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Synopsis 

The protection of stone materials is one of the most important and critical aspects for the conservation 

of outdoor architectural monuments. Even though various synthetic polymers have been widely used 

for the protection of historical monuments it is now clear that their degradation processes lead to 

serious problems on the treated surfaces and they can hardly be removed. The aim of the present work 

is to develop new materials as protective coatings for stone cultural heritage. This thesis will focus on 

the development of an innovative material based on biopolymers and non-toxic solvents. Biopolymers 

replaced synthetic polymers in many applications and fields (such as food packaging, cosmetics and 

medicine) due to their good properties of reversibility, biodegradability and eco-sustainability. The 

application of biopolymers in cultural heritage field is, instead, quite recent and often the products and 

methodologies are borrowed from other fields. This is the case of zein, the protein used for the 

production of the developed coating. Zein is mainly used in food packaging and pharmaceutical field 

but could represent a suitable alternative to meet the requirements for the protection of historical 

building materials, such as non-toxicity and reversibility. 

This study is the result of the close collaboration between the Smart Materials group of Istituto Italiano 

di Tecnologia (IIT) in Genova, the Center for Cultural Heritage Technology (CCHT@Ca’ Foscari), 

the research group of Dipartimento di Scienze Ambientali, Informatica e Statistica (DAIS) in 

Università Ca’ Foscari of Venezia, and Univeristà degli Studi di Trieste. Polymeric manufacturing and 

several chemical, physical, and mechanical characterization techniques were carried out in Smart 

Materials group in IIT. Ca’ Foscari team contributed with long-standing knowledge of the building 

materials and of the specific and crucial requirements of their preservation, which is the base for 

designing compatible conservation interventions. Trieste University offered several educational events 

and opportunities for dialogue and exchange. The promising results obtained thanks to this 

collaboration are summarized and illustrated in the present work, which has been structured as follow: 

 The first part (Introduction) is dedicated to illustrate the main characteristics of natural stone for 

buildings and decoration of architectural monuments in Cultural Heritage; their characteristics and the 

chemical-physical decay processes, which may occur with the exposure of these materials to 

weathering factors, are explained. Then, the chapter illustrates the protective treatments reported in 

literature and the necessity of promoting the use of green materials and methodologies. Finally, in light 

of all these elements, the aim of the research is illustrated.  
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 In the second part (Development of a novel zein-based formulation), zein is proposed for the 

development of a transparent and hydrophobic formulation. Zein characteristics, which guided in its 

choise for the development of the new material are illustrated. The methodology followed for zein 

purification and for the preparation of the novel formulation are presented in this part. Moreover, a 

detailed study of the influence of coating fabrication method on the hydrophobic character of polymeric 

solution is described, through the study of protein secondary structure.  

 In the third part (Investigation of zein formulation performance as a protective), the effectiveness of 

the developed coating when applied on stone material is evaluated. The methodology used to apply the 

coating, the choice of the stone substrate and its preparation are presented. The way in which the 

coating is distributed over the stone, its morphology, adhesion and its thickness are here evaluated. 

Results in terms of hydrophobicity, water uptake and water vapor permeability are also shown and 

discussed in in this part.  

 The fourth part (Applicability of the zein-based coating) focuses on the actual applicability of the 

developed material as a protective for buildings and monuments protection. Results of artificial ageing, 

biocolonisation, biodegradability and removability tests are reported in this part. The tests aimed at 

verify the long-term serviceability and the possible removability of the treatment in case of need. 

Moreover a preliminary implementation for a future Life Cycle Assessment of the developed material 

is proposed. 

 The last part summarizes the results obtained throughout this study and outlines possible future 

developments and applications of this research. 
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1. Introduction  

Natural stone has been used for constructive and artistic purposes since dawn of civilization. The 

earliest stone structure built by humans dates back at the Stonehenge site, realized approximately 

around 2500 BC. Despite the vast variety of other building materials appeared in architecture over 

time, such as bricks, earth materials, gypsum and concrete, the multilateral values’ appreciation of 

stone has not ceased up to the present day. Even though the domination of Portland cement in 

architecture since the early 20th century inferred the decrease in the usage of natural building materials, 

the attention to lasting stone beauty and to its proper maintenance has increased in recent years. This 

is due to the heavy urbanization and industrialization of the last century that led to an acceleration in 

the deterioration of monuments and statues emphasizing the need of preventive and conservation 

solutions to preserve architectural heritage [1,2]. 

The present chapter is a short review, which aims at describing the main degradation processes of stone 

due to outdoor exposure. Secondly, the chapter is meant to summarize the state of the art of protective 

treatments for stone with the aim of giving an overview of the most used and tested synthetic polymers. 

From this introduction, the critical issues associated with the use of synthetic polymers and 

nanostructured materials will emerge, both in terms of compatibility and durability and in terms of 

environmental issues linked to their use. 

In fact, it is nowadays clear that innovative and more green conservation strategies and materials are 

required for the preservation of our architectural and monumental heritage [3,4]. For a long time, 

restorers and conservators have been focusing in searching the most compatible solutions with the 

materials of the artefacts without taking into account the possible issues for the operators and the 

environment [5,6] 

Then, this introduction aims to present and evaluate the available green and sustainable products and 

methodologies for protection of buildings and monuments materials.  

1.1 Degradation of natural stone 

It is known that stone, when placed in different environmental conditions from those where it was 

formed, naturally tends to degrade; in fact, it is forced to reach new conditions of equilibrium through 

changes in its characteristics.  

This phenomenon is particularly problematic when it involves valuable architectural and artistic works, 

like masonry of historical buildings and decorative details. The necessity to preserve cultural heritage 
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Figure 1.1 Principal pathways due to polluted environments [13]. 

integrity stress the need to increase the scientific knowledge on the behavior of these materials, in order 

to provide suitable solutions for their conservation[7–9]. 

In this sense, in the process of characterizing stone decay, it is important to underline that similar 

composition of the stone does not necessarily means same durability and/or behavior with ageing. For 

example, Istrian stone, Lecce limestone, and Carrara marble are all carbonate materials, but their modes 

of deterioration depend more on characteristics such as porosity, pore shapes, pore size distribution, 

and grain size then on their chemical composition. Moreover, the degree of hygric swelling and its 

strength strongly influence the durability of the stone too. Stone with high porosity, high rate of 

swelling and low strength will tend to be relatively poor building materials.  

Water plays a key role in the various deterioration mechanism to which stones are susceptible, because 

it can promote degradation by acting as transport medium of several potentially harmful agents [10–

12].  

The following sections describe the main processes involved in building materials deterioration and 

promoted by the action of water. 

1.1.1 Damages due to air pollution 

The problems related to the changes in urban air quality are nowadays universally known. 

Industrialization, heavy urbanization and anthropogenic activities in general have increased the 

concentration of pollutants in the urban and rural environment, leading to serious issues not only for 

human health and environment but also for the buildings and monuments in our cities. Figure 1.1 shows 

the principal pathways by which airborne pollutants can be transported.  

 

 

 

 

 

 

 

 

 

 



10 
 

Carbonate stone, such as limestone, marble and calcareous sandstone are particularly liable to damages 

due to polluted environments. The increased sulphur dioxide (SO2) concentration in the atmosphere, 

resulting from the increased use of fossil fuel, has been considered for decades the main pollutant 

affecting marble structure. Urban levels of SO2 are now decreasing, however the corrosion rates of 

most calcite containing materials still seem to be increasing. This is likely due to the elevated levels of 

nitrogen compounds; levels of NO2 have doubled in the last decade, accompanied by a concomitant 

increase in the concentration of the nitrate component in acid rain. In fact, in presence of water or 

environmental humidity, NO2 produces HNO2 and HNO3, which react with CaCO3 giving calcium 

nitrate (Ca(NO3)2), which is highly soluble (121.2 g/100 ml at 20 °C) 

 

𝐶𝑎𝐶𝑂3 + 2𝐻𝑁𝑂3 → 𝐶𝑎(𝑁𝑂3)2 + 𝐶𝑂2 + 𝐻2𝑂                                                                                   [1] 

 

The same happens for SO2, which in contact with water can give rise to the formation of sulfuric acid 

(H2SO4) through oxidation. Rain water are already slightly acid due to the presence of CO2 in the 

atmosphere; the high levels of H2SO4 and HNO3.lead to a further decrease in rainwater pH, promoting 

an acceleration of corrosion and dissolution of calcareous materials[13–16]. Moreover, several authors 

suggest the possible synergic action between SO2 and NO2 and the rapid sulfate formation resulting 

from the simultaneous exposure of calcite to O3 and SO2 at humid condition[13,17,18]. 

The reaction between H2SO4, atmospheric water and the calcite contained in stones lead to the 

formation of gypsum; the reaction take place as follow:  

 

𝐶𝑎𝐶𝑂3 + 𝐻2𝑆𝑂4 + 𝐻2𝑂 → 𝐶𝑎𝑆𝑂4 ∗  2𝐻2𝑂 + 𝐶𝑂2                                                                          [2] 

 

This is believed to be the origin of black crusts formation, which are originated from the encapsulation 

of dust, airborne particles, polyaromatic hydrocarbons (PAHs) and carbonaceous particulate matter 

(PM) present in the atmosphere during gypsum crystals formation. Examples of black crusts formation 

are reported in Figure 1.2. Gypsum is more soluble (~2/2.5 g/L, 25°C) and occupy more volume (molar 

volume 74.4 cm3 mol-1) that the original calcium carbonate matrix (molar volume 36.9 cm3 mol-1) [19]. 

As a result, either it can be eroded in rain-washed areas, causing loss of material, or can induce 

mechanical stress due to the molar volume increase [20–25]. 

The increased level of CO2 in the atmosphere is also dangerous especially for monuments made with 

calcium carbonate, such as marble. The reaction between calcium carbonate and CO2 at high humidity 

values give rise to the formation of calcium bicarbonate (Ca(HCO3)2), as reported in the reaction below.  
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𝐶𝑎𝐶𝑂3 + 𝐶𝑂2 + 𝐻2𝑂 ↔ 𝐶𝑎(𝐻𝐶𝑂3)2                                                                                                         [3] 

 

Calcium bicarbonate, which is more soluble (16.6 g/100 mL at 20 °C) and instable with respect to 

CaCO3 (0.013 g/L 25 °C), can be either washed out by rainwater or, when the water evaporates, it can 

precipitates again in form of calcite, giving rise to large areas of white crusts over the building material 

[25–27]. 

Therefore, the reaction of calcium carbonate with the atmospheric pollutants dissolved in water, lead to the 

formation of more soluble products, which can undergo further leaching and consequent loss of material.  

a. b. 

Figure 1.2 a. and b. Presence of black crusts on two limestone sculptures due to the dry deposition 

of pollutants present in the atmosphere [28]. 

1.1.2 Damages due to soluble salts 

Salt weathering is another important cause of stone deterioration. Soluble salts presence in stone can 

be originated from different sources: air pollution, deicing salts, soil, sea spray[29–31]. As mentioned 

above, air pollution is the main source of sulfates and nitrates, while some authors attributed the 

presence of phosphate to rainwater leaching of bat guano [24,29,32]. Water in the soil, which is rich 

in minerals, is able to dissolve any soluble salts present in it and carry them into masonry by capillary 

rise. Once in the stone, the salts will migrate at different heights depending on their solubility and will 

crystallize at diverse location depending on the environmental condition during evaporation [24]. The 

most insoluble salts, such as gypsum (CaSO4*2H2O), crystallize close to the ground generating whitish 

films or crusts. As the solution continues to migrate upward and with on-going evaporation other salts 

will crystallize out, such as potassium nitrate and magnesium and sodium sulfates, forming 

efflorescences. The most soluble salts, as like as nitrates and chlorides, are the last in crystallizing. 

Efflorescences takes place on the surface, when salt bearing water evaporates straight from the surface 
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of the material and crystallize (Figure 1.3), while subefflorescence takes place below the surface, inside 

stone bulk [33]. This latter phenomenon is the most dangerous: as they crystallize within the pores of 

the material, salts can cause damages. The crystallization pressure of salts can both induce mechanical 

stress to the building structure and reduce the cohesive force between particles, giving rise to typical 

damages, including surface scaling, deep cracking, expansion, granular disintegration, surface 

powdering and micro cracking [30,31]. 

There is, in general, a strong relationship between the extent of salt decay and the environmental 

conditions in which the heritage is placed [29,34]. 

For example, salt weathering is enhanced in coastal and desert environments, which are rich in sodium 

chloride (NaCl) and sodium sulfate (Na2SO4) respectively, salts are blown by the wind from the sea or 

the desert. However, regions characterized by the strong contrast between the rainy and dry season, 

typical of tropical monsoon climate, may also be affected by salt weathering[10,11,24,35,36].  

Temperature is another parameter that strongly affects the alteration patterns in the case of decays 

associated to the presence of soluble salts. Angeli et al.[37] indeed studied the influence of temperature 

and salt concentration on the salt weathering of sedimentary rocks, and they could observe a strong 

correlation between the patterns and the weathering extent with the change they cause in the 

evaporation velocity, and thus in the crystallization depth of sodium sulfate.  

Other parameters may affect the resistance to salt crystallization, including the mineralogical 

composition, texture and pore size of the stone itself [38,39]. 

Pore size strongly influence salt weathering; according to several studies [40,41] for stone with pore 

size between 0.1 and 10 µm the crystallization stress generated by salt has to be considered relevant.  

In order to penetrate pores of below 0.1 µm a crystal requires a degree of saturation, which is not 

frequent in building stone, while pores larger than 10 µm do not contribute significantly to salt 

weathering. This is why stones with large pores, such as travertine and tufa are less prone to salt 

deterioration than sandstones and calcarenites with thin pores. As well as stone like marble and Istria 

stone are more resistant to salt damages thanks to their minimal porosity and tendency not to have a 

strong capillary suction.  
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a. 
Figure 1.3 Formation of salts forming efflorescence on the surface of sandstone masonry, focused 

at joints between masonry blocks. [28]. 

