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    Historical and cultural monuments are a bridge between past and present generations. These works have irreplaceable material and spiritual value, which indicates the need to preserve and maintain them in the best way for transmission to future generations. However, in many cases, the aging deterioration of these artworks can not be completely prevented, but appropriate methods of maintenance and protection can significantly reduce the rate of their decline and erosion. However, in many cases, monuments and artworks are in open spaces without care and protection guards, exposed to vandalism and weathering degradation, or air pollution sources.




    Another challenge with historical artifacts is that many of them have been made by unknown individuals, artists, and artisans over decades and even centuries.




    In many cases, in addition to proper maintenance, serious interventions are required to use appropriate coatings to maintain these works with long-term efficiency. Various processes are used to produce nanocomposite coatings, one of which is the wet chemical process by the sol-gel way.




    Given that historical and cultural works are made of different materials, it isn't easy to address them in one book. Hence, the protective coatings for some of the most influential ones in human civilization, such as leather, parchment, paper, metals, historical artworks, and monuments made of brick, and stone are addressed in the form of 5 chapters in this book. In the first chapter, various analysis techniques are used to describe the materials used in historical monuments or the coatings used to preserve them. The second chapter introduces the properties of metals, alloys, and their common corrosion and proposes protection strategies for metal monuments. Also, various protective coatings, emphasizing nanocomposite coatings to prevent corrosion, especially electrochemical corrosion, are examined.




    Chapter 3 is devoted to studying natural leather and parchments, which, as natural polymers, must be protected from damage by environmental factors such as UV, temperature, and humidity. There are various coatings for surface treatment of leather and parchment, each of which has advantages and disadvantages that are discussed in this chapter.




    The fourth chapter deals with stone works, which contain many historical sources. Having sufficient knowledge about erosion processes and the mechanisms governing these processes, and the impact of environmental factors can improve the preservation of these works in the open space. In recent years, nanocomposite coatings have been considered for their protection. In addition, it is possible to add antimicrobial agents and nanoparticles to the base composition of the coating to create additional functions such as self-cleaning properties and resistance of microorganisms.




    Chapter 5 deals with nanotechnology. It creates more effective materials and innovative methods to protect historical monuments and cultural heritage. This technology can be used in various fields of conservation and restoration of historical and cultural monuments, production of transparent coatings with the suitable application for protecting historical monuments, removal, cleaning of improper repairs of the past, and new techniques and methods for protection and restoration.




    It is hoped that this book will be a positive step towards promoting scientific research and its application in protecting and preserving cultural and historical heritage. By better preserving, these works will create a better perspective for the future.
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      Abstract




      Conservation methods and intervention materials should be compatible with preserving historical and artistic monuments. Therefore, it is necessary to characterize the chemical compositions, microstructures, thermal and mechanical properties, the corrosion and weathering conditions of historical and cultural monuments, and the proposed coating to protect them. The environmental impacts and mechanisms of change due to their natural aging or artificial aging processes should be investigated. Various chemical methods have been developed because of the incredible variety of materials used to prepare historical and cultural monuments and artifacts. A variety of ways for analyzing elements, including atomic absorption spectroscopy, X-ray fluorescence, proton emission X-rays (PIXE), and μ-PIXE, and X-ray energy spectroscopy in scanning electron microscopy, are presented with a few practical examples. Infrared and Raman spectroscopy are the conventional methods used to characterize mineral and organic compounds. X-ray diffraction (XRD) is also a fast and inexpensive technique for distinguishing amorphous and crystalline materials and characterizing natural and synthetic crystals. Among the imaging techniques, the optical microscope is used for obtaining necessary information about various specimens in relatively small magnifications up to about 2,000 times. Scanning and transmitting electron microscopes (SEM-TEM) provide images at high resolution. The Atomic Force Microscopy (AFM) represents the three-dimensional topography of the surface. Thermal analysis is a quick and accurate method for measuring the percent of mass changes in material with temperatures such as water evaporation, solvents and volatile materials, and organic compounds decomposition. Mechanical-thermal analysis can provide practical information such as glass transition temperature and elastic modulus. A variety of methods for determining weathering resistance, corrosion resistance, and surface hydrophobicity are introduced. This review describes some of the typical applications of laboratory techniques and provides scientific information for right choice of materials and valuable coatings for their protection.
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      INTRODUCTION




      There are several ways to determine the elements that make up a material, its crystal structure, chemical composition, and physical and mechanical properties.




      One of the most practical methods can be based on the nature of identification. In most detection methods, a focused photon, electron, or ion beam is emitted into the material. The collision of this beam with a matter or its reflections provides different information about the case. Special equipment records and analyzes the amount and manner of changes such as energy, intensity, or radiation distribution. Finally, by analyzing the data, the type and amount of constituent elements, chemical compounds in the material, variety of phases, and crystal structure can be determined [1].




      Fig. (1) indicates the spectrum of electromagnetic radiation in terms of wavelength. According to Planck's formula (Eqn. 1), the relationship between energy and wavelength for photons can be obtained from the following equation:
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Fig. (1))


      Electromagnetic spectrum, with wavelength, frequency, and energy scale [2].



      

        

          	

            E=hν=hc/λ


          



          	(1)

        


      




      In this formula, E is the energy, λ is the frequency, n is the wavelength, h is the Planck constant, and c is the light speed. According to this formula, low wavelength rays (i.e., γ-rays and X-rays) have high energy. They interact with a small level of atoms with relatively high energy, such as the nucleus of an atom or electrons in orbits close to the nucleus (core electrons). Medium energy bands (e.g., U.V. and Visible) interact mostly with electrons located in the outermost orbits of atoms (valance electrons). Microwave and radio waves have long wavelengths and low frequencies. They interact with shallow energy levels, such as electrons located between the atoms that make up chemical bonds or stimulate atomic and molecular motions.




