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Abstract

:

Calcium hydroxide (Ca(OH2)) nanoparticles are produced following an easy, ion exchange process. The produced nanoparticles are characterized using transmission electron microscopy (TEM) and Fourier- transform infrared spectroscopy (FTIR) and are then dispersed in an aqueous emulsion of silanes/siloxanes. The dispersions are sprayed on marble and the surface structures of the deposited coatings are revealed using scanning electron microscopy (SEM). By adjusting the nanoparticle concentration, the coated marble obtains superhydrophobic and water repellent properties, as evidenced by the high static contact angles of water drops (> 150°) and the low sliding angles (< 10°). Because Ca(OH)2 is chemically compatible with limestone-like rocks, which are the most common stones found in buildings and objects of the cultural heritage, the produced composite coatings have the potential to be used for conservation purposes. For comparison, the wetting properties of another superhydrophobic and water repellent coating composed of the same siloxane material and silica (SiO2) nanoparticles, which were commonly used in several previously published reports, were investigated. The suggested siloxane+Ca(OH)2 composite coating offers good protection against water penetration by capillarity and has a small effect on the aesthetic appearance of marble, according to colorimetric measurements.
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1. Introduction


Recent advances in coating materials may offer novel routes for effective and sustainable protection and preservation of natural stone used in cultural heritage [1]. For example, superhydrophobic and water repellent coating materials can offer protection against the deteriorative effects of rainwater, as they can reduce the penetration of atmospheric liquid water into the pore network of natural stone.



The static contact angle (CA) of a water drop on a superhydrophobic surface is CA > 150°, whereas the sliding angle (SA) of a water drop on a water repellent surface is SA < 10°. Superhydrophobicity is usually (e.g., lotus leaf [2]), but not always (e.g., rose petal [3]), accompanied by water repellency. Therefore, both CA and SA are important to actually characterize the wetting properties of a material.



Research results of the last fifteen years have shown that an easy and effective strategy to produce superhydrophobic and water repellent coatings is the integration (addition) of nanoparticles into a low surface energy polymer matrix [4,5]. Nanoparticles enhance surface roughness, which is the key parameter to achieve extreme wetting properties. This method was suggested to produce polymer+nanoparticle composite coatings for the protection of natural stone in 2007 [6] and was established through relevant detailed studies in 2009 [7,8]. In these early works, silica (SiO2) nanoparticles were used as additives to roughen the surface of siloxane, acrylic, and perfluorinated polymer coatings [6,7,8]. Since then, SiO2 nanoparticles have become the standard additives for the production of superhydrophobic polymer+nanoparticle composite coatings for natural stone protection [9,10,11,12,13,14,15,16,17]. Other nanoparticles, selected for the same purpose, are aluminum oxide (Al2O3) [8] and tin oxide (SnO2) [8], as well as photo-catalytic and biocidal nanomaterials, such as titanium oxide (TiO2) [8,13,18,19,20,21], zinc oxide (ZnO) [12,19], and silver (Ag) [22].



The goal of the present short study is to produce a superhydrophobic and water repellent siloxane-based composite coating by adding calcium hydroxide (Ca(OH)2) nanoparticles. Unlike the nanoparticles described above and those used in the past, Ca(OH)2 is chemically compatible with limestone and limestone-like rocks (marble, travertine), which are undoubtfully the most common stones that have been used in the past [1]. Nanoparticles of Ca(OH)2 are produced, characterized, mixed with a siloxane-based precursor in various concentrations, and sprayed onto marble specimens to evaluate the wettabilities of the produced composite coatings. For comparative purposes, other composite coatings were prepared using the standard SiO2 nanoparticles that were utilized in the past to achieve extreme wetting properties [6,7,8,9,10,11,12,13,14,15,16,17].




2. Materials and Methods


2.1. Materials


Materials used for the production of the Ca(OH)2 nanoparticles were calcium chloride dihydrate (≥ 99%, CaCl2⋅2H2O), which was obtained from Chem-Lab (Zedelgem Belgium) and an anion exchange resin, Dowex Monosphere-550A-OH (Delfgauw, The Netherlands). Silica (SiO2) nanoparticles of 7 nm in mean diameter were purchased from Sigma-Aldrich (St. Louis, MO, USA). Our group has used these purchased SiO2 nanoparticles in the past to produce superhydrophobic coatings in several investigations, as described in a review book chapter [4]. A water based emulsion composed of amino-modified silanes and fluoro-modified siloxanes was used for the preparation of the dispersions. The ratio of (silanes+siloxanes):water in the emulsion was 1:6 (v/v). Finally, specimens of dolomitic marble, from Thassos, Greece [7], were used in the study.