1.1.3 Damages due to biocolonization 

Microbial growth on and in stone made cultural heritages is once again determined by the availability 

of water in form of rain, rising dump, condensation, moisture. The presence of individual or complex 

microorganism communities, such as algae, bacteria, cyanobacteria, fungi, and lichens, on monuments 

and buildings leads not only to aesthetical alterations, but also to severe physical as well as chemical 

damage to the stone material. Primarily, the presence of the microflora can be found in the biogenic 

pigments, such as green chlorophyll, brownish melanin, or red carotenoids on the stone surface. 

Cyanobacteria are very frequent stone dwellers and can cause black, bluish and violet stains .[28] 

Several groups of algae may also grow on and in stone depending on climate condition and stone 

characteristics. Sometimes the stone surface is just the solid host for the growth of these 

microorganisms, but in other cases, it can also represent a source of nutriments.  

Once microorganisms are fastened to the substrate, they can alter its physico-chemical characteristics, 

modifying the mechanical properties, wettability, diffusivity, and thermohygric behavior of the original 

material. Finally, the microbial colony may cause a bio corrosive attack leading to the alteration of the 

structure and stability of materials through several processes, such as the excretion of corrosive 

metabolic products[42]. 

Some of the microorganism found on stone, such as lichens and cyanobacteria, are photoautotrophic. 

Thus, they can grow on stone even when no organic matter is present and, even though better climate 

conditions favor their proliferation; this characteristic allows them to survive even in extreme 

conditions, including the vertical surfaces of monuments (Figure 1.4)[43]. 

As for damages due to air pollutants and salt, the degree of biological colonization of a stone surface 

depends also on the intrinsic properties of the material and its bio receptivity [44]; for example, studies 

of biological colonization on travertine showed that the stone characteristics play a relevant role. A 
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higher degree of colonization was observed in cavities and pores with respect to the surface, thanks to 

the possibility of hold water in it [45]. 

a. b. 

Figure 1.4a. Colonization of red algae on a bas-relief sandstone sculpture and b. Biological 

colonization constituted of an association of algae (dark grey), lichen (light grey and orange) and 

mosses (green cushions)[28]. 

1.1.4 Other damages due to the presence of water 

As mentioned above, water acts as a carrier through which several degradation pathways might take 

place on stone artifacts. Nevertheless, water is able to degrade stone materials even without the 

presence of salt, pathogens microorganisms or pollutants.[46] Water can enter the pores trough 

infiltrations from the roof of the building, trough rising damp from the soil, or trough superficial and/or 

interstitial condensation and lead to chemical and/or physical damages.  

The presence of water in the pores is a direct cause of physical damages of stone materials, especially 

in cold regions or in severe winter condition; the alternating of freeze and thaw cycles of water inside 

the stone pores is responsible for cracking and loss of mechanical strength. In fact, ice crystals occupy 

a higher volume (up to 9% more) with respect to liquid water, inducing mechanical stresses to the 

material.  

Once again the deterioration processes due to freeze-throw cycles are dependent on the character of 

the pores such as the distribution of pore sizes, pore shapes and pores’ interconnection whether they 

are sandstone or limestone [47,48].  

Moreover, the exposure of high porous stone to frequent and intense rains lead to erosion and loss of 

material [49,50]. This is the case of calcarenite: even in relatively unpolluted areas, rainwater can 

slowly but steadily lead to the dissolution of calcium carbonate, which is extremely low soluble in pure 

water but becomes more soluble as the dissolution of carbon dioxide increases.[51]  
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In addition, in stone with high contents of clay minerals, such as smectite and montmorillonite, they 

can absorb moisture and undergo swelling-shrinking cycles and, if salts are also present, the cycles are 

no longer reversible and the expansion increases significantly with each new cycle, leading to physical 

damages. 

Table 1.1 resume the main degradation mechanisms linked to the presence of water on stone materials. 

It is anyway important to stress that the decay is a spontaneous and irreversible process, which is often 

the result of the synergic action of several of these mechanisms and thus, in many cases, it is not 

possible to identify a single cause of degradation. 

Table 1.1 Possible interaction of water with stone materials and consequent deterioration 

mechanisms observed. 

Water activity and form  Degradation mechanism 

Freezing-throwing cycles inside pores  Mechanical stresses, cracking 

Run-off  and flowing  Physical/mechanical erosion, loss of material 

Presence of liquid water inside pores Dissolution and transport of soluble salt, and 

mechanical stress due to their crystallization. 

upon water evaporation 

Transport of reactive pollutants coming from the 

atmosphere (SO2, NOX, CO2), erosion and 

formation of black crusts 

Sorption/desorption  Swelling-shrinking of clay minerals, mechanical 

stress due to hydration/dehydration of unstable 

minerals and soluble salt hygroscopicity 

Presence of adsorbed water and moisture  Development of microorganism that may cause 

chemical/physical degradation  

 

1.2  Protection of natural stone: state of the art  

The previous section shortly described the main problems of building and monuments exposed to 

outdoor conditions and due to the presence of water.  

The knowledge acquired about the deterioration processes has promoted the preservation of buildings 

and decorative surfaces of architectural monuments using hydrophobic or superhydrophobic protective 

coating. 
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The wetting phenomena are described through the Young's, Wenzel, and Cassie–Baxter equations 

(Figure 1.5).  

Young was the first to study the interaction between a solid surface and a water drop, and his equation 

define the exact shape of the liquid-water drop as reported in Figure 1.5a. γSV, γLV , and γSL are the 

solid-vapor (sv), liquid-vapor (lv), and solid-liquid (sl) interfacial surface tensions, respectively, and 

θY the equilibrium-Young contact angle. In the cases where the liquid-vapor surface tension is smaller 

than the solid-vapor surface tension (γLV < γSV), the liquid-solid interface increases to minimize energy. 

As the water droplets wets the surface, the contact angle approaches zero. Inherent hydrophilic surfaces 

correspond to θY < 90°, while inherent hydrophobic surfaces correspond to θY > 90°. The Young 

contact angle (θY) is influenced exclusively by the intermolecular interactions, while the effect of 

surface roughness in the wettability of the solid surface is not taken in consideration.  

Wenzel and Cassie–Baxter models introduced the relationship between roughness and 

hydrophobicity/superhydrophobicity. A surface is considered superhydrophobic when it shows a water 

contact angle (CA) higher than 150° and a sliding angle (SA) less than 5°. Both models by Wenzel and 

Cassie–Baxter can predict large apparent contact angles θ∗ on rough surfaces, even larger than 150°.In 

the Wenzel model, however, θ∗ can become larger than 150° only when underneath inherent 

hydrophobic materials. According to Wenzel, in fact, roughness increases the intrinsic hydrophobic or 

hydrophilic characteristics of a surface. Instead, for Cassie and Baxter any material, either hydrophilic 

or hydrophobic, can reach θ∗ higher than 150° when the roughness is increased [52–55]. 

a. 

b. c. 

Figure 1.5 Schematic illustration of wetting states on solid surfaces. From top left to top right, 

wetting states are described by Young's, Wenzel, and Cassie–Baxter equations [52]. 

 

As shown in Figure 1.5a and b respective, in the Wenzel model, the liquid droplet makes contact at all 

points with the solid surface below it, while in the Cassie–Baxter model, the drop rests on the peaks of 

surface protrusions with air gaps trapped in between.  
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A short overview on hydrophobic and superhydrophobic coatings in stone conservation in the 

following paragraphs is reported. In particular synthetic, also with nanostructured additive and bio-

based protective coatings available on the market and proposed in literature will be presented, 

evaluated and critically analyzed. 

1.3 Synthetic polymers and nanostructured materials 

Protective strategies are especially required to preserve stone from the action of water, ensuring at the 

same time the adhesion and compatibility with the substrate, avoiding significant water vapor 

permeability changes and color alterations. Moreover, they have to guarantee durability and 

retreatability of the surface, wherever the reversibility of the treatment it is not possible[56]. 

Most of the polymers used to protect stone monuments and buildings are of synthetic origin. Acrylates, 

silicon based polymers, fluoropolymers as well as mixtures of two or more components have been 

extensively used as protective coatings for stone protection due to their promising properties in terms 

of water repellency and transparency [23,51,57–64]. 

1.3.1.1 Acrylic polymers 

Starting from 1960s, acrylates and silicon-based polymers have been widely applied for several 

conservation purpose. Acrylate and methacrylate polymers have been largely employed in formulation 

of varnishes, paints, adhesives, and for protection and consolidation of different substrates, such as 

wood, bricks, stones, textiles and leather[53,65,66]. 

Paraloid B72, obtained via free radical polymerization between ethyl methacrylate (EMA) and methyl 

acrylate (MA), is one of the first acrylic resin used as protective coating for stone [67]. Other acrylate 

and methacrylate copolymers, however, have been tested and applied for stone protection. Among 

them poly(metyl methacrylate) (PMMA), and poly(isobulyl methacrylate) (PiBMA), known by the 

commercial name of Paraloid B67, have been extensively employed in the protection of stones and 

frescoes[59,68] 

These polymers have been used for long time in stone conservation thanks to their film forming ability, 

good adhesive properties, transparency and moderate water repellence. In fact, acrylics were believed 

to be stable against oxygen and UV radiation and able to keep their solubility when aged and therefore 

reversible [69]. 

Nevertheless, several studies demonstrated that prolonged UV-light exposure, humidity, extreme 

temperature variations may induce unwanted degradation of acrylic polymers [70]. In some cases they 
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degrade up to the total elimination of the coating [59], while other polymers undergo cross-linking 

and/or chain scission reactions [71,72].  

Favaro et al. [73] proposed a degradation pathway for the methacrylates and acrylates units under 

photo-oxidative weathering. As reported in Figure 1.6a, the methacrylate unit undergoes the formation 

of a cyclic ester originated either by the addiction of O2 to the radical formed by the extraction of 

hydrogen bonded to the tertiary carbons or by oxidation in the same position. On the other hand, the 

photo-oxidative weathering of the acrylate unit results in the formation of double bonds inside the 

chain as illustrated in Figure 1.6b.  

a. b. 

Figure 1.6 Photo-oxidative weathering of Paraloid B72 for a. the methylacrylate and b. the acrylate 

units [73]. 

These reactions may result in reduced waterproofing behavior, yellowing and detachment of the 

polymeric layer. Moreover a difficult, and sometimes impossible, removability from the substrate was 

observed in several studies, which is a dramatic effect in case of occurrence of a new restoration 

[73,74]. 

1.3.1.2 Silicon based and nanostructured polymers 

Silicone water repellent used for stone conservation belong to the family of alkyl silicon products, i.e., 

alkyl siliconates, alkyl silanes, siloxanes, polysiloxanes and silicone resins. The water repellency of 

the silanes and siloxanes products depends on their structure. They all come with a hydrophobic alkyl 

chains and a hydrophilic SiOR groups. The degree of hydrophobicity mainly depends on the length of 

the alkyl group, which also influence the resistance against alkalinity. When applied to the substrate, 

the alkoxy groups of these products undergoes hydrolysis in presence of water or humidity to form a 

silanol intermediate which will spontaneously polycondensate to form a hydrophobic film. While the 

reactive OH-groups from the silanols can form irreversible bonds with the mineral substrate 

[75,76].Table 1.2 shows the information available in the literature about silicon-based treatments for 
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stone protection. Most of them are applied in solvent medium, water-based emulsions were introduced 

in the late 1980s following the environmental concerns about solvent-based water repellents [77].  

Table 1.2 Silicon-based commercial water repellent treatments tested for stone protection. 

Product name Composition  Solvent Ref.  

HIDRÓFUGO SH (Weber & 

Broutin) 

Polysiloxane Hydrocarbon  [78] 

ESTEL 1100 (CTS Europe) Oligomeric siloxanes White Spirit  [78] 

TEGOSIVÍN HL 100 

(Goldshmidt) 

Oligomeric siloxanes  No solvent [78,79] 

LOTEXAN/N (Keim) Siloxanes Mix aromatic/hydrocarbon 

solvents 

[78,79] 

BPS 7700 (BPS) Siloxanes Aromatic hydrocarbon  [78] 

RADGUARD RADCRETE 

Development 

Water-based alkyl 

silane 

Solvent (not specified) [78] 

SIKAGUARD 700S (SIKA) Siloxane Solvent (not specified) [78,80] 

Wacker – not specified name Oligomeric 

polysiloxane   

White spirit [57] 

Silres BS 290 (Wacker) silanes and siloxanes 

mix 

White spirit [79,81,82

] 

Silres BS 4004 (Wacker) silanes and siloxanes 

mix 

Water [83] 

Rhodosil 224 (Rhodia 

Silicones) 

poly alkyl siloxane White spirit [82,84,85

] 

Porosil VV plus (AquaBarta) poly alkyl siloxane White spirit [84] 

Dri-Film 104 (General 

Electric) 

Methyl-methoxy silane White spirit [73] 

Silo 111 (CTS Europe) Siloxane  White spirit [86] 

Silo 112 (CTS Europe) Polysiloxanes Water [87] 

Wacker OH 100 (Wacker) cyclohexylmethyl-

dimethoxysilane 

Solvent (not specified) [88] 

Ethyl silicate (Si(OC2H5)4  [88] 
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VP 1805 (CHEM SPEC s.r.l) Organicall-modified 

alkyl silane 

Water [89] 

Acqua 1-K (Nortech GmbH) emulsion of acrylic 

resin and alkyl silane 

Water [89] 

BAYER LF (Bayer GMB) Siloxane-acrylic 

copolymer 

White spirit [82] 

FTORSAM-39 ( Russian 

Accademy of science) 

Fluoro-organosilane  Chloroform [82] 

AlphaSI30 (Sikkens)  Oligomeric 

polysiloxane 

 [90] 

Silres BS29A (Wacker) Emulsion of silane, 

siloxane and organic 

polymer 

water [91] 

Despite the water repellency, stability and absence of chromatic variation observed for most of the 

commercially available treatments even after ageing [92], researchers have also highlighted some 

issues. For example, SIKAGUARD 700S and HB Siliker S 101 applied on granite were seen able to 

impart excellent hydrophobicity to the stone with no visible chromatic variation even after accelerated 

ageing tests. Nevertheless the application of these protectives caused a certain pore occlusion resulting 

in enhanced degradation processes with respect to non-treated granite, especially in areas interested by 

rising damp[80]. Moreover, Dri-Film 104 was seen to undergoes hydrolytic processes and consequent 

formation of cross-linked structures, processes which might interest even others products listed in 

Table 1.2 [73]. 