      Table 1 shows several types of techniques designed based on the physical process for detection and measurement. They include the nature of the incident beam and the type of radiation or particle detected. It should be noted that each instrument uses a specific type of electromagnetic or particle beam to investigate the subject. Therefore, their applications are limited to particular experiments.




      

        Table 1 Some of the techniques are based on the nature of the radiation [2, 3].




        

          

            

              	Analysis Method



              	Incident Beam



              	Detected Beam

            


          



          

            

              	X-ray diffraction, XRD



              	X-rays



              	X-rays

            




            

              	X-ray fluorescence, XRF



              	X-rays



              	X-rays

            




            

              	Proton induced X-ray


              fluorescence PIXE



              	protons



              	X-rays

            




            

              	Scanning electron microscopy (SEM)


              Energy dispersive spectroscopy (EDS)



              	electrons



              	X-rays

            




            

              	Atomic absorption spectroscopy, AAS



              	visible



              	visible

            




            

              	Ultraviolet spectroscopy, U.V.



              	ultraviolet



              	ultraviolet

            




            

              	Infrared spectroscopy, IR



              	infrared



              	infrared

            




            

              	Raman spectroscopy, RS



              	infrared



              	infrared

            


          

        




      




      The radiation will be scattered and elastic in the absence of energy exchange between the probe beam and the material. The process will be considered as scattering (e.g., wave interference). Considering the interaction involves exchan-ging energy between the incident radiation and the atom in the material, the process is anelastic and is treated as spectroscopy. When particles are irradiated with atoms in the sample, the absorbed energy can stimulate specific energy levels, ranging from much energy to stimulate the nucleus to an electronic and molecular search for lower-energy molecules. Therefore, spectrometry techniques can also be classified based on energy levels. In general, any small measurement of the relationship between intensity and energy in any part of the electromagnetic spectrum is called spectroscopy. These measurements are called colorimeters in the visible part of the spectrum.




      Both scattering and spectroscopy processes can involve imaging techniques by a visual image or a distribution map. Scanning tunneling microscopy or atomic force microscope deal with the altitude distribution of matter at the atomic level work based on direct measurement of interatomic forces or tunneling energy.




      In general, the classification of characterization methods can be as following (see Scheme 1):




      1. The chemical nature of materials includes analyzing chemical elements in the sample and the chemical composition and structural nature of crystalline materials in amorphous and crystalline.




      2. Studying texture and morphology of the material with a microscope in different magnifications (i.e., imaging techniques).




      3. Investigation of thermal properties of materials such as changes in humidity and volatile materials, as well as the stability of its various phases.




      4. Investigation of mechanical properties in both static and dynamic modes (DMA).




      5. Investigation of material stability in corrosive environments as well as aging and weathering.




      6. Wettability and hydrophobicity of materials or coatings designed for interventional protection.
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Scheme 1)


      Categorize experimental techniques for characterizing historical materials and their protective coatings [4-6].



      These studies can provide essential data about the materials used in historical and ancient artifacts, as well as their manufacturing processes and the state of their change in severe conditions. Furthermore, these experiments can be directed to adapt to an appropriate treatment if intervention protective coatings are needed.




      

        Methods of Identifying the Type of Element




        Chemical analysis or elemental analysis is one of the oldest methods of material analysis. This analysis determines the type of element in the sample. In this case, the kind of element is determined regardless of the crystal structure and chemical composition. For example, in a clay sample, the element silicon may be in three different forms, including silica (SiO2), talc (3MgO 4SiO2.H2O), and kaolinite (Al2O3.2SiO2.2H2O), which differ in composition and structure, but the elemental analysis method measured the amount of silicon in this soil regardless of its structure. Furthermore, due to the wide variety of analyzing techniques available for historical materials' characterization, only some conventional methods are mentioned in this chapter.




        

          Atomic Absorption Spectroscopy




          In the spectroscopic method, qualitative and quantitative analysis of the material is performed by examining the absorption or scattering of visible light from the material or other radiation with different wavelengths. Atomic absorption spectroscopy (AAS) is one of the spectroscopy methods. The concentration of about 70 chemical elements in the sample can be determined with high accuracy using the absorption of optical radiation by the atom in the plasma (gaseous) state. The basic principle on which this method works is that all atoms can absorb light at a specific wavelength different for each element. The amount of light absorbed depends on the atoms' concentration or the concentration of the component in the sample. Before measuring the ingredients in the piece, the model must be dissolved. Therefore, by performing the dissolution and digestion of instances, there is no restriction on the type of sample, e.g., liquid, soil, food, alloys, ore, and metal, which can be analyzed by this method.




          In atomic spectroscopy, the matter is first dissolved in a suitable solvent and converted to vapor in a flame, furnace, or plasma, where vaporized atoms are measured by absorbing or emitting ultraviolet or visible rays. One of the advantages of atomic spectroscopy techniques is identifying complex samples and their high sensitivity (e.g., small amounts of elements can be determined in ppm). Atomic spectroscopy techniques are analyzed in three ways: absorption, diffusion, and fluorescence.




          The exact sample is weighed in the atomic absorption spectroscopy (AAS), and about 10 mg of the piece is first dissolved in strong acids. Sample solutions should then be diluted to produce concentrations within the detection range of the device. The sample is mixed with an oxidizing compound (usually acetylene and air) before entering the flame and absorbed by the flame at high temperature (2400-2700 K), and atomized by this process [4, 7].




