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ABSTRACT OF THE THESIS 

 

Influence of Surface Roughness on Hydrophobicity 

 for the Protective Treatment of Calcareous Stone 

by 

Kasey Lee Hamilton 

Master of Arts in Conservation of Archaeological and Ethnographic Materials 

University of California, Los Angeles, 2020 

Professor Christian Fischer, Chair 

 

 This research investigates the potential for surface modifying pre-treatments to increase the 

surface roughness of calcareous stone in order to improve efficacy of hydrophobic protective treatments. 

The modification of intrinsic surface roughness is presented as an alternative to nanocomposite coatings 

which are currently being explored for multifunctional, superhydrophobic effects. Novel pre-treatment 

methods were developed and evaluated for their ability to modify surface roughness of calcite, marble 

and limestone samples through anisotropic dissolution and precipitation mechanisms. Surface 

modification achieved through pre-treatment was assessed using scanning electron microscopy (SEM). 

Hydrophobic treatments were applied to surface-modified samples and contact angle measurements 

were obtained. These contact angle measurements were compared to those achieved on unmodified 

surfaces receiving the same hydrophobic treatments. This research demonstrates the potential for pre-

treatment methods to modify surface roughness and improve hydrophobicity for some substrates, and 

may provide an alternative method for achieving superhydrophobic, self-cleaning surfaces if further 

improved.  
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INTRODUCTION 

The deterioration of cultural heritage has been a widespread concern since antiquity, as evidenced by 

the writings of Pliny the Elder and Vitruvius [1]. The importance of this issue has only grown stronger with 

time, amplified by issues related to industrialization, climate change, and intentional vandalism or 

terrorist attack. Among the various factors involved in the degradation of cultural heritage objects, water 

is a primary and insidious agent of decay. It is omnipresent in outdoor environments, taking the form of 

water vapor in humid climates, acidic rainwater in polluted regions, or rising damp in moist soil. 

Calcareous stones (e.g. marble or limestone) have been used worldwide for culturally significant 

monuments and sculptures, and because of their chemistry, are particularly vulnerable to the action of 

water. The primary constituent of these stones (calcite) is slightly water soluble, even more so when 

exposed to acidic rainwater found in polluted urban environments. The prevalence of carbonate materials 

combined with their enhanced sensitivity to water warrant dedicated attention to ensure the preservation 

of important cultural heritage monuments and statues.  

Since the early attempts of von Hoffman [2] and Reis [3], a variety of conservation treatments have 

been proposed over the years to protect stone from the damaging action of water [4], [5]. More recently, 

novel multi-functional coatings have generated substantial interest within the cultural heritage field due 

to their ability to combine various protective effects. These materials are characterized as hybrid or 

composite coatings, consisting of nanoparticles dispersed within a polymer matrix. The coatings often 

display extreme water-repellent properties as a result of surface roughness enhanced by the presence of 

nanoparticles.  Consequently, hybrid coatings may also exhibit self-cleaning effects, providing cultural 

heritage professionals with a more passive/preventive means of cleaning artwork or monuments. 

However, at this point in time, further research is needed to better determine the suitability of these 
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products for the field of cultural heritage. Some important outstanding questions include the effect of 

visible alterations to the original material as well as long-term aging characteristics.  

 The research presented here aims at investigating an alternative method for producing extreme 

water repellency and self-cleaning behavior by directly modifying the stone’s intrinsic surface roughness. 

Hydrophobicity – or the ability to repel water – is known to increase for tailored surface roughness 

topologies, and this fundamental concept underlies the core of this research. Instead of introducing 

nanoparticles on the surface to increase roughness, the goal here is to enhance surface topologies of the 

original stone material using an approach based on controlled dissolution. Therefore, the effects of 

various pre-treatments aimed at modifying the surface of calcite crystals, marble, and limestone were 

evaluated and when successful, followed by treatment with traditional water repellents whose working 

and aging properties are better understood than novel hybrid coatings. Finally, hydrophobicity 

enhancement was quantified by the measure of water contact angles on these modified surfaces.  
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1.    STONE CONSERVATION: A BRIEF OVERVIEW  

 Stone has been widely used throughout the ages as both a building and artists’ material. Certain 

types of stone are very robust, as evidenced by the countless ancient monuments and sculptures that still 

exist to this day. However, despite its higher resistance to deterioration in comparison to other materials, 

stone is not entirely exempt from the adverse effects of time. Stone deterioration may result from a 

variety of processes, including mechanical or physical damage, chemical dissolution, biocolonization, 

deposition of air pollutants, or transport and crystallization of soluble salts, to name a few [1–4]. Many of 

these processes involve the action of water, which can be considered the main agent of stone decay. 

2.1   DETERIORATION PROCESSES 

Deterioration of natural stone is always a combination of its intrinsic characteristics (mineralogy, 

petrophysical properties, etc.) and numerous external factors. Stone deterioration may manifest in 

various forms such as cracking, crumbling, delaminating, breaking, or powdering, and often results in a 

decrease of cohesion and loss of material. In outdoor conditions, stone monuments and sculptures are 

subject to fluctuating conditions related to climate, seasonality, daily cycles, and sometimes damaging 

human interference [9].  

Water, a critical source of decay, can interact with stone in several ways. Water is introduced 

through precipitation, moisture in soil, or high humidity (water vapor) in air. Its presence can trigger 

chemical reactions, encourage the development of biofilms, mobilize salts within the stone matrix, or 

induce physical stress via freeze-thaw cycles [10]. The necessity to limit the action of water either in a 

liquid or vapor form has been a prevalent concern across the conservation field. In controlled 

environmental settings such as a museum or gallery, relative humidity can be regulated through the 

building’s envelope and/or maintained at adequate levels using specific systems. On the other hand, in 
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outdoor environments, it is much more difficult to limit the contact between liquid water and stone 

monuments or sculpture. In order to mitigate water’s detrimental effects and minimize further 

deterioration, the implementation of protection methods and the development of innovative approaches 

has become increasingly important for the conservation of stone cultural heritage.  

2.2   STONE MATERIALS USED IN CULTURAL HERITAGE  

Stone materials can be broadly divided into the siliceous and calcareous categories. This 

distinction is primarily based on the mineralogical composition of the source rock. Siliceous rocks contain 

a majority of silica-containing minerals (quartz, feldspars, mica and other silicates) and common examples 

include sandstone, granite, basalt and slate. Calcareous rocks are composed of carbonate-rich minerals, 

calcite being the most abundant, and well-known examples include limestone, marble and travertine. 

Stone materials can be further defined by the secondary or accessory minerals present in the assemblage 

as well as their petrophysical characteristics such as grain size and distribution, porosity, capillarity, 

permeability, surface hardness and mechanical properties [11], [12]. All of these characteristics influence 

how stone materials interact with their environment, and subsequently, how they weather and 

deteriorate  [13].  

 Calcareous stones  are inherently more sensitive to 

weathering as carbonate-based minerals are susceptible to 

chemical dissolution, especially in acidic conditions (Fig. 1) 

[14], [15]. Therefore, slightly acidic rainwater (even more so 

in SO2 and NOx polluted industrial environments), 

represents a constant threat for many marble and 

limestone monuments and sculptures. In addition, the 

Figure 1. Dissolution rates of carbonate 
minerals (calcite shown in red) versus pH. 

Courtesy Scherer and Wheeler 2008. 
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dissolution behavior of calcite has been extensively studied [16]–[19] and has been shown to produce 

interesting microfeatures (further discussed in Sections 3.4 & 3.5) which could potentially be utilized, in 

combination with other treatments, to protect the stone from further decay.  

2.2.1   Limestone 

Limestone is a sedimentary rock primarily composed of calcium carbonate (calcite) which 

accounts for over 50% of the rock’s composition in weight [20]. It may form through chemical and/or 

biochemical processes in marine or lacustrine paleoenvironments, and carbonate mineral constituents 

are often derived from fossiliferous fragments of organisms. The term limestone covers a wide range of 

carbonate-rich sedimentary rocks, which vary in terms of composition, texture, color, porosity and 

hardness, among other properties. Chalk, travertine, calcarenite, and coquina are all different types of 

limestone. Some limestones also include the mineral dolomite (CaMg(CO3)2) and are referred to as 

dolomitic limestone (or dolostone when entirely composed of dolomite) while others contain quartz, 

chert, or clay minerals such as marls and tuffeau [21]. 

Limestone is a common building material, easy to cut and carve, and relatively abundant across 

the world. Different types of limestone have been used throughout time in various geographic regions 

and cultural settings. Some examples from the ancient world include the great Sphinx and pyramids at 

Giza as well as the Colosseum in Rome (Fig. 2a, b). In the Americas, the Mayan temples built in the Yucatan 

peninsula and the Inca walls of Sacsayhuamán in Cusco are famous examples as well (Fig. 2c,d). 
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Figure 2. Well-known limestone monuments from antiquity. a) the Great Sphinx and Pyramids of Giza, ca. 2500 BC 
(Wikimedia Commons, Przemyslaw Idzkiewicz)  b) The Colosseum in Rome, built of travertine limestone, tuff and 
brick. 70-80 AD (Wikimedia Commons, Diliff) c) Temple structure at the Mayan site Tikal, 8th century AD 
(Wikimedia Commons, Mike Vondran) d) Section of the walls at Sacsayhuamán, ca. 900-1100 AD (Wikimedia 
Commons, Bcasterline at English Wikipedia) 

2.2.2   Marble 

 Marble is a metamorphic rock which forms when limestone is subjected to high temperature and 

pressure conditions. As a result, it is chemically similar 

to limestone but has a different texture due to the 

recrystallization of the calcite, a transformation which 

can sometimes totally erase the traces of fossils present 

in the original limestone. Marble is typically white, beige 

or light grey in appearance with a crystalline or sugary 

aspect. Some show more pronounced colors due to the 

Figure 3. Greek marble quarry at Naxos (Wikimedia 
Commons, Heiko Gorski) 

 

Figure 4. Chemical composition of TEOS 

(tetraethoxysilicate) one of the most 

https://commons.wikimedia.org/wiki/File:Cairo,_Gizeh,_Sphinx_and_Pyramid_of_Khufu,_Egypt,_Oct_2004.jpg#filelinks
https://commons.wikimedia.org/wiki/File:Colosseum_in_Rome-April_2007-1-_copie_2B.jpg
https://commons.wikimedia.org/wiki/File:Tikal_Temple_II.jpg
https://commons.wikimedia.org/wiki/File:Walls_at_Sacsayhuaman.jpg
https://commons.wikimedia.org/wiki/File:Walls_at_Sacsayhuaman.jpg
https://commons.wikimedia.org/wiki/File:Naxos_Marble.JPG
https://commons.wikimedia.org/wiki/File:Naxos_Marble.JPG
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presence of mineral impurities, though many are not marbles sensu stricto [22]. Marble is found in thick 

deposits around the world and is relatively easy to quarry. It was a highly prized  stone for monumental 

sculpture in the ancient world and widely used in Italy, Greece, western Anatolia, and India [23]. 

While the hardness of calcite is low (3 on the 1 to 10 Mohs scale), marble is a compact stone with 

low porosity (< 2%) and thus more difficult to carve than most limestone. Marble was nevertheless very 

popular among builders and artists throughout time, as it could be polished to a high level of brilliance 

achieving previously unmatched aesthetics.   

 

Figure 4. Renowned marble monuments from the ancient and modern world. a) the Parthenon (447-432 BC) in 
Athens (Wikimedia Commons, nonbirinonko) b) the Leaning Tower and Pisa Cathedral in Italy, 1173-1372 
(Wikimedia Commons, Johann H. Addicks) c) The Washington Monument in Washington, D.C., 1848-1885 
(Wikimedia Commons, Daniel Schwen) d) The Taj Mahal in India, 1632-1648 (Courtesy Christian Fischer). 