Moreover, during the cleaning operation on the Royal Palace in Madrid (Spain), some black stains 

were attributed to past protective treatments on limestone and granite with silicon-based protective 

products. The treatment did not allow the water inside the ashlar to evaporate and as a consequence 

dark stains and sub-efflorescences and crypto-efflorescences were observed in the areas with the 

highest moisture contents [93]. 

Another important aspect, which was pointed out by some authors, is the instability of silicon resins to 

SO2 action, which leads to changes in their structure and, consequently, to shorter lives of these 

protective coatings in case of high level of SO2 in the environment [94]. 
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Recently, aiming at reduce the wettability and water penetration of porous building materials, research 

geared towards innovative methodologies, including the addiction of nanometric TiO2 and SiO2 to 

several synthetic polymers [62,87,95,96]. The addition of nanoparticle to silanes and siloxane products 

was tested by several authors and was seen to give rise to superhydrophobic and breathable surfaces 

[60,83–85,89,97]. Beside the enhanced superhydrophobicity, these nanomaterials are known for their 

photocatalytic activity; they are able to degrade the organic pollutants in the air through photooxidation 

thus preventing their accumulation on stone. Titanium dioxide (TiO2), inorganic silica (SiO2) and other 

nanoparticles are able to increase the stability of the polymer to photo-ageing thanks to the formation 

of organic and inorganic network, preserving the material transparency and flexibility when applied in 

blends but, even when used alone, impart superhydrophobicity, self-cleaning, antipollution and 

antibacterial properties to the treated stone [95,96,98–101]. Moreover, the use of high amount of titania 

results in chromatic alteration and cracking of the polymeric layer [102,103]. An important parameter 

to be considered for the optimization of the formulation of polymeric nanocomposites is the chemical 

stability after ageing, as TiO2 nanoparticles can catalyse the degradation of the polymeric matrix [87]. 

Other issues related to the use of nanoparticles is their possible release in the environmental and 

consequent risks for human health [6,103,104]. 

1.3.1.3 Fluoropolymers 

Fluoroplymers is the third main class of synthetic polymers used for stone protection. Infact, 

fluoropolyethers such as Fluoline PE, and foroelastomers, such as Tecnoflon NM (fluoroelastomer 

copolymer based on hexafluoropropene (HFP) and vinylidene fluoride (VDF)) or Fluoline HY, proved 

to be the best among protective materials because of both their higher stability (due to the relevant 

strength of carbon-fuorine bond) and the hydrophobic characteristics [87,105–107].  

However, the use of sole fluorine-based coating in stone protection was limited by the fact that such 

coatings are bonded to the surface via very weak van-der-Waals forces, which causes lower adhesion 

to the substrates. Moreover, several studies stressed that the efficacy of these polymers is affected both 

by surface and bulk characteristics, such as roughness and porosity, and coating application method. 

In addition, in contrast to acrylic polymers, fluoropolymers have very high costs [108,109]. 

Since the beginning of this century, side-chain fluorination of acrylic or methacrylic-based copolymers 

as well as fluoro-organosilanes and silicone-acrylic resin-politetrafluoroethylene polymer systems has 

been tested, with the aim to improve the efficiency of protective coatings for stone substrates 

[60,61,82,110]. 
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These recipes aim at combining the good physical characteristics and low price of acrylic polymers, 

with the enhanced water repellency, durability and transparency imparted by fluorine chains. In fact, 

fluorine in esteric side chain has been demonstrated to be able to increase water repellency and to 

reduce the water absorbed by capillarity. Anyway the efficiency of the blends need to be evaluated 

case by case [56,58,63]. 

Generally, fluorination showed a stabilizing effect on acrylic polymers properties. Benedetti et al. [105] 

noticed that with higher percentages of Tecnoflon NM in a blend with Paraloid B72 the degradation 

through ageing decrease. 

Other studies highlighted that even though fluorinated monomers are able to lower the surface energy 

and thus give enhanced hydrophobicity, the percentage of fluorinated side chains along the 

macromolecule strongly influences the photo-chemical stability of the blends [111].  

Recently, with the aim of overcoming the limited durability of acrylic protective polymers, Sabatini et 

al. [63] synthetized a new type of polymer protective via free radical polymerization between POMA 

(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl methacrylate) and methyl methacrylate. 

Despite the excellent water repellent properties, environmental and toxicity studies pointed out serious 

issues about the use of fluorinated polymers. They were found to be highly persistence in the 

environment and dangerous both for humans and animals, since they tend to accumulate in cells and 

tissue in animals and humans [112]. Toxicity studies performed on animals suggested that long-chain 

linear perfluoroalkyl derivatives containing more than six CFn units, like PFOA and PFOS, (Figure 

1.7) induce serious toxic and endocrine disrupting effects [113–115]. 

 

Due to their long-lasting persistence and toxicity, PFOS were listed as persistent organic pollutants 

under the Stockholm Convention, the US Environmental Protection Agency (EPA), in collaboration 

with the eight major companies in the fluorochemical industry, launched a Stewardship Program to 

commit to working towards the elimination of PFOA and its derivatives from emissions and products 

by 2005 [116,117]. 

Figure 1.7 Chemical structures of perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid 

(PFOS). 
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Moreover, most of the synthetic protectives above mentioned are applied by means of volatile organic 

solvents, such as toluene, white spirit and chloroform, aspects which is particularly important when 

high volumes of solvents are required to protect extent surfaces, such as building façades ore 

monuments.  

1.4 Biopolymers 

Recently, ECHA (European Chemicals Agency) introduced restrictions on the use of conventional 

petroleum-based polymers that pose a risk to the environment favoring the introduction of more eco-

friendly products [118]. 

In addition, the European Parliament and the Council of the European Union adopted the Directive 

(EU) 2019/904, which aims at prevent and reduce the impact of certain plastic products on the 

environment - in particular on aquatic environment and human health – and promotes the transition to 

a circular economy with innovative and sustainable business models, products and materials [119]. 

Thus, research is now focusing on the development of biopolymers in several field, from packaging, 

consumer electronics, sensors, automotive, agriculture, biomedical, toys, water remediation to textiles, 

coating and several other segments. The global production of biopolymers, divided by sectors, is 

reported in Figure 1.8. Packaging remains the main field of application for biopolymers with 47 percent 

(0.99 million tonnes) of the total bioplastics market in 2020 [120]. 

 

 

 

 

 

 

 

 

 

 

 

Concerning Cultural Heritage field, international organizations, such as EU, are encouraging the 

implementation of sustainable actions in conservation field. The importance of promotion and 

Figure 1.8 Global production capacity of biopolymers in 2021 (by market segment).  
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conservation to maintain European cultural heritage and to favor technological advancement is 

highlighted in the new Horizon Europe program in “Culture, Creativity, and Inclusive Society” section 

[4,121].  

Moreover, several national and international conferences, such as “Quale sostenibilità per il restauro?”, 

“Restauro sostenibile 2.0” and “Green Conservation of Cultural Heritage” assessed and discussed the 

necessity of green and sustainable alternatives for the cultural heritage [6].  

For these reasons and pushed by Europa Nostra and ICOMOS for the introduction of green materials 

and methodologies in cultural heritage, the use of biopolymers started to draw attention also in this 

field.  

According to the definition given by the standard CEN/TR 15932 [122], the term biopolymer can 

assume several meanings depending on how the “bio” prefix is used. Biopolymers are polymers 

obtained from organic matter constituting living organisms, such as plants, animals and micro-

organisms, and from their residues [123]. They can be either natural or synthetic. The first term refers 

to polymers “directly” synthetized by living organisms, such as polysaccharides (starch, chitin, 

cellulose), essentially in the form in which they are finally used. The second class of biopolymers, 

instead refers to polymers obtained renewable resources via synthetic routes, this is the case of 

poly(lactic acid) (PLA). The “bio” prefix is often used also as an abbreviation of biodegradable 

polymers.  Biodegradable polymers should spontaneously disappear from the underlying stone, after 

their properties (namely, water barrier and repellence properties) are lost. Biodegradability is linked 

to the structure of the polymer; it does not depend on the origin of the raw materials. There are 

different fossil-based materials in the market that are biodegradable according to the specific 

standards, such as polycaprolactone (PCL), as well as there are polymers made from biomass and are 

highly resistant to biodegradation.  

However, as previously illustrated, traditional organic coatings, made of synthetic polymers and used 

in conservation field, have been found to be hardly removable after some years of exposure to 

outdoor conditions and with aging. This suggests the potential replacement of non-biodegradable 

materials with biodegradable one. 

Regarding the actual suitability of biodegradable polymers for cultural heritage conservation, the 

Literature does not provide a high amount of data. 

Among biopolymers for potential application in stone protection, PLA was the most investigated 

material.  
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Sacchi et al. (2012) [124] investigated the performance of two lactic acid and Fluorolink D-10H (a low 

weight perfluoropolyether ) co-polymers on different systems. Treated materials were subjected to 

artificial ageing, both with thermohygrometric cycles and UV exposure, aiming at proof their 

suitability to protect marble. Author demonstrated an enhancement of the water-repellent behavior in 

comparison to non-fluorinated PLA even after thermohygrometric aging. However, UV aging led, in 

some cases, to a detachment between the polymer layer and the marble substrate, depending on the 

kind of marble examined. 

Performances of PLA functionalized through fluorinated alcohols as co-initiators of polymerization 

were also investigated by Giuntoli et al. (2012) [125]. The polymers showed an interesting stability to 

artificial ageing, even after a long-term exposition. The authors observed no significant differences in 

the structure and composition of the polymers as well as in their final performances.  

Mistretta et al. (2019) [126] focused on the investigation of the mechanical and optical properties of 

PLA, PBAT, and a PBAT/PLA blend, concerning particularly on the behavior after exposure to UV 

irradiation. The mechanical properties of the blend were seen to be intermediate between those of the 

neat PLA and PBAT; however, the UV exposure led to different worsening of the three systems, 

pointing out that the blend undergoes more limited decay of the main mechanical properties, in 

comparison to the neat PBAT. 

Ocak et al. evaluated the efficiency of four different biopolymers -chitosan, zein, polyhydroxybutyrate 

(PHB), high and low molecular weight poly-L-lactide (HMWPLA and LMWPLA) - as protective 

coatings for marble surfaces subject to sulphation processes [22]. Chitosan and zein showed high 

hygroscopicity and poor protection efficiency against sulphation and therefore not suitable to be 

applied as protective for marbles, in the specific condition use. PHB and PLA demonstrated promising 

properties in terms water repellency and permeability to water vapour and, among them, HMWPLA 

ensured best SO2 barrier of all the tested biopolymers. Nevertheless, the study highlighted also a 

drawback linked to the high brittleness of HMWPLA, which may prevent its use for cultural heritage 

application. Moreover, both PHB and PLA are diluted in chloroform, which is a highly toxic and a 

recognised environmental pollutant. 

Another study by Ocak et al. investigated the use of montmorillonite clays as fillers for PLA [5]. The 

addition of nanoclay into polymer result in increased hydrophobicity of the marble surface, 

nevertheless a worsening in water vapor permeability was observed. A high percentage of 

montmorillonite clay (<2%) caused both pores occlusion and significant color variation, as reported in 

Figure 1.9. 
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Figure 1.9 Total color difference (ΔE) of the neat PLA, and 2, 5, 7% PLA/MMT nanocomposite coated 

marbles[5]. 

Recently, another study investigated the use of poly(hydroxyalkanoate)s (PHAs) as protectives for 

stone. PHA is a class of naturally occurring thermoplastic linear polyesters synthesized as high 

molecular weight polymer chains by several species of bacterial strains. In the study carried out by 

Andreotti et al., PHB (polyhydroxybutyrate) and PHBVV (poly(3-hydroxybutyrate-co-3-

hydroxyvalerate-co-4-hydroxyvalerate) were applied on sandstone, limestone and marble by poultice, 

dip coating, and spray coating [127]. 

The effectiveness of the treatment was seen to be strongly influenced by the application method and 

the stone porosity. Even though the authors obtained good results in terms of color changes and water 

vapor diffusion, promising results in terms of water repellency were obtained only for limestone. The 

main issues regarding the use of PHAs is, once again related to chloroform toxicity.  

A natural, fungal protein-based coating method was also proposed as candidate for stone 

protection[128]. Fungal hydrophobins are small amphiphilic proteins secreted by fungi able to reduce 

water surface tension or to turn their surfaces hydrophobic. Winandy et al., tested the ability of 

hydrophobin DewA (from Aspergillus nidulans) and hydrophobin HFBI (from Trichoderma reesei) to 

protect three different lithotypes. 