2.2. Synthesis and Characterization of Ca(OH)2 Nanoparticles


Ca(OH)2 nanoparticles were produced according to a recently devised method, which is based on an ion exchange process between an anionic resin and a calcium chloride aqueous solution at room temperature (r.t.) [23]. In particular, an aqueous solution containing 0.1 M of CaCl2•2H2O was prepared and mixed with 75 mL of anion exchange resin, at r.t. and under moderate stirring for 15 min. The resin was then separated from the suspension using a sieve with mesh size of 200 μm. The separated suspension was mixed with 75 ml of fresh resin at r.t. and under moderate stirring for 30 min. The resin was removed again by sieving and the suspension was subjected to centrifugation for 15 min at 6000 rpm. The precipitated nanoparticles were dried in a vacuum at 50 °C for 12 h.



The produced Ca(OH)2 nanoparticles were characterized using transmission electron microscopy (TEM; JEOL, 2000FX, Tokyo, Japan) and Fourier-transform infrared spectroscopy (FTIR), which was employed using a Spectrum Spotlight 400 PerkinElmer spectrometer (Waltham, MA, USA).




2.3. Production and Characterisation of Siloxane+Nanoparticle Coatings


The produced Ca(OH)2 nanoparticles were dispersed in the silane/siloxane emulsion in various concentrations. The dispersions were stirred mechanically and sprayed onto marble specimens using an airbrush system with a nozzle of 660 μm in diameter (Paasche Airbrush, Chicago, IL, USA). Another set of coated marbles were prepared using the silane/siloxane emulsion and SiO2 nanoparticles. Moreover, pure silane/siloxane emulsion (without nanoparticles) was also sprayed onto marble. The morphologies of the deposited coatings were investigated using scanning electron microscopy (SEM; JEOL, JSM-6510, Tokyo, Japan).



Static contact angle (CA) and sliding angle (SA) were measured using an optical tensiometer apparatus (Attension Theta, Gothenburg, Sweden). For the measurements of the SAs, the tilt rate was adjusted to 1°/s. The reported angles are averages of five measurements. Variations for the measurements of CAs are provided, and the SAs varied within ± 1°.



The measurements of water capillary absorption were performed by the gravimetric sorption technique. Dried weighted coated and uncoated marble blocks were placed on a filter paper pad (Whatman paper, No. 4, Little Chalfont, UK) partially immersed in distilled water. Samples were weighted periodically for a period of 15 h in total to measure the amount of water absorbed by the specimens. Finally, colorimetric measurements were carried out using a Miniscan XE Plus spectrophotometer (HunterLab, Reston, VA, USA). The reported results are averages of three measurements, and variations are reported.





3. Results


The produced nanoparticles were characterized using TEM and FTIR, as shown in Figure 1. According to the TEM image, the sizes of the produced particles were lower than 100 nm, indicating that particles at the nanometer scale were successfully produced. The FTIR spectrum shows characteristic peaks which lead to the identifications of the carbonate (CaCO3) and hydroxide (Ca(OH)2) compounds of Ca [24,25]. In particular, the bands at 1444, 877, and 714 cm−1 correspond to the three different elongation modes of C–O bonds, while the bands at 2983, 2875, and 2513 cm−1 are harmonic vibration of these elongation modes. The thin band at 1795 cm-1 is associated to the carbonate C=O bonds. The strong band at 3643 cm−1 is related to the O–H bonds from hydroxides [24,25].



The surfaces of the siloxane+Ca(OH)2 coatings were characterized using SEM. Indicative images are provided in Figure 2. Adding nanoparticles to the coating’s composition results in the formation of surface structures-protrusions that consist of siloxane material mixed with particle agglomerations. As the nanoparticle concentration increases, the surface protrusions become denser, thus promoting surface roughness. The latter is responsible for the extreme wetting properties, which are discussed in the next paragraphs. The scenario revealed in Figure 2 for the siloxane+Ca(OH)2 coatings follows the results reported previously for the effect of SiO2 nanoparticles on the surface structure of siloxane-based composite coatings [6,7,8,9,10,11,12,13,14,15,16,17]. Surface structures reported for siloxane+SiO2 coatings on marble [6,7,8,9,10,11,12,13,14,15,16,17] are similar to those shown in Figure 2 for the siloxane+Ca(OH) 2 coatings.