 

https://commons.wikimedia.org/wiki/File:Parthenon.png
https://commons.wikimedia.org/wiki/File:Pisa_Leaning_Tower_and_Cathedral_01.jpg
https://commons.wikimedia.org/wiki/File:DC_Washington_Monument.jpg
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2.3   STONE CONSERVATION TREATMENTS  

Most stone conservation treatments fall within one of the following categories: cleaning, 

consolidation, protective treatment, or structural repair. Cleaning involves the removal of material (such 

as dirt, stains, algae, salts, or crusts) from the stone in an attempt to restore its natural appearance and 

minimize detrimental effects caused by foreign materials. Structural repairs are executed when there are 

large breaks in the stone and may involve the use of adhesives or mechanical bonding mechanisms. 

Consolidation treatments are typically used in instances of stone powdering or granular disintegration 

and aim to restore the stone’s cohesion in the affected areas. Protective treatments aim to prevent the 

ingress and migration of liquid water from the outside environment into the stone. A variety of 

consolidation and protection products have been used for stone conservation. A few products sharing 

similar chemistry and of particular relevance to this research will be described in more detail in the 

following sections.  

A principal tenant of conservation for many years has been the concept of reversibility. 

Conservators aim to employ, whenever possible, treatment approaches which may be reversed or 

removed at a future date [24]. Realistically, and especially within stone conservation, reversibility is 

difficult to achieve as the application of consolidants and protective treatments involve penetration of the 

material into the stone, which cannot be easily removed. As some authors have argued, treatments for 

stone may not be easily reversible, but the damage caused through inaction is just as irreversible [25]. As 

a result, treatment benefits must outweigh any potential consequences of introducing new materials 

which may be difficult to remove. In outdoor environments, the risk posed by unpredictable 

environmental fluctuations more readily necessitates this type of intervention in order to preserve the 

original material.  
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2.3.1   Consolidants 

Stone consolidants are typically low-viscosity materials which are applied to the surface of stone 

and drawn into the porous network via capillary action [26]. The consolidant sets or solidifies within the 

stone, imparting increased strength and cohesion to the treated region. Approaches to stone 

consolidation include the introduction of dilute acrylic adhesives (more commonly employed within 

museums and climate-controlled environments) and other polymers, silanes as well as inorganic 

compounds based on lime, calcium hydroxide, or barium hydroxide [27]–[29]. Inorganic consolidation 

treatments improve stone cohesion through the deposition of chemically similar mineral components. 

Ethyl silicate (tetraethoxysilane or TEOS) formulations remain the most widely used stone consolidants, 

demonstrating excellent compatibility with siliceous stones due 

to a strong chemical similarity and an affinity for the surface of 

silicate minerals. Following the hydrolysis and polycondensation 

of TEOS, a silica gel is deposited around and between the mineral 

grains of the stone [30]. However, ethyl silicates, show little to no 

affinity for the surface of carbonate minerals due to its ionic 

character [31]. Despite this, they are still frequently used for the 

consolidation of calcareous stones. 

Researchers have attempted to improve the compatibility of ethyl silicate-based consolidants 

with calcareous stone through two main routes: elastomerization of the ethyl silicate product and 

pretreatment of the stone to create sites which can react with the silica molecules. The pre-treatment, 

also referred to as conversion treatment, is based on modifying the calcite’s surface with a coupling agent 

to enhance compatibility with the silica gel layer. A number of different conversion methods have been 

Figure 5. Chemical composition of 
TEOS (tetraethoxysilicate) one of 
the most commonly used organic 

consolidants for stone. 
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explored utilizing pH adjusted 

hydroxycarboxylic acids [32], citric and 

tartaric acid [33], as well as ammonium 

tartrate (Fig. 6)  [15]. A hydroxyl-rich layer is 

formed on the surface of the calcite, 

permitting the development of specific 

interactions with the TEOS consolidant 

while it undergoes hydrolysis and 

polycondensation to form silica gel. 

2.3.2    Protective coatings 

 In the field of stone conservation, the main role of a protective coating is to repel water. This 

property is obtained through modification of the stone’s surface by decreasing its wettability, 

consequently impeding water capillary transfers [34]. As mentioned previously, limiting the penetration 

of water in the stone can contribute to reduced soiling, mobilization and crystallization of salts, 

biocolonization, and overall decay. The need for protection from water was understood early on as waxes 

and oils were already employed in antiquity for this purpose. Since the 1960’s, water repellant treatments 

have been based on the use of alkoxysilanes and siloxane resins, metal-organic compounds, 

fluoropolymers as well as  sacrificial coatings of mineral or biological origin [35]–[37].   

2.3.2.1   Characteristics and efficiency 

Successful protective treatments should satisfy a variety of requirements as discussed by 

numerous authors [35], [38], [39]. The products are usually applied diluted in an organic solvent to reduce 

viscosity and increase penetration depth, though microemulsions in water have been developed as well 

to limit VOCs. When the solvent (or water) has evaporated from the substrate, the active components 

Figure 6. Ammonium tartrate coupling agent used to improve 
the efficacy of ethyl silicate consolidants on carbonate stones 
by providing the necessary -OH sites for the reaction with 
protective coatings. Image courtesy Scherer & Wheeler 2009. 
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need to form a very thin cohesive film compatible with the substrate. From a visual point of view, the 

coating should be transparent and the appearance of the treated surface close to the one of the untreated 

stone, both in terms of gloss and color. Ecotoxicological aspects of the materials should be well 

understood; and in addition to having good aging properties, it should also be easy to maintain or retreat 

if necessary.  

In addition to preventing absorption of liquid water, it is important that the treated layer of stone 

retains some degree of water vapor permeability [40] to permit exchanges with the external environment, 

and to ensure that any liquid water present within the stone at the time of application will not be trapped. 

This implies that the thin film coats the individual mineral grains leaving the connected porous network 

open and permeable, as opposed to a paint layer which would block and fill surface pores.  

 Protective treatments must also consider the inherent chemical and physical properties of the 

stone to which it is applied [41]. Inorganic mineral treatments have been explored for use on calcareous 

materials, typically forming sacrificial or passivating mineral layers on the stone surface. Ammonium 

oxalate treatments have shown promising results on limestone and marble through the formation of 

passivating calcium oxalate layers, offering protection from acid attack or contamination by airborne 

pollutants [27]. Protective layers formed by mineral treatments often remain somewhat soluble (though 

in the case of calcium oxalate, still less soluble than the original material [42]) and deteriorate over time, 

necessitating maintenance and re-treatment for the continued protection of the underlying stone [35].  

2.3.2.2   Alkyl silanes and siloxane-based water repellents 

In addition to the limited application of inorganic mineral treatments, alkyl silanes and siloxane resins 

remain the most widely used water repellents for protective treatments of outdoor monuments and 

sculptures of all types [26], [35], [43]. These compounds are typically low molecular weight organosilicon 

molecules  with both non-reactive apolar and reactive groups  (alkoxy, hydroxyl, or hydride groups), the 



 12 

latter capable of coupling with and cross-linking across the surface of the substrate to form a hydrophobic 

film [44]. Commonly used silanes contain a central silicon atom in a tetrahedral geometry linked to one 

aliphatic group ([CnH2n+1] with n= 1, 3 or 8) and three hydrolysable alkoxy groups ([O-CH3] or [O-C2H5]). On 

the other hand, typical siloxane resins are oligomeric molecules containing several silicon entities linked 

to aliphatic groups like in silanes and with some residual hydroxyls instead of alkoxy. Once reacted, the 

polymeric films have critical 

surface tensions [45] less than 

that of water, and as a result 

increase hydrophobicity via a 

reduction to the surface 

energy of the substrate [46].  

Alkoxy groups react with water (either from the surface of the substrate or the atmosphere) via a 

hydrolysis reaction, resulting in the formation of silanol groups (Si-OH) and volatile alcohol molecules  (Fig. 

8, Step 1). Following this step, the hydroxylated silanes undergo condensation reactions producing 

oligomers (Fig. 8, Step 2). Some of the remaining hydroxyls can develop hydrogen bonds with -OH groups 

(when present) on the substrate (Fig. 8, Step 3), and  eventually react chemically with these groups to 

form covalent bonds, anchoring  the oligomers to the substrate  (Fig. 8,, Step 4). Concomitantly, other 

silanol groups can further react together, leading to the formation of a cross-linked polymeric network on 

the surface of the substrate with the nonpolar alkyl groups facing outwards.  Hydrophobic character, 

crosslinking density and structural homogeneity of the film are particularly important for reducing the 

overall polarity of the solid surface and will also shield the residual polar groups, limiting the diffusion of 

water molecules through the film.  

When hydroxyl groups are much less abundant on the surface (as is the case with calcite and other 

carbonates), the challenges are similar to the those discussed with consolidation using ethyl silicate.  The 

Figure 7. Silane molecule with long chain R- substituent and three reactive 
alkoxy group. Image courtesy Gelest Inc., 1997 [47]. 
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surface chemistry of calcite is complex and the mechanisms by which silane and siloxane molecules 

interact with such a surface are not well understood. In general, mixed results have been reported on 

calcareous stones. Technical reports indicate silane effectiveness on CaCO3 as being slight to poor  [47], 

however good results have been reported on some carbonate stones (limestone and dolostone, [48]). 

Conversion treatments have also been proposed as a means of improving the adhesion of silane and 

siloxane-based water repellants to calcareous surfaces. 

 

Figure 8. Sequential process illustrating the formation of a hydrophobic film on a solid through the hydrolysis and 
polycondensation reactions of silane molecules. Courtesy Gelest Inc., 1997 [47]. 

 

Hydrophobic products can be applied to stone by brush, spray, or capillary absorption. Capillary 

absorption is generally accepted to be the most successful, reproducible application method [49] as it 

provides a surplus of product to be absorbed into the porous network of the stone and theoretically will 

coat all grains if given enough time and product. For this reason, it is primarily employed in initial 

laboratory testing to determine the suitability of a treatment before applying the product on site [50], 

[51]. However, capillary absorption is often impractical for outdoor monuments due to their large size. 

Instead, protective coatings are more commonly applied in outdoor environments using spray or brush 

1. 

2. 

3. 

4. 
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applications. These application methods still rely on capillary transport to move the product into the 

substrate, but product must be continually applied to surface to encourage deeper penetration [52].   

Application methodology plays an important role in the efficacy and durability of the treatment 

[36]. Critical parameters include penetration depth [53], which is related to the amount applied, 

petrophysical properties [41] (porosity, pore size distribution, capillary coefficients, etc.), and solvent 

evaporation rate  [54], which should be slow to avoid a (re)concentration of the product at the surface of 

the stone.  

Silane or siloxane-based water repellent coatings  can maintain their effectiveness for 30 years or 

more [55] though this time frame might be significantly reduced depending on numerous factors. This 

could include weathering, which is often inconsistent across the surface of a stone monument, variation 

in the condition of the stone when the treatment was first applied, or non-optimal application methods. 

In addition,  the deposition of hydrophilic particles (e.g. dust, dirt, or other debris) on the treated surface 

can also limit the effectiveness of the treatment to just a few years [56].  Proper maintenance to remove 

these particles, which may be as simple as washing or rinsing the surface, may increase the lifetime of the 

coatings. 

 

2.3.2.3   Recent innovations and developments 

In the last two decades, innovative approaches to improving traditional acrylic, silane, and 

siloxane-based formulations have focused on the development of multifunctional coatings. In addition to 

water repellency, the resulting protective films impart a combination of other properties to the treated  

surface such as UV-protection, self-cleaning abilities, and inhibition of biocolonization [57]–[61]. 

Multifunctionality is typically achieved by the addition of nanoparticles, most commonly SiO2 or TiO2, 

although other types have been investigated as well [46], [58], [62]–[66]. 
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Nanocomposite materials appear to be quite versatile as evidenced by the sheer volume of 

studies published within the past 10 years. Researchers have investigated numerous combinations of 

various polymeric protective coatings (acrylics, fluoropolymers, siloxanes, etc.) with different types of 

nanoparticles for specific functions (Table 1).  