The treatment with DewA and HFBI, reduced the water absorption of different lithotypes, showing 

any dependence on their chemical nature and structure and without decreasing the vapor permeability 

of the stone samples. Removability test showed that the coating was easily removable with alcohol and 

detergents. Some concerns have been raised about the long-term stability. 
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Moreover, the comparison of water contact angles of DewA coated marble (79°) with the one obtained 

with the commercially available silicon-based products (140°), cast doubts on the use of hydrophobins 

as sole water-repellent protective for stone.  

Figure 1.10 Water contact angles of DewA and HFBI treated Carrara marble[128]. 

In conclusion, essential issues have been highlighted regarding the effectiveness, long-term stability 

and impact of both synthetic polymers and nanoparticles. Moreover, most of the above mentioned 

protectives are often applied by means of organic solvents, such as toluene, white spirit and chloroform 

with possible risk for human health and the environment. Nowadays, international organizations are 

pushing through implementation of sustainable actions also in conservation field, thus, recently, 

innovative methodologies for the protection of outdoor-exposed cultural heritage assets have focused 

on the possible application of biopolymers as sustainable alternatives. Nevertheless, research in this 
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field is still in a preliminary stage, few works have been published on the topic up to now and further 

investigation and experimentation to find new materials and technology are needed.  

In light of these considerations, the present thesis is precisely an attempt of developing and propose a 

new bio-based product for stone protection. 

1.5 Scope of the research 

The literature reported in the previous section demonstrated that traditional polymeric products with 

good properties are widely applied on cultural heritage, but they often show drawbacks. Acrylic and 

silicon-based resins instability to aging lead to both aesthetical problems and difficulties in their 

removal. Fluoropolymers demonstrated excellent hydrophobicity, but there are several concerns about 

health and environmental issues. The incorporation of nanoparticles in polymeric matrices improves 

the surface roughness increasing water repellency, but it also affects aesthetical properties and the lack 

of knowledge about their impact on human health demands further investigation. 

Biopolymer coatings for stone protection may represent an alternative with good advantages in terms 

of eco-compatibility, reversibility and biodegradability Despite this little literature is present on this 

topic. Moreover, some drawbacks have been pointed out regarding the use of toxic solvents, such as 

chloroform for PLA and PHAs, and limited hydrophobicity.  

The aim of this study is to propose and develop an innovative hydrophobic coating suitable for the 

protection of monuments and historical buildings exposed to outdoor environment. Environmentally 

friendly solvents (in this case dimethyl sulphoxide (DMSO), recyclable and readily 

biodegradable[129,130]) and materials were selected for the development of this innovative protective 

coating, based on Zein, an inexpensive, commercially available by-product of corn.  

 

  

https://context.reverso.net/traduzione/inglese-italiano/is+precisely+an+attempt
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2. Development of a novel zein-based formulation 

In the next paragraphs, the methodology followed for the development of the new formulation based 

on zein is described: the preparation, the characterization, and the study, which was carried out to 

understand the mechanism of hydrophobic surface formation of zein-based coating, will be illustrated.  

2.1 Zein: properties, uses and possibilities in cultural heritage field 

Zein belongs to the class of proteins known as prolamines, which occur specifically in cereals; it is 

extracted from corn endosperm and represents about 80% of the protein in corn (Figure 2.1).  

 

Zein has an amphiphilic character, which is due to its unusual amino acid sequence. In fact, as shown 

in Table 2.1 Amino acid composition of zein [92].Table 2.1, it contains over 50% hydrophobic 

residues, including high percentages of leucine (20%), proline (10%) and alanine (10%), while the 

hydrophilic component is due to the relatively high content (21%–26%) of glutamine [131].  

 

 

 

 

 

 

 

 

 

Figure 2.1 Front and cross-section of corn seed showing location of zein in the endosperm [218]. 
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The high content of hydrophobic aminoacids makes zein insoluble in water but soluble in several 

organic solvents, including ethanol/water and acetic acid/water mixtures [132–135]. 

Its insolubility in water limits the use of the protein in human food products, while, since the mid-20th 

century, its potential use in industrial applications was investigated. So far, zein has been mainly used 

as renewable and biodegradable material for the production of adhesives for several application, for 

the preparation of food coating and food packaging in food industry and in tissue engineering and drug 

delivery systems for pharmaceutical and biomedical applications [136–142]. Due to its amphiphilic 

character, in fact, zein can self-assemble into various microstructures, including films, spheres, rods or 

fibers; allowing synthesis of materials with different properties and potentials in various applications 

[143]. 

Nevertheless, the application of zein in cultural heritage field was not investigated in depth.  

As mentioned in the previous chapter, only Ocak et al., investigated the application of zein in 

conservation field. In that case, a solution of zein 15% (w/v) in aqueous ethanol with the addition of 

glycerol as a plasticizer was applied by dip-coating on marble slabs. As reported above, no satisfactory 

results were obtained since water contact angle was reduced from the 82° of uncoated marble to the 

49° of zein coated marble [22].  

Table 2.1 Amino acid composition of zein [92]. 
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Several studies in literature demonstrated that zein-based material properties can vary consistently 

presents depending on the solvent used, the concentration in solution, and the evaporation rate of the 

solvent [132,144,145]. Shi et al. [132] i.e stated that alternation of the solvents between EtOH and 

AcOH (acetic acid) to produce casted zein films leads to a distinct surface morphology and 

hydrophilicity. When AcOH /H2O mixture (60%v/v) is used as a solvent, zein molecules tend to lie 

down on with the hydrophobic side wall in contact with the air; giving rise to a more hydrophobic 

surface. While, when EtOH/H2O mixture (60%v/v) is used as a solvent, the zein molecules tend to 

position perpendicularly to the surface with the polar amino acid residues on the top; therefore, the 

zein film surface results more hydrophilic. 

Thus the unsatisfactory results obtained by Oack et al. [146], might depend on several factors. 

Concentration and solvent used to dissolve zein, stone material characteristics, such as porosity and 

composition, as well as application method and additives used, such as glycerol, which is a hydrophilic 

plasticizer and might be responsible of the hygroscopicity observed. 

It is believed that, by carefully tuning these parameters, a zein-based protective coating could still be 

developed for the protection of natural stone. The following paragraphs will describe how the 

formulation was prepared and characterized; moreover, a detailed study on the mechanism of 

hydrophobic surface formation is presented, showing how both the solvent used and the application 

method adopted influence the surface properties.  

2.2  Preparation of zein solution 

Zein protein was deeply studied, and various solvent were tested, as reported in literature: 

ethanol/water mixtures, benzyl alcohol (BA), ethanol/benzyl alcohol and dimethyl sulfoxide (DMSO), 

either with or without the addition of plasticizers [146–148].  

In this study, zein concentration was taken between 5 and 20 % (w/v), knowing from literature that 

concentration of the protein can also play a significant role in surface morphologies [133]. Spray 

coating was chosen as application method since it represents the most widely used method for the 

application of protectives on-site. After some preliminary evaluation regarding hydrophobicity and 

colorimetric evaluation of the several formulations, a 5% (w/v) solution of zein in dimethyl sulfoxide 

was chosen because of its better performance, as reported in paragraph 2.3. 

The formulation was prepared as follow. Zein (Z3625, Sigma-Aldrich, Inc. USA) powder has a typical 

yellow color, which is attributed to xanthophylls and b-carotene. With the aim to remove the colored 

impurities zein was washed in ethanol (99.7 Sigma-Aldrich, Inc.USA) following the procedure 
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illustrated by De Boer et al. [149]. 10 g of zein were stirred in 1.5 L of ethanol overnight and the 

suspension was left to sediment by gravity. The liquid phase, containing most of the impurities, was 

discarded, while the collected sediment was dried and used to prepare a 5% (w/v) solution of zein in 

DMSO (D8418, Sigma-Aldrich, Inc.USA). The mixture was maintained under stirring for 30 min at 

room temperature and any insoluble aggregates were removed by filtration using a 0.45 mm filter 

(PVDF, Millipore). 

Dimethyl sulfoxide (DMSO) was chosen as solvent because, in addition to its environmental-friendly 

characteristics [129,130,150],  it is able to solubilize a wide range of polymers and it is miscible with 

most of the common solvents, including water. Moreover, recently it was used to dissolve zein, and to 

obtain a robust film [151] and a plasticizing effect of DMSO on zein was stated. 

In order to verify the purification process, UV–visible absorption spectra of purified and unpurified 

solutions were collected using a Cary JEOL UV- spectrophotometer. Dynamic Light Scattering (DLS) 

was used to determine the size distribution profile of the particles in solution before and after 

purification using a Zetasizer Nanoseries from a Malvern Instruments (Worcestershire, UK) technique. 

The temperature was set at 25°C. Five measurements were used with an automatic duration of a 

minimum of 10 and a maximum of 100 runs. Figure 2.2 a schematically illustrates the procedure 

followed for the preparation of the 5% (w/v) solution of zein in DMSO. Figure 2.2b shows the color 

differences between unpurified (left) and purified (right) zein solutions. The absorption spectra of 

solutions of unpurified and purified zein solutions are shown in Figure 2.2c. After zein purification, a 

lower absorption was observed in the range 300 to 500 nm, which indicates the removal of most yellow 

impurities that absorb in that region of the electromagnetic (EM) spectrum. DLS (dynamic light 

scattering) analyses performed on solutions of unpurified and purified zein powder (Figure 2.2d), 

showed that no significant changes in particle size in solution were detected 
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Figure 2.2a) Schematic representations of zein purification and preparation of the solution b) 

Photograph of DMSO solutions made with unpurified (left) and purified (right) zein. c) UV–Vis 

absorption spectra of unpurified (dot line) and purified (solid line) solutions of zein, d) DLS (dynamic 

light scattering) analyses performed on solutions of unpurified (dot line) and purified (solid line) zein 

powder. 

2.3  Study of the influence of coating fabrication method on surface 

hydrophobicity 

One of the main characteristics required for the developed zein-based coating is hydrophobicity. Some 

authors have acknowledged a relationship between proteins secondary structure and surface 

hydrophobicity [152]. In addition, Dong et al. [153], found a correlation between the secondary 

structure and the hydrophilic/hydrophobic behavior of zein casted film and zein electrospun fibers 

respectively. 

These studies suggest that the knowledge of zein secondary structure through ATR-FTIR analysis can 

be suitable to understand whether the hydrophobic behavior of the here presented coating may be 

deemed to the spray coating application method and to the evaporation rate of the solvent.  
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In spray coating technique the fast evaporation of the solvent might help in forming a hydrophobic 

surface [154]. The study of Simovich et al. [155],which observed that the rapid evaporation of solvent 

during spray coating of a solution of silica nanoparticles embedded within epoxy resin, helped in 

fabricating a rough and superhydrophobic surface coating, supports this thesis.  

In particular, the film obtained by spray coating was compared through ATR-FTIR analysis with the 

one obtained by casting. 

To prepare the film by casting (ZF), 3 mL of zein 5% w/v solution in DMSO were poured into a Teflon 

Petri dish (diameter of 3 cm) and dried at room temperature under fume hood for 48 h. Subsequently 

the film was placed in oven at 60°C for other 24 h to remove the solvent eventually trapped.  

While the sprayed coating (ZC) was prepared by spraying the same solution (zein 5% w/v solution in 

DMSO) onto glass slide using a spray coater (Paasche Airbrush VL with 73 mm head and 1.06 mm 

tip) and a thin zein coating was deposited . A total of 3 mL of solution was sprayed on the glass slide. 

The quantity of sprayed coatings was kept constant by controlling both spray pressure (2 bar), 

application time (3 s) and spraying distance from the sample (40 cm). Treated slide glass were dried at 

room temperature under fume hood for 48 h and, subsequently, placed in oven at 60°C for other 48 h, 

to remove any residual solvent from the coating. 

ATR-FTIR spectra were obtained using a Fourier Transform Infrared (FTIR) spectrometer (VERTEX 

70v, Bruker) equipped with an ATR (attenuated total reflection) accessory (MIRacle ATR, PIKE 

Technologies) with a diamond crystal. All spectra were recorded in the range from 4000 to 600 cm−1 

with a resolution of 4 cm−1, accumulating 64 scans. Three analyses were performed for each sample to 

ensure the reproducibility of obtained spectra. The ATR-FTIR spectra of DMSO solvent and zein 

powder (ZP) were also collected as references, and are reported in Figure 2.3a. 
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Figure 2.3a) ATR-FTIR spectra of DMSO, zein powder, zein film obtained by casting and zein coating 

obtained by spray coating in the 4000–600 cm−1 region. Deconvolution of amide I peak (1750–1570 

cm−1) of b) zein powder c) zein film and d) zein coating. e) Changes in zein secondary structure 

content (%). 
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DMSO exhibited the typical peaks reported in literature; in particular DMSO exhibits peaks at 1438, 

1405 cm−1, corresponding to the antisymmetric bending of CH3 (δasCH3), and at 1310 cm−1 , identified 

as a symmetric deformation of CH3 (δsCH3) group that is attached to the S atom. Finally, a broad peak 

at around 1075 cm−1. is assigned as S=O stretching (νSO) [156–159]. 

Zein powder spectrum showed the typical protein absorption bands. The amide A band associated to 

the N–H and O–H bonds of the amino acids of zein appears from 3600 to 3100 cm−1. The methyl group 

vibration (νCH3 asymmetric and symmetric) produces the small bands at 2957 and 2872 cm−1, while 

the peak at 2932 cm−1 is identified as the methylene group asymmetric stretching vibration (νasCH2). 

The band associated to the stretching of the carbonyl (νC=O) of the peptide groups (amide I) appears 

at 1640 cm−1. The band at 1530 cm−1 (amide II) corresponds to the deformation of the N–H bond 

(δNH), and the band at 1235 cm−1 corresponds to the deformation of the C–N bond (δCN) [5,160–

162].  

The characteristic peaks observed in the spectrum of zein powder were found both in the zein coating 

(ZC) and in the zein film (ZF) spectra. 

