two untreated test pieces were used in each experimental run. 

5.3 Water vapour permeability test 

The vapour permeability test, based on the European standard EN-15803 [155], operated off 

creating a vapour pressure gradient across the specimen, through wet or dry conditions, to check 

for any change in the breathability of treated stone. 

Protocol One: 

Squared sample blocks with dimensions of 2 x 2 x 2 cm were fixed with the treated face up on top 

of identical cylindrical PVC containers half filled with saturated aqueous potassium nitrate (KNO3) 

solution. The KNO3 solution was used to simulate 93-95% humidity and create high vapour 

pressure inside the cup to promote vapour flow through the stone. The specimen was secured on 

the PVC container with electrical tape, after which the assembly was wrapped in paraffin leaving 

only the treated face exposed to air. The container was then placed at a temperature of 20oC in a 

humidity-controlled chamber (R.H. = 40%) and weighed every 24-hours. The percentage reduction 

in vapour permeability was measured by comparing the mass change associated with vapour loss 

for treated and untreated stone surfaces. This protocol showed very low breathability resulting in 

very small numbers that were unreliable and nonrepresentative; therefore, the protocol was 

revised. 
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Protocol Two: 

In this protocol a wet cup method shown in figure 14 was followed with the PVC containers half-

filled with distilled water and the climatic chamber kept at an elevated temperature to promote 

vapour flow [129]. The PVC containers were sealed with a layer of tac followed by paraffin to 

direct vapour flow through the stone and out from the treated face. The use of tac showed better 

insulation results than the electrical tape used previously. The containers were placed in a climatic 

chamber at 40 ± 0.5 °C, R.H. 15% and weighed every 24 hours.  

Figure 14: Vapour permeability test setup 

 

It was assumed that the vapour flow through the stone had reached a steady state when the variation 

between two consecutive 24 hour vapour losses, ΔMi-1 and ΔMi, was less than 2% according to 

(9).  

∆𝑀𝑖−∆𝑀𝑖−1 

∆𝑀𝑖
 ×  100 < 2% (9) 
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Under constant vapour flow, the water vapour permeability was evaluated as the mass of water 

vapour passing through the surface unit in 24 hours [129]. The reduction in vapour permeability 

was calculate according to equation (10), 

%𝑅𝑉𝑃 =  
𝑚𝑢𝑣−𝑚𝑡𝑣

𝑚𝑢𝑣
×  100  (10) 

where muv and mtv refer to the mass of vapour lost, in steady state, from the untreated/bare and 

treated/coated samples respectively [129]. Three test pieces per treatment and three untreated test 

pieces were set up. 

5.4 Sandpaper abrasion test 

The abrasion test was performed on 5 x 5 x 2 cm squared blocks, treated on one 5 x 5 cm face. The 

sample was placed face-down on the sandpaper (mesh 160) with a weight of 100 g placed on top 

(figure 15). Together with the weight of the sample this corresponded to a total pressure of about 

0.92 kPa [153]. The sample was moved 10 cm along a ruler, rotated by 90° and moved for another 

10 cm. This process is defined as one complete abrasion cycle which guarantees that the specimen 

is both longitudinally and transversally abraded in each cycle while maintaining movement in one 

direction [130], [131], [132].  

Figure 15: Sandpaper abrasion test setup 
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The samples were subjected to multiple cycles of abrasion, each followed by measurement of the 

contact angle. WCA was measured at five different points on the specimen. Two test pieces per 

treatment were tested. 

5.5 Tape peeling test 

The tape peeling test was applied using a Scotch Tape 600 (3M) according to the specifications 

described in ASTMD-3359 97. An adhesive tape (Scotch-600 tape) was glued to the treated 2 x 2 

cm sample surface and firmly pressed down followed by a steady removal through peeling. This 

comprised one peeling cycle. WCA was measured in three different areas of the sample after each 

cycle [132]. Two test pieces per treatment were used. 

5.6 Freeze-thaw test 

The freeze-thaw test was applied on 2 x 2 x 2 cm samples treated in one face. The samples were 

subjected to freezing temperature of -22°C in a refrigerator for 15 minutes and then thawed inside 

a silica desiccator to room temperature [133]. WCA was measured in at least three different areas 

after each cycle. Two test pieces per treatment were used. 