Table 1. Common nanoparticles used in hybrid coating or consolidants and their related functions. 

Nanoparticle 
composition 

Function(s) 

SiO2, Al2O3, SnO2 Increased hydrophobicity [67], [68]  

TiO2 
Photocatalytic, self-cleaning and biocidal properties when added to traditional 

coatings [63], [69]–[72] 

Metals and metal 
oxides 

(Cu, Ag, CuO, ZnO) 

Improved bioresistance/antimicrobial properties when added to traditional coatings 
[73]–[77] 

  

Interestingly, the addition of nanoparticles to water repellant formulations has consistently 

increased the hydrophobic character producing much higher contact angles, a state often described as 

‘superhydrophobicity’. These surfaces also exhibit self-cleaning properties [72], shown to be directly 

related to a higher degree of surface roughness caused by the presence of the nanoparticles. The 

phenomenon can be likened to the so-called “lotus effect” observed in nature, wherein water droplets 

with high contact angles are able to roll off the surface of a lotus petal, collecting and displacing debris as 

they roll [78]. These fundamental concepts are at the core of this thesis research and are described in 

more detail in the following section.   
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3.    THEORETICAL BACKGROUND  

3.1   HYDROPHOBIC SURFACES 

The word hydrophobic derives from the Greek words hydro (water) and phobos (fear); it is used 

to describe the ability of a surface to repel water. A simplified explanation of this phenomenon can be 

linked to the chemistry of a surface, though other important contributing factors will be explained below. 

Surface chemistry involves the chemical similarity between the liquid and the solid (e.g. a polar liquid 

spreads easily over a polar surface but will bead up on a non-polar surface). The expression “like dissolves 

like” is used to describe how miscible certain compounds are, or how likely they are to interact. Water is 

a polar molecule, which mixes well with other polar compounds or solutions. When water comes in 

contact with non-polar solutions, the two separate (e.g. oil and water). Hydrophobic surfaces are typically 

non-polar in nature, causing water droplets to bead up on the surface rather than spread out. The degree 

of water spreading is called wetting and, in a state of partial wetting, can be measured by the contact 

angle. A hydrophobic surface is defined as one which produces static contact angles between 90-150°.  

3.1.1   Measuring hydrophobicity: wetting and contact angle 

Contact angle is dependent on the equilibrium between the solid, liquid and gas phases expressed 

by the surface energies (or tensions) of the various interfaces,  and is determined by the Young-Laplace 

equation at equilibrium [79]: 

𝛾𝑆𝑉 − 𝛾𝑆𝐿 − 𝛾𝐿𝑉𝑐𝑜𝑠𝜃𝑒 = 0 (1) 
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where 𝛾𝑎𝑏 represents surface energies between the two indicated phases (solid, liquid or vapor), and 𝜃𝑒 

is the contact angle. For surfaces with low degrees of wettability water droplets bead up, resulting in high 

contact angles while for wettable surfaces, the water droplet adopts a more flattened hemispherical 

shape and contact angles are low. 

Figure 9. Schematic diagram illustrating the solid-liquid-vapor interfaces and contact angles for systems with high 
and low wettability. Courtesy Nuraje et al 2012 [80]. 

3.1.2   Surface roughness 

The Young-Laplace equation (1) describes the wetting of flat surfaces but does not take into 

account surface roughness and chemical heterogeneity. The influence of surface roughness on wetting 

behavior is critical as shown by two different models which were developed to describe the interactions 

between water droplets and rough surfaces (Fig. 10) [81]–[83]  Often referred to as the Wenzel and Cassie-

Baxter states, these models take the measure of surface roughness into account and both indicate that 

increased surface roughness leads to increased hydrophobicity when the contact angle on the equivalent 

smooth solid surface is higher than 90°. In the Wenzel state, the liquid droplet penetrates the recessed 

areas and contact with the surface is increased. In the Cassie-Baxter state, the droplet does not penetrate, 

and instead rests on top of the surface 

protrusions with air filling the gaps below. 

Surfaces that exist in the Wenzel state tend to 

be sticky, whereas those that follow the 

Cassie-Baxter state are slippery [84].  

Figure 10. Wenzel (left) and Cassie-Baxter states (right). 
Courtesy of Celia et al, 2013 [90]. 
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3.1.3   Contact angle hysteresis  

Contact angle hysteresis corresponds to the difference between advancing and receding contact 

angles, which can be measured either by adding and removing liquid in the drop resting on a solid surface 

or by tilting the surface (Fig. 11). In the Wenzel state, the droplet will stick and deform as the surface is 

tilted, leading to a high degree of contact angle hysteresis. For the Cassie-Baxter state, the water droplet 

can more easily roll off the “slippery” surface with little deformation of the droplet therefore showing a 

small hysteresis. 

               

3.2   SUPERHYDROPHOBICITY & SELF-CLEANING PROPERTIES  

Building upon the Cassie-Baxter model, the 

concept of superhydrophobic (or ultrahydrophobic) 

surfaces describes a phenomenon where contact 

angles for water are extremely high, exceeding 

150°.  Superhydrophobicity has been observed 

extensively in nature, most notably on lotus leaves, 

flower petals, butterfly wings and bird feathers 

Figure 11. Advancing and receding contact 
angles shown on flat and titled surfaces. 
Courtesy Toosi et al 2017 [124]. 

 

Figure 12. Water droplet on the surface of a lotus leaf. 
Phys.org, C. Falcón Garcia / Technical University of 

Munich. 

https://phys.org/news/2017-05-bacteria-harness-lotus-effect.html
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[85]–[88]. Water droplets that form on the surface of these substrates bead up and are able to roll off 

with ease. Scientific study of these materials has revealed common characteristics that contribute to this 

peculiar interaction with water. All these surfaces possess a certain degree of surface roughness at the 

micrometer and/or nanometer scale, as well as an intrinsic chemical hydrophobicity due to the presence 

of organic compounds such as waxes in the cuticle of leaves. The combination of surface roughness and 

hydrophobicity has been shown to make these materials exceedingly difficult to wet, leading to the 

formation of nearly spherical water droplets on their surfaces. However, superhydrophobicity of plant 

leaves, butterfly wings, and bird feathers is not simply due to roughness. It is also related to its complex 

structure, which is often hierarchical – meaning different levels of roughness exist at both micro- and 

nano-scales (Fig. 13).  

 

Figure 13. Scanning electron micrographs illustrating hierarchical structures on the surface of plant leaves. Both (e) 

Nelumbo nucifera (Sacred lotus) and (f) Colocasia esculenta (taro) exhibit papillose epidermal cells covered with a 

nano-scale layer of epicuticular waxes. Courtesy of Barthlott et al., 1997 [78]. 
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As a consequence of extremely high contact angles, superhydrophobic surfaces also exhibit self-cleaning 

abilities. The lotus leaf is the paradigm for this behavior – widely regarded as a symbol of purity in many 

cultures, the lotus demonstrates the remarkable ability to self-clean – removing dirt from its leaves as 

water droplets roll off the surface [89]. The water droplets exist in the Cassie-Baxter state, exhibiting low 

contact angle hysteresis often below 10 [87]. Practically, this means that droplets remain nearly spherical 

and roll off the surface collecting and removing the foreign particles (Fig. 14) [90].   

Figure 14. Water droplet rolling off of a 
smooth surface (left) and a hierarchical 
rough surface (right). The water droplet on 
the left exhibits different advancing and 
receding contact angles and fails to pick up 
foreign material from the surface. The 
droplet on the right exists in the Cassie-
Baxter state, exhibits high contact angle, 
and low contact angle hysteresis. This allows 
for the droplet to pick up foreign material as 
it rolls off, classifying it as a self-cleaning 
superhydrophobic surface. Image courtesy 
of Zhang et al., 2008 [91].  

 

3.3   CALCITE AS A MODEL 

3.3.1   General characteristics, properties & crystal structure 

 Calcite, with chemical formula CaCO3, is a common mineral 

found in sedimentary, metamorphic and igneous rocks. Calcite is the 

main constituent of most limestones and marbles  and  is  also found 

with a fibrous habit in veins and as stalactites or stalagmites in karstic 

caverns, as well as in biominerals [92]. Calcite crystallizes in the 

trigonal system while the two common polymorphs, aragonite and 

Figure 15. Rhombohedral unit 
cell of calcite and the cleavage 
rhombohedron. Circles 
represent Ca atoms, and 
triangles represent CO3 groups. 
Courtesy Deer et al. 2013 [95]. 
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vaterite, crystallize in the orthorhombic and hexagonal systems, respectively.  

Calcite is the most stable polymorph and occurs in a variety of colors and crystal forms. Pure 

calcite is white to colorless but can also display various colors such as yellow, red, orange, blue, green (Fig. 

16a), and brown due to the presence of mineral impurities. Iceland spar is a particular type of pure calcite, 

known for its striking optical clarity and birefringent properties (Fig. 16b).  The rhombohedron and the 

scalenohedron are the most common calcite crystal forms though hexagonal crystals exist as well (Fig. 

16c,d) [93]–[95]. 

 
Figure 16. Examples of the various forms and colors of calcite found across the world. a) Grey-green calcite from 
Ahmednagar District, India. Image © Rob Lavinsky, b) Calcite rhomb illustrating birefringence. Image © Gunnar 
Ries. c) Scalenohedral calcite crystal from Elmwood Mine, Tennessee, USA. Image © Rob Lavinsky, d) cluster of 
hexagonal calcite crystals sourced from Hubei Province, China. Image © Rob Lavinsky. All images obtained via 
Wikimedia Commons. 

https://commons.wikimedia.org/wiki/File:Calcite-mun05-94a.jpg
https://commons.wikimedia.org/wiki/File:Calcit1000108.JPG
https://commons.wikimedia.org/wiki/File:Calcite-elm51a.jpg
https://commons.wikimedia.org/wiki/File:Calcite-65541.jpg


 22 

3.3.2   Calcite surface chemistry 

Despite the relative chemical simplicity of calcite’s chemical composition, exposed 

crystallographic surfaces have a complex structure. Attempts to establish conceptual models of calcite 

surfaces have been made in order to better understand this structure at the atomic scale [64– 67]. For 

example, cleaving calcite disrupts the interactions between the atoms in the crystal lattice, producing 

unbalanced charges on the newly created surfaces due to the ionic character of the bonds. If calcite is 

cleaved in air, water molecules and adventitious carbon or airborne contaminants will spontaneously 

adsorb on the surface to minimize its energy  [97].   

When in contact with a solution, calcium carbonate can react with solvated species in two ways. 

The first is through a dissolution-precipitation mechanism, wherein CaCO3 is dissolved, ions react with 

solute ions present in solution, and are precipitated back onto the calcite’s surface. The second is an 

adsorption-desorption mechanism, wherein molecules from a solution adsorb onto the calcite surface, 

potentially resulting in structural rearrangements of surface atoms and steric inhibition of the dissolution 

in adjacent areas. Desorption occurs when the adsorbed species are released from the calcite surface [97]. 

These two mechanisms underscore the dynamic nature of the calcite’s surface, which is highly dependent 

on local conditions. 

3.4   THE FORMATION OF ‘SPIKY CALCITE’ THROUGH BIOMEDIATED DISSOLUTION  

Peculiar features have been observed on the surface of calcite minerals in nature. In a 1985 paper, 

Folk et al. coined the term ‘spiky calcite’ to describe microstructures observed on calcite crystals wherein 

certain faces were covered with a forest of spikes (Fig. 17a-b), like a Fakir’s bed, pointing in the same 

direction [100]. The presence of “spiky calcite” was believed to be a natural product of weathering, and 

early research sought to determine whether it formed via a dissolution or precipitation process.  
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Figure 17. A) Naturally occurring micropyramids observed on calcite crystals beneath biofilm in a stalactite from 
Nani cave (Courtesy Jones 2011), B) Micropyramids produced in the lab on the surface of a smooth calcite crystal 
through organically mediated dissolution originating from fungal colonies (Courtesy Jones & Pemberton 1987). 