          Also, the wavelengths and absorption are proportional to the type of element and its concentration in the solution. Therefore, the standard type and concentration of the unknown component can be measured using standard samples with a specific concentration of each element. To minimize the effect of matrix on measurements, the composition of standard samples should be close to the unknown sample. Another limitation of this method is that the measurements must be done separately for each element to analyze the whole piece, slowing down the sample's analysis speed. Replacing the flames with a graphite furnace is more sensitive than fire flames to detect the elements and requires fewer samples (approximately 1-100 microliters, about 0.1 to 0.01 samples necessary for flame analysis). Besides bypassing argon gas over the furnace, the sample's oxidation is prevented, and the solid samples can be analyzed. Another limitation of this method is that a separate lamp source is required to analyze each element. Although using a continuous light source and passing the desired wavelength by a filter can be somewhat helpful, the results are not exactly a separate lamp source for each element [4, 8, 9].




          AAS has been used to identify pigments on the surface of a painting [10, 11]. Considering that metal detection in samples can be associated with specific pigments.,the AAS method indicated copper in the pigment, and by using the Raman spectra, it was identified as green phthalocyanine. Also, a combination of these two methods identified zinc oxide as a white pigment [12].


        




        

          Fluorescence of X-Rays




          X-ray fluorescence or X-ray spectroscopy (XRF) is an elemental analysis method widely used in identifying elements. In this method, the X-ray is irradiated to the sample and causes secondary X-rays generated by inducing atoms. By determining the wavelength or energy of the secondary X-ray, the desired elements were identified. In most cases, internal K and L shells are involved in XRF [4-6, 13].




          The sample preparations are in different ways. A homogeneous powder is gathered from an unknown sample in one of these ways, and then it is mixed alone or with an organic adhesive and compressed into a plate. Alternatively, an unknown specimen with borax is melted and poured into a platinum mold.




          XRF devices are of the Wavelength Separation (WDS) or Energy Separation (EDS) type. In WDS Separation (WDS), the X-ray output of the unknown sample is separated by a crystal before entering the detector. In the EDS type, the output beam enters the detector without being separated by the analyzer crystal. The EDS device's speed of analysis is much higher than the WDS device, but its sensitivity is lower than the WDS. XRF has replaced more chemical analysis methods in many applications due to its high speed and high accuracy. Energy-dispersive XRF spectrometers (EDXRF) have been developed to produce portable, non-destructive, and inexpensive spectrometers [4, 5, 14-17].




          When a quantitative sample analysis is desired, the percentage of that element in the sample can be determined using the measured intensity for a wavelength and its comparison with the intensity obtained from a standard sample (control). For this purpose, a calibration curve should be drawn first using standard samples with a certain percentage of the desired element. The value of that element should be determined by measuring the beam intensity in the unknown sample and comparing it with this curve. It should be noted that the effect (background), which includes the other elements in the piece, can be helpful in the measured value [4, 18, 19].




          Recently, various methods of X-ray fluorescence analysis have been used to study the pigments of historical paintings. The Kα / Kβ technique predicted the depth of the layers. Conventional XRF created depth specifications based on differences in X-ray absorption in the paint layers [4, 20, 21].


        




        

          Proton Induced X-Ray Emission (PIXE) and μ−PIXE Method




          Pixe X-ray emission, also known as proton scanning microscopy, is a robust, non-destructive, rapid, multi-element analysis of various samples. The studied sample is subjected to proton radiation with 2-3 megawatts of electron volts in this analysis method.




          Proton collision with electrons emits a characteristic x-ray. The x-rays energy determines the elements' type and concentration by using x-rays with a specific energy.




          The beam spot size used in a conventional pixel is about 2×2 mm2. However, with electromagnetic lenses, the diameter of the range used in the analysis can be reduced to less than a few microns. The pixe method's abilities and analytical capabilities can significantly increase by the beam spot's micron range.




          The analysis of materials using a microbeam spot of ions is called the μ-pixe method. Due to the small size of the proton beam, only one point of the sample analyzes. It is also possible to sweep the sample's surface by micron proton beam and obtain the distribution of elements related to each point. In this way, an image of each element's distribution in the sample is obtained [22, 23].




          A recent study to identify Parthian glass objects' chemical composition and constituent elements using the Micro-PIXE technique showed that the samples' constituent elements were sodium, magnesium, aluminum, silicon, phosphorus, sulfur, chlorine, and potassium. It specified that the composition of these samples consists mainly of SiO2 (63-65% by weight), Na2O (13-18% by weight), and CaO (6-8% by weight). As a result, all of these specimens are made of silica-soda glass [24].




          The X-ray diffraction (PIXE) and X-ray diffraction (XRF) techniques are commonly used to analyze historical coins. However, the presence of surface corrosion can make it challenging to study. A recent XRF study to complete PIXE data on two historical Portuguese copper coins determined the sample elements' main composition [25].


        




        

          Energy-Dispersive X-ray Spectroscopy (EDS)




          Dispersing is one of the electromagnetic radiation attributes, making the electromagnetic beam diverted through a hole or edge. Using the dispersing of X-rays, electrons, or protons and their effect on the issue, the elements that make up the material can be recognized and analyzed. Electrons and protons also have wave properties, the wavelength of which depends on their energy. Likewise, each of these techniques has various attributes; for instance, the penetration depth of these methods is different in the material. Thus, X-rays and protons penetrate deeper into matter than electron beams, respectively. Electron beam excitation is utilized in electron microscopes, especially in their scanning type. At the same time, X-ray excitation is used in X-ray fluorescence spectroscopy (XRF). In this way, the sample's elements are measured qualitatively and quantitatively, as well as the distribution of elements indicates in the sample. The basis of this method also relies on the interaction between a source of X-ray excitation and a sample.




          For example, two types of commercial siloxane-based reinforcing materials called RC90 and RC80 were studied to consolidate a marble specimen from a church in Italy. Microcracks were observed at the surface of the specimens. The white color on the sample's surface with the EDS method showed that this material is tin, used as the initiator of the curing reaction of siloxane coating. However, its non-uniform distribution in siloxane coating can cause micro-cracks in the protective coating [26].