5.7 Acid/ rain simulation test 

During the rain simulation test, the sample was placed about 50 cm away under a contraption 

(figure 16) that sprinkled water on it. A complete cycle of rain consisted of one liter of distilled 

water dropped on the sample over the course of roughly an hour. The sample was then dried at 

60oC in the oven for 10 mins to 2 hours. After the samples cooled down the WCA was measured 

at three random points on the surface. 
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Figure 16: (a) Rain water dispenser contraption (b) Artificial rain experimental set up 

        (a)       (b)  

 

A variation of this test was set up to simulate acid rain. The water sprinkled on the samples in this 

test was acidified to a pH of 4.30. The rest of the protocol remained unchanged. Three samples 

were tested per treatment and more added for confirmation purposes. 

5.8 Sand-grit erosion test 

The sand-grit erosion test was performed on 2 x 2 x 2 cm squared blocks placed 0.4 m away at a 

30° angle from the sand source (figure 17). Sand with a particle size < 230 microns was utilized A 

funnel dropped 50 g of this sand on the treated face of the specimen per cycle. WCA was measured 

in at least three different areas after each cycle until the contact angle dropped below 90°. One 

sample per treatment was tested. 
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Figure 17: (a) Sand-grit test experimental set up (b) Sand-grit erosion test in action 

     (a)       (b)  

5.9 Accelerated UV-aging test 

The artificial aging test was performed on 2 x 2 x 2 cm sample blocks placed 32 cm away from a 

UV source (Osram Dulux S Blue, 9W/78V, UVA 300-400 nm) inside a chamber (figure 18) for 

60 days. The temperature of the chamber was kept at 27.7oC and the radiation intensity on the 

sample was 1.064 W/m2. The samples were inspected visually for colour variation and WCA was 

measured periodically in at least three different areas of the sample. 

One test piece per treatment was tested. 
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Figure 18: (a) UV-aging set up (b) UV chamber in action 

 

     (a)     (b)  

 

6  Results and Discussion 

Substantial time and effort were invested in developing and optimizing the test protocols used to 

obtain the following results. These protocols were adapted from standards, adopted from previous 

research, and optimized through trial runs. Six different runs of the vapour permeability test were 

used to optimize the protocol that was ultimately able to achieve steady vapour flow. Particularly, 

the sandpaper abrasion test was applied to coatings being developed for heritage application for 

the first time. The protocols and associated contraptions for the freeze-thaw, acid/rain simulation 

and sand erosion test were all developed entirely from scratch with the help of Dr. Tsiridis.  
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6.1 Water absorption by capillary action test 

The mass of water absorbed from the capillary transport medium was directly recorded as a 

function of time. The amount of water absorbed by the specimen per unit area, Qi (expressed in 

grams per square meter) at time ti is calculated as follows, 

 

𝑄𝑖 = [(𝑚𝑖 − 𝑚0)/𝐴]  (11) 

 

According to simplified models for porous stones, the amount of water absorbed by capillarity 

should be proportional, through coefficients of stone porosity and water diffusivity, to the square 

root of contact time with the capillary transport medium up until saturation [135]. Figure 19 shows 

the progression of Qi with the passage of time for the Dynasylan group. The shape of this graph 

shows a roughly linear trend for water uptake that eventually plateaus indicating that the stone has 

become saturated with water taken up from the capillary transport medium. This trend is typical 

for this test [4], [86]. 

 

Figure 19: Plot of Q against t1/2 for the Dynasylan group  
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Intuitively, the maximum amount of water is absorbed by the bare marble samples. Treatment D 

decreases this quantity significantly and the nanocomposites show a further improvement in this 

reduction in water uptake by capillarity. To further investigate if there is any significant difference 

in the protection afforded by the two nanocomposites, D/S and D/S/F, the capillary absorption 

coefficients were approximated. 

Despite marble’s low porosity, Qi could be linearly regressed against the square root of time up to 

saturation point. The slope of this regression gives an approximate water capillary absorption 

coefficient (AC) [152]. The AC values quantify the extent to which water is absorbed by each 

treatment. The accuracy of the coefficients depends on how well the linear regression fits the curve 

and is reflected by the associated R2 values which should be 1 for a perfect fit. The linear regression 

of most samples corresponded to R2 >0.9 implying a good fit. Figure 20 summarizes the AC values 

for the Dynasylan treatment group. 