In 1987, Jones and Pemberton conducted a study aimed at investigating the interactions between 

known species of fungi and Iceland spar crystals, and more specifically to evaluate the fungi’s ability to 

bore into the calcite substrate. They applied various strains of fungi to the surface of the crystals and kept 

the samples in a high moisture environment to facilitate organic growth. After 253 days, samples with the 

maximum fungal coverage were selected for study using SEM. Boring was not observed and in this sense 

the experiment failed. On the other hand, large patches of the surface were covered with spikes, a result 

which inadvertently lead to a better understanding of how ‘spiky calcite’ is created.  

 SEM revealed the presence of spiky microstructures which had developed on the surface of the 

calcite in areas directly beneath or adjacent to patches of fungi (Fig. 18). Those not yet reached by the 

fungus appeared unaltered and similar to the surface of the untreated control sample. As previously noted 

by Folk, all spikes pointed in the same direction corresponding to the c-axis [100]. Aside from the regular 

orientation, the size and shapes of the spikes varied significantly, and no real pattern was observed to 

explain where and when spikes form, other than the proximity to the fungus. Even areas characterized by 
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wide expanses of spikes still sometimes showed smooth and unaltered plateaus, or valleys where a full 

layer of calcite appeared to have been removed (Figure 19).  

   
Figure 18. B) Spiky calcite formed in areas nearby fungal hyphae (F) and bacteria (B). Scale bar = 10 µm. Image 
courtesy Jones & Pemberton 1987. C) Area of spiky calcite (left) formed adjacent to dense fungal mat (right). Scale 
bar = 40 µm. Images courtesy Jones & Pemberton 1987. 

 

Whereas Folk had originally proposed that 

spiky calcite formed through a combination of 

dissolution and precipitation reactions, the features 

observed in this experiment support their conclusion 

that dissolution is the primary mechanism that 

controls the formation of the spikes. More 

specifically, it can be described as a biomediated 

dissolution characterized by a surface-reaction-controlled kinetic and the slow removal of ions in the 

presence of very low amounts of water, a process which probably occurs selectively in high-energy areas 

with a high density of defects on the crystal surface. 

Conversely and interestingly, they also report experiments by other researchers who attempted 

to modify the surface of calcite using dilute strong acids [69-71] and failed to produce spiky structures, 

Figure 19. Diagram showing different features 
observed on calcite crystals, following contact 
with fungi. Courtesy Jones & Pemberton 1987. 
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probably due to the overly aggressive nature of the etchants. Spiky micromorphologies have also been 

observed in other contexts, such as on stalactites from a cave in the West British Indies [104], 

bioweathered calcareous sandstones (Fig. 20a) [105], below osteoclasts fixed on calcite  (Fig. 20b) [106], 

and even on silicate minerals [107], [108] - suggesting that these various environments provide conditions 

necessary for anisotropic dissolution.  

Figure 20. Areas of 'spiky calcite' observed in D) bioweathered quaternary sandstones (Courtesy Duane 2006) and 
E) within resorption pit on calcite (Courtesy Geblinger 2009). 

 

3.5   CRYSTALLOGRAPHICALLY CONTROLLED DISSOLUTION EXPERIMENTS  

More recent studies have further investigated the modification of calcite surfaces using dilute solutions 

of ammonium salts [109], [110] and weak acids [111], [112] through a mechanism described as 

crystallographically controlled dissolution or anisotropic dissolution [109], [110], [113]. The terms allude 

to the same process observed by Jones & Pemberton, and simply refer to the preferential dissolution of 

certain crystallographic planes resulting in spikes pointing in the c-direction ([001]) of the crystal. On 

calcite, crystallographic controlled dissolution behavior has been investigated on the rhombohedron 

cleavage plane (104) and the resulting microstructures were found to systematically point in the [001] or 

c-direction (Fig. 21).  
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A number of experiments have been carried out 

previously to test different solutions capable of encouraging 

crystallographically controlled dissolution on calcite substrates. 

Primarily tests have been carried out using undersaturated 

aqueous solutions containing ammonium salts [109], [110], 

halides, and well as weak acids [111], [112]. Early atomic force 

microscopy studies established that molecules present in these 

solutions are capable of participating with certain atoms 

present on the calcite surface, leading to adsorption, 

complexation or stereochemical interactions which influence 

the dissolution process [114], [115]. Carboxylates, amino groups, and halides have all been proposed to 

adsorb onto kink sites, effectively shielding these regions from dissolution [109]. The result is a partially 

dissolved surface which exhibits remaining calcite micro- or nano-structured features. These features may 

vary in shape and size but are always observed to point in the c-direction of the calcite crystal. 

Researchers have further investigated this phenomenon by experimenting with different aqueous 

solutions, evaluating variables such as concentration and contact times. The various etchant solutions 

tested appear capable of producing different dissolution features, as summarized in Table 2. Long & Meng 

(2013 and 2014) found in their studies that they could produce microstructures using ammonium salts 

varying in height from 2.5 – 25 µm. They also reported variation in the geometry of the surface 

morphology, including 3-, 4- and 6-sided micropyramids.  

Yu et al. (2010) conducted experiments on microscale, lab grown calcite crystals, using a 1% 

formamide solution to produce nanoshoot structures over the course of a day. Meng & Long tested a 

variety of different ammonium salt solutions, including NH4I, NH4Cl, NH4Br, NH4Ac, and NH4SO4. All of 

Figure 21. Visualization of the calcite 
cleavage rhombohedron with the (104) 
plane using the hexagonal axial system. 
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these treatments were carried out at elevated temperatures between 50-60 °C. Results showed that each 

salt solution was capable of inducing different microstructured geometries, related to the steric influence 

of ions in solution. These results demonstrate the ability for a variety of approaches to the surface 

modification of pure calcite crystals. The question of whether these methods may be applied to stone 

containing calcite has yet to be addressed.  

Table 2. Summary of a selection of research focusing on the surface modification of calcite via anisotropic 
dissolution processes. 

Publication Substrate Aqueous solution Parameters 
Resulting dissolution 

features 
Yu et al., 2010 Lab-grown microscale 

calcite crystals, (104) 
face exposed 

1% formamide, HCONH2 Room temp, 1 day Plateaus 

65°C, 1 day Nanoshoots up to 2000 nm 
(2 µm) 

Meng et al., 
2013 

Freshly cleaved 
geological calcite, (104) 
face exposed 

Various concentrations (5-
50 mM) ammonium iodide, 
NH4I 

50°C, observed 
between 0.5-24 
hours, agitated 
using rocking table 

 
4-sided micropyramids, 
height increases with time 
(4.5 – 15 µm) 

Various concentrations (5-
50 mM) ammonium 
sulfate, NH4SO4 

Same as above 6-sided micropyramids, 
height increases with time 
(6-9.5 µm) 

Long, Meng, et 
al., 2014 

Freshly cleaved 
geological calcite, (104) 
face exposed 

20 mM ammonium 
chloride, NH4Cl 

Same as above 3-sided micropyramids, 
height increases with time 
(2.5-25 µm) 

20 mM ammonium acetate, 
NH4CH3CO2 

Same as above 3-sided micropyramids, 
height increases with time 
(3.5-14 µm) 

 

 

Figure 22. SEM images showing consistently oriented A) nanoshoots on calcite formed through dissolution in 1% 
formamide (Courtesy Yu et al. 2010), B) micropyramids on calcite formed through dissolution in 10 mM NH4I, image 
taken roughly parallel to c-direction (Courtesy Meng et al. 2013), C) microneedles formed on calcite through 
dissolution in 10 mM NH4Cl (Courtesy Long et al. 2014). 
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4.   SCOPE OF RESEARCH 

The results reported by Jones & Pemberton, Yan, and Meng serve as a starting point for this thesis 

research, which aims to determine whether the microstructures formed on calcite via anisotropic 

dissolution can be induced on the surface of calcareous stone substrates. Furthermore, the ability for 

these microstructures to influence the hydrophobic character of calcareous stones will be explored. It is 

well understood that superhydrophobicity is a result of the combination of surface roughness and a 

hydrophobic layer. This method, if successful at producing high enough contact angles, may serve as an 

alternative to nanoparticle composite coatings that are currently being considered for use within the 

cultural heritage field.   

By directly optimizing the topology of the surface roughness on calcareous materials via anisotropic 

dissolution, the overall hydrophobic character of subsequently applied water repellent treatments may 

be improved. Experiments using different etchant solutions were carried out on calcite as a model surface, 

in order to evaluate and identify dissolution features which may contribute to enhanced surface 

roughness on stone substrates. The most promising etchant solutions were applied to stone surfaces using 

cellulose poultices and later treated with silane and siloxane-based hydrophobic products. Contact angles 

measurements were taken to evaluate the influence of dissolution pre-treatment on hydrophobic 

character of the stone samples. By modifying the stone surface through anisotropic dissolution higher 

contact angles may be achieved, potentially allowing for hierarchical surface roughness, 

superhydrophobic and/or self-cleaning behaviors desired for outdoor cultural heritage without requiring 

the addition of nanoparticles.  
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5.   MATERIALS AND SAMPLE PREPARATION 

5.1   SOLID SUBSTRATES 

Calcite crystals, limestone and marble were used for surface modification experiments. Iceland 

spar crystals ranging in size from 1” x 1” to 2” x 2” (supplier: VRW) were freshly cleaved with a miniature 

chisel into small samples ( 1x1x0.5 cm) prior to each experiment. After cleaving, the samples were rinsed 

with deionized water to remove loose material and dried with ethanol.  

Tiles of limestone and marble with a low porosity, marketed respectively as Myra white and 

Turkish Carrara white, were obtained from BuildDirect*. The limestone tile has a honed, smooth finish on 

one side, while the other side is rough cut. The marble tile is highly polished on one side but remains rough 

on the other. These two stone types were primarily used for dissolution experiments conducted on small 

samples ( 2 x 2 x 1 cm) cut from the larger tiles. To achieve similar surface topographies, the rough-cut 

sides of each sample were smoothed with 800 and 1200 grit silicon carbide paper and polished with 

Buehler® MasterTex cloths on a turntable (Leco Spectrum System 1000) using water. After polishing, 

samples were rinsed with deionized water and ethanol and dried.  

A fine-grained and porous yellowish limestone containing Globigerina microfossils was included 

in the study to evaluate the efficacy of the hydrophobic coatings on a limestone with high intrinsic surface 

roughness. This limestone is relatively ‘soft’ and easily carved; it originates from Malta where it has been 

widely used for buildings and sculptures [78-79]. 

 

 
* https://www.builddirect.com/  

https://www.builddirect.com/
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5.2   SOLUTIONS FOR DISSOLUTION EXPERIMENTS  

Four laboratory grade ammonium salts were used: ammonium chloride (NH4Cl), ammonium 

sulfate ((NH4)2SO4), ammonium acetate (NH₄CH₃CO₂, hereafter referred to as NH4Ac), and ammonium 

oxalate (C₂H₈N₂O₄, hereafter referred to as NH4Ox). Ammonium chloride, sulfate, and acetate have been 

previously studied for their ability to modify surface topography of calcite through crystallographic 

controlled dissolution (section 3.4.1). Ammonium oxalate has not been investigated, to the authors 

knowledge, for anisotropic dissolution behavior, although there is precedence for its use in conservation 

as a means of creating a sacrificial calcium oxalate layer on calcareous stones through the reaction with 

CaCO3 on the surface [118]. 

 L-tartaric and oxalic acid were also 

included to evaluate the potential of combining 

dissolution-induced surface micropatterning with 

the conversion properties of the former (see 

section 2.3.1) and the known resistance to 

weathering of calcium oxalates for the latter. 

Additionally, these weak acids could be viewed as 

analogous to organic acid secretions produced by biofilms, believed to be strongly correlated to the 

presence of naturally occurring ‘spiky calcite’ [119]. These organic acids are expected to act more 

aggressively than ammonium salts as the solubility of calcium carbonate increases in acidic solutions (Fig. 

