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Abstract
The conservation of historic stone buildings and sculptures is recently receiving growing attention and becoming a focus of research. However, it is difficult to estimate the effects of stone conservation, especially consolidating treatments. In this work, some biomimetic materials for stone conservation were prepared. The interaction between the protective materials and stone substrate was researched by testing their surface energy. Some thermodynamic parameters, including interfacial tension (γ
                  fm
                ) and work of adhesion (W
                  a
                ), were calculated. The effects of interaction between the materials and substrate on reinforcement properties were investigated. The results show that the strength of materials’ adhesion to a solid surface could be better estimated from the value of W
                  a
                /γ
                  fm
                . It is helpful not only to indirectly determine the mechanical properties of the reinforcing agent but also to design some materials for stone conservation on a purpose not on a rather hit-or-miss basis.
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Introduction
Historic stone buildings and sculptures are a very valuable and important part of the cultural heritage of any country. However, due to the weathering of the stone materials, the further preservation of historic stones is endangered. In particular, the ageing process of historic sites is accelerating nowadays because of air pollution and acid rain. As a result, their conservation is receiving growing attention and becoming a focus of research in many fields [1, 2].
During the last decades, the contribution of scientists to conservation work related to cultural heritage has grown rapidly because of the importance of these works of art. The majority of materials that have been tried as stone conservation materials have been organic polymers [3, 4], but several inorganic materials deserve a particular mention, as their mode of operation is rather different. Among them, biomimetic or biocontrolled protective materials have been represented as a new prospect in stone conservation because of their unique features— uniform size, novel crystal morphology, specific crystallographic orientation, light weight, mechanical robustness and unique functions, as well as compatibility [5]. By comparison, these organic materials, including epoxies, acrylics, alkoxysilanes, silicones and fluorine-containing polymers, have some inadequacies and defects: shorter life, poorer compatibility, and change of the face of the treated stones. Therefore, advanced research into new completely satisfactory protective materials and methods, which meet the conservation requirements of historic stones — ‘sympathetic conservation’, has led to interest in biomimetic materials that may have potential application for developing compatible materials for the conservation of stone.
In order to preserve damaged historic stones or to protect un-damaged historic stone relics, the slowing down of the ageing process of historic stone relics is achieved through the use of organic or inorganic coating treatments as water-repellents, acid-repellents, and consolidants. However, compared with organic coating treatment on the stones, the biomimetic process is complex. The biomimetic process is inspired from biomineralization, a natural approach to advanced materials synthesis, by which various forms of laminated nanocomposites (e.g., egg, mollusk shells, bones and teeth) are synthesized by living organisms. As an artificial simulation process, the biomimetic or biocontrolled process is a new synthetic process that can produce useful film with similar designs, in which the inorganic materials with higher order structures and super performances are prepared under the action of some self-assembled organic templates containing anionic functional groups [6, 7]. Therefore, it is important to study the interaction between the materials and substrate with templates for investigating the mechanism of synthesis process and improvement of mechanical properties [8].
In this work, some protective materials prepared via a biocontrolled approach were selected as objects for studying [9]. The interaction between the protective materials and stone substrate was researched through testing their surface energy. Some thermodynamic parameters, including interfacial tension and work of adhesion, were calculated. The effects of interaction between the materials and substrate on mechanical properties were investigated, which is helpful not only to indirectly determine the mechanical properties of the reinforcing agent but also to design some materials for stone conservation on a purpose not on a rather hit-or-miss basis.

Experimental
Samples
Pure chemicals include calcium chloride (CaCl2, A.R. Grade, ≥96.0% assay), sodium carbonate (Na2CO3, A.R. Grade, ≥99.8% assay), sodium oxalate (Na2C2O4, A.R. Grade, ≥99.8% assay) and sodium phosphate (Na3PO4 12H2O, A.R. Grade, ≥98.0% assay) were used for this study. Chondroitin sulfate (chemical formula: - (C14H21NO15S) n -, abbreviated formula: CHS or CS, ≥95.0% assay) was commercially available. Unweathered white marble samples were selected as stone samples. All water solvents were freshly distilled before use.
The stock solutions of Ca2+ (CaCl2), CO32– (Na2CO3), C2O42– (Na2C2O4) and PO43– (Na3PO4) reactants were made up to a concentration of 0.01 mol L–1. The organic template solutions were made up to a concentration of 0.10% m/m. The stock solutions of Ca2+ and three anion solutions were reacted respectively in the correct proportion in the CS solution system to produce calcium precipitates: (1) sample 1#, calcium carbonate; (2) sample 2#, calcium oxalate; (3) sample 3#, calcium phosphate.