Figure 3 shows the results of the CA and SA measurements of water drops placed on the surfaces of the composite coatings on marble. Two sets of data are included corresponding to the coatings that were prepared using the produced Ca(OH)2 and the purchased SiO2 nanoparticles. According to Figure 3a, the CA of water drops on the surface of pure siloxane (without nanoparticles) is 113° ± 3°, indicating that the application of the water-based emulsion results in the formation of a coating, which shows hydrophobicity [5]. The results in Figure 3a show that CA increases with nanoparticle concentration and eventually becomes very large. Superhydrophobicity (CA > 150°) is evidenced for coatings that were prepared using concentrations of Ca(OH)2 > 1.5 % w/w and SiO2 > 1 % w/w. Overall, siloxane+SiO2 coatings gave larger CAs, compared to the results reported in Figure 3a for the siloxane+Ca(OH)2 coatings. This difference is within the experimental error for the coatings, which were prepared using the maximum nanoparticle concentration tested herein (3 % w/w), i.e., the error bars of CAs for the two coatings prepared with SiO2 and Ca(OH)2 nanoparticles overlap. The results in Figure 3a are in agreement with previously published reports that revealed the cross influence effects of particle size and concentration on the wettability of siloxane+nanoparticle composite films. In particular, it was shown that hydrophobicity is enhanced with (i) nanoparticle concentration up to a saturation point [6,7,8,9] and (ii) decreasing particle size [26,27]. In the results of Figure 3a, it is seen that CA increases with nanoparticle concentration reaching a plateau (saturation), which is clearer in the case of the SiO2 nanoparticles. Moreover, larger CAs are obtained with the siloxane+SiO2 coatings, as the SiO2 nanoparticles are one to two orders of magnitude smaller than the Ca(OH)2 nanoparticles.



Figure 3b shows the measurements of SA of water drops on coated marble specimens. Coatings that were prepared using < 0.5 % w/w SiO2 and < 1.5 % w/w Ca(OH)2 showed water adhesion, as the water drops were pinned on these surfaces even when they were tilted by 90°. Therefore, it was not possible to actually measure SAs on these surfaces which correspond to a theoretical SA = 90°. The SA of water drops on the siloxane+SiO2 surfaces decreased rapidly with nanoparticle concentration and eventually became very small (SA < 10°) and stable when the nanoparticle concentration became > 1 % w/w. For the coatings that were prepared using the bigger Ca(OH) 2 nanoparticles, higher nanoparticle concentration (> 1.5 % w/w) had to be used to achieve water repellency (SA < 10°).



The superhydrophobic and water repellent performance of the siloxane + 3 % w/w Ca(OH)2 composite coating is demonstrated in the photographs of Figure 3a,b. Resting drops and the self-cleaning process on coated marble specimens are shown in the two photographs. Consequently, the wetting properties of the composite coating mimic those of the lotus leaf surface [2].



The interaction of the siloxane + 3 % w/w Ca(OH)2 coating with water was further tested by performing measurements of water capillary absorption. For comparison, uncoated marble blocks and blocks coated by pure siloxane, without nanoparticles, were included in the study. The amount of water absorbed by the specimen per unit area (Qi) was calculated as follows:


   Q i  =  (     w i     − w   o   A   )     ×   100  ,  



(1)




where wi is the weight of the sample after being in contact with water for time ti, wo is the initial weight of the sample prior to the test, and A is the sample’s area which was in contact with water during the test. The calculated Qi values were plotted as a function of time ti, and the results are presented in Figure 4.



The results of Figure 4 show that the specimens became saturated in absorbed water. This is evidenced by the recorded plateaus of the three Qi - ti curves. The amounts of absorbed water follow the order: uncoated sample -> sample coated by siloxane -> sample coated by siloxane+ Ca(OH)2, with the latter being the sample that absorbed the least amount of water at each specific ti. Specifically, by taking into consideration the last three (ti = 9, 12, and 15 h) measurements of Qi for each curve, which clearly correspond to the plateaus of the curves, average-maximum values of Qi were calculated as follows: 0.0045 g/cm2 for the uncoated sample, 0.0023 g/cm2 for the sample coated by siloxane, and 0.0012 g/cm2 for the sample coated by siloxane+Ca(OH)2. The hydrophobic siloxane coating offers protection against the capillary absorption of water. The protection, however, is enhanced when the superhydrophobic and water repellent siloxane+Ca(OH)2 coating is applied on the marble surface.



For the maxima amounts of absorbed water, corresponding to the plateaus of the curves in Figure 4, the relative reduction of water absorption by capillarity (RC%) was calculated using the following Equation:


   RC % =   (     Q u     − Q   c     Q u     )     ×   100  ,  



(2)




where Qu and Qc are the maxima Qi measured for the uncoated and coated marble specimens, respectively. An ideal coating should correspond to RC% = 100, as it should eliminate the penetration of liquid water into the pore network of the stone. Using Equation (2), it is calculated that the application of the siloxane coating on marble results in a reduction of the amount of absorbed water by 49%. The RC% increased to 73 when the superhydrophobic and water repellent siloxane+Ca(OH)2 coating was applied on marble.