23). Therefore, in anticipation for faster dissolution kinetics, organic acids were initially tested at lower 

concentrations than the ammonium salts in immersion experiments (Table 3).  

Figure 23. Solubility of calcium carbonate in water as a 
function of pH. Courtesy Hart 2013 [125]. 
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Several solution concentrations and immersion times were tested in dissolution experiments on 

freshly cleaved calcite in order to optimize experimental conditions and better understand how the 

solutions interact with calcium carbonate, before the trials on stone samples. 

 Table 3. Concentrations and calculated pH values of the etchant solutions. 

Etchant pKa Concentration 
(mM) 

pH calc 

Ammonium sulfate 
9.24 

25 5.42 

  50 5.27 

Ammonium chloride 
9.24 

25 5.42 

  50 5.27 

Ammonium acetate 
9.90 

25 5.75 

  50  5.60 

Ammonium oxalate 
9.25 

10 5.63 

  25 5.43 

L-Tartaric acid 

2.95 (pKa1) 

1 2.97 

 5 2.62 

  10 2.47 

Oxalic acid 

1.23 (pKa1) 

1 2.11 

 5 1.76 

  10 1.61 

 

 

5.3   HYDROPHOBIC COMPOUNDS 

Three products with hydrophobic properties (supplier: Gelest, Inc.) were investigated in this 

research: n-octyltriethoxysilane (OTES) and two trimethylsilyl-terminated polysiloxanes, a 

polymethylhydrosiloxane or PMHS (ref: HMS 991) and a PMHS-Polydimethylsiloxane copolymer (PMHS-

PDMS, ref:HMS 501). Their chemical structures and some characteristics are given in Table 2. 
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Table 4. Chemical structure and characteristics of the products tested for hydrophobic treatment. 

Hydrophobic product Chemical structure 
MW 

(g/mol)* 
Viscosity 
(cSt) ** 

HMS 501 
PMHS-PDMS  

(~ 50% PMHS, m and n ~ 7) 
 

900-1200 10-15  

 

HMS 991 
PMHS (n ~ 24) 

 

1400-1800 15-25 

 

 

 

n-octyltriethoxysilane, 98% 

 

276 1.9 

 

 

 

* g/mol: grams/mole; ** cSt: centiStokes  

 
These products were diluted with a solvent to facilitate the formation of a homogeneous thin film 

on the substrates, and solutions at 1, 5 and 8 % in isooctane (w/v) were prepared. Prior to application, 

reactive titanium butoxide (TiOBu4) was added to the solutions to promote cross-linking of the 

silane/siloxane network and the development of a hydrophobic film on the surface of the solid substrate. 

For each 5 mL of stock solution prepared, 2 drops of TiOBu4 were added using a glass pipette. 

6.   EXPERIMENTAL METHODOLOGY 

The etchant solutions were tested on freshly cleaved calcite samples in order to better understand 

dissolution behaviors. The rhombohedral cleavage faces (104) in calcite provide a good model for 

dissolution, with regular arrangement of the calcium and carbonate ions on the surface. Within stone, 

calcite grains of various sizes are often randomly distributed with fewer occurrences of (104) faces. 

Following calcite immersion tests, the most promising etchants were selected and further applied to 

calcareous stone samples using a poultice method. The surfaces of stone samples were then treated with 

water repellants and contact angles were measured. Modified samples were compared to unmodified 
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stone in order to evaluate dissolution pre-treatments and their effect on the hydrophobic character of 

coated samples. 

6.1   DISSOLUTION EXPERIMENTS  

Two different methods of applying etchant solution to the surface were tested: immersion and 

poultice. Immersion tests with ammonium salts were initially run at 50°C following previous research 

(Table 2), then conducted at room temperature. Successful etchant concentrations were identified and 

applied to stone samples using a poultice. The poultice application method was explored as it is commonly 

used in conservation treatments and, from a more fundamental viewpoint, it might significantly reduce 

the volume of solution directly in contact with the solid surface. Poultices can be made with various 

absorbent materials (paper pulp, clay or gel), which are saturated with a solution and then applied to the 

object’s surface. In this study, cellulose powder was used and saturated with etchant solutions before 

application to stone surfaces.   

6.1.1   Immersion treatment at 50°C 

Calcite crystals were placed in 60 mm petri dishes, with freshly cleaved surfaces facing up to 

ensure maximum exchange with ions in solution. Approximately 50 mL of dissolution solution was poured 

over the crystal, until the sample was fully immersed. Petri dishes were covered with aluminum foil and 

placed in a Thermo Scientific™ Precision™ Compact Oven at 50C for about 16 to 24 hours. Once removed 

from the oven, the calcite samples were retrieved from the solution, and rinsed with deionized water 

followed by ethanol. Samples were directly mounted on aluminum stubs using carbon tape for 

subsequent SEM analysis, in the same orientation as they were placed in the solution. 
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6.1.2   Immersion treatment at room temperature  

Dissolution tests were conducted at room temperature in order to assess the effects of the 

dissolution process without the addition of heat to speed up the chemical reactions. In addition to 

ammonium sulfate, L-tartaric and oxalic acid were also tested. Organic acid solutions concentrations 

ranged from 1 to 10 mM and contact time was reduced (2-5 h) because of their lower pH (Table 3), though 

some 24 hours trials were carried out as well.  

6.1.3   Poultice application 

 Ammonium oxalate, oxalic acid, and L-tartaric acid were selected for the testing with poultices 

which were prepared by saturating Whatman® CF11 fibrous cellulose powder with the corresponding 

solutions. The dampened cellulose powder was packed into the bottom of a petri dish. In order to prevent 

cellulose fibers sticking to the surface of the calcite, a layer of thin Kozo Japanese tissue paper† was lightly 

pressed onto the surface of the poultice until dampened with the etchant. Stone and calcite samples were 

gently pressed over the barrier layer and the Petri dishes covered for the duration of testing with a glass 

lid to avoid evaporation. After about 20 hours, calcite and stone samples were removed and rinsed with 

deionized water followed by ethanol.  

6.2   HYDROPHOBIC TREATMENT 

Hydrophobic products were applied to the substrates using a soft brush. A total of three to five 

coats were applied to the surface of each sample. For the porous stone samples, time was allotted 

between coats until absorption of the solution was complete.  Treated samples were then heated at 60°C 

 
† A strong, handmade paper made from mulberry fibers commonly used in conservation treatments. 
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for 24 hours in order to accelerate the crosslinking reactions leading to the formation of the hydrophobic 

film. From a practical viewpoint, this step is not required, as the hydrophobic network will develop over 

time following the hydrolysis and polycondensation reactions (section 2.3.2.2   Alkyl silanes and siloxane-

based water repellents). Polished rough-cut sides of the marble and honed limestone samples which did 

not undergo dissolution were treated with 5% solutions of the three hydrophobic products as reference 

to evaluate the intrinsic performance of the products on samples with low surface roughness. 

6.3   CHARACTERIZATION METHODS 

6.3.1   Digital Microscopy 

Pictures of samples were taken before and after treatment with the etchant solutions using a Keyence 

VHX-6000 digital microscope (x20 to x100 magnification) to detect changes in the appearance of the 

treated surfaces. These images were also used to identify regions of interest during subsequent SEM 

analysis. 

6.3.2   Scanning Electron Microscopy   

Scanning electron microscopy was used to investigate surface microstructural changes induced 

by the etchants in comparison with unmodified solids. Samples were mounted on standard pin stubs with 

double-sided carbon conductive tape and examined and imaged at high magnification using a variable 

pressure SEM (VP-SEM, FEI Nova NanoSEM 230) equipped with a Gaseous Analytical Detector (GAD) to 

collect backscattered electrons (BSE). Most observations were made with a chamber pressure of 50 Pa 

and under an acceleration voltage of 15 keV.  
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6.3.3   Contact Angle Measurements 

Contact angle measurements were obtained using a Kruss DSA 100 drop shape analyzer. Samples 

were placed on the stage and small droplets of deionized water were manually deposited onto the surface 

of each sample using a micrometer syringe fitted with a hollow needle. A photograph of the drop sitting 

on the surface was captured by the instrument’s camera and processed using the instrument’s ADVANCE 

software. The software calculates contact angles by completing the arc made by the water droplet to form 

a circle (Figure 24). For each image, a baseline was manually set to indicate the horizonal plane where the 

water droplet is in contact with the 

sample. The angle between the tangent 

line to the circle and the baseline 

corresponds to the contact angle. For all 

samples, three contact angles were 

measured in order to account for chemical 

and topographic heterogeneities of the 

surface.   

CHAPTER 7.   RESULTS & DISCUSSION 

 Following dissolution pre-treatment experiments, samples were evaluated using SEM in order to 

better understand surface alterations. SEM aided in understanding dissolution features produced by 

different etchants and helped to identify instances of crystallographic controlled dissolution. After 

reviewing dissolution features produced by all etchants tested, ammonium oxalate, oxalic and L-tartaric 

acid were revealed to produce the most promising results. Each of these etchants successfully produced 

robust microfeatures (either through crystallographic controlled dissolution or dissolution-precipitation 

Figure 24. Contact angle determination from drop shape 
analysis. Courtesy of Krüss GMBH. 
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mechanisms) which should contribute to an increased overall surface roughness of the substrates tested. 

These three etchants were applied to calcite, marble, and limestone samples using a poultice method. 

Samples were then treated with hydrophobic products, and contact angles were measured. These 

measurements were compared to contact angles obtained from unmodified stone surfaces treated with 

the same hydrophobic products.  

7.1   MICROMORPHOLOGICAL FEATURES OF CALCITE AND STONE SURFACES 

 Untreated calcite and stone substrates were first imaged using digital microscopy at low 

magnification. The (104) cleavage planes of calcite samples appear rather clean, although in areas struck 

with the chisel, the edges of the crystals were often shattered or chipped (Figure 25a). Honed limestone 

samples show a yellow-buff color with white and brown colored fossiliferous inclusions such as 

nummulites (Figure 25b). The marble is characterized by a saccharoidal texture created by the compact 

arrangement of individual calcite grains with sizes between 0.5 and 1 mm (Figure 25c).  

 
Figure 25. Digital microscope photographs (50x magnification) showing untreated surfaces of (a) calcite, (b) honed 

limestone, and (c) marble. 

SEM investigations of these samples provided more details on the micromorphology and presence 

of defects, and also served as a visual reference for comparison with surfaces after dissolution treatments. 

In areas with near-perfect cleavage, the calcite surface is smooth with faint V-shaped lines marking the 
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angle of the rhombohedron and successive microsteps. These features are likely associated with 

crystallographic planes and directions (Fig. 26a). In some instances, macrosteps at about 100 m intervals 

were observed (Fig. 26b), in addition to irregular ridges and multistepped fractures closer to the edges 

(Fig. 26c).  

 

Figure 26. SEM images (Backscattered Electron mode, BSE) showing calcite surface micromorphologies. Smooth 
(104) cleavage plane with microsteps delineating the angle of the rhombohedron (a). Macrosteps (b), ridges and 

fractures primarily occurring near the edges (c).   

SEM imaging of stone samples helped to evaluate intrinsic surface roughness, in particular for 

honed and Globigerina limestone samples. The matrices of both limestones are micritic (Fig. 27a and c) 

and consist of an assemblage of mainly small grains with some larger ones (sparite). The Globigerina 

limestone is less compact, more porous and appears to have a broader grain size distribution. Scratches 

remain on the surface of the honed limestone (related to the finishing process, Fig. 27a), compromising 

the surface roughness in these regions. On the other hand, the surface of the marble sample is very 

smooth, with minor defects visible on the surface of the large interlocked calcite grains. A qualitative 

ranking in terms of increasing roughness would be: marble, followed by honed limestone and finally, 

Globigerina limestone.  
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Figure 27. SEM images (BSE) of (a) honed limestone, (b) polished side of marble and (c) Globigerina limestone 
showing the difference in roughness. 