Characterization
The determination of the solid surface energy was achieved through characterizing surfaces. The surface characterizations of powders and stone were carried out using a contact angle meter (POWEREACH JC2000A, China). To test the contact angle of the powders, the powders were pressed to be a tablet before the procedure. During the process of pressing, the ultimate pressure was 5 T and the compression time was not considered, in order to ensure the consistence of the samples’ density.
Reinforcement or consolidation performances were characterized following a recommendation by evaluating the compression strength of some treated stone imitations [10], which is based on the compaction test referring to knowledge of civil engineering [11]— two types of CaCO3 particles, which passed 1.3 μm and 150 μm sieves respectively, were mixed with water or the testing solution with equal volumes, and placed in a cylindrical mould, 39.8 × 80 mm in size, to be compacted with 75 blows from a 567 g hammer having a free fall of 277 mm. In this work, the testing solution is the mixture of CS solution and stock solutions of sample 1#, 2# and 3# respectively. Then, the sample was taken from the mould and dried. The compression strength of samples was analyzed using a Yinchi YC-125B tension meter (Shanghai, China).


Results and discussion
Theoretical: measurement of surface energy
The surface energy quantifies the disruption of intermolecular bonds that occurs when a surface is created. Therefore, the surface energy can be defined as the excess energy at the surface of a material compared to the bulk. It is a difficult task to determine the solid surface energy. Double liquids are recommended for the determination of the solid surface energy.
A commonly used approach to solid surface energies is that of expressing any surface tension (γ) as a sum of components due to dispersive forces (γ
                    d
                  ) and polar forces (γ
                    p
                  ):[image: A40494_2013_Article_18_Equ1_HTML.gif]

 (1)


The interfacial tension between two phases α and β is then expressed in terms of the two components for each phase:[image: A40494_2013_Article_18_Equ2_HTML.gif]

 (2)


Combined with Young’s equation given by Equation (3), for the case of a liquid (L) drop forming a contact angle (θ) on a solid (S) surface, the appropriate forms of Equation (4) can be obtained:[image: A40494_2013_Article_18_Equ3_HTML.gif]

 (3)
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Since values for ([image: A40494_2013_Article_18_IEq1_HTML.gif]) and ([image: A40494_2013_Article_18_IEq2_HTML.gif]) are to be found in the literature for many liquids, there are two unknowns on the right of Equation (4), [image: A40494_2013_Article_18_IEq3_HTML.gif] and [image: A40494_2013_Article_18_IEq4_HTML.gif], the components of the solid surface ‘energy’. The determination of these components for the solid surface therefore requires contact angle data from at least two liquids of different polarity so that the simultaneous versions of Equation (4) can be solved [12–14].
In this method, in order to determine the solid surface energy along with the dispersive and polar components of the surface energy, a good selection of liquids must be made. This should include a combination of dispersive and polar liquids with a wide range of surface energy, as well as variable and different dispersive and polar components. In our experiment, the liquids are distilled water and glycol. Table 1 contains the basic data on these liquids [15].Table 1
                          Surface energy parameters of the reference liquids
                        


	 	γ/mJ·m-2
	γ
                                d
                              /mJ·m-2
	γ
                                p
                              /mJ·m-2

	Water
	72.8
	22.1
	50.7

	Glycol
	48.3
	29.3
	19.0





Surface energy of solids
Based on the above measurement theory, the surface energy of the stone substrate and biomimetic protective materials was tested. The obtained measured values are given in Table 2. In order to produce calcium precipitates, the stock solutions of Ca2+ and three anion solutions were reacted respectively in the correct proportion, and then the precipitated powders were filtered out, so the salt of the stock solutions should not influence surface energies.Table 2
                          Surface energy of the stone substrate and protective materials
                        


	Serial number
	γ
                                d
                              /mJ·m-2
	γ
                                p
                              /mJ·m-2
	γ/mJ·m-2