Finally, the optical effects of the siloxane and siloxane+Ca(OH)2 coatings on marble were evaluated through colorimetric measurements. The global color differences (ΔE*) of marble, induced upon coating application, was derived from:


     Δ E   *  =        ( L   c *     − L   u *  )  2     + ( a   c *     − a   u *   ) 2     + ( b   c *     − b   u *   ) 2      ,  



(3)




where L*, a*, and b* are the components of the CIE 1976 scale, respectively. The “c” and “u” subscript characters indicate the coated and uncoated specimens, respectively. The results of the L*, a*, and b* measurements are summarized in Table 1. Using Equation (3) and the values of Table 1, it is calculated that ΔE* = 0.36 ± 0.04 for the marble specimen that was coated with siloxane and ΔE* = 3.76 ± 0.03 for the marble specimen that was coated with siloxane+Ca(OH)2. According to the literature, color variations which correspond to ΔE* < 3 are insignificant as they are not perceived by human eye [28,29,30]; the accepted level for conservation purposes is ΔE* < 5 [28]. Consequently, the results, which are reported in Table 1, suggest that the siloxane material (ΔE* = 0.36) has a negligible effect on the color of the marble. However, when Ca(OH)2 nanoparticles are added in the coating, then the treatment of the marble is accompanied by a noticeable visual effect (ΔE* = 3.76) which, however, is not very far away from the human perception threshold value and clearly below the accepted level for conservation purposes.




4. Conclusions


The major finding from this work is that superhydrophobic and water repellent coatings can be produced using dispersions of Ca(OH)2 nanoparticles in water-based silane/siloxane emulsions. Ca(OH)2 is chemically compatible with limestone and limestone-like rocks (marble, travertine), which are undoubtfully the most common stones found in buildings and objects of the cultural heritage. Siloxane-based materials are commonly used for consolidation purposes. Therefore, the siloxane+Ca(OH)2 composite coatings, which are formed by spraying the aforementioned dispersions onto the stone substrate, have the potential to be used for conservation purposes.



The Ca(OH)2 nanoparticles (Figure 1) were synthesized following an easy, ion exchange process, and the extreme wetting properties, which were achieved on the surface of the composite coatings (Figure 2), were evidenced by the high CA > 150° and the low SA < 10° (Figure 3) of water drops. Composite coatings offered good protection against water penetration by capillarity (Figure 4) and had a small effect on the color of marble (Table 1).



Further and more detailed studies should be carried out in the future to investigate the durability of the siloxane+Ca(OH)2 coatings and their effects on the breathability of marble.
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Figure 1. Photograph, TEM image, and FTIR spectrum of the produced nanoparticles. 
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Figure 2. Evolution of the surface structures of the siloxane+Ca(OH)2 coatings. The concentrations (w/w) of the Ca(OH)2 nanoparticles in the dispersions that were deposited on marble are shown in the upper right corner of each image. 
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Figure 3. (a) Static contact angle (CA) and (b) sliding angle (SA) vs the nanoparticle concentration. Data points were (a) fitted with polynomial functions and (b) connected with lines to guide the eye. Coatings prepared using < 0.5 % w/w SiO2 and < 1.5 % w/w Ca(OH)2 were pinned on the surfaces; therefore, they correspond to a theoretical SA of 90°. Photographs showing (a) resting drops and (b) the self-cleaning process were taken for marble specimens that were coated with superhydrophobic and water repellent composite coatings. The latter were prepared using siloxane and 3 % w/w Ca(OH)2 nanoparticles. 
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Figure 4. Amounts of absorbed water per unit area (Qi) as a function of treatment time ti, for three samples: (i) uncoated marble; (ii) marble coated by pure siloxane; and (iii) marble coated by a composite coating, which was prepared using siloxane and 3% w/w Ca(OH)2 nanoparticles (siloxane+Ca(OH)2). Data points were fitted with polynomial functions to guide the eye. 
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Table 1. Color coordinates measured for uncoated marble and marble specimens coated with siloxane and siloxane+Ca(OH)2. The composite coating was prepared using 3 % w/w Ca(OH)2 nanoparticles.
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	Uncoated
	Siloxane
	Siloxane+Ca(OH)2





	L*
	91.67 ± 0.03
	91.34 ± 0.05
	95.41 ± 0.01



	a*
	−0.24 ± 0.01
	−0.29 ± 0.01
	−0.06 ± 0.01



	b*
	3.45 ± 0.01
	3.57 ± 0.02
	3.16 ± 0.02











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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