        


      




      

        Methods for Determining the Structure and Chemical Composition of Materials




        In this section, some analyzing methods are mentioned to characterize materials' structure and chemical composition with protection, restoration, and architecture applications.




        

          Infrared and Raman Spectroscopy




          Vibration methods, including IR, FTIR, and ATR spectroscopy, study the molecules' vibrational modes. They were used to analyze and identify polymers and some additives and pigments. Electromagnetic radiation frequency in the infrared region is under the atoms of a bond's natural vibrational frequency. After absorbing infrared waves in a molecule, it creates a series of vibrational motions that form the basis of the infrared radiation spectrum. The simplest type of vibrational motion in a molecule is bending and stretching movements. The FTIR device uses mathematical conversion and has many advantages over conventional IR devices, such as the high speed of data collection and the better signal-to-noise ratio.




          Almost all compounds with covalent bonds, whether organic or mineral, absorb different electromagnetic radiation frequencies in the infrared region. The infrared region is an electromagnetic field with a wavelength longer than visible light (400 to 800 nm) and shorter than microwaves (wavelengths longer than one millimeter). Infrared spectroscopy has several uses, some of which are:




          1- Identification of the molecular structure of materials [27, 28].




          2- Quantitative determination of molecular components in mixtures [29, 30].




          3- Determining the molecular species absorbed on the surface [31, 32].




          4- Determining the number of elements in complex fields [4, 33].




          5- Determining the molecular structure and the direction of the thin sedimentary layers on the metal substrates [34, 35].




          6- Identifying and introducing different phases in solids or liquids [36, 37].




          A specific part of infrared energy is absorbed in a molecule section and vibrated at a particular frequency. For a molecule to be infrared, the exciting polar moment of the molecule must change during vibration. Vibrations can be in the form of a change in bond length (stretching) or a bond angle (bending). Bonds can also be stretched in-phase (symmetrical stretching) or out of phase (asymmetric stretch-ing). Even for relatively simple molecules, there will be different vibrations. Fourier-transform infrared (FTIR) spectroscopy is the most common IR technique based on radiation interference between two beams. The domains of distance and frequencies convert by the mathematical method [38, 39]. The sample must be transparent to infrared radiation, and alkaline halides such as potassium bromide and calcium fluoride are commonly used as solvents in transmission methods. The solvent must dissolve the sample and be as non-polar as possible to minimize the solvent-soluble interactions. It should also not absorb too much-infrared radiation [40, 41].




          Using the FTIR technique, the functional groups are identified in a material. Since each functional group can only absorb infrared radiation with a particular frequency, Infrared spectrum databases are available for different chemical performance groups. The functional groups, as well as an unknown sample, can be detected using the spectrum of the intensity of the radiation (transmission or absorption) against the frequency (wavenumber) [42].




          The infrared spectrum can be divided into three main regions: far-infrared (<400 cm-1), medium-infrared (4000-400 cm-1), and near-infrared (13000-4000 cm-1). Many infrared analyzes are performed in the medium-infrared region. Table 2 shows the infrared wave for some of the functional groups.




          

            Table 2 IR bands of organic molecules.




            

              

                

                  	Wavenumber (cm-1)



                  	Assignment

                


              



              

                

                  	3700– 3600



                  	O–H stretching

                




                

                  	3400– 3300



                  	N–H stretching

                




                

                  	3100– 3000



                  	Aromatic C–H stretching

                




                

                  	3000– 2850



                  	Aliphatic C–H stretching

                




                

                  	2300– 2050



                  	C≡C stretching

                




                

                  	2300– 2200



                  	C≡N stretching

                




                

                  	1830– 1650



                  	C=O stretching

                




                

                  	1650



                  	C=C stretching

                




                

                  	1500– 650



                  	Fingerprint region

                


              

            




          




          FTIR reflection techniques (ATR) are also used for non-destructive testing or surface analysis [43-45]. The results showed that the combination of far-infrared IR spectroscopy with ATR was applied to identify compounds in the medium-infrared technique, such as murals and metal corrosion [44, 46-49].




          Molecular vibrations of single mineral pigments, such as metal oxides or sulfides, occur in the far-infrared region. However, mineral pigments with more complex structures of anions may vibrate in the middle infrared, which can characterize them.




          Furthermore, the FTIR method was used to investigate commercial polysiloxane coatings to consolidate the church's marble after exposure to environmental and aging conditions [26].




          The study of spectra by the µ-FTIR method indicated methyl bands in 1267cm-1 and phenyl bands in 3068, 1464-1429, 706cm-1, polysiloxane bands in 1030, and 1082 cm-1. Moreover, calcium carbonate peaks (i.e., Gypsum), representing a marble component at 3400-3550, 1146-1117, 1620, and 1684cm-1, have been converted into the sulfated group. In the old polysiloxane coatings (i.e., XR893 sample), the peaks of 1600 to 2000 cm-1 represent the alkyl groups in this sample. While in the new polysiloxane (RC90) samples, these peaks did not designate, which indicates the difference between the composition of old and new commercial coatings. This evidence suggests that the old polysiloxane XR893 contained methyl-phenyl compounds in siloxane resin, dissolved in the toluene solvent.




          In contrast, the new resin compound contained a mixture of ethyl silicate with methyl and phenyl resin. Thus, alkyl groups were more abundant in the old XR893 resin than in the new sample. The use of benzene solvents in the new sample may be the reason for cracking in the protective coating layer, which had converted carbonate to sulfate in the marble sample.




          As an analytical approach, FTIR imaging has been able to identify the characteristics of different layers of paint. In one study, different paint layers were identified: silicate in one layer of a red background, lead white and lead carboxylates in a white coating over the background, and calcium carbonate (CaCO3) in one layer of paint. Different colors and groups of organic agents were identified in the lacquer layer [50, 51].




