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            Part I: Analytical Techniques
 
          
 
           
             
              1 Overview of materials in Cultural Heritage
 
            

             
              Lorena Carla Giannossa 
              
 
              Inez Dorothé van der Werf 
              
 
            
 
            
              Pottery
 
              
                Raw materials and production
 
                
                  	
                    clay


                  	
                    water


                  	
                    firing process


                

                Clay is an earthy, fine-grained material that combines one or more clay minerals with possible traces of quartz (SiO2), metal oxides (Al2O3, MgO, etc.) and organic matter. Geologic clay deposits are mainly composed of phyllosilicate minerals and variable amounts of water trapped in the mineral structure. Surely, it becomes plastic and easily moldable when mixed with limited amount of water and rigid when dried and fired.

                Clay is a rock originated from the alteration of minerals or other rocks. It can be divided in primary and secondary. The formers originate by minerals changing in situ, producing a rock with a chemical composition essentially unaltered with respect to the bedrock. The secondary ones are sedimentary rocks whose deposits were formed in places different from that of alteration, due to natural transport. Skeleton and matrix well mixed compose the clay. The skeleton is made of fragments of crystals of various kinds whose dimensions can reach up to 4 mm; whereas the matrix is made of clay minerals containing crystals smaller than 4 mm. Raw materials to produce ceramic artifacts are the plastic component consisting of clay materials, the inert or temper component consisting principally of silica and the glazing and fluxing component. The latter often concurs because fluxes favor the formation of a vitreous phase. Basically, they are mixtures of carbonates and feldspars. Inert, temper and flux materials are often added to clay to obtain a ceramic object with the desired characteristics.
 
                The list of necessary steps in ceramic manufacturing includes discovering sources of raw materials, selecting those to be used, extracting and transport raw materials to the site of manufacturing (e. g. a workshop), preparing and shaping the ceramic paste, drying and firing the vase. Non-essential actions consist, for example, of adding decorations (engravings or stamps) or applying some kind of slip (glaze or enamel). Following possible crushing, grinding and purification procedures of raw materials, the next step is the mixing of raw materials with an appropriate amount of water to obtain the ceramic paste: an adequate workability is a mandatory pre-firing condition. Plasticity can be increased adding plasticizers or mix of clays owning different characteristics. On the contrary, it can be decreased by non-plastic additives (quartz, calcite, seeds, shell, crushed pottery, etc.).
 
                
                  Modelling
 
                  The actions aimed at modifying the shape of the unformed clay is defined forming or modelling. Of course, after the invention of the wheel, everything changed. Wheel function is turning the object incessantly, so working faces change, and pressure can be applied. Such a high technological advance increased hugely vessel production.
 
                 
                
                  Drying and firing
 
                  Drying provides cohesion and mechanical resistance to the ceramic mixture, a slow evaporation of water, avoids deformations, breakages and possible explosions during firing step. During firing, process transformations, decomposition reactions, redox reactions and formation of new minerals occur. It involves the transformation of some of the constituent minerals into new ones (neoformation process), influencing the properties of the ceramic product. Clearly pottery characteristics will also depend on firing conditions and raw materials. For example, the reached temperature influences the permeability of the handcraft or depending on firing atmosphere, the object looks a certain color. The main methods of firing can be grouped into two categories: one in which the products are in close contact with the fuel (open fire) and the other in which the fuel and products are physically separated (kilns). The firing cycle is normally divided in three steps: (1) progressive heating of the dried material up to the selected temperature is reached, (2) a maximum temperature plateau for the time needed to carry out the appropriate ceramic characteristics and finally (3) the cooling phase.
 
                 
                
                  Colors
 
                  The role of color is evidently aesthetic and can be intrinsic to the ceramic material or be produced by the addition of suitable dyes in form of oxides or specific salts. The color control was one of the great successes of the technological evolution of ceramic production. Ceramic coloring depends mainly on managing redox conditions of firing atmosphere, and therefore on the ability to make combustion takes place in the most appropriate conditions.

                 
                
                  Surface coatings
 
                  Surface coatings are obtained by different techniques and compounds. The principal ones are slips, pigments, paints, washes, colorants and glazes. The need to waterproof a porous material like pottery has essentially led to two types of solutions: vitrification of the whole mixture, or the use of a glazed coating able to seal at least one of the two surfaces of the artifact. Typically, the coating is thinner than the ceramic body and it can completely or partially cover the object and it can be clayey or glazed. The former is porous and opaque, named engobe or slip, the latter is waterproof and shiny, and it is named glaze when transparent and enamel opaque. The slip or engobe is a fluid suspension of clay in water. It can be an intermediate step in pottery manufacturing as a surface coating. It is prepared by diluting in water, a clay material which is often the same paste used for the ceramic body itself. Then the coarse fraction is excluded, and the homogeneous suspension is applied to the vase which surface becomes homogeneous and smooth. Usually, kaolin and lean clays are used as plastic components. White slips result from the absence of metallic colorants while colored slips are commonly obtained using iron.
 