7.2   SURFACE MODIFICATIONS INDUCED BY TREATMENT WITH ETCHANT 

SOLUTIONS 

7.2.1   Calcite crystals (Iceland spar) 

Etchants were first tested on freshly cleaved calcite substrates in order to observe dissolution 

features, including geometry, size, and orientation of structures formed. In stone, calcite grains are 

randomly oriented, and the identification and interpretation of changes might prove challenging without 

a pure calcite reference.  

7.2.1.1   Digital microscopy  

 Due to the transparent nature of calcite, features resulting from surface modifications are easily 

detected. Digital microscope images taken before (Fig. 28a,c,e) and after (Fig. 28b,d,f) immersion 

treatment reveal the most visible features. Ammonium sulfate solutions produced dissolution patterns in 

the form of faint rhomboid-shaped pits and macrosteps (Fig. 28b), while immersion in ammonium oxalate 

resulted in a uniform change of the calcite surface from transparent to hazy and opaque (Fig. 28d). 

Samples treated with oxalic acid showed a similar, though less pronounced haziness, in addition to small 

crystalline patches scattered across the surface (Fig. 28f). 



 40 

 

Figure 28. Digital micrograph images showing calcite crystals before (left) and after (right) immersion treatment. b) 
after treatment with ammonium sulfate, (d) after treatment with ammonium oxalate, (f) after treatment with 

oxalic acid.   
 

All etchants produced some form of surface modification, varying based on the chemical 

composition and geometry of the etchant itself, temperature, and contact between substrate and 

etchant. The presence of surface defects was observed to have an effect on dissolution behavior, with 

dissolution occurring preferentially in areas with defects. This suggests dissolution occurs more readily at 

areas with higher surface energies, and pristine surfaces may take longer to modify. This may also provide 

an explanation for the smooth plateau and valley features discussed in section 3.4   The formation of ‘spiky 

calcite’ through biomediated dissolution.   
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7.2.1.2   SEM observations and imaging  

7.2.1.2.1   Treatment with ammonium salt solutions 

Dissolution features produced by ammonium chloride solutions at 16 and 24 hours are 

characterized by residual pseudo-rectangular etch hillocks (Fig. 29a,b,c) delineated by the [441] and [481] 

crystallographic directions [75]. These hillocks are distributed over an otherwise smooth and recessed 

surface corresponding to the (104) plane. On samples immersed for 24 hours, the rectangular hillocks are 

surmounted by skeletal micropillars and other fragile needle-like structures (Fig. 29b-c). In some areas, 

these fragile structures have broken and are shown laying on the surface (Fig. 29d).  
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Figure 29. SEM micrographs (BSE) showing dissolution features produced on freshly cleaved 
calcite by ammonium chloride. (a) 25 mM, 16 hours. (b-d) 25 mM, 24 hours.  

Ammonium acetate solutions produced dissolution features (Fig. 30) similar to those obtained 

with NH4Cl. Following immersion for 16 hours with the 25 mM solution, etch hillocks have formed (Fig. 

30a). After 24 hours, skeletal micropillars and needle-like structures can be seen, either on top of residual 

hillocks, or isolated on top of the (104) face (Fig. 30b). This would suggest that the needle-like structures 

are the ultimate expression of the general step dissolution process. Immersion with 50 mM ammonium 

acetate yielded structures more similar to micropyramids. These structures appear thin, elongated, and 

remain attached to a rhomboid base. A notch is apparent at the contact point (Fig. 30c,d) which may 

permit these features to break easily.    
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Figure 30. SEM micrographs (BSE) showing dissolution features on calcite after immersion in ammonium acetate 
solutions: (a) etch hillocks (16 hrs, 25 mM); (b) residual micropillars and needle-like structures (24 hrs, 25 mM); (c, 
d) micropyramids attached to a rhomboid base (24 hrs, 50 mM). 

Treatment with ammonium sulfate solutions at 25 mM produced a variety of interesting 

dissolution features. After 16 hours, etch step pits and a few small hillocks are visible, as well as deep 

stepwave dissolution pits which seem to develop from the corner of the rhomboid into the calcite crystal 

(Fig. 31a). After 25 hours, seemingly unaffected areas (plateaus), coexist with recessed surfaces scattered 

with residual jagged micropillars and ‘spiky’ micropyramids with a rhomboid base (Fig. 31b). Compared to 

the features produced by NH4Cl and NH4Ac, these micropyramids appear more robust and less likely to 

break (Fig. 31c). Some jagged pillars were also observed (Fig. 31d); these irregular contours seem to have 

developed from the original surface which appears to be partially covered by some sort of inorganic film. 

This may represent a thin, discontinuous layer of gypsum, however further research would be required to 

confirm this assumption.  

 

 
 
 
 
 
 

 

 

 

Figure 31. SEM 
micrographs (BSE) 
showing dissolution 
features on calcite 
after immersion in 
25 mM ammonium 
sulfate solutions at 

50C: (a) etch and 
stepwave dissolution 
pits (16 hrs); (b) 
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residual pillars and micropillars (lower left),  and oriented micropyramids (upper right); (c) area densely packed 
with ‘spiky’ micropyramids; (d) jagged pillars with a seemingly discontinuous layer on top. 

Whereas the ammonium salts discussed previously led to surface modifications by anisotropic 

dissolution, treatments with ammonium oxalate solutions resulted in the formation of calcium oxalates 

through a dissolution-precipitation mechanism. SEM imaging revealed the precipitation of calcium oxalate 

crystals across the surface of the calcite (Fig. 32a). Their tabular habit is characteristic of calcium oxalate 

monohydrate (whewellite) which is the dominant phase [120]. In some areas, crystal size variations were 

observed with an alignment of the small crystals, possibly reflecting epitaxial growth,  whereas the 

orientation of larger crystals is more random, an arrangement that might contribute to a hierarchical 

surface roughness (Fig. 32b). However, due to the presence of this dense layer, it was not possible to 

examine the underlying calcite surface to determine whether any additional dissolution features were 

present.   

 

Figure 32. SEM micrographs (BSE) showing calcium oxalate monohydrate crystals precipitated on the calcite 
surface (25 mM ammonium oxalate solution, immersion for 19 hours). 
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7.2.1.2.2   Treatment with oxalic acid 

A variety of surface modifications were observed following the immersion tests with oxalic acid 

solutions. After 5 hours contact with a 1 mM solution, small whewellite crystals were visible, scattered 

across the surface and sometimes aligned along defects, without apparent dissolution features on the 

calcite surface (Fig. 33a). After 24 hours, linear patterns of small whewellite (COM) crystals partially 

covered the surface of the calcite as well as larger crystals of calcium oxalate dihydrate with a truncated 

eight-faced bipyramidal habit (COD, weddellite) which probably formed during a later crystallization 

phase (Fig. 33b). At higher concentrations (10 mM) and after 5 hours, the calcite surface showed 

unspecific (not crystallographically controlled) dissolution features and was partially covered with a 

microporous crust-like surface layer of whewellite, which likely formed through epitaxial growth (Fig. 33c).  

After 24 hours, a similar crust-like layer is present in addition to clear anisotropic dissolution 

features on the calcite surface. These residual triangular etch hillocks appear to mark the obtuse angle of 

the rhomboid corners (Fig. 33d). At higher magnification, the crust-like layer appears relatively smooth 

and follows the contours of the serrated macrosteps on the (104) calcite crystal plane (Error! Reference 

source not found.e).  The structure of this layer seems to be related to the close association and 

orientation of tiny whewellite crystals (Fig. 33e). A detail of Fig. 33d shows variations in texture of this 

layer, which may be attributed to different orientations of the COM crystals and/or to the superposition 

of two structurally distinct layers (Fig. 33f). To summarize, the various structures formed on the calcite 

surface following immersion in oxalic acid solutions are extremely interesting, but at this stage the 

relationships between these structures are not fully understood. Further research is necessary to identify 

the critical parameters responsible for the formation of these features over time (concentration, 

temperature, kinetics, etc.). 



 46 

 



 47 

Figure 33 (previous page). SEM micrographs (BSE) showing surfaces features produced on calcite by immersion in 
oxalic acid solutions: (a) precipitation of small whewellite (COM) crystals (1 mM, 5 hrs); (b) small aligned COM crystals 
and larger weddellite crystals (COD) with truncated bipyramidal habit (1mM, 24 hrs); (c) unspecific dissolution 
features on calcite (left) covered by a microporous crust-like layer (right) composed of whewellite crystals (10 mM, 
5 hrs); (d) anisotropic dissolution with residual triangular etch hillocks on the calcite (left) partially covered by a 
similar surface layer of COM (10 mM, 24 hrs); (e) epitaxial growth of the COM surface layer, following the contours 
of rhomboid macrosteps on the (104) calcite crystal plane (10 mM, 5 hrs); (f) detail of (d) showing the variations in 
texture of the COM surface layer. 

7.2.1.2.3   Treatment with L-tartaric acid 

Treatment with L-

tartaric acid resulted in the 

widespread formation of 

dissolution microfeatures on 

the calcite surface. With 1 mM 

solutions, a homogeneous 

array of short spikes were 

observed after 24 hours of 

immersion, and small 

micropyramids began to form 

at 24 hours (Fig. 34a). At 

higher concentrations (10 

mM), large crystals of calcium 

tartrate also formed after a few hours, appearing dark in the SEM micrograph images (Fig. 34b), while 

longer contact times (24 hrs) generated a dense arrangement of pseudo-triangular etch hillocks of variable 

size (Fig. 34c,d). These structures appear to be the result of a crystallographic controlled dissolution 

process, which has progressed stepwise along the edges of the rhomboid. The acute corner is left 

protruding from the surface, resulting in these pseudo-triangular shapes.  

7.2.1.3   Discussion and summary 

Figure 34. EM micrographs (BSE) showing dissolution features produced by L-
tartaric acid: (a) 1 mM, 24 hours; (b) 10 mM, 5 hours; (c, d) 10 mM, 24 hours. 
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Ammonium sulfate, chloride, and acetate solutions were shown to produce microstructures 

through crystallographic controlled dissolution. The latter two produced similar needle-like features 

which either formed an array or were associated with residual pseudo-rectangular etch hillocks. These 

delicate structures seem to break easily and are not stable enough to provide permanent increased 

surface micro-roughness on stone. Micropyramids created with ammonium sulfate solutions were thicker 

at the base, more robust and densely packed on the calcite surface, making them good candidates for 

increased surface roughness. However, they were only observed in immersion tests at 50°C. Further 

evaluations would be necessary to determine whether the same features could be produced at ambient 

temperature, either by increasing the concentration of etchant or extending the contact time. Moreover, 

from a practical standpoint the addition of sulfate ions to calcareous stones might be problematic as they 

can contribute to the formation of gypsum crusts. On the other hand, if thin enough and epitaxially grown 

on the calcite surface, a gypsum layer could contribute to passivation and protection [121], [122]. For 

these reasons and additional time constraints, ammonium sulfate, chloride, and acetate were not further 

evaluated on stone samples. 

Ammonium oxalate, oxalic acid, and L-tartaric acid all produced features at room temperature 

which have the potential of modifying surface roughness on stone. Whereas the other ammonium salts 

act primarily through a crystallographic controlled dissolution mechanism, the immersion in organic acids 

and ammonium oxalate solutions resulted primarily in the precipitation of calcium oxalate or calcium 

tartrate crystals onto the calcite surface. However, interesting microstructures were formed through 

anisotropic dissolution as well for both oxalic and L-tartaric acid solutions. Calcium oxalates have known 

passivating properties and have been previously proposed as a form of protective treatment for 

calcareous stones [27]. However, calcium oxalate layers were shown to induce a hazy appearance to the 

surface of the calcite crystals (Fig. 28d,f), which could be a downside in terms of applicability. The 

precipitation of large calcium tartrate crystals poses similar challenges, and more experimental work is 
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needed to optimize treatment parameters. This could include attempts to favor the formation of the 

dissolution features shown in Fig. 34c, and possibly provide the necessary -OH groups to allow for better 

coupling with hydrophobic products.  