 

Figure 20: Approximate absorption coefficients for the Dynasylan treatment group 

 

 

The difference in absorption coefficients for D/S and D/S/F fluctuate within the standard deviation 
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a precedented result as many superhydrophobic and hydrophobic surfaces have been shown to 

offer comparable protection from water absorption by capillarity [101]. An enhancement in the 

SCA of the D/S/F treatment (WCA= 160°) compared to the D/S (WCA=133.40°), does not show 

a proportional enhancement in the protection against water penetration. However, it is important 

to note that this test alone is not a reliable criterion to judge the performance of a coating, as 

surfaces displaying superhydrophilicity have also been shown to inhibit water uptake by 

capillarity, provided at least one hydrophobic component is present [101]. Furthermore, durability 

tests affirmed that the D/S/F coating did offer improvement over the D/S coating, as the latter 

abraded much more readily than the former. 

In more practical terms, the results are reported as the percentage reduction in water absorbed via 

capillary action (%RC), calculated using equation (8). In an ideal but unrealistic coating this 

reduction in water uptake should be 100% indicating that it is a perfect sealant whose application 

eliminates water uptake completely. In real coatings other parameters such as breathability must 

be maintained in a reasonable range necessitating a compromise in the extent to which the surface 

can be sealed. Figure 21 shows the %RC for each of the three coatings in this treatment group. 

 

Figure 21: %RC for D, D/S and D/S/F treatments 
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Treatment D shows a 47 ± 9.9 % reduction in water uptake compared to 52 ± 6.8% for the D/S 

and 59 ± 6.8% for the D/S/F treatment. In previous studies, a similar nanocomposite coating 

deposited on marble and consisting of siloxane, fluoropolymer, and silica nanoparticles was shown 

to reduce water penetration into stone by 75.1% [86] Another composite coating consisting of an 

amino/fluoro-modified polysiloxane and calcium hydroxide nanoparticles resulted in an  

RC% = 73% [99]. The D/S/F nanocomposite gave a result in the ballpark of what is expected for 

such a coating. 

The Protectosil SC treatment group was also tested for reduction in water uptake through capillary 

action and figure 22 shows the amount of water absorbed by the specimen per unit area, Qi (g/m2) 

plotted against the square root of contact time with the capillary transport medium. 

 

Figure 22: Plot of Q against t1/2 for the Protectosil SC group  
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Intuitively, marble once again absorbs more water before surface treatments. The 6P/1F treatment 

reduces water uptake by capillarity by about 52% compared to bare marble. Figure 23 summaries 

the %RC results for this group.  

Despite corresponding to a much higher initial SCA of 160.3o ± 2.5 compared to the 130.7 o ± 1.2 

of the 6P/1F coating, the nanocomposite 6P/1F/2S affords less protection from water penetration 

(RC = 44.4%) than the latter (RC = 52%). This is an unexpected result but as mentioned previously 

the water absorption by capillarity test is not the only parameter used to judge the performance of 

coatings. Having said that, it is possible that the superamphiphobic coating is fragile to prolonged 

contact with water which may cause cracking, thereby compromising the level of protection 

provided by the coating. The presence of fractures in siloxane-based products on stone materials 

has been reported in multiple studies [102], [144], [145] as products which polymerize through a 

sol-gel route [146,147] frequently exhibit cracks. These cracks are ascribed to shrinkage 

phenomena taking place throughout the drying phase [148]. Others tests carried out on this coating, 

potentially add weight to this theory. In future studies, SEM-imaging can help visualize these 

cracks if they exist. It has been shown that higher concentrations of siloxane-based hydrophobic 

coatings show more cracking [149] and that humid drying conditions can prevent cracking [150]. 

Therefore, perhaps by tweaking the proportions and modifying curing conditions a coating with 

better performance and durability can be fabricated.  
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Figure 23: %RC for 6P/1F and 6P/1F/2S treatments 

   

 

It may also be that the chemistry of the chosen polymer is not suited to create superhydrophobic 

composites through this route. In some cases, nanoparticle aggregates may cause drastic thinning 
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the untreated and treated parts with possible consequent detachments [88]. For this reason, the 

vapour permeability test was set up to quantify if and to what extent vapour diffusion and 

evapouration through the stone was negatively impacted post surface treatment. 