          Because vibration mechanisms and modes differ in Raman spectroscopy and infrared spectrometer, they provide additional information on historical material analysis. It is also a reliable, fast, sensitive, non-destructive, and valuable way to describe ancient materials. Raman's scattering mechanism is that the incident radiation changes the atomic charge, inducing more instantaneous polarity in the molecule. Depending on the molecule's polarization, if the electric charge's deformation corresponds to a possible state of molecule vibration, then the peak of Raman scattering is observed. Although Raman spectroscopy is used to analyze various historical materials [52-55], it helps analyze pigments [54, 56] due to its access to the low-wavelength region (<500 cm-1). Extensive databases of the Raman spectrum have been developed to identify the pigment stage. Table 3 shows some of the conventional pigments characterized in the medium infrared region and Raman spectroscopy.




          

            Table 3 Characterization of some pigments by FTIR and Raman spectroscopy [4, 5].




            

              

                

                  	Pigment



                  	Color



                  	Chemical Formula



                  	FTIR



                  	Raman

                




                

                  	Wavenumber cm−1



                  	
Excitation


                  Wavelength (nm)




                  	Wavenumber (cm−1)

                


              



              

                

                  	Azurite



                  	Blue



                  	Cu3(CO3)2(OH)2




                  	3425,1490, 1415, 1090, 952, 837



                  	1064



                  	86, 115, 137, 155, 177, 249, 282, 332, 401, 739, 765, 838, 938, 1096, 1427, 1459, 1578

                




                

                  	Barium sulfate/ Barite



                  	White



                  	BaSO4




                  	1185, 1128–1120, 1082, 639, 614, 200



                  	1064



                  	454, 464, 619, 648, 989, 1087, 1105, 1142, 1168

                




                

                  	Cadmium sulfide



                  	Yellow



                  	CdS



                  	250



                  	514.5



                  	304, 609

                




                

                  	Calcite /Chalk/Whiting



                  	White



                  	CaCO3




                  	1492–1429, 879, 706



                  	514.5



                  	157, 282, 1088

                




                

                  	Calcium sulfate dehydrate/ Gypsum



                  	White



                  	CaSO4.2H2O



                  	3500–3400, 1700–1600, 1150–1100, 700–600



                  	514.5



                  	181, 414, 493, 619, 670, 1007, 1132

                




                

                  	Chrome yellow



                  	Yellow



                  	PbCrO4.PbO



                  	887



                  	1064



                  	141, 339, 361, 378, 405, 842, 864

                




                

                  	Chromium oxide



                  	Green



                  	Cr2O3




                  	632, 566



                  	514.5



                  	221, 308, 359, 552, 611

                




                

                  	Cinnabar



                  	Red



                  	HgS



                  	347, 285, 130



                  	1064



                  	252, 282, 345

                




                

                  	Indigo



                  	Blue



                  	C16H10N2O2




                  	3400–3200, 3100-2800, 1700–1550, 1620–1420



                  	1064



                  	98, 136, 172, 181, 236, 253, 265, 277, 311, 320, 468, 546, 599, 676, 758, 862, 871, 1015, 1149, 1191, 1226, 1248, 1310, 1363, 1461, 1483, 1572, 1584, 1626, 1701

                




                

                  	Lead White



                  	White



                  	2PbCO3.Pb(OH)2




                  	3535–3530, 1400, 1047–1045, 693–683



                  	1064



                  	415, 681, 1051, 1055,


                  154, 203, 260, 353, 418, 1056

                




                

                  	Litharge



                  	Red



                  	PbO



                  	375, 295



                  	1064



                  	83, 147, 289, 339

                




                

                  	Malachite



                  	Green



                  	CuCO3.Cu(OH)2




                  	3400, 3320, 1500, 1400, 1095, 1045



                  	514.5



                  	155, 178, 217, 268, 354, 433, 509, 553, 558

                




                

                  	Naples yellow



                  	Yellow



                  	Pb(SbO3)2, Pb3(SbO4)2




                  	666, 408



                  	1064



                  	74, 88, 144, 289, 342, 345, 465

                




                

                  	Orpiment



                  	Yellow



                  	As2S3




                  	305, 183, 139



                  	1064



                  	70, 107, 137, 155, 180, 183, 193, 203, 221, 294, 308, 353, 361, 369, 384

                




                

                  	Prussian blue



                  	Blue



                  	Fe4[Fe(CN)6]3·14-16H2O



                  	3500–3000, 2083



                  	514.5



                  	282, 538, 2102, 2154

                




                

                  	Realgar



                  	Red



                  	α-As4S4




                  	373, 367, 343, 225, 170



                  	1064



                  	56, 61, 66, 125, 144, 167, 172, 183, 193, 213, 231, 329, 344, 355, 369, 375

                




                

                  	Red lead



                  	Red



                  	Pb3O4




                  	530, 455, 320, 152, 132



                  	1064



                  	65, 122, 144, 148, 150, 224, 314, 391, 456, 477, 55

                




                

                  	Viridian



                  	Green



                  	Cr2O3.2H2O



                  	3500–3000, 1600, 555, 481



                  	514.5



                  	266, 487, 552, 585

                




                

                  	Zinc White



                  	White



                  	ZnO



                  	400–500



                  	1064



                  	100, 331, 438, 489

                




                

                  	Ultramarine /Lazurite



                  	Blue



                  	Na8−10Al6Si6O24S2−4




                  	1150–950



                  	514.5



                  	258, 548, 822, 1096

                


              

            




          


        




        

          Ultraviolet-Visible Spectroscopy




          This technique involves irradiation in ultraviolet and visible areas, which causes the transitions of electrons between the outermost energy levels of atoms.