7.2.2   Limestone and marble 

The previously discussed immersion experiments allowed for observation of dissolution features 

on pure calcite substrates, aiding in the identification of potentially useful etchants and concentrations to 

achieve surface modification of carbonate stone. Ammonium oxalate, oxalic acid and L-tartaric acid were 

further evaluated for their ability to modify the surface of limestone and marble substrates. The solutions 

were applied to the surface of stone samples for about 20 hours using the poultice method described in 

section 6.3.1. Visible changes were recorded with digital microscopy and dissolution micro-features were 

investigated with SEM.  

Minor changes were observed on the marble and limestone, the most visible one being the  

presence of calcium tartrate crystals scattered on the surface, mainly along the edges of the samples (Fig. 

35a). With ammonium oxalate and oxalic acid solutions, calcium oxalate deposits appear to slightly reduce 

the visibility of marble grain boundaries (Fig. 35b), producing a hazy film reminiscent of those observed 

on calcite surfaces. However, these changes are much less noticeable than those observed on the pure 

calcite samples due to the opacity of stone.   
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Figure 35. Examples of visible changes observed on stone samples following dissolution treatment with poultice. a) 
Limestone before (left) and after (right) treatment with 10 mM L-tartaric acid. b) Marble before (left) and after (right) 
treatment with 10 mM ammonium oxalate. 

7.2.2.1   SEM observations and imaging  

7.2.2.1.1   Treatment with ammonium oxalate 

The treatment of the limestone and marble surfaces with 10 mM ammonium oxalate poultices for about 

20 hours resulted in the precipitation of small (2-3 m) whewellite crystals distributed irregularly over the 

surface of both stone types (Fig. 36). These small crystals may contribute to the development of a 

hierarchical surface roughness, especially when formed on top of pre-existing micro-rough features. Some 

areas of the stone surface remained unaltered, which may be related to poor contact with the poultice.   
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Figure 36. Small calcium oxalate crystals (whewellite, COM) observed on the (a) limestone and (b) marble surfaces 
following poultice treatment with 10 mM ammonium oxalate. 

7.2.2.1.2   Treatment with oxalic acid 

On limestone, the treatment with 5 mM oxalic acid poultice (20 hrs) resulted in surface 

modifications primarily due to anisotropic dissolution with areas clearly showing ‘spiky’ structures where 

calcite grains are in the right orientation (Fig. 37a). On the marble, the smoother surface is completely 

covered with a dense array of tiny spikes, while larger parallel etching lines run along cleavage and/or 

twinning planes, highlighting the predominance of a crystallographic controlled dissolution mechanism 

responsible for the enhanced surface roughness (Fig. 37b).  

 

Figure 37. Treatment with 5 mM oxalic acid poultices (20 hrs): (a) limestone surface with well-resolved spiky area 
outlined in yellow; (b) marble surface entirely covered with a dense array of tiny spikes (detailed at lower right), 
also showing some parallel etching lines along cleavage and possibly twinning planes. 
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Similar results were observed on substrates treated with a 10 mM oxalic acid poultice. Certain 

areas of the limestone sample showed clusters of micropyramids (Fig. 38a), but they are not as clearly 

resolved as those produced in the oxalic acid immersion tests. Micropyramids observed on the marble 

surface were larger, and more widely distributed than those seen on limestone samples (Fig. 38b). These 

crystallographic controlled dissolution features are known to be dependent on the orientation of calcite 

within the grain. This may be related to the small grain size and orientation of calcite within limestone 

samples. For this reason, crystallographic controlled dissolution features contributing to surface 

roughness were not as consistently observed, compared to the marble surface. In comparing limestone 

samples treated with 5mM and 10 mM oxalic acid, increased dissolution between calcite grains can be 

observed at higher concentration (Fig. 38a).  

 

Figure 38. Dissolution features produced on (a) limestone and (b) marble treated with 10 mM oxalic acid poultice 

(20 hrs). The dashed line in (b) indicates a grain boundary, as evidenced by spikes oriented in different directions 
(white arrows). 

When comparing these results to the oxalic acid immersion tests, the near complete absence of 

calcium oxalate crystals could be explained by the difference in the solid surface to liquid volume ratios 

between immersion and poultice treatments. The latter may provide a valid approach to better control 

( (

B
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the surface modifications induced by dissolution-precipitation and anisotropic dissolution mechanisms, 

by optimizing concentration, contact time, as well as the poultice type and volume of solution it can hold.  

7.2.2.1.3   Treatment with L-tartaric acid 

The treatment of limestone and marble with 10 mM L-tartaric acid poultice for about 20 hours 

revealed similar surface modifications for both stones, producing well-resolved spiky features without 

forming the large calcium tartrate crystals found on calcite treated by immersion. For limestone samples, 

pseudo-triangular spikes are rather small with heights between 0.5 – 1.5 m and variable directionality 

due to the random orientation of the calcite grains (Fig. 39a,b). On marble, the spikes are larger, 

measuring between 1.5 – 4 m in height, and densely packed on the surface. Again, the directionality of 

the spikes shows a clear dependency on the orientation of the calcite grains (Fig. 40).  

 
Figure 39. SEM micrograph (SEM) showing the limestone surface after treatment with L-tartaric acid (10 

mM, 20 hrs): (a) area with a dense distribution of micro-spikes; (b) view at higher magnification revealing 
the detailed triangular shape of these micro-spikes with sizes falling in the micrometer range. 
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Figure 40. SEM micrograph (BSE) showing the marble surface after treatment with L-tartaric acid (10 mM, 20 
hrs). Dense arrangement of micro-spikes formed by anisotropic dissolution with directionality (white arrows) 

dependent on the orientation of the calcite grains. 

7.2.2.2   Discussion and summary 

Whereas ammonium oxalate treatments modified the roughness of stone samples primarily 

through the precipitation of small crystals of calcium oxalate (whewellite), results obtained with oxalic 

and L-tartaric acid demonstrate the strong potential of the poultice method as a way to enhance surface 

roughness via crystallographic controlled dissolution. Moreover, previous immersion tests conducted with 

oxalic and L-tartaric acid on calcite samples led, in addition to anisotropic dissolution features, to the 

formation of large calcium oxalate or tartrate crystals, and their significantly reduced presence with the 
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poultice treatments is itself a noteworthy result. As mentioned earlier, this might be attributed to the 

solid/liquid ratio as well as to the quality of the contact with the solid, and the poultice indeed permits 

better control of these parameters. On the other hand, the inherent variability in the orientation of the 

calcite grains, and hence the spikes, could temper the ‘efficiency’ of the created micro-roughness, 

particularly on limestones with small calcite grains, although such degree of randomness might also have 

the opposite effect  when considering the size of a water droplet. Going forward, it would be essential to 

evaluate how these methods can be refined to produce more consistent modifications across the surface 

and create roughness patterns adapted to the various textures of calcareous stone. 

Different poultice options may be explored to improve the contact with the substrate. For the 

cotton poultice system used here, a barrier layer was necessary in order to prevent deposition of cotton 

fibers onto the surface. However, the Japanese tissue barrier itself was also observed in some cases to 

leave impressions of fibers behind on the 

surface (Fig. 41). Gels have become more 

widely used within the cultural heritage field 

as a method of cleaning sensitive media with 

aqueous cleaning agents and gel poultices 

may offer an interesting alternative. Loading a 

gel poultice with a dilute solution of any of the 

etchants considered here may also provide 

additional flexibility to control the solid-liquid 

(poultice) interface and produce local 

conditions closer to those created by biofilms, 

for example. Further experimental work 

would also be needed to address compatibility and removability issues on specific stone substrates. 

Figure 41. Impression of a Japanese tissue fiber visible 
within the calcium oxalate mat formed on the limestone 

surface treated with a 10 mM ammonium oxalate 
solution. 
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 Finally, looking back at the SEM micrograph illustrating the remarkable array of spikes formed on 

the marble (Figure 40), following the application of a L-tartaric acid saturated poultice, offers a stimulating 

perspective of what could be achieved in terms of (super)hydrophobicity with an adequate water 

repellent treatment.  

7.3   CONTACT ANGLE MEASUREMENTS AND HYDROPHOBICITY  

Pre-treatments using poultices saturated with 10 mM ammonium oxalate, oxalic and L-tartaric 

acid solutions were shown to successfully modify the surface and enhance its micro-roughness in a way 

that could potentially increase the water repellency of such surfaces. The next and final step of this 

research is to evaluate the influence of these micro-structural changes on the efficacy of hydrophobic 

products. Stone substrates were treated with the same poultices followed by the application of the 

hydrophobic products HMS 991 (PHMS) and n-OTES. By comparing the contact angles obtained on these 

samples to unmodified, hydrophobized samples, the contribution of surface modification achieved 

through pre-treatment could be evaluated.   

7.3.1   Contact angles without chemical dissolution pre-treatment 

Preliminary tests were carried out with three silane/siloxane-based products diluted at 5% in 

isooctane to evaluate their intrinsic (or chemical) hydrophobicity on smooth substrates. For this purpose, 

the polished rough-cut sides of the marble and honed limestone as well as freshly cleaved calcite were 

treated with the solutions and the contact angles measured (Table 5). 
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Table 5. Average contact angles measured on smooth substrates treated with hydrophobic products (diluted to 

5%). 

Coating Substrate Average contact angle (°) 

5% HMS 501 

Honed limestone 108 

Marble 93 

Calcite 104 

5% HMS 991 

Honed limestone 113 

Marble 107 

Calcite 93 

5% n-OTES 

Honed limestone 108 

Marble 107 

Calcite 98 

 

 Untreated samples of limestone and marble are usually wet by water and typically absorb water 

droplets by capillarity due to their porosity, and calcite generally exhibits high wettability. The results 

obtained for the contact angle measurements indicate that all the surfaces became hydrophobic following 

the treatment, with values comprised between 93° and 113°.  HMS 991 provided the highest contact angle 

on honed limestone while both HMS 991 and n-OTES produced contact angles of 107° on the marble 

samples, compared to 93° obtained with HMS 501. Compared to calcite, the poor performance of HMS 

501 on marble remains puzzling. For stones samples, the porosity is different, which likely influences how 

the solution is absorbed and how the active product is distributed over the solid surface.  

Furthermore, the lowest contact angles are most likely due to an imperfect hydrophobic film as 

well as minimal surface roughness in the case of calcite. However, even the highest contact angle does 

not preclude a relatively poor performance of the hydrophobic film which could be balanced by the 

existence of some roughness, as the surface of the marble and limestone, though polished, is far from a 

perfectly smooth surface. On the latter, to put things into perspective, an optimal treatment with 

methylated silanes should produce contact angles between 112° and 114° [123]. Although HMS 991 and 

501 are chemically similar, the former contains more Si-H reactive groups which can contribute to the 



 58 

formation of a denser cross-linked hydrophobic film. This might be the reason why HMS 991 consistently 

produced higher contact angles on the stone substrates. For these reasons, HMS 991 was selected for 

comparison with n-OTES in further testing on samples with modified surface roughness.  

Before this last step, a few tests aimed at evaluating the optimal concentration for the treatment 

were run with 1, 5 and 8% solutions of HMS 991 and n-OTES in isooctane (C8H18), first on the limestones 

because of their higher intrinsic surface roughness and later extended to the marble for the chosen 

concentration of 8%. The products were applied to the rough-cut sides of limestone and marble samples, 

and contact angles were measured (Table 6).  

Table 6. Contact angles obtained on the rough surface of limestones and marble treated with HMS 991 and n-OTES 

solutions at various concentrations. 