                  Another clay coating is the gloss. It is an opaque or more or less glossy thin layer. Raw material is the finest fraction of illitic clays, separated by sedimentation. Most representative examples are black and red figured pottery in Attic ceramic.
 
                  Vitreous coatings provide impermeability and shininess to the artifact. Glazes range from being completely transparent to being completely opaque. The former constituent of most ceramic glazes is silica (SiO2). To produce glazes at lower temperature, fluxes or modifiers must be added. The glaze can be applied using aqueous suspensions which contain insoluble oxides in a suitable quantity. During firing, the oxides melt giving rise to the vitreous phase. This technique is called glazing and is used for leaded glazes containing lead oxides such as litharge (PbO) or minio (Pb3O4) finely divided. In the case of opaque glaze, it is necessary to add compounds capable of opacifying the mixture. In the past cassiterite (SnO2) was the most used opacifier. Alkaline glazes are usually transparent and shiny, and their main fluxes are sodium and potassium. Lime-felspar glazes are the hardest, most durable and resistant when compared to other glazes illustrated.
 
                  The presence of some metals in their native state (e. g. gold, silver, copper) makes coatings very shiny. Metal nanoparticles express unique light-scattering characteristics leading to extraordinary coloring. Glaze coloring can be also be obtained by the technique of metallic luster that is produced inserting Ag, Au or Cu oxides in the glaze, later reduced during the cooling phase.
 
                 
                
                  Degradation phenomena
 
                  Ceramics are stable materials thanks to their inorganic compounds that become inert after irreversible reactions occurring during firing phase. These mixtures are kinetically and thermodynamically stable, and slightly or no soluble. Consequently, the deterioration is mainly due to pottery fragility. Excluding breakings, deterioration is due to natural phenomena, very slow and barely stoppable. Therefore, conservation interventions tend to slow down all the processes responsible for the degradation itself, which causes are closely linked to the conservation of the object. Excluding thermal changes and wind erosion, water directly or indirectly is responsible for any other cause of degradation. It can penetrate the porous structure of the object and it can create an overpressure able to overcome the cohesion forces of the material with consequent breaking and weakening of the structure. Water is also linked to phenomena connected to the presence of salts. Salts migrate in porous media and can exceed solubility limits and precipitate as crystals. Precipitation generates the phenomenon of efflorescence, a powdery coating. On the contrary, sub-efflorescence forms under the material surface and results in significant damage, for example, the detachment of outer layers or coating.
 
                  Another event regard the characteristic of some salts to crystallize involving different amount of water molecules, that causes an increase in their molar volume. Also, leaching of alkali metals must be considered since leads to the formation of a colloidal silica layer and its consequent dissolution.
 
                  Generally, ceramic resists sufficiently to the aggression of acidic solutions (excluding HF) whereas the basic medium is more dangerous being able to cause the matrix dissolution.
 
                  Some general rules should be observed to best preserve pottery: (1) conservation should save rather than change an artifact, (2) each treatment should be reversible, (3) every chemical or physical treatment should be meticulously recorded, and (4) unstable specimens should be kept in an environment similar to that they come from.
 
                 
                
                  Chemistry
 
                  Ceramic is mainly composed of silicon, aluminum, calcium and alkaline metals, which are the most common elements present on the Earth’s crust, further supporting its abundant production.
 
                  Clay minerals are basically phyllosilicates, the non-clay ones can be other silicates, oxides or hydroxides, salts and occasionally organic compounds.
 
                  The fundamental structure of the phyllosilicates is based on interconnected six member rings of (SiO4)−4 tetrahedra extending in infinite sheets. Three out of the 4 oxygens from each tetrahedra are shared with other tetrahedra. This leads to a basic structural unit of (Si2O5)−2.

                  
                    [image: ]
                      Figure 1.1: Phyllosillicates.

                   
                 
                
                  Analyses
 
                  
                    	
                      OM, SEM-EDS


                    	
                      XRF


                    	
                      XRPD, DTA, TGA, Mössbauer


                    	
                      FTIR, Raman Spectroscopy


                    	
                      ICP-MS, ICP-OES, INNA
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              Glass
 
              
                Raw materials and production
 
                Naturally, glass is present in nature as a volcanic material (obsidian) and can be manufactured accidentally whenever a fusion of a siliceous material (such as silica-rich plants and sand) and an alkali (e. g. plant ashes) occurred.
 
                When glass is manufactured for cultural heritage purposes, lead oxide (PbO) and specially silicon dioxide (SiO2, generally named silica) are the most used as main component of glass. The necessary additional components to obtain a glass easily workable and stable are called modifiers. Mixing the powdered silica with fluxes (alkali metal salts), a mixture that liquefies at a temperature lower than that required to melt silica alone is obtained. Stabilizer like limestone is added to sand and flux to increase structural integrity and chemical resistance.
 
                Most of glasses were SiO2-Na2O-CaO type from its first appearance until the entire Roman period, with different proportions of oxides (approximately: SiO2 68–73 %, Na2O 14–17 %, CaO 7–10 %). Different percentages depended on place and production period.
 