          Ultraviolet-visible spectrophotometers are used to study absorbing electron transitions in UV (200-400 nm) and visible (400-800 nm) electromagnetic spectra [4, 57].




          In this technique, the samples are examined as diluted solutions (or gases). The transmitted light intensity is proportional to the molecule's concentration absorbed by the Beer-Lambert law. Typically, the measurement in this method is similar to the IR techniques. The visible UV spectrum bands are usually broad, and the maximum wavelength (λmax) is assigned. This technique applies to identify mineral pigments and dyes in fabrics and paintings, manuscripts, gemstones, and glass are containing specific mineral pigments [5]. It is essential to be aware that visible UV spectra are sensitive to solvent, pH, and compound differences. They may cause the maximum wavelength shifts to longer or shorter wavelengths [5, 58, 59]. When the change in λmax shifts to longer wavelengths, it is known as a redshift. Conversely, the change is known as a blue shift [60, 61].


        




        

          X-ray Diffraction Method




          Roentgen discovered the x-ray in 1895, and it was called X-ray because it was unknown at the time. The beam is invisible, and its direction is direct, and it also affects the photographic film. Unlike natural light, X-rays can penetrate materials. One way to identify historical materials is to use X-ray diffraction methods. X-ray diffraction (XRD) applies to determine the crystal structure in solids [55, 62-65]. Fig. (2) shows the diffraction of X-rays. A few waves at angle θ are diffracted by adjacent layers at the same angle when waves are completely below each other; they are in phase. In this method, a beam from the x-ray generating lamp strikes the surface of the sample atoms, and a detector analyzes the reflected beam. The wave rays are in phase at an angle θ if the difference in path length is equal to the total number of wavelengths, nλ, where n is the whole number, and λ is the wavelength. The fundamental relationship in XRD is the Bragg equation (Eqn. 2):




          
[image: ]


Fig. (2))


          X-ray diffraction with crystalline material.



          

            

              	

                nλ=2dsinθ


              



              	(2)

            


          




          The most common XRD technique uses a monochromatic beam strike on a powdered sample. The sample holder rotated, and the intensities of the diffracted beams were measured in terms of 2θ. The characteristic material pattern is compared with the XRD patterns database to identify the unknown sample's crystal structure.




          X-ray tests were performed in two ranges: wide-angle X-ray scattering (WAXS) and small-angle scattering (SAXS). The WAXS technique measures at 5° to 120°, and the SAXS method measures 1° to 5°. While the first method helps obtain structural information in the range of 1 to 50 angstroms, the second method gets information ranging from 50 to 700°A [4].




          The X-ray method has many uses, the most important of which are:




          1- Quantitative and qualitative analysis of materials




          2- Determining the amount of crystallization in polymeric materials




          3- Orientation of single crystals




          Besides, the XRD method has the following advantages over other methods:




          1. The method is not entirely destructive. Although the powdered sample needs, in most cases, the sample is not destroyed during the analysis.




          2. Determining and identifying compounds that have different crystal structures despite the same chemical composition. Like titanium dioxides, which can have various crystalline forms of rutile and anatase.




          3. Low amount of sample required for analysis




          Therefore, the X-ray spectrum of a material has a crystalline and regular structure when it has specific peaks. Therefore, X-rays apply to determine the content is amorphous or crystalline. Various lamps produce different wavelengths in the X-ray diffraction method, such as nickel and iron, but copper lamps are routine.




          X-ray is a way to estimate the distance between the plates in the crystalline material and particles' size. The powdered materials place in the direction of the X-ray. Then the angle between the extension of the beam and the line of reflection is measured by setting the value of the angle in Bragg's equation, the particle size estimates.




          Fig. (3) shows changes in titanium dioxide structure from irregular (amorphous) state to anatase crystalline structure (A) and then rutile crystalline (R) by heating at different temperatures (from 200 to 850°C). As seen in this figure, titanium dioxide, prepared by the sol-gel method, remains irregular (i.e., amorphous) up to 200 °C, and only after heat treatment at 450 to 650 °C, its structure change from irregular to regular (i.e., anatase crystalline).




          
[image: ]


Fig. (3))


          XRD of titanium dioxide prepared at different temperatures [66].



          The structure of anatase and rutile has photocatalytic properties among the various titanium dioxide structures, which can apply to the glass displaying historical objects, walls, and even some artwork that removes environmental pollutants, bacteria, odors, and the same.




          As the heat treatment temperature increases to more than 650°C, the titanium dioxide structure changes from anatase to rutile, decreasing its photocatalytic property. Therefore, the X-ray diffraction method uses to determine the best crystalline structure of titanium dioxide to find the best conditions for photocatalytic nanoparticles' production [66].


        




        

          Microscopic Methods




          Various microscopic methods handle to examine historical specimens as well as protective coatings. Fig. (4) shows a comparison of resolution by the human eye, the optical microscope (OM), the scanning electron microscope (SEM), and the transmitting electron microscope (TEM) [67-70].
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Fig. (4))


          The resolution in the human eye, optical and electron microscopes (SEM and TEM).



          

            Optical Microscope




            Optical microscopes analyze reflected or transmitting visible light. The optical microscope resolution is about 0.2 microns, and the maximum possible image magnification with lenses is about 2,000 times (using some oils and changing the refractive index of light). In this type of microscope, the light source is a visible light passing through glass lenses to focus light. The sample's surface images are observed in the microscope's eye lens or a monitor screen based on the color and refraction of light. The sample's surface must be polished and, if necessary, etched with suitable acidic or colored chemicals to identify different phases.