Coating Substrate Average contact angle (°)  

1% HMS 991 Honed limestone 135 

5% HMS 991 Globigerina limestone 134 

8% HMS 991 

Honed limestone 137 

Globigerina limestone 118 

Marble  102 

1% n-OTES Honed limestone 131 

5% n-OTES Globigerina limestone 112 

8% n-OTES 

Honed limestone 139 

Globigerina limestone 131 

Marble 124 

 

Due to limited time, contact angles could not be measured on four samples‡ making direct 

comparison difficult, although some interesting observations are evident. Globigerina limestone, which 

was expected to exhibit more pronounced hydrophobic character than the honed limestone, showed 

smaller contact angles with both HMS 991 and n-OTES at 8%, though the treatment with HMS991 at 5% 

 
‡ Globigerina limestone with 1% HMS 991 and 1% n-OTES, and honed limestone with 5% HMS 991 and 5% 
n-OTES. 
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performed significantly better with an average contact angle of 134°. In general, higher contact angles 

were obtained on the honed limestone samples, with high values around 138° using solutions at 8%.  

These counter-intuitive results may be related to the porosity of the stone substrates as both samples 

received roughly the same amount of product. Because the Globigerina limestone is much more porous, 

the solution likely penetrated deeper inside the stone leaving less of the active product on the surface to 

form a homogenous hydrophobic layer. In general contact angles on marble were lower, although a 

relatively high value was measured for marble treated with n-OTES. Based on these trends, a 

concentration of 8% was selected for the application of n-OTES and HMS 991 on the honed limestone and 

marble surfaces modified with etchant solutions.  

7.3.2   Contact angles after dissolution pre-treatments 

Following the pre-treatment and application of hydrophobic products, contact angles were measured on 

six marble and six limestone samples. They were pre-treated using 10 mM oxalic acid, L-tartaric acid, and 

ammonium oxalate poultices applied for about 20 hours, and later coated with HMS 991 and n-OTES 

solutions at 8% in isooctane. Contact angles were then measured on five locations across the surface of 

each sample and the values averaged (Table 7, Fig. 42). 

In these experiments, n-OTES consistently produced surfaces with higher contact angles than 

HMS 991. This suggests that n-OTES is more readily able to form an effective hydrophobic film, possibly 

in relation to the molecular arrangement of the long hydrocarbon chain on the solid surface, and/or that 

HMS 991 did not react sufficiently. For both products, samples treated with ammonium oxalate 

demonstrated the highest degree of water repellency. The ammonium oxalate pre-treatment produces 

surface roughness through the precipitation of small whewellite crystals independently of calcite 

orientation. The resulting homogeneous, micro-textured layers formed on the surface could explain the 

higher contact angle values observed in samples treated with ammonium oxalate.   
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Table 7. Contact angle values obtained on unmodified and modified surfaces of limestone and marble samples 
treated with HMS 991 and n-OTES solutions at 8% in isooctane. 

Substrate 
Hydro. 

treatment Pre-treatment 

Average  
Contact 

 angle (°) 

Marble 

HMS 991 

None 102 

Tartaric acid 107 

Oxalic acid 113 

Ammonium oxalate 112 

n-OTES 

None 124 

Tartaric acid 125 

Oxalic acid 133 

Ammonium oxalate 137 

Honed 
limestone 

HMS 991 

None 137 

Tartaric acid 117 

Oxalic acid 114 

Ammonium oxalate 121 

n-OTES 

None 139 

Tartaric acid 135 

Oxalic acid 126 

Ammonium oxalate 140 

 

Pre-treatment was shown to consistently increase the contact angles on marble, whereas the 

values on limestone are lower in all but one sample. Average contact angles measured on marble are still 

lower than expected, particularly when considering the impressive features created by anisotropic 

dissolution pretreatments with L-tartaric acid (Figure 40). This disparity could point to a less effective 

hydrophobic coating, possibly related to a discrepancy between the concentration used for the treatment 

(too high), and the low porosity of the marble. On the other hand, ammonium oxalate and oxalic acid 

treatments contributed significantly to increasing the overall hydrophobicity - a result with its own 

unanswered questions, as two different mechanisms were responsible for the increased surface 

roughness.  

 

Figure 42. Contact angles obtained from unmodified and 
modified A) marble and B) limestone samples. 

 



 61 

 

Figure 43. Increasing contact angles measured on marble surfaces of varying roughness treated with n-OTES. a) 
Micropolished marble sample treated with 5% n-OTES. Unmodified (b) and NH4Ox-modified (c) marble treated 

with 8% n-OTES.  

Limestone substrates, which have higher intrinsic surface roughness than marble, were observed 

to become less hydrophobic as a result of the surface modifications. This outcome is rather surprising and 

either suggests that surface roughness actually decreased as a result of these pre-treatments, or that the 

modifications somehow compromised the formation of the hydrophobic film. Of the three pre-treatments 

tested, L-tartaric and oxalic acid showed the most extreme loss in hydrophobicity. These acids may have 

more readily solubilized smaller grains, leading to dissolution between the grains which might have 

increased porosity. This change could have an effect on the applied hydrophobic products, drawing the 

treatment solution further into the bulk of the stone, ultimately compromising the integrity of the film 

formed on the surface. Further research would be necessary to fully comprehend why these contact 

angles decrease as a result of the surface modifications, independently of the mechanisms involved 

(either dissolution-precipitation or anisotropic dissolution). 

7.4   SURFACE MORPHOLOGY AND HYDROPHOBICITY: RELATIONS, IMPLICATIONS 

AND EXPERIMENTAL LIMITATIONS 

 Ammonium oxalate, oxalic acid, and L-tartaric acid pre-treatments have all shown a certain 

aptitude for modifying surface roughness, however their applicability should be further investigated in 

order to produce more consistent and optimal results. Organic acid solutions could potentially have an 
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adverse effect on the surface roughness in limestone, which may be mitigated by preparing buffered 

solutions with higher pH or by reducing the etchant concentration.  Ammonium oxalate treatments 

consistently improved the hydrophobic character of samples due to the formation of a homogeneous, 

micro-structured layer composed of small calcium oxalate crystals on the surface. While crystallographic 

controlled dissolution is interesting for the variety of microstructures formed on the surface of calcite and 

marble, with the experimental conditions tested in this study, this mechanism was ultimately less 

successful than precipitation due to the irregular orientation of calcite within the stone matrix.  

A major part of this research focused on evaluating the concentration, etchant type, and 

application method for dissolution experiments to induce surface modification on calcareous materials. 

However, due to the limited number of trials, these results alone cannot constitute real optimization. 

Additionally, due to time constraints an in-depth evaluation of hydrophobic products (in terms of 

application methodology and chemical structure of the films) could not be conducted. Contact angles 

obtained for the polished samples treated with hydrophobic materials were quite low (90-110°), which 

may indicate a heterogeneous and imperfect hydrophobic film. This research could be expanded to 

include other more reactive silanes, and for all these products, a more systematic evaluation of the 

resulting hydrophobic coatings to determine optimal concentrations and application methods.   
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CHAPTER 8.   CONCLUSION 

Surface modification pre-treatments were investigated as a means of enhancing the natural 

surface roughness of calcareous stone in order to improve the performance of traditional hydrophobic 

coatings. The use of calcite crystals (Iceland spar) as a reference material was particularly helpful to better 

understand the interactions with the etchant solutions and identify the most interesting ones. A variety 

of microfeatures were successfully produced through anisotropic dissolution or dissolution-precipitation 

mechanisms on marble and limestone samples. Pre-treatments were shown to modify the surface 

roughness topology and, following the hydrophobic treatment with water repellents, the most promising 

results were obtained on marble surfaces with contact angle values around 140°. Only ~10° separates 

these contact angles from the superhydrophobic state, a gap which may be bridged through further 

optimization of pre-treatment conditions, hydrophobic coating formulation and/or application 

methodology. This research highlights the potential of pre-treatments using chemistry as a pathway for 

modifying the original surface of stone materials in order to yield increased hydrophobicity and eventually 

reach a superhydrophobic state. Once these methods are further refined, they may offer a viable 

alternative to nanocomposite coatings. 

 This research also points to the need for a customized approach based on the type and 

characteristics of the stone. While the pre-treatments tested improved surface roughness on marble, 

results obtained on limestone were less consistent due to the porosity of the stone as well as the irregular 

orientation and small size of the calcite grains. For stones with small grain size, surface modification 

through dissolution and precipitation of calcium oxalate may offer a better alternative. The synergistic 

effect of this known passivating layer associated with a hydrophobic film has definitely potential and 

should be further investigated. Additional research to assess macroscopic visual changes (e.g. change in 

color or aspect) should also be conducted, as this is an important consideration when treating stone 
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objects and larger structures of cultural significance. Eventually, it would be interesting to compare 

surfaces treated with nanocomposite coatings to the surface modification + hydrophobic treatment 

process presented here, and to evaluate these approaches to shield monuments and outdoor sculptures 

from the adverse effects of water.  
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APPENDIX I. IMAGE CREDITS 

Figure 2. a) Sphinx and Pyramid of Giza, Wikimedia Commons 

(https://commons.wikimedia.org/wiki/File:Cairo,_Gizeh,_Sphinx_and_Pyramid_of_Khufu,_Egypt,_Oct_2

004.jpg), Przemyslaw Idzkiewicz / CC BY-SA 2.5 (https://creativecommons.org/licenses/by-sa/2.5/) b) 

Colosseum, Wikimedia Commons (https://commons.wikimedia.org/wiki/File:Colosseum_in_Rome-

April_2007-1-_copie_2B.jpg), Diliff / CC BY-SA 2.5 (https://creativecommons.org/licenses/by-sa/2.5/) c) 

Tikal Temple II, Wikimedia Commons (https://commons.wikimedia.org/wiki/File:Tikal_Temple_II.jpg), 

Mike Vondran / CC BY 2.0 (https://creativecommons.org/licenses/by/2.0/), d) Sacsayhuamán, 

Wikimedia Commons (https://commons.wikimedia.org/wiki/File:Walls_at_Sacsayhuaman.jpg), 

Bcasterline at English Wikipedia (Public Domain).  

Figure 3. a) Naxos Marble Quarry, Wikimedia Commons 

(https://commons.wikimedia.org/wiki/File:Naxos_Marble.JPG), Heiko Gorski / CC BY-SA 3.0 

(https://creativecommons.org/licenses/by-sa/3.0/deed.en) 

Figure 4. a) Parthenon, Wikimedia Commons 

(https://commons.wikimedia.org/wiki/File:Parthenon.png), nonbirinonko / CC0. b) Cathedral and tower 

at Pisa, Wikimedia Commons 

(https://commons.wikimedia.org/wiki/File:Pisa_Leaning_Tower_and_Cathedral_01.jpg), Johann H. 

Addicks / CC BY-SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0/). c) Washington Monument, 

Wikimedia Commons (https://commons.wikimedia.org/wiki/File:DC_Washington_Monument.jpg), 

Daniel Schwen / CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0/). d, Taj Mahal, Courtesy 

Christian Fischer. 

Figure 12. Water droplet on lotus leaf (https://phys.org/news/2017-05-bacteria-harness-lotus-

effect.html) C. Falcón Garcia / Technical University of Munich. 

Figure 16. Calcite forms - all images sourced from Wikimedia Commons.  

a) https://commons.wikimedia.org/wiki/File:Calcite-mun05-94a.jpg, Rob Lavinsky / CC-BY-SA-3.0 

(https://creativecommons.org/licenses/by-sa/3.0/) 

 b) https://commons.wikimedia.org/wiki/File:Calcit1000108.JPG, Gunner Ries / CC BY-SA-2.5 

(https://creativecommons.org/licenses/by-sa/2.5).  

c) https://commons.wikimedia.org/wiki/File:Calcite-elm51a.jpg, Rob Lavinsky / CC-BY-SA-3.0 

(https://creativecommons.org/licenses/by-sa/3.0/)  

d) https://commons.wikimedia.org/wiki/File:Calcite-65541.jpg, Rob Lavinsky / CC-BY-SA-3.0 

(https://creativecommons.org/licenses/by-sa/3.0/) 
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