Multiple experimental runs were set up and many months’ worth of data collected while 

simultaneously optimizing the protocol. Only the fourth and fifth attempts achieved steady vapour 

flow according to the 2% criterion of (9). These included two bare marble samples (5th attempt), 

two 6P/1F samples (4th attempt) and one D/S/F sample (5th attempt). The reduction in vapour 

permeability result for the D/S/F and 6P/1F treatments is summarized in figure 24. 

 

Figure 24: %RVP for samples obeying the 2% criteria 
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close correspondence of our result with expected values adds weight to the %RVP for the D/S/F 

coating.  

Albeit the 6P/1F/2S superamphiphobic coating did not meet the 2% criterion for steady state 

vapour flow. Some useful information may be drawn by considering a laxer 5% cut off for steady 

vapour flow that has been used previously [143] and corresponds to (12), 

 

∆𝑀𝑖−∆𝑀𝑖−1 

∆𝑀𝑖
 ×  100 < 5% (12) 

 

If we consider this new criterion (12) two additional 6P/1F treatments (5th attempt), in excellent 

agreement with the 6P/1F samples (4th attempt) meeting the 2% criterion, also achieve steady state. 

Additionally, three samples of 6P/1F/2S meet the 5% criterion as well and are in excellent 

agreement with each other across two separate experimental runs. Figure 25 summarizes the 

reduction in vapour permeability results following this 5% criteria for steady vapour flow. 

 

Figure 25: %RVP  for samples obeying the 5% criteria 
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In figure 25 the 6P/1F/2S coating is associated with a reduction in stone breathability by 54%. The 

6P/1F result is slightly modified by considering the additional two vapour loss values that bring 

down the central value to a lower more tightly clustered one. Therefore, the resulting reduction in 

breathability is slightly more pronounced.  

The coatings overall seem to show reasonable breathability for the marble. However, more samples 

set up in the optimized protocol can validate these results further. The Protectosil treatment group 

shows repeatability in results increasing the confidence associated with results of this group. The 

D/S/F coating results are based on one sample alone but correspond perfectly to values reported in 

literature [86]. 

6.3 Sandpaper abrasion test 

Mechanical durability is a major application-oriented concern for materials synthesized for use as 

water repellent coatings, particularly because a large volume of fabricated superhydrophobic 

surfaces abrade readily due to the delicate nature of their surface texture [136], [137]. Sometimes 

little more than brushing with a tissue is sufficient to destroy the fabricated surface. Moreover, 

many studies in heritage science neglect to test this vital parameter in the development of coatings 

for heritage applications. Therefore, multiple tests were employed in this work to evaluate the 

resilience of the synthesized coatings, the first being the sandpaper abrasion test. This test has not 

been applied to materials developed for use in cultural heritage before as it is considered a harsh 

measure of durability. 

Three treatments belonging to the Dynasylan group i.e., D, D/S and D/S/F were tested using the 

sandpaper abrasion test. Figures 26, 27 and 28 show the WCA plotted against abrasion cycles for 

this treatment group. 
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Figure 26: WCA variation with abrasion cycles for D 

 

Figure 27: WCA variation with abrasion cycles for D/S 

 

Figure 28: WCA variation with abrasion cycles for D/S/F 
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Treatment D maintained its hydrophobicity for approximately 30 cycles of abrasion. However, 

treatment D/S lost its enhanced hydrophobicity after just the first cycle of abrasion and lost 

hydrophobicity completely by the 9th cycle. During the first cycle of abrasion white powders were 

found on the sandpaper. From other studies [131] it is well substantiated that these are 

floating/partially embedded nanoparticles. Since the interparticle forces between nanoparticles are 

weak these NPs are particularly vulnerable to abrasion. The addition of fluoropolymer in treatment 

D/S/F afforded physical support to the partially embedded nanoparticles consequently increasing 

the resilience of the coating. The D/S/F treatment showed a very promising result maintaining 

enhanced hydrophobicity up to 16 cycles of abrasion. 

6.4 Tape peeling test 

The sandpaper abrasion test was a harsh mechanism to test the mechanical durability of the 

synthesized coatings. A second, milder durability test was also set up. The same treatments i.e., D, 

D/S and D/S/F were tested and their WCA was plotted against tape peeling cycles in figures 29, 

30 and 31 respectively. 