In addition, in the ZF spectrum, some of the characteristic peaks of DMSO were detected too, such as 

the peak at 1075 cm−1 assigned as S=O stretching (νSO). As mentioned above, recently Wey et al. 

[163] attributed the DMSO remained within zein film after the drying process to the high boiling point 

of the solvent (189°C).  

Apart from the presence of DMSO peaks, ZF showed also a different shape in the signal around 1760-

1670 cm−1, with respect to ZP and ZC. That peak corresponds to the amide group, which is generally 

observed between 1600 and 1800 cm−1 and it is called the amide I band. This band is mainly attributed 

to the C=O stretching and vibration modes. The amide I signal contains most of the information of the 

protein secondary structure. Different types of secondary structures are the results of different 

hydrogen bonding modes and molecular geometries [160,162]. Therefore the C=O peak deconvolution 

of ZP, ZF, and ZC was carried out in order to understand the relationship between the secondary 

structure of the protein and the hydrophobic and hydrophilic nature of the coating and the film 

respectively.  Deconvolution was carried out as previously reported by Forato et al. [162] and Bicudo 

et al. [164]. A linear baseline was applied to the spectrum in the region between 1600 and 1800 cm−1, 

spectra were normalized with respect to the peak of amide I and second-order derivative analysis was 

performed on each spectrum using PeakFit 4.11 software [165] to confirm that each fitting peak 

position represented a real spectral signal from the samples. 
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The deconvoluted spectra of ZP, ZF, and ZC are presented in Figure 2.3b, c, and d respectively. Amide 

I band of ZP is symmetric, the deconvoluted spectra shows a strong signal at 1640 cm−1 (Figure 2.3b) 

related to the high α-helix content of zein powder as reported in literature [153,162]. In ZF spectra 

(Figure 2.3c), the presence of a shoulder at 1623 cm−1 is clearly evident, which, according to several 

authors[160,162,164], is attributed to the β-sheet structure. For ZC (Figure 2.3d), no obvious peak or 

shoulder at 1623 cm−1 are observed from the spectra, revealing a secondary structure similar to the 

one of zein in powder.  

In Figure 2.3e the proportion of secondary structures (%) for ZP, ZC, and ZF are reported. Zein film 

shows a higher proportion of β-sheet structure at 1623 cm−1 (17.5%) with respect to the zein coating, 

where β-sheet structure only reached 10.9%, which is almost the same percentage observed for zein in 

powder (10.5%). Several authors [145,153] illustrated that the increase in β-sheet structure at 1623 

cm−1 is associated to the α-helix to β-sheet transformation that occurs during solvent evaporation in 

ethanol-water mixed solutions of zein. This α-helix to β-sheet transformation involves a process of 

hydrogen bonds rearrangement, which needs the solvent as a medium to take place. DMSO is a 

hygroscopic solvent with strong affinity for water and high boiling point [166]. DMSO, when left 

drying under environmental conditions for the zein film formation, might behave like water, promoting 

the formation of hydrogen bonds with zein. This phenomenon could also explain the presence of 

DMSO in ZF observed with ATR-FTIR analysis after the drying process. During spray coating the 

faster evaporation of the solvent does not allow the α-helix to β-sheet transformation and, thus, in the 

coating, the structure is dominated by α-helix structure [153,161]. Spray coating, thus, seems to be the 

right technique to form a surface film without any solvent entrapped.  

Regarding the hydrophilic/hydrophobic behavior, the 5% w/v in DMSO solution, which was allowed 

to dry slowly after casting, gave origin to a smooth hydrophilic film. Using spray coating instead, a 

hydrophobic surface was formed. The application method, thus, plays a central role in the wettability 

of the zein surface and ATR-FTIR analysis suggested that it might be a correlation between the drying 

process, which drives the orientation of zein molecules, and the different proportion of α-helix and β-

sheet observed in the amide peak. 

When applied by spray coating, the solution is ejected as small droplets in the air, forcing the solvent 

to evaporate from the droplets' surface at a fast rate. In a relative short period of time, before complete 

solvent evaporation, a radial concentration gradient of zein is formed within each droplet [153,155]. In 

particular, zein starts solidifying from outside, at air-liquid interface, towards inside the droplet. Due 

to the DMSO still present inside the droplet, the non polar hydrophobic side of zein is forced to face 
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the outer part of the droplets, while the hydrophilic polar side remains in contact with the solvent. As 

the drying process proceeds, the solvent evaporates completely also from the inner part of the droplets, 

while the atmospheric pressure makes the droplets to collapse one over the other, because of the 

pressure exerted onto the semi-solidified zein particles and the force applied to the droplets due to their 

impact on the stone surface. This droplets collapse gives rise to the hydrophobic coating.  
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3. Investigation of zein formulation performance as a protective 

As previously mentioned, the properties of zein films may depends also on the interactions between 

the zein molecules and the substrate. In the present chapter, the performance of the developed material 

when applied as a protective coating for stone material are evaluated and discussed. In particular, the 

ability of the coating to form a continuous film able to protect the stone from the action of water have 

been investigated and are here presented. 

 

3.1  Set up of the application method and stone substrate selection  

The mechanism of hydrophobic surface formation illustrated in the previous chapter can be adapted to 

the application of the 5% w/v zein solution in DMSO on stone material as graphically illustrated in 

Figure 3.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic illustration of zein surface formation during spray coating. 
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Serena stone, a fine-medium grain sandstone characterized by a grey-bluish color, was selected to 

investigate the protective performances of the zein-based protective coating. This sandstone is widely 

used as building materials and ornamental stone mainly in Florentine and Ligurian architecture 

[34,167]. Moreover, Serena stone was used as support for the evaluation of coating performance by 

several other authors so it could represent a good support for comparing the obtained results too 

[62,168]. 

However, due to the above mentioned influence of stone composition on the performance observed, 

further studies might be required for an overall assessment of the developed coating performance in 

case of application on different litotypes. 

Stone was quarried from the district of Fiorenzuola. 5 cm × 5 cm × 1 cm slabs were cut and polished 

with 280-grit silicon carbide paper, washed in deionized water, dried in oven at 60°C and kept in a 

desiccator to bring them to a constant weight.  

Briefly, a set of 25 samples of Serena stone were coated by zein 5% in DMSO (w/v) solution using a 

spray coater (Paasche Airbrush VL with 73 mm head and 1.06 mm tip). According to other studies, 

spray coating application method should be the best method to allow the formation of a layer thin to 

not alter excessively the underneath roughness [90,155]. The solution was spryied following the same 

procedure described previously (Paragraph 2.3); a total of 3 mL of solution was sprayed on each slab 

surface (5 cm × 5 cm). The quantity of sprayed coatings was kept constant by controlling both spray 

pressure (2 bar), application time (3 s) and spraying distance from the sample (40 cm). Samples were 

dried at room temperature under fume hood for 48 h and subsequently placed in oven at 60°C for other 

48 h, to remove any solvent from the coating. As shown in Figure 3.2, where a set of 6 samples is 

shown, transparent coating was deposited on the stone surfaces and, at first glance, no visible color 

variations were observed. However, colorimetric measurements were performed according to 

NORMAL 43/93 (as will be explained in paragraph 4.1) in order to evaluate color changes due to the 

application of the coating. Samples were weighted before and after the application of the coating and 

a weight increase of 0.13645 ± 0.011 g was observed for treated samples.  
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Figure 3.2 Pictures of three replicas of untreated Serena stone (S1, S2 and S3) and three replicas of 

Serena stone treated with the 5% solution of zein in DMSO (S4, S5 and S6), showing no significant 

color difference. 

The chemical and physical characteristics of Serena stone could influence the behavior of the zein 

coatings. As chemical and physical characteristics of this kind of stone can vary depending on the 

quarry of origin, in the following paragraph the analyses performed to characterize the samples are 

presented.  

3.1.1 Stone characterization 

Serena stone was expected to be a low porous stone mainly made of quartz and feldspars; calcite, micas 

and clay minerals. Even though the relative low porosity, rainwater and the air humidity can accelerate 

degradation process of Serena stone, such as volumetric expansion of clay minerals of the matrix or 

dissolve the calcite cement, increasing the porosity inside the stone [7]. Moreover, reddish alteration 

were observed in stones containing high percentage of iron (from chlorites in the matrix) in presence 

of extent of water percolation [169]. Thus, it is important to know intrinsic parameters like composition 

and textural/structural characteristics in order develop protective strategies against further degradation. 

The mineralogical composition of the bare stone samples was investigated through X-ray diffraction 

(XRD) analysis and micro-X-ray Fluorescence (µ-XRF) analysis with the aim of knowing the exact 
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composition [7,34]. Porosity was measured by helium picnometry and mercury intrusion porosimetry 

(MIP).  

 

3.1.1.1 X-ray diffraction analysis 

XRD analysis was carried out on PANanalytical Empyrean X-ray diffractometer equipped with a 1.8 

kW Cu Kα ceramic X-ray tube and a PIXcel3D 2 x 2 area detector, operating at 45 kV and 40 mA. The 

diffraction pattern was performed on small stone fragments under ambient conditions using a parallel 

beam geometry and in symmetric reflection mode. HighScore 4.1 software from PANalytical was 

employed to analyze XRD data. 

Figure 3.3 shows the XRD pattern for Serena stone, revealing the presence of quartz (SiO2), calcite 

(CaCO3), albite (NaAlSi2O8) and Piroxene (MgSiO3) as main phases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 XRD pattern of Pietra Serena sandstone sample with the expected peak position references 

for CaCO3 (calcite, ICSD code 80869), SiO2 (quartz, ICSD code 62404), NaAlSi2O8 (albite low, ICSD 

code 34917) and MgSiO3 (pyroxene-ideal, COD code 96-900-2909). 

3.1.1.2 Micro X-ray fluorescence (µ-XRF) 

Elemental distribution maps were obtained by micro X-ray fluorescence (µ-XRF) analysis using the 

spectrometer M4 Tornado (Bruker, Germany). The system is equipped with a Rh-anode X-ray tube 

cooled by air and operated at 50 kV and 199 µA. Poly-capillary optics is used to focus the 
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polychromatic beam to a spot size down to 25 µm for Mo Kα. Detection of fluorescence radiation is 

performed by an energy-dispersive silicon drift detector with 30-mm2 sensitive area and energy 

resolution of <145 eV for Mn Kα. Measurements were carried out directly on the sample (1x1x1 cm) 

placed on the instrument platform under 20 mbar vacuum conditions. In mapping mode, sample 

imaging was performed on five different sides of Pietra Serena sandstone with a scan resolution of 

100×70 pixel, step size of 98 μm, and a dwell time of 500 ms/pixel. 

As expected, the most abundant elements (Si, Ca and Al) found with micro-XRF analysis (Figure 3.4a 

and b) corresponded to the characteristic minerals found by XRD analysis (quartz, calcite and albite) 

[34,169]. 

  

 
b. 

a. 
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Figure 3.4 Typical spectrum and element mapping by XRF of Pietra Serena sandstone sample. a. 

Scanned area; b. spectrum; c. element distribution maps for Na Kα (1.04 keV), Mg Kα (1.25 keV), 

Al Kα (1.49 keV), Si Kα (1.74 keV), S Kα (2.31 keV), K Kα (3.31 keV), Ca Kα (3.70 keV), Ti Kα (4.51 

keV), Mn Kα (5.90 keV) and Fe Kα (6.40 keV). 

 

From the elemental maps (Figure 3.4c) the elements resulted homogeneously distributed in the sample 

and this was confirmed by their low coefficient of variation (5-11%), as shown in Table 3.1. 

K, Na, and Mg were found in lower amount, revealing, as expected, the presence of K-feldspar, micas 

and dolomite, respectively [34], detected with XRD. Besides Al, Si, and Mg, Fe was also detected with 

the micro-XRF analysis; this was likely due to the presence of chlorite (MgFeAl)8(SiAl)8O20(OH)16) 

and illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] in addition to kaolinite Al2Si2O5(OH)4 as 

constituents of the clay matrix [169]. 

 

 

 

 

c. 
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Table 3.1 Elemental concentration (norm. at. %) on five scanned areas on different sides of Pietra 

Serena sandstone sample using XRF. 

 Na Mg Si Al K Ca Ti Fe S Mn 

1 2.6 3.1 59.4 10.1 4.3 14.6 0.6 4.7 0.4 0.1 

           

2 2.7 3.0 60.0 10.0 4.4 14.4 0.6 4.5 0.4 0.1 

           

3 2.5 3.0 57.2 10.0 4.4 17.1 0.7 4.7 0.4 0.1 

           

4 3.1 2.4 62.2 9.0 3.5 15.5 0.5 3.8 0.1 0.1 

           

5 3.1 2.1 65.4 8.7 3.9 12.3 0.5 3.7 0.2 0.1 

           

Average 2.8 2.7 60.8 9.6 4.1 14.8 0.6 4.3 0.3 0.1 

           

Dev. St. 0.3 0.4 3.1 0.7 0.4 1.7 0.1 0.5 0.1 0.0 

           

C.V.* 10.7 14.8 5.1 7.3 9.8 11.5 16.7 11.6 33.3 0.0 

 * Coefficient of variation (C.V.) expressed as a percentage 

 

3.1.1.3 Porosimetric measurements 

Porosity of Serena stone was measured by helium picnometry and mercury intrusion porosimetry 

(MIP). The skeletal density was measured by Thermoscientific Pycnomatic Evo helium pycnometry, 

furnishing a 4 cm3 chamber. Measurements were performed at 20 °C. The skeletal volume of the 

sample represents the volume of the sample when pores are not accessible to the gas. It was measured 

by detecting the change in pressure due to the volume of helium that is displaced by the sample within 

the sealed and pressure- equilibrated chamber. It is assumed that helium atoms are able to penetrate all 

open pores within the stone. Ten measurements of the same sample were averaged. The skeletal density 

was 2.69 g/cm3, calculated by dividing the sample mass by the skeletal volume. Porosity was 

determined by mercury intrusion porosimetry (MIP) performed with Pascal 140 Evo and Pascal 240 

Evo mercury porosimeters (Thermo Fisher Scientific). The pressure of mercury intrusion was set at 

0.0136 MPa and continuously increased up to 200 MPa, with a rate of 6−14 MPa min−1. The contact 

angle of mercury with the samples and the surface tension of pure mercury were assumed to be 140° 

and 0.48 N m−1, respectively [170,171].  