            The sample surface can be color etching with chemical compounds to obtain color images of the character. Also, polarized light microscopy (OM) is one of the most valuable tools in studying mineralogy and petrography of ancient mineral artworks, stone sculptures, and building materials [71, 72]. Fig. (5) shows the steps for preparing a sample, from cutting to sanding to prepare a thin section for petrographic study with a polarizing microscope. Fig. (6) also shows an example of a thin section of prepared stone, and Fig. (7) presents the petroglyphs results of ancient stone. These pictures include algae fossils, foraminifers, corals, dark iron oxides, quartz, and feldspar minerals [73].
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Fig. (5))


            Stages of a thin section of stone preparation for petrographic examination with light microscopy with polarized light [73].
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Fig. (6))


            Preparation of a thin section of the stone sample [73].
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Fig. (7))


            Thin microscopic images: coral fossil, dark iron oxide, quartz, and feldspar minerals [73].



            Optical microscopes are usually transmitted or reflective. In transmitted light microscopes (TL-OM), visible light (or polarization) passes through the sample's delicate part. Still, in reflective light microscopes, the light reflects by the polished surface of a thick specimen. Thus, the sample's shiny surface investigates optical microscopes to provide the desired information, such as phase information, grain size, defect, morphology, and amorphous and crystalline phases.




            A study of salt crystallization in a monument showed that solutions containing sulfate compounds precipitated magnesium sulfate and calcium sulfate near the stone surface, leading to the dissolution of carbonate cement. Besides, the proximity of rock material with a solution containing calcium sulfate or potassium sulfate intensifies salt's crystallization, the abolition of cement, and the degree of fracture. Also, the crystallization of sodium sulfate at different relative humidity using the OM method showed that the crystallite of sodium sulfate is usually formed in fine needles in dendrites at higher RH than 40 .٪ At the same time, less than RH 13%, the crystallites have a prismatic shape. Furthermore, OM has been used to identify the significant constituents of pigments. Quartz, feldspar, phyllosilicates, and carbonate minerals associated with iron oxide or hydroxides have been investigated by OM techniques [74-76].


          




          

            Scanning Electron Microscopy (SEM)




            In scanning electron microscopy (SEM), the sample's image is produced using a beam of electrons rather than visible light in optical microscopy [77, 78].




            Objects can be analyzed in magnification over 100,000 times Using SEM, and it is also possible to study three-dimensional samples. Besides, a small specimen is required to investigate with SEM, making it helpful in studying historical investigations without considerable damage and destruction.




            Fig. (8) shows a schematic diagram of a scanning electron microscope. Current electricity passes through an electron gun consisting of a hot tungsten filament and applying a voltage difference between a cylinder and a tungsten filament; electrons are emitted from this tungsten filament. Electromagnetic lenses are used to focus the beam in the direction of the flow of electrons to the sample. The electron beam is moved to the selected part of the piece. The interaction of electrons with the specimen causes the electrons to come out of the atoms in the sample. The generated electrons are identified and amplified. The detector detects scattered X-ray and secondary electrons.
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Fig. (8))


            A schema of scanning electron microscopy (SEM).



            Its sample preparation is relatively simple compared to TEM. Usually, it requires a thin layer of the metal coating (e.g., a gold sputtering for imaging) or a thin layer of graphite (for chemical analysis) when the sample has low electrical conductivity. SEM samples are analyzed in a vacuum chamber (because air molecules scatter and absorb electrons). Although measuring samples in the vacuum chamber for solids and minerals is not generally difficult, specimens such as biofilms and biological or volatile compounds require special preparation [5, 79]. Recently, with the development of the Electronic Surveillance Microscope (ESEM), it has become possible to perform these analyzes, which are performing at pressures much higher than conventional SEM [80-82]. Therefore, ESEM is suitable for uncoated samples and sensitive and unstable samples in a vacuum. Scanning electron microscopy provides high-resolution images of the sample surface that are useful for evaluating microstructure and morphology. The primary electrons produced from the source collide with the sample. They are scattered, and the electrons emitted to create the image are detected. In addition to the emitted electrons, X-ray radiations produced by the electrons' interaction with the sample can be seen in a scanning electron microscope as Energy-dispersive X-ray spectroscopy (EDS) or detectable wavelength dispersive X-ray spectroscopy (WDS). Several signals are generated when a sample's surface is scanned with high-energy electron beams, such as scattered electrons, secondary electrons, Auger, and X-ray fluorescence [83-85].




            Among them, scattered and secondary electrons are the basis of X-rays in SEM analysis. EDS analysis involves X-ray analysis, allowing elements to identify and crystal array information, elemental composition, and magnetic structure.




            Fig. (9) shows SEM images of collagen fibers in the historical leather samples. As seen in these figures, the fibers' diameter has decreased after aging. Moreover, some of the threads have been broken [86].
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Fig. (9))


            Collagen fiber images from bookbinding with the historical goat leather in two different magnifications.

          




          

            Transmission Electron Microscopy (TEM)




            Transmission electron microscopy (TEM), like SEM, is used high-speed electrons and electromagnetic lenses. This method uses electron wave properties to create images of tiny samples. The magnification over ×200 000 and 0.5 nm resolution is possible by TEM.




            Fig. (10) presents a transmission electron microscope schema containing an electron gun generating an electron stream. Moreover, electromagnetic lenses are for focusing the electron waves. The TEM sample must be prepared as a thin section so that the electrons can transmit through this narrow part of the selection. The magnification obtains using electromagnetic lenses under the sample to plot the image generated by the electrons transmitted to the recording device—the TEM detector mounts on the specimen's back [87-90].
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Fig. (10))


            A schema of a transmission electron microscope (TEM).