Treatment D maintained its hydrophobicity even after 100+ cycles. Treatment D/S maintained 

enhanced hydrophobicity for 5 cycles (compared to the one in the case of sandpaper abrasion) and 

lost hydrophobicity completely after 16 cycles. The D/S/F treatment maintained enhanced 

hydrophobicity for up to 25 cycles and remained weakly hydrophobic for 50+ cycles. 
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Figure 29: WCA variation with tape peeling cycles for D 

 

Figure 30: WCA variation with tape peeling cycles for D/S 

 

Figure 31: WCA variation with tape peeling cycles for D/S/F 
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Intuitively, the tape peeling test reproduced the same trend as the sandpaper abrasion test. D 

showed the most resilience to abrasion, as is expected from a pure polymer system, and the D/S 

treatment was once again found to be quite fragile to abrasion. This demonstrates the need for 

fluoropolymer use to stabilize the SiO2 nanoparticles in the polymer matrix. The 

superhydrophobic D/S/F treatment tolerated 50+ peeling cycles indicating very good mechanical 

durability. 

6.5 Freeze-thaw test 

Ice/frost accretion in moist conditions is a typical thorny case to weaken the superhydrophobicity 

and shorten the service life of water repellent products. Therefore, the coatings were tested in their 

ability to tolerate cycles of freezing and thawing that measures their mechanical robustness in 

extreme temperatures [133].  

This test was carried out on the Protectosil treatment group whose mechanical durability was not 

tested by the sandpaper abrasion and tape peeling tests. Both the 6P/1F and 6P/1F/2S treatments 

maintained their enhanced hydrophobicity over twenty cycles of freezing and thawing. The results 

can be visualized in figures 32 and 33. 

Figure 32: WCA against freeze-thaw cycle for two samples of 6P/1F 
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Figure 33: WCA against freeze-thaw cycle 6P/1F/2S 

 

6.6 Acid/ rain simulation test 

The rain simulation test was also performed on the Protectosil treatment group. The results for the 

6P/1F and 6P/1F/2S treatments can be visualized in figure 34. 

 

Figure 34: Rain test for the Protectosil group 
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The 6P/1F coating was durable in the face of simulated rainfall with its WCA dropping only 

slightly from 132 ±1.89° to 130 ±1.19°. The 6P/1F/2S treatment also gave a good result with its 

WCA transforming from 160 ± 0.88° to 149 ±4.91°. It is worth mentioning that the result for the 

6P/1F coating showed repeatability but that of the 6P/1F/2S coating did not. Further testing under 

acid rain, however, confirmed that the 6P/1F/2S coating did retain stability across acid/rain cycles. 

This raised a potential issue with the experimental set up/protocol that needs optimization to 

eliminate the inaccuracy in some repeat samples of 6P/1F/2S.   

The use of distilled water during the rain test means that it is a measure of durability in response 

to water impact. To simulate rain in urban environments more realistically, another version of the 

test was performed with acidified water (pH ~4.3). The results for the Dynasylan and Protectosil 

groups are summarized in figures 35. 

One sample of the D/S and both samples of the D/S/F treatment retained enhanced hydrophobicity 

upon exposure to artificial acid rain. The 6P/1F treatment gave the same result across the water 

impact and acid rain tests. Other studies have shown superhydrophobic polysiloxane-SiO2 NP 

coatings offering good resilience to immersion in strong acid/base solutions [142]. Consequently, 

their high tolerance to acidified rain is substantiated. 
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Figure 35: Acid rain test for both groups 

 
 

6.7 Sand-grit erosion test 

Yet another test for durability, the sand-grit erosion test was performed on both treatment groups.  

The D/S treatment lost hydrophobicity after 10 cycles of sand-grit erosion (figure 36). Interestingly 

the D/S/F coating also took the same number of cycles to be destroyed (figure 37). 

 

Figure 36: WCA against sand-grit erosion cycle for D/S 
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Figure 37: WCA against sand-grit erosion cycle for D/S/F 

 

In the Protectosil group, the 6P/1F showed great results affirming its good mechanical robustness 

demonstrated in other tests as well. Hydrophobicity was maintained for 46 cycles of sand-grit 

erosion (figure 38). The 6P/1F/2S was, however, found to possess poor durability as it lost 

hydrophobicity in one cycle of sand-grit erosion going from a WCA of 159.9o to that of 84o. 