Total open porosity was found 3.11%, which is a value similar to the one reported in literature [62,172], 

and a bimodal pore size distribution was measured, with median pore size in the ranges 0.03–0.02 μm 

and 6.30–3.98 μm, as shown in Figure 3.5. 
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Figure 3.5 Pore diameter distribution (bars) and total porosity as the volume of mercury intruded 

(curves) measured by mercury intrusion porosimetry for Serena stone  

Results obtained from XRD, micro-XRF and porosimetric measurements revealed the relatively 

heterogeneous composition and low porosity of the selected Serena stone.  

3.2 Evaluation of protective performance of the developed coating 

The aim of the project was the development of a hydrophobic layer able to limit water penetration into 

the stone bulk. As mentioned in the previous chapter, in fact, water is the main responsible of the 

several degradation phenomena that can interest stone building materials. Thus, a good protective 

coating for stone material should show enhanced water repellency, limiting at the same time the 

moisture penetration into the stone pores, maintaining simultaneously permeability to water vapor 

[173,174]. In cultural heritage field, protective efficacy against water in liquid form and vapor can be 

evaluated by means of several test: from hydrophobicity evaluation through water contact angle 

measurements [175] and water vapor permeability test [176], to water absorbance measurements by 

capillary rise test [177], by total immersion test [178], or at low pressure by means of “pipette” method 

[179]. 

In the present thesis, the effects of the developed polymeric film on treated stone was evaluated in 

terms of hydrophobicity, water uptake and water vapor permeability tests, as described in the following 

section. Hydrophobicity was measured through water contact angle aiming at evaluate the coating 

ability to increase the surface run-off of water and to avoid its penetration in the stone bulk. Water 

vapor uptake measurements were carried out both before and after the application of the treatment to 

verify whether the coatings had a blocking effect with respect to the water moisture absorption. Water 
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vapor permeability test instead was carried out in order to make sure that the permeability of the 

moisture eventually present in the bulk is maintained even after coating application. Other analysis, 

aimed at evaluate the coating behavior in case of prolonged contact with water, such as capillary rise 

test, will be carried out in a future evaluation of the zein coating performance in situ and on other stone 

materials. 

3.2.1 Hydrophobicity evaluation 

The wettability of the treated stone surface was measured with a contact angle instrument (OCAH-200 

DataPhysics, Germany); measurements of static water contact angle (WCA) were acquired at room 

temperature (~23°C). As reported in paragraph 1.2, the static angle between a liquid drop and a solid 

surface is named Young’s contact angle. A gas-tight 500 mL Hamilton precision syringe with blunt 

needle of 0.52 mm internal diameter was used to deposit milli-Q water droplets of 5 μL on the stone 

sample placed on a sample holder, with the testing surface placed in a horizontal position. 10 

measurements were acquired on each sample surface, the obtained values were averaged, and standard 

deviation was calculated. The measurements were performed both on untreated and treated stone 

samples [180]. WCAs were acquired also in continuous mode for 5 min (1 acquisition/s) to track the 

droplet behavior in time.  

3.2.2 Water uptake evaluation 

Dry samples weighed with the electronic balance (0.0001 g accuracy) were placed in the humidity 

chamber at 100% R.H. for 14 days, until stabilization of weight (daily measures); the amount of 

adsorbed water vapor was calculated based on the initial dry weight, according to the following 

formula: 

𝑊𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (%) =
𝑚𝑓 − 𝑚0

𝑚0

× 100 

where mf is the sample weight at 100% RH condition and m0 is the sample weight at 0% RH [181]. 

3.2.3 Water vapor permeability 

Water vapor permeability (WVP) of the untreated and treated stone was determined at 25 °C and 100% 

RH according to the ASTM E96 standard method [176]. 100% humidity gradient was reached by 

placing 400 μL of deionized water in the permeation chambers of 7 mm inner diameter and 10 mm 

height. In order to be able to place the samples in the chambers, samples were cutted in slices of 5.0 

mm × 5.0 mm × 0.8 mm. 3 slices were treated with zein coating, while the other 3 were used as 
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reference of the untreated stone. The samples were placed on the top of the permeation chambers and 

sealed. The chambers were placed in a desiccator, maintained at RHZ5% RH by anhydrous silica gel 

desiccant at room temperature (20°C and ~ 40% RH). The mass loss over time was registered by 

weighting samples every hour for 8 consecutive hours, with an electronic balance (0.0001 g accuracy). 

The water mass loss of permeation chambers was plotted as a function of time and the slope of each 

line was calculated by linear regression. Then, the water vapor transmission rate (WVTR) was 

determined as below: 

𝑊𝑉𝑇𝑅(𝑔(𝑚2𝑑)−1 =
𝑠𝑙𝑜𝑝𝑒

𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
 

The water vapor permeability (WVP) of the samples was calculated as follows: 

𝑊𝑉𝑃 (𝑔(𝑚𝑑𝑃𝑎)−1) =
𝑊𝑉𝑇𝑅 × 𝐿 × 100

𝑝𝑠 × ∆𝑅𝐻
 

where L(m) is the thickness of the sample, measured with a 0.001mm accuracy micrometer, ΔRH (%) 

is the percentage relative humidity gradient, and ps (Pa) is the saturation water vapor pressure at 25°C 

Every measurement was repeated 3 times. 

Results obtained from the evaluation of the water-linked properties are reposted in Figure 3.6. 

Water-linked properties results discussion 

Water contact angle (WCA) measurements over time were acquired for untreated and zein-treated 

stone (Figure 3.6). A total absorption of the water droplets was observed within the first minute after 

droplet deposition for untreated stone. With the application of the zein coating on the stone, the water 

contact angles increased, giving rise to a hydrophobic surface, with values varying between 100° and 

120°. According to Cassie-Baxter [55] and Wenzel [54] models, roughness can affect the wettability 

of a surface, enhancing the underneath hydrophilicity/hydrophobicity respectively. Thus, our 

hypothesis is that the WCA’s variation is to be ascribed to the high heterogeneity and roughness of the 

underneath stone[182,183]: where underneath surface roughness was higher, higher WCA were 

reached. The contact angle behavior shown in Figure 3.6a is referred to the most hydrophobic areas 

where 120° were reached for the just deposited water drops. 

In Figure 3.6b the water drop volume reduction over time is also reported: the drop volume was reduced 

by 90% after 5 min from its deposition on untreated stone (absorption). When applied on treated 

surface, instead, the drop volume only decreased by 10% after 5 min (evaporation).  
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Figure 3.6 Water-related properties of Serena stone before (dot line) and after (solid line) the 

treatment with zein solution. a) Water contact angle over time. Static WCAs are reported at 0 s, 60 s, 

120 s, 180 s, 240 s and 300 s. b) Drop volume reduction over time (%). c) Water vapor uptake of 

untreated and zein-treated stone at 100% RH over time. d) Water vapor permeability of untreated and 

zein-treated stone. 

Figure 3.6c shows the water vapor uptake at 100% RH (relative humidity) for untreated (dot line) and 

treated (solid line) stone respectively. Due to intrinsic low porosity of Serena stone, the amount of 

water vapor absorbed by the untreated stone was not high (0.24% after 24 h); still, with the application 

of the coating a reduction of 8.4% in water vapor uptake was observed for 15 days. 

Regarding the breathability of the stone, a slight reduction in water vapor transmission rate (WVTR), 

was observed in presence of zein coating, as shown in Figure 3.6d. A decrease of 18 ±2% in water 

vapor permeability was calculated, which it can be ascribed to the low gas permeability of zein 

[146,184]. However,  the permeability decrease, i.e., RVP %, does not exceed the acceptable threshold 

of 20%, and it is comparable to the one observed for many siloxane-based coatings, suggesting that 

the coating fit the requirement for hydrophobic coatings [185–187]. 
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According to the results presented, zein applied by spray coating technique seems to confer a good 

degree of water repellency to the stone. Water contact angle is comparable to the one obtained with 

other natural-based coating, such as poly(hydroxyalkanoate)s [127] or fungal hydrophobines [128]. 

Results obtained in terms of water repellency are even improved with respect to commercially available 

polysiloxanes coatings [90], which gave a water contact angle of 90–100°. Moreover, the reduction in 

water vapor permeability does not exceed the acceptable threshold of 20%. 

3.3  Evaluation of coating distribution and its interaction with stone surface 

The surface distribution of the coating and the relative interaction with the adopted stones were 

evaluated using different surfaces analyses. The mechanism of coating formation proposed in Figure 

3.1, in fact, does not consider the contribution of stone morphology and roughness in forming the 

hydrophobic layer. Whereas, it has to be considered that the different surface morphologies for zein 

coating may depends also on the interactions between zein molecules and the substrate, resulting in a 

different organization patterns of zein molecules during the film formation process and, thus, in the 

formation of either a hydrophobic or  hydrohylic layer too.  

The micro-morphology of the samples was analyzed through SEM analysis before and after the 

application of the zein coating. SEM images were acquired using a JEOL JSM-6490LA (Japan), 

operating at 10 kV acceleration voltage. Prior to imaging, the samples' surfaces were sputtered with a 

10 nm thick film of gold (Cressington 208HR sputter coater, UK) and then SEM images were collected 

at different magnifications [1]. Knowing the influence of the roughness on the wettability of the 

surface, the stone substrate was investigated before and after the application of the coating by 3D 

Optical Profilometry. Different magnifications, ranging from 2.5× to 20× were used corresponding to 

a Z profile resolution ranging from 25.0 μm to 0.5 μm respectively [188]. Moreover, the adherence of 

the coating to the stone surface was evaluated by performing a peeling test using Scotch® MagicTM 

tape (3 M). The changes in stone surface morphology were observed by SEM. The test was carried out 

according to previously reported methods [98,189,190]. 

Chemical characterization of the coated stone was performed through X-ray photoelectron analysis 

(XPS) aiming at investigating the surface chemistry and the possible zein-stone chemical interactions. 

Moreover, due to the intrinsic characteristics of Serena stone and chemical composition of the coating 

itself, measurements of the coating thickness were hard to acquire with conventional techniques such 

as profilometer or scanning electron microscopy. The use of XPS was the only technique which 

allowed us to give an indication of the coating thickness. 
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X-ray photoelectron spectra were acquired before and after coating application by a SPECS XPS 

spectrometer, using a monochromatic Mg Kα source operating at 12 kV and 7 mA and a pass energy 

of 90 eV for the survey and 30 eV for the high resolution. Sample charging was compensated by a 

flood of low-energy electrons, and energy scale calibration was performed setting the main carbon C 

1s peak at 284.8 eV. The spectra were analyzed using CasaXPS software [191,192].  

Results are presented and commented below.  

Firstly, SEM (scanning electron microscopy) images of untreated and treated slabs were acquired. 

Untreated stone showed the characteristic aspect of Serena stone, with many irregularities due to the 

presence of different minerals with their specific morphology (Figure 3.7a, b). In the treated samples, 

the presence of a layer of zein is detectable (Figure 3.7c, d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 SEM images of (a,b) uncoated and (c,d) zein-coated Serena stone. 

The application of the zein coating resulted in the formation of a compact film on the stone's surface 

with a continuous structure showing micro-scale roughness. 

As mentioned previously, different factors influence the wettability of inorganic materials treated with 

organic compounds. Roughness is one of the surface properties most affecting the hydrophobicity since 

typically, hydrophobicity increases by increasing the surface roughness [126,182,193,194].  
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Figure 3.8 Optical profilometer topography: 3D surface images of Serena stone before (a) and after 

(b) the application of the zein 5% coating. 

Therefore, roughness observed with SEM analysis was measured by optical profilometry. The 

topography of non-treated and treated samples was compared using 3D surface images, as shown in 

Figure 3.8 (a not treated and b treated).  

 

 

 

 

 

 

 

 

 

 

The average roughness (Sa) and root mean square roughness (Sq) parameters were calculated and are 

reported in Table 3.2. No statistically significant roughness differences were detected between the 

untreated sample and the treated one. This suggested the formation of a thin conformal layer of zein 

onto the stone's surface that did not mask the stone's intrinsic roughness. Other studies in literature 

stated that spray coating techniques allows to deposit a thin film that follows the features of the 

samples, avoiding the smoothing of the surface observed for coatings applied with other techniques 

[90]. 

Table 3.2 Average roughness (Sa) and root mean square roughness (Sq) measurements obtained with 

3D optical profilometer. 

 

 

The degree of adhesion of the coatings synthesized to the stone was evaluated with a peeling test and 

results were evaluated through SEM images. Figure 3.9 shows the surface morphology before (left 

side) and after (right side) the peeling test. The removal of a very small amount of material from the 

SAMPLE Sa (µm ± µm) Sq (µm ± µm) 

Untreated 9.747 ± 0.7858 12.25 ± 0.9711 

Treated 9.434 ± 0.9748 12.36 ± 0.9346 
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sample surface was observed after peeling test, indicating an overall satisfactory adhesion of the 

coating to the stone. No significant loss of mass were observed after the tape removal (1.8 ± 0.4 mg). 

 

Figure 3.9 SEM images of Serena stone before (left) and after (right) peeling test. The right part of the 

image (after peeling) shows that only a slight portion of coating was removed after peeling test. 