            Transmission electron microscopy is a useful way to study morphology and microstructure. In recent years, analytical TEM and TEM (STEM) scanning, which involves scanning a sample regularly with a small electronic probe, has been developed [91, 92]. Combining STEM with other analytical techniques such as X-ray energy spectroscopy (EDS) is possible. EDS can be used to analyze a sample chemically. The fingerprint range of specific elements in the sample can be studied. Besides, electronic energy loss spectroscopy (EELS) is a TEM method and can provide information similar to EDS [93]. The TEM sample preparation requires skinny sections with a thickness of 50 to 100 nanometers, which usually use an ultramicrotome device [94]. For example such as paint parts, these parts may be embedded in an epoxy resin [95]. The embedded sample is then cut to the desired thickness using a microtome. If the specimen is a small powder, it can be spread in acetone or alcohol, and then a drop of it can be set on a metal mesh for analysis. It is possible to use the electrolyte solution by the sample electrolyte for preparing bulk metallic samples. Ion milling can also be used for complex grinding samples such as fibers and polymers bombarded with ions or neutral atoms [96, 97].




            As mentioned, by focusing and passing the electron beam on a skinny sample, get the information about the internal structure. Like SEM, analytical TEM is also available for the sample's composition by analyzing the X-ray spectrum or the energy dissipation spectrum. Furthermore, TEM analysis provides the crystallization patterns and the orientation of the crystal. The main limitation of TEM is the problem of sample preparation, which is a relatively time-consuming and delicate process.




            Furthermore, a tiny section of the sample is studied. Fig. (11) shows images of hydroxyapatite nanoparticles with a TEM [98]. Due to the small size and biocompatibility, these particles can be used in various applications to strengthen biological samples.
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Fig. (11))


            TEM image of hydroxyapatite nanoparticles [98].

          




          

            Scanning Probe/Tunneling Microscopy (STM)




            Scanning probe/tunneling microscopes have been used to analyze the surface's topography at the atomic level. There are more than 20 types of scanning probe microscopes, the two most common of which are scanning tunneling microscopy (STM) and atomic force microscopy (AFM) [99, 100]. This type of microscope's basic idea is that an electron from one atom exists far from the nucleus and can move, or tunnel, and approach another atom under certain conditions. Tunneling electrons create currents that can be used to image atoms on a nearby surface.




            The atomic force microscope works on both conductive and insulating surfaces. The atomic force microscope measures a sample surface's properties by determining factors such as altitude, light, or magnetic absorption with a single probe.




            In AFM, the sample surface is scanned by a flexible cantilever with an attached tip. One very sharp and delicate tip is connected to an elastic cantilever, and the other end is attached to a piezoelectric arm.




            This device does not have the limitations of scanning and transmitting electron microscopy in a vacuum and can work in typical environments. The small excavator makes it possible to measure at a trim level. The resulting image is placed one line after another. Unlike conventional microscopes, the scanning tunneling system in this type of microscope does not use lenses. Besides the small size of the probe, it works better than lenses. In addition to the scattering effect on the lenses limits the resolution. Fig. (12) shows the optical lever, the probe tip, the detector, and the sample surface in an atomic force microscope. The atomic force microscope measures the absorption and repulsion forces between an end and a sample.
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Fig. (12))


            Schematic representation of measurement with the atomic force microscope: detector, laser light lever, and tip attached in the cantilever.



            The absorption and repulsion force between the tip of the cantilever and the analyzing surface induces the small deflections in the cantilever, in which these movements are optically measured. During surface scanning, topographic data is calculated by keeping the force constant on the tip.




            In contact mode, when measuring the repulsive force, a tip at the end of a spring plate called a cantilever is lightly touched with the sample, as a scavenger draws the tip on the sample. Some types of atomic force microscopes measure the vertical deviation of the cantilever. With this method, the height of the sample determines in different positions.




            Therefore, the repulsive forces between the tip and the sample are measured in the contact method. In the non-contact mode, topographic images are calculating by the gravitational forces between the end and the specimen. The AFM atomic force microscopes provide a resolution of up to one picometer and are capable of atomic resolution. Unlike electron microscopes, they can capture images in the air as well as in a liquid.




            Fig. (13) shows the AFM images of the surface topography of three transparent corrosion-resistant coating samples made of epoxy silane with silica nanoparticles (SiO2) or titanium dioxide nanoparticles (TiO2) prepared by the sol-gel method. In specimen (a), the percentage of the organic phase (i.e., polymer) is 100% and in sample (b) contains 80% organic phase and 20% inorganic phase including silica nanoparticles, and in the specimen (c), also 80% organic phase and 20% inorganic phases which include an equal ratio of silica and titania nanoparticles. These studies indicated that surface roughness could affect wetting and corrosion properties. The results of the AFM test showed that the surface of the sample (a) with a 100% organic phase is smoother than the samples (b) and (c) with 80% organic phase so that the root of the mean square roughness of the sample surface. It is 0.9 for sample (a), is 1.89 for sample (b), and is 1.92 for specimen (c), respectively. In the studied coating, the contact angle (i.e., wetting) of the surface and corrosion resistance increase with increasing roughness [101].
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Fig. (13))


            Three-dimensional AFM image of surface-level changes of three types of corrosion-resistant protective coatings [101].

          


        


      




      

        Thermal Analysis




        Thermal analysis (TA) characterizes the physicochemical changes in the structure of substances with temperature changes or time. TA is performing in the following main ways: thermogravimetry (TGA) and differential thermogravimetry (DTG), differential thermal analysis (DTA), and differential scanning calorimetry (DSC) [5, 86].




        

          Thermogravimetry Analysis (TGA and DTG)




          This method detects the changes in specimens' weight (or mass) due to temperature changes (weight loss curve or percent of changes by time against temperature), closely related to their chemical and microstructure. In this method, the sample's various components' heat stability or destruction temperature is measured by heating in different atmospheres (i.e., air, oxygen, or inert gas atmospheres such as nitrogen and argon). However, moisture and volatile organic components usually evaporate and leave the sample earlier than other parts when the temperature rises.
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