 

Figure 38: WCA against sand-grit erosion cycle for 6P/1F  
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6.8 Accelerated UV-aging test 

An accelerated aging experiment using UV irradiation was used to investigate the anti-aging 

performance of the four treatments viz. D/S, D/S/F, 6P/1F and 6P/1F/2S. All treatments retain 

enhanced hydrophobicity after ~2 months (1344 hours) of accelerated aging in the UVA chamber.  

Figure 39: UV-Aging for the Dynasylan group 

 

 

Figure 40: UV-Aging for the Protectosil group 
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Previous studies have drawn positive correlations between the presence of fluoropolymer and 

nanoscale roughness and the coating’s resistance to UV degradation. The close stacked nano-SiO2 

particles have been hypothesized to form a dense surface structure with a uniform nano-roughness 

which can act as a protective layer for the coating enabling UV resistance [140]. However, the 

irradiation intensity in our experiments was kept at a low 1.064 W/m2 similar to Huang et al. [154]. 

Others have also used higher intensities in the 60-180 W/m2 range as well [140]. In the future, the 

coatings should be tested at greater irradiation intensity and for longer periods of exposure. Other 

studies have also utilized higher temperatures in the climatic chamber accompanied by regular 

cooling incorporated into the protocol. Moreover, gloss assessments can give us interesting data 

to work with as well [140]. 

Our data suggests that all treatments show good results by maintaining enhanced hydrophobicity 

through two months of UV exposure. No conclusion can be drawn about the effect of 

fluoropolymer and nanoscale roughness on rate of accelerated aging at this stage. 

 

 

 

 

 

 



 74 

7  Conclusion 
 

Nature is abundant in surfaces that display special non-wetting behaviours caused by a multiscale 

hierarchal roughness combined with materials that lower surface energy. Prior to this work, a 

biomimetic route was used to fabricate a superhydrophobic coating, D/S/F (WCA=160°) and 

another superamphiphobic coating, 6P/1F/2S (WCA=160.3°, OCA=152.2°) on marble. Both 

coatings did not affect the original colour of the marble substrate (ΔЕ* < 5.0). This research project 

assessed the performance of these novel coatings by characterizing their water uptake behaviour 

through the water absorption by capillarity test, breathability through the vapour permeability test, 

mechanical durability through the sandpaper abrasion and tape peeling tests, response to 

environmental degradation agents through the freeze-thaw, acid/rain simulation and sand-grit 

erosion tests, and finally, their response to accelerated UV-aging. Furthermore, it also helped 

develop and optimize the test protocols used to assess novel coatings designed for stone protection. 

A great emphasis was placed on mechanical durability assessment which is an often neglected in 

the development of materials destined for application in the field of heritage. The D/S/F coating 

offered better protection against water absorption by capillary (%RC = 59 ± 6.8%) compared to 

the pure hydrophobic binder (%RC = 47 ± 9.9%) i.e., a 25% improvement in protection compared 

to the commercial product. The coating achieved this while reducing the stone’s breathability by 

only ~16% and showing good mechanical durability evidenced by the maintenance of enhanced 

hydrophobicity through 16 cycles of the sandpaper abrasion test, which, to the best of our 

knowledge, has not been applied to heritage studies prior to this work. The coating also maintained 

hydrophobicity for 50+ tape peeling cycles and was also resilient to acid/rain simulation and sand-

grit erosion. Overall, the coating showed an improvement in protection against water penetration 

with minimal to negligible associated negative impacts and promising durability. The 6P/1F/2S 
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coating, however, did not show improved protection from water uptake through capillarity, which 

is not a reliable criterion on its own to judge the performance of a coating. The treatment also 

resulted in a ~54% reduction of breathability in the stone and was found to be vulnerable to the 

very harsh sand-grit erosion test but tolerant to at least 15 freeze-thaw cycles and acid/rain 

simulation. Moreover, both the coating maintained their enhanced hydrophobicity over two 

months of accelerated UV-aging. This coating offers potential that can be explored further by 

running other tests and investigating if any modifications can improve the associated breathability. 

Since this coating is superamphiphobic, its anti-graffiti protection can also be explored in the 

future. This body of work helped unveil the performance and durability of two novel coatings 

displaying extreme wetting behaviours by using a methodology that is heritage-application 

oriented.  
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