	Stone substrate
	1.14
	28.9
	30.0

	Sample 1#
	0.85
	87.84
	88.69

	Sample 2#
	3.83
	73.31
	77.14

	Sample 3#
	0.75
	89.50
	90.25





Effects of interface of materials on mechanical properties
The reinforcing performances of the protective materials were tested. In the experiment, the testing solution was three reactive stock solutions. In view of the recording facility and consistencies of the cross sectional area of samples prepared by the given mould, the instrumental readings whose unit is N were directly recorded to mark the compressive strength (σ). The compressive strength of the samples mixed with the testing solutions was increased in various degrees from 200N, the strength of the sample mixed with water. The compressive strength of samples mixed with the testing solutions was recorded in Table 3, which are 742N, 801N and 716N respectively. This aspect indicates that the sample’s compression strength has been improved. Meanwhile, The calculated values of the thermodynamic ‘work of adhesion’ (W
                    a
                  ), the interfacial tension between two phases (γ
                    fm
                  ), and W
                    a
                  /γ
                    fm
                   are also shown in Table 3. The strength of adhesion to a solid surface can be measured directly using suitable force measurements, or can be estimated from a value of the work of adhesion (W
                    a
                  ) and the interfacial tension between two phases (γ
                    fm
                  ). In a simple system where a filler of calcium precipitates (f) adheres to a matrix of stone (m), the work of adhesion is defined as:[image: A40494_2013_Article_18_Equ5_HTML.gif]

 (5)


where γ
                    f
                   and γ
                    m
                   are the surface energy of the calcium precipitates and stone substrate which are given in Table 2, and γ
                    fm
                   is the interfacial tension between the calcium precipitates and stone substrate.Table 3
                          Compressive strength and surface energy parameters of the protective materials and stone
                        


	Serial number
	σ/N
	γ/mJ·m-2
	W
                                a
                              /mJ·m-2
	γ
                                fm
                              /mJ·m-2
	W
                                a
                              /γ
                                fm
                              

	Sample 1#
	742
	88.69
	102.73
	15.99
	6.42

	Sample 2#
	801
	77.14
	96.24
	10.94
	8.79

	Sample 3#
	716
	90.25
	103.56
	16.72
	6.19




The total interfacial tension between the calcium precipitates and stone substrate is:[image: A40494_2013_Article_18_Equ6_HTML.gif]

 (6)


Here the requisite values of dispersive forces (γ
                    d
                  ) and polar forces (γ
                    p
                  ) can be also obtained from Table 2.
The obtained results show: (1) the compressive strength of samples is increased as the value of W
                    a
                  /γ
                    fm
                  ; (2) the relations between the compresive strength and γ, W
                    a
                  , γ
                    fm
                   are not same distinct as that of compressive strength and W
                    a
                  /γ
                    fm
                  . It can be suggested that the strength of adhesion to a solid surface could be better estimated from the value of W
                    a
                  /γ
                    fm
                   rather than from the value of W
                    a
                   from Table 3. The adhesion work reflects on the interface bonding strength between two phases. The higher the adhesion work, the firmer the two phases are bound. This translates into the improvement of the mechanical properties of composite materials. On the other hand, a low interfacial tension favours the dispersion of the filler, enlarges the contact area of the filler with the matrix, increases the filler-matrix interfacial interaction, and enhances the reinforcing performance. From Equation (5), it can also be observed that W
                    a
                   and γ
                    fm
                   change in opposite directions, and so the low γ
                    fm
                   is advantageous to bonding in two phases. In addition, the matching degree in the surface energy and its components between the filler and matrix is an important factor affecting the properties of composite materials. The matching degree is reflected via the value of γ
                    fm
                  , which can be found from Equation (6). Therefore, the value of W
                    a
                  /γ
                    fm
                   can be regarded as an important parameter for measuring the filler-matrix interaction strength. The higher the value of W
                    a
                  /γ
                    fm
                  , the stronger the interaction between the filler and matrix. Consequently, the corresponding composite materials have excellent mechanical properties and good performances.


Conclusions
Some protective materials prepared via a biocontrolled approach were selected as objects for studying the effects of surface energies of materials for stone conservation on reinforcement properties. The interaction between the protective materials and stone substrate was researched through testing their surface energy. Some thermodynamic parameters, including interfacial tension and work of adhesion, were calculated. The effects of interaction between the materials and substrate on mechanical properties were investigated. The results show that the strength of materials’ adhesion to a solid surface could be better estimated from the value of W
                  a
                /γ
                  fm
                . It is helpful not only to indirectly determine the mechanical properties of the reinforcing agent but also to design some materials for stone conservation on a purpose not on a rather hit-or-miss basis. It is without a doubt that there is further work to be done in the research field of stone conservation. We anticipate our assay to be an attractive point for discovery a way of applying theory to practice in stone conservation, and we are carrying out some further research on it.
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