Figure 3.10a and b show the full spectra of untreated Serena stone and Serena stone with zein coating 

respectively.  

In the XPS spectrum of Serena stone (Figure 3.10a) the characteristic elements of the stone were 

detected. After the application of the zein coating (Figure 3.10b), the peaks attributed to the stone 

disappeared, except for Si 2p and Ca 2p peaks, whose intensity however decreased considerably. In 

Table 3.3 are reported the differences in elemental compositions (%) between treated and untreated 

stone obtained from the survey spectra. In particular, N 1s peak (398.5 eV) was detected only in the 

spectra of treated stone and it demonstrates the presence of a zein coating of at least 10 nm. Moreover, 

the treated stone was found to be rich in C 1s (284.8 eV) and O 1 s (530.9 eV). 

Table 3.3 Surface Chemical Composition obtained through XPS analysis for treated and untreated 

Serena stone. 

 Elemental composition (At %) 

 C 1s O 1s N 1s Si 2p Ca 2p Al 2p Fe 2p K 2p 

Serena Stone 7.9 57.4 - 19.1 1.6 11.2 0.6 1.7 

Serena Stone + 

coating  

59.5 24.0 11.5 4.2 0.6 - - - 
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Figure 3.10 Full XPS scanning spectrum of a) Serena stone untreated and b) Serena stone treated with 

zein coating. XPS high-resolution spectra of C 1s for c) untreated Serena stone and d) Serena stone 

treated with zein coating. e) XPS high-resolution spectra. 
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However, to better understand the origin of the peaks, the high-resolution C1s XPS spectra of untreated 

and zein-treated stone peak were acquired and compared. Figure 3.10c and d show the high-resolution 

XPS survey spectra of untreated and treated stone respectively: the difference in the shape of the peaks 

is evident. In the high resolution spectra of C 1s of untreated Serena stone only two peaks were 

observed: the peak at 284.5 eV, related to the C–C and/or C–H (aliphatic carbons), due to the 

adventitious carbon, while the minor peak at 289.2 eV is attributed the carbonate group of the small 

amount of calcite present in the stone. C 1s peak of zein-treated stone, instead, was deconvoluted in 

three fitted peaks: the component located at 284.5 eV corresponded to C–C and/or C–H (aliphatic 

carbons), the component at 285.6 corresponded to C–O–C and/or C–OH, while the component at 287.7 

eV corresponded to C–C=O [132,137,161,195].  

SEM and XPS and analysis, combined with profilometric measurements and peeling test, confirmed 

that a thin conformal coating having nanoscale thickness (at least 10nm) and strong adhesion to the 

stone was deposited[196]. 

3.4  Conclusion 

This chapter deal with the study of a zein-based protective coating for stone. The set up used for the 

application of the coating on stone material was illustrated and the characteristics of the selected stone 

evaluated. Then, the chapter focused mainly on the evaluation of the protective effectiveness against 

the action of water and on the evaluation of coating distribution when applied on stone material.  

The coating was able to confer a good degree of water repellency, and a reduced absorption of moisture 

in humid environment. Moreover, it is thin enough to maintain a high surface roughness, which 

enhance the coating hydrophobicity. The application of surfaces techniques such as XPS, SEM AND 

profilometric measurements allowed observing a uniform of the coating over the treated stone, with 

strong adhesion to the stone substrate.  

Nevertheless, as already mentioned, other requirements need to be fulfilled in other to be sure of the 

suitability of a polymer system as protective for stone materials. Criteria such as durability, 

transparency, stability and reversibility have to be evaluated in order to establish the suitability of the 

coating proposed for stone protection. The next chapter concerns on the evaluation of these 

requirements.  
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4.  Applicability of the zein-based coating 

Aiming at predicting the potential long-term serviceability of the developed material under its expected 

conditions of use, several test concerning the durability were performed. 

Due to the previously outlined issues regarding the removability of past interventions on historical 

buildings, reversibility and retreatability are becoming more and more crucial in conservation[93,197]. 

Zein is known to be extracted from renewable sources and biodegradable. Nevertheless, there is no 

logical assumption that the material developed in this work is also fully biodegradable. There is a 

general expectation that novel biopolymers designed from renewable and biodegradable resources 

must be also biodegradable. Changes in functional groups, formation of cross-linked structures and 

copolymerization eventually occurring during the fabrication of new materials can lead to a product 

that do not necessarily exhibit significant or relevant biodegradability [198]. Therefore, several tests 

have been performed: artificial ageing and resistance to biodegradation tests were carried out; 

moreover, a biodegradability assessment was performed with the aim to assess the long-term 

environmental impact of the developed zein-based material under environmental conditions, and 

removability tests were performed with the aim of verify the effective treatment reversibility. 

4.1  Stability of zein coating by artificial aging  

The behavior of the treated stone over time by accelerated aging is essential to evaluate the 

effectiveness of the treatments and their stability. Through ageing it is possible to predict the change 

of properties such as residual hydrophobicity and color variation [199]. 

Thus, a four-week aging test was carried out on treated and untreated stone samples. Briefly, 3 replicas 

of treated and untreated stones were placed in a Memmert Climate chamber with three cold light 

fluorescent lamps (D65, 6500 K) and two UV lamps (320–400 nm), at 25°C and 60% R.H., simulating 

an accelerated aging of 7.5 Mlxh (million lux hours) [74,127,180]. After aging, static contact angle 

was measured in order to verify the residual protective effectiveness of treatment and a colorimetric 

analysis was performed in order to state any possible color changes due to ageing [200,201]. 

The evaluation of colorimetric parameter in conservation science is of great concern. The proposed 

treatment is deemed to be applied on valuable building façades and historical monuments and, thus, it 

should guarantee the preservation of the original color avoiding any aesthetical change on the treated 

surface. The color of the stone was measured before and after applying the protective coating, and 

before and after performing accelerated aging tests. The total chromatic variation upon application of 
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Figure 4.1 CIE 1976 Lab Color space [219]. 

the product was evaluated according to NORMAL 43/93[202]. A portable spectrophotometer and 

colorimeter Konica Minolta CM 26d with a D65 illuminant and 10◦ standard observer was used. The 

instrument has a 3-mm diameter measurement area, and it is set to quantify the potential specular 

component included (SCI). The measurement points were localized by a reference spatial grid to ensure 

precise repeated measurements in the same location before and after the treatment as well as before 

and after the artificial aging. Reflectance measurements were analyzed according to the CIEL*a*b 

color parameters. The Cartesian (L*a*b*) coordinates, where L* is the brightness vector on a gray 

scale from 0 to 100 (from black to white, respectively), a* is the red/green color component (positive 

for red and negative for green), and b* is the yellow/blue component (positive for yellow and negative 

for blue), were obtained [203,204]. The color space in which the coordinates are placed is represented 

in Figure 4.1.  

The total color change ΔE*, which represents the deviation from the original value due to the presence 

of the coating, was calculated for each sample according to the formula:  

∆𝐸∗ = √(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2 
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The static water contact angle (WCA) was calculated after accelerated ageing tests. To obtain average 

values, 10 measurements were acquired on each of the 3 aged samples and standard deviation was 

calculated. 

Results of artificial ageing test are shown in Figure 4.2.  

After aging of the zein-treated stone a decrease in water contact angle was observed, nevertheless, a 

water contact angle around 100° was maintained. Moreover, from the WCAs tracking in time it is 

evident that aged samples exhibit the same trend observed for unaged sample (Figure 4.2a).  

Figure 4.2b shows the measured colorimetric variations ΔE* due to the aging. A ΔE* of 1.21 ± 0.06 

and 1.29 ± 0.08 was observed for unaged and aged stone, respectively. Checking the colorimetric 

variation is fundamental in order to evaluate whether the treatment and the aging have an aesthetical 

impact on the stone. In fact, both after being treated and being aged, the stone should maintain the 

color variation under the threshold value of 3 in terms of ΔE [205]. 

Hence, the measured values are much below the limit value even after accelerate aging. This means 

that the color changes are always maintained lower than the threshold value beneath which the 

variations are accepted by conservators.  

 

Figure 4.2a) Water contact angle over time of untreated (dot line), treated (black solid line) and aged 

(red solid line) samples. Static WCA are reported at 0 s, 60 s, 120 s, 180 s, 240 s and 300 s; b) ΔE* 

color variation for unaged zein-treated (black) and aged zein-treated (red) samples with respect to 

untreated stones. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article). 

Overall, the zein coating showed a good resistance to aging, a satisfactory water repellency was 

maintained, and no significant color variations were observed in the specific experimental conditions. 
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4.2  Resistance to biodeterioration by microbial colonization test 

Considering the bio-based origin of the coating, to exclude any potential pro-vegetative effect on the 

treated stones the effect of zein coating on microbial colonization was assessed. Samples were analyzed 

by a semi- quantitative method observing the growth of either Agrocybe aegerita (Aae) mycelium or 

naturally occurring microorganisms on the stone surface. Biological growth was classified as follows: 

− when no colonization was observed on the stone; + in case of mild colonization on the stone; ++ to 

+++ for stone partially covered by colonies; ++++ when high colonization was observed on the stone. 

The mycelium from the fungal strain Agrocybe aegerita (Aae), was chosen as a test microorganism 

because of its ability to grow even on inert substrates, which is related to the outstanding oxidizing 

properties of its secretome (Patent No. IT102020000016798) [206]. The fungal strain growth was 

monitored for 2 weeks on both treated and untreated Serena stone, previously sterilized with UV 

radiation. Sterilization of the stone through UV radiation was aimed at avoiding the alteration of the 

zein film during the thermal process. Briefly, 5 cm × 5 cm × 1 cm treated and untreated samples were 

exposed for 20 min to the radiation of a UV lamp with emission peak at 253,7 nm (U.V.C.). This 

wavelength is optimal to ensure sterilization by damaging microorganisms' nucleic acids (absorbance 

maximum at 260 nm), while minimizing the potential effects on zein (the UV absorbance spectrum of 

photosensitive aminoacids tryptophan and tyrosine shows a minimum around 250–260 nm and 

maximum at 280 nm) [207]. Each sample was then placed in a glass jar (diameter 10 cm) previously 

sterilized by autoclave and filled with 30 mL of either Potato Dextrose Broth (PDB) nutrient medium 

or water. Samples were inoculated with a disk (8 mm diameter) of mycelium on the top surface of the 

stone and incubated for 15 days in climatic chamber at 78% RH and 27°C. In parallel, a second set of 

experiments was performed in order to monitor potential growth of naturally occurring microorganisms 

on stone. Samples without the mycelium were thus subjected to the same process above illustrated. In 

this second case, two samples (G and H) did not undergo the sterilization procedure to ensure that UV 

treatment was not modifying the zein coating. Two replicates were prepared for each sample and, for 

a semi-quantitative evaluation of the fungal colonization, samples were monitored on a daily basis 

[200,201,208]. 

The growth of microorganisms on treated and untreated stone was monitored on a daily base and results 

are summarized in Table 4.1. 

Figure 4.3, instead, shows the degree of colonization for each experimental condition after 15 days. In 

presence of PDB medium, the selected mycelium (Agrocybe aegerita - Aae) colonized the top surface 
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of both treated and untreated samples (Figure 4.3C and D respectively) and the surrounding medium, 

irrespective of the zein coating. On the contrary, when the test was repeated using pure MilliQ water 

as growth medium, negligible colonization was detected (Figure 4.3A and B). These results proved 

that zein does not seem to serve as nourishment for the fungal mycelium. During a second set of 

experiments, no mycelium was added while treated and untreated stone samples were incubated in 

PDB. In absence of the competing mycelium, some microorganisms resident on stone grew in PDB 

but did not colonize the stone samples (Figure 4.3E and F), just a mild adhesion was observed for the 

untreated stone in presence of PDB medium (see Table 4.1). The growth of microorganisms in the 

medium was more intense when the samples did not undergo UV sterilization before incubation (Figure 

4.3G* and H*), nevertheless, even in these cases only a mild colonization was observed. These results 

confirm that zein does neither limit nor promote the growth of common microorganisms naturally 

occurring in the environment. 

 Table 4.1 Temporal evolution of the growth of Aae (myc) or naturally occurring microorganisms on 

stone samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 DESCRIPTION TIME (DAYS) 

  2 5 10 15 

A Treated - myc- H2O + + + + 

B Untreated - myc- H2O + + + + 

C Treated - myc- PDB + ++ +++ ++++ 

D Untreated - myc- PDB + ++ +++ ++++ 

E Treated - no myc- PDB − − − − 

F Untreated - no myc- PDB − − − + 

G* Treated - no myc- PDB  − − − − 

H* Untreated - no myc- PDB − − − + 

 *not UV sterilized samples 
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Figure 4.3 Fungal and microbial degradation test on stone samples after 15 days. Treated (A) and 

untreated (B) Serena stone, UV treatment, mycelium in H2O; treated (C) and untreated (D) Serena 

stone, UV treatment, mycelium in PDB; treated (E) and untreated (F) Serena stone, UV treatment, no 

mycelium in PDB; treated (G*) and untreated (H*) Serena stone no UV treatment, no mycelium. 