                The silica-soda-lime type dominated the European glass production up to the eleventh century CE, when in northern Europe the soda was replaced by potash, more easily obtainable from wood ash.
 
                The raw materials should be ground to a small size to increase the surface area to volume ratio and facilitate accretion, fluxing and melting.
 
                The temperature needed to make the glass workable depends on its composition and vitrifying/flux ratio. Approximately, it requires 600–800 °C to start and 900–1200 °C to be terminated. Archaeological findings have shown that, in some production sites, glass formation took place in two distinct phases, carried on in different furnaces.
 
                The first treatment, at a lower temperature, was used to react the vitrifying agent and the modifiers. At this point, the furnace temperature was not sufficient to cause the reaction product, the so-called “frit”. The complete fusion took place in a second furnace, built to obtain significantly higher temperatures.
 
                The millennial evolution of glass technology has always been based on attempts: every modification of ancient traditions has probably happened by chance or following the empirical experimentation of some talented glassmaker.
 
                Only since the sixteenth century, thanks to the understanding of processes involved in the formation of glass and relations existing between structure and properties, the manufacturing becomes well reasonable and able to obtain materials with particular characteristics.
 
               
              
                Forming
 
                Glass can be shaped using different techniques like:
 
                
                  	
                    Casting
 
                    It is a very ancient technique: glass objects are cast by directing molten glass into a mold where it solidifies.
 

                  	
                    Blowing
 
                    Inflating molten glass into a parison with the aid of a blowpipe.


                  	
                    Pressing
 
                    Glassware formed by placing a blob of molten glass in a mold and pressing it to form the inside shape.


                  	
                    Stretching
 
                    In the past, it was produced by pouring the molten material onto a cast iron table and flattening it using a roller.


                
 
               
              
                Recyling in antiquity
 
                Glass recycling was a practice even preceding blowing invention. At the beginning, it was on a limited scale and carried on without re-melting fragments. Glassmakers re-used glass fragments of precious colors and decorated in gold leaf.
 
                Following the discovery that glass could be fully recast, a targeted collection started. The most requested were natural color or colorless ones, in order to avoid the risk of obtaining an indistinct brownish compound during recast.
 
               
              
                Decorations
 
                Glass artworks can be decorated in different ways, the most common are engraving, painting and use of acids. Incisions can be made through different techniques (e. g. using abrasive rotating disks).
 
                It is possible painting glass using enamels, which are then fused with the glass in a low-temperature furnace. The action of acids and sandblasting produce a frosted effect.
 
                The golden glass is obtained by applying on the surface leaves, paint or gold powder, which are then embedded by firing.
 
               
              
                Colors
 
                The color of glass changes by adding especially metallic oxides to the batch.
 
                Examples of common colorants include:
 
                Iron – Green glass.
 
                Copper – Light blue glass.
 
                Manganese dioxide – Can decolorize colored glasses. In higher amounts, purple and even black color can be obtained.
 
                Cobalt – Dark blue glass.
 
                Gold – Deep red glass.
 
                Opacifiers – Tin or antimony compounds (e. g. calcium antimonate, lead antimonate, lead pyroantimonate, tin oxide, lead stannate)

               
              
                Degradation phenomena
 
                
                  Weathering
 
                  The main agent responsible for the degradation of glass is water, or rather, the aqueous solutions naturally occurring, which can cause changes in the composition and structure of the surface.
 
                  It usually involves the leaching of alkali from the glass, leaving behind siliceous weathering products that are often laminar.
 
                  There are two main processes of degradation: an acid attack, a term which improperly indicates the alteration caused by solutions with pH≤7 and a basic attack, due to the contact with solutions at pH > 7. In the acid attack, the alkaline ions and to a lesser extent the alkaline earth ions, are replaced by H3O+ ions by forming silanol groups. Therefore, the surface is enriched with a thin layer of silica gel which can, in the case of high chemical resistance glasses, protect the glass. Conversely, it is possible that the chemical attack leads to the complete dissolution of glass when hydrofluoric acid, and in some cases phosphoric acid, are responsible for the attack.
 
                  The basic attack is the worst one, the hydroxyl ions OH− enter the lattice of the glass, attacking the silicon-oxygen bond in a chain reaction that, at the end of the process, leads to the production of a soluble compound.
 
                  Usually, the modification of glass composition and structure causes changes in the surface appearance, generally iridescence, discoloration and a loss of transparency. Moreover, the contraction of the volume associated with ion exchange can lead to cracking and detachment.
 
                  Certainly, the chemical attack that occurs depends on composition of the glass, temperature, surface condition, contact time and obviously composition of the aqueous solution.
 
                
               
              
                Chemistry
 
                Glass is a non-crystalline solid. It can be described as constituted by a random network, where a certain structural order is present only at short range and not at medium-long one. This property can be easily verified using a technique able to detect crystal phases (X Ray Diffraction): no signal will be observed.
 
                Its amorphous nature implies