4.3  Biodegradability assessment 

The biodegradability assessment aimed at verifying the effective biodegradability of the developed 

film. This is of great concern in case of any accidental loss of material in the environment. For this 

assessment the ISO 14851 methodology was used, which estimates the biodegradation in aqueous 

medium by measuring O2 consumption [209]. Biochemical Oxygen Demand (BOD) was determined 

by monitoring the oxygen consumption in a closed respirometer. Respirometric methodologies are a 

direct and reliable estimation of biodegradability of materials. 100mg of samples were weighted and 

incubated in 432 ml of river water collected from the environment, which already contains the real 

microbial population and the nutrients needed for their growth. The experiment was conducted inside 

dark glass bottles hermetically closed with the OxiTop® in order to monitor pressure variations inside 

them. The tested material represents the sole carbon source. During biodegradation, oxygen is 
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consumed while carbon dioxide is released. NaOH was added to the system, not in contact with the 

water, in order to sequestrate carbon dioxide produced during the biodegradation therefore biotic 

consumption of the oxygen present in the free volume of the system can be measured as a function of 

the decrease in pressure. The experiment was conducted at room temperature for 28 days under 

continuous magnetic stirring. The 28 days of incubation time was considered sufficient from 

preliminary studies to allow almost entire expression of the biodegradation [210]. Raw data of oxygen 

consumption (mg O2/L) are corrected subtracting the mean values of the blanks, obtained by measuring 

the oxygen consumption of the river water in absence of any test material. After this subtraction, values 

get normalized on the mass of the individual samples and referred to 100 mg of material (mg O2/100mg 

material). Finally, means of the replicates are calculated and the detected values of BOD were plotted 

as a function of time. As result sigmoidal curves, describing the progressive microbial growth, which 

directly depends on the biodegradability of the tested material, were obtained.  

Starch was used as reference material to compare results obtained because as zein it is obtained from 

maize grain and it is commonly used as biodegradable component in composites.  

The curves of the Biochemical Oxygen Demand (BOD) analysis in Figure 4.4, shows that the oxygen 

consumption obtained for the tested samples are of the same order of magnitude.  

 

 

 

 

 

 

 

Figure 4.4 . Biochemical oxygen consumption (mg O2/100 g material) as a function of time (days) for 
for zein (orange dots) and starch (gray dots) composites. 

Both materials undergo biodegradation; however none of the two materials reach the plateau after 28 

days, indicating the maximum amount of oxygen is not consumed within the end of the analysis. Zein 

undergoes faster degradation during the first 7 days of experiment, while as the experiment proceed 

the degradation rate slow down with respect to starch composite.  
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Longer experiments could be necessary to reach the more complete biodegradability of the developed 

material; however, it can be stated that no issues dispersion of polymer in the environment should be 

present.  

4.4  Removability tests 

Although biopolymers cannot be properly defined as reversible or retreatable, since they do not 

necessarily exhibit any improved solubility with respect to current protectives, if they are 

biodegradable, they are expected to completely disappear from the stone once their water repellency 

action is lost. For this reason, biopolymers might be considered intrinsically reversible, as they do not 

leave any permanent residue in the stone and do not cause any unforeseen consequences in subsequent 

conservation work.  

However, their removability should not be taken for granted. No regulation is present in cultural 

heritage conservation field to evaluate the removability of the coating, thus, several tests have been 

performed.  

A first solubility test was conducted by dipping the zein 5%-DMSO film in four different solvents: 

water, water-Tween 20(2%v/v), EtOH (80%) and DMSO. 

Then, the removability test was conducted both in vitro, on slide glasses treated by spray coating with 

the 5% solution of zein in DMSO, and on stone material. Since when applied on stone material the 

coating adhesion might be related to its roughness and porosity, the test on slide glasses was used as a 

reference to establish if the coting was removed effectively. The test was conducted by means of cotton 

wool sticks saturated with the above-mentioned solvents.  

Removal test on stone samples, instead, was performed by immerging the treated stone in 20 mL of 

EtOH and DMSO respectively for 1 hour. Samples were then washed several times with fresh solvent 

and dried in an oven at 60°C for 24 hours [211].  

After removal test, WCAs and SEM images were acquired as described in the previous paragraphs. 

Results of the solubility test are reported in Figure 4.5; as expected zein film is still soluble in DMSO 

and EtOH 80% while it is not soluble in water, even when 2% of Tween 20 is added as surfactant.  
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Figure 4.5 Solubility test of zein5%-DMSO film in dimethyl sulphoxide (DMSO), ethanol 80%(v/v) 

(EtOH), water (H2O) and H2O + Tween 20 (2% v/v) (H2O+2%T20). 

The removability test performed in vitro gave the same results: a complete removal of the coating was 

obtained only when EtOH 80% and DMSO were used as solvents. While using sole water and the 

mixture of water-Tween 20 (2%) surfactant the coating was not removed effectively.  

As shown in Table 4.2 after the removability test with DMSO and EtOH 80%, surface turns out to be 

hydrophilic again, indicating a certain degree of coating removal. Nevertheless, WCAs measured 

(85±2° and 78±3° for DMSO and EtOH 80% respectively) are higher than the one observed for 

untreated stone (~30°); this might indicate a non-complete removability possibly due to the penetration 

of the coating inside the stone pores during the treatment. SEM images confirmed that the coating was 

removed effectively from the surface and, especially when EtOH 80% was used as solvent, the surface 

morphology observed after washing is similar to the one of untreated stone.  

 

 

 

 

 

 

 

 

Table 4.2 Results of removal test after washing the samples in DMSO or in EtOH 80%. 
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Several other washing cycles could be necessary to assess a complete removability of zein-based 

coating from the stone, nevertheless, with the surface removal of the coating at least the retreatability 

is guaranteed.  

Moreover, further studies might be necessary in order to exclude any other issues in term of 

biodegradability and removability during the eventual intermediate phase of polymer degradation.  

4.5 Preliminary implementation for a Lifa Cycle Analysis (LCA) 

 As reported previously, the here developed coating demonstrated to fulfill the requirements needed 

for its application as protective coating for exposed stone materials. However, the quantification of 

environmental burned might give a more complete idea of its application in real cases. In fact, besides 

the issues regarding their degradation with ageing, one of main problem related to the production and 

use of traditional synthetic products is that most of them have a relatively high environmental footprint. 

Moreover, often their application requires the use of potentially carcinogenic solvents. 

Life Cycle Assessment (LCA) is a standardized method [212] which aims exactly at quantify all the 

energy requirements, the resources consumed, and the relevant emissions to the environment, and to 

evaluate the related environmental impacts that are associated with life cycle of a given material. 

According to ISO standards, the methodology to evaluate the LCA is structured in several phases:  

• Goal and scope definition; 

• System boundries; 

• Definition of the functional unit; 

• Life cycle inventory; 

• Impact assessment  

• Results interpretation. 

One of the main problems related to the application of LCA in the field of the protection of the cultural 

heritage, is the lack of literature data, thus any assessment regarding the potential impact of the 

developed material can serve mainly as a source of comparative data for future LCA studies 

[104,213,214]  

Moreover, this lack of knowledge results often also in difficulties in finding data in data base 

inventories, regarding some specific processes. In the specific case of zein, for examples, several data 

were missing regarding processes such as its extraction from maize gluten meal and its purification.  

https://www.sciencedirect.com/topics/engineering/life-cycle-assessment
https://www.sciencedirect.com/topics/engineering/cf-material
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Further study is necessary in order to collect data and implement the life cycle inventory, however, in 

the following paragraphs the preliminary phases for the implementation of the life cycle assessment of 

the developed zein-based coating are presented. Some considerations and concerns, which have been 

encountered while planning the impact assessment, are raised. 

4.5.1 Definition of goal and scope 

The aim of this study was to evaluate the environmental performance of the developed zein 5% 

solution in DMSO in order to assess if the material can be really proposed as a sustainable 

alternative, at least from the environmental point of view. Then, other aspects, such as impact of the 

intervention on society and the economy might be further investigated [6,215].  

4.5.2 Definition of system boundaries 

Study of potential environmental impact in all the relevant life cycle stages is defined cradle-to-grave; 

it includes the production stage, the construction process stage, the use stage and the end-of-life stage.  

This preliminary study instead focused on the manufacturing of the materials; therefore, the cradle-to-

gate system boundaries were considered in planning the LCA. The following processes were included 

in this first phase: 

• The production of constituent materials (including the treatment of dry-milled maize to obtain 

maize gluten meal, from which zein is extracted) 

• The transport of chemicals and constituents materials to the laboratory in which the material is 

manufactured  

• The manufacturing of the final material 

4.5.3 Definition of functional unit 

The surface treatment of 1 m2 of Serena stone was used as functional unit. The amount of protective 

material, which is applied per square meter of a cultural heritage structure, is 1.2 L (one layer).  

However, the actual consumption of conservation materials, based on the treatment of 1 m2 depends 

on the type of surface being treated, and especially on the porosity of the substrate, also related to its 

state of conservation.  

For this reason, the amount of product applied can vary depending on the decision of the restorers, who 

need to evaluate each case separately. 
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4.5.4 Life cycle inventory (LCI) 

Figure 4.6 Schematic description of the processes involved in zein-based protective coating 

development.shows a diagram in which resume all the processes involved to produce the zein-based 

coating.  

 

Figure 4.6 Schematic description of the processes involved in zein-based protective coating 

development. 
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LCI data from Agri-footprint database can be used to evaluate the environmental impacts related to (i) 

the cultivation of maize, (ii) the transformation of maize in maize gluten meal, from which sein is 

extracted. These processes are indicated with bold black boxed in the diagram. Regarding zein 

extraction from MGM (Maize gluten meal) and purification of zein no LCI data were available in the 

database, thus, at the moment some of these data are just conceiveble. For zein extraction procedure 

was obtained from the literature [135,216], nevertheless some data are still missing to proceed in the 

implementation of the life cycle assessment. However, due to the presence of several uncertain 

parameter, a sensitivity analysis should be carried out, in order to study the robustness of the results 

and their sensitivity to data, assumptions and models [217].  

 

4.6  Conclusion 

The present chapter aimed to predict the developed material's behavior when applied as a protective 

coating for stone substrates. Besides the promising results of protection against water, good adhesion 

and uniform distribution over the stone surface, a polymer must satisfy several other requirements to 

be applied in the cultural heritage protection field. 

Artificial ageing test aimed at predicting the long term durability of the coating; hydrophobicity was 

maintained after accelerated ageing, showing WCAs around 100°, and no visible color changes due to 

ageing were detected. Considering the natural origin of zein, a microbial colonization test was 

performed aiming at excluding any pro-vegetative effect on the treated stone. From the experiment, it 

was clear that zein neither avoids or promotes the treated stone’s biocolonization.  

As previously mentioned the bio-based origin of the developed material does not necessarily ensure its 

biodegradability. Thus, an assessment of the zein-based material biodegradability was carried out 

aiming at exclude environmental issues in case of accidental dispersion of material in the environment, 

either due to external factors or due to the natural long-term behavior under environmental conditions. 

From the results obtained the biodegradability of the here developed material was confirmed.  

Aiming at meeting the requirement of reversibility of the treatment solubility and removability test 

were performed and, according to the results obtained, the superficial removability is ensured. 

Finally, through the LCA, which is still ongoing, it will be estimated the overall environmental impact 

of the proposed treatment. 
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5. Conclusions and future prospectives 

This thesis was born from the need to develop an innovative and sustainable treatment for the 

conservation of valuable outdoor architecture and monument. Stone in fact, is prone to several 

degradation phenomena such as dissolution, erosion, biodeterioration, formation of crusts and patina 

and cracking due to the exposure to water and humidity. Chapter 1 illustrated that water acts as a carrier 

of air pollutants and salts present in the atmosphere and in the soil, and promote the growth of 

microorganism both on stone surface and in the bulk, causing chemical and physical damages. 

The literature investigation, also presented in Chapter 1, revealed the presence of several synthetic 

commercial products for protection treatments. However, most of these commercially available 

polymers, with ageing undergo to degradation, with reducing of waterproofing behavior, yellowing 

and detachment of the polymeric layer, and other degradation forms resulting often in a difficult, and 

sometimes impossible, removability. Others, such as fluoropolymers, are heading towards elimination 

due to their known long-lasting persistence and toxicity.  

For these reasons, in the attempt to respond to a literature lack of knowledge concerning biopolymers 

and pushed by several international organization, which are now driving towards the introduction of 

green materials and methodologies in cultural heritage, this research focused on proposing an 

innovative bio-based and biodegradable treatment, paying particular attention to sustainability and 

reversibility needs.  

The developed hydrophobic zein-based coating was presented in Chapter 2. Solvents with no 

environmental hazards were used for zein purification and for biopolymer manufacturing, and the 

hydrophobic surface formation obtained through spray-coating technique was deeply studied. The 

obtained coating was then successfully tested as protective for stone material.  

Chapter 3 showed that the developed material can form a thin uniform layer with excellent adhesion 

to the stone substrate and, taking advantage of the intrinsic roughness of the stone high hydrophobicity 

was conferred. Moreover, our analysis demonstrated that even the spray technique used for the 

application of the zein coating contributed to the formation of a hydrophobic coating on the stone 

surface. The zein-based treatments also conferred high resistance to water and, at the same time, 

maintained a good water vapor permeability, despite the known high gas barrier properties of zein. The 

colorimetric properties were unaltered after the treatments and their stability to accelerated aging was 

also confirmed.  

Chapter 4 illustrated the tests performed with the aim to predict the behavior of the zein-based material 

under its expected conditions of use.  
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After accelerated ageing test, the protective coating maintained a good hydrophobicity and aesthetical 

properties were unchanged. Biodeterioration test demonstrated that zein does not enhance the 

microbial growth on stone material. Biodegradability and removability assessments confirmed the 

fulfillment of the conservation requirements.   

The promising hydrophobic characteristics, good adhesion, transparency, durability, sustainability and 

retreatability make thus the proposed treatment suitable for the protection of valuable buildings and 

monuments. Future prospectives of this work concerns the application of the treatment on other stone 

materials, such as marble and travertine, as well as in situ application in order to evaluate its 

performance as protective in real conditions. Moreover, the possible addition of a proper anti-fouling 

system to the developed material will be considered in order to address the problems related to the 

biological growth observed on the stone. Moreover, the quantification of environmental burned might 

give a more complete idea of the impact of the treatment when applied in real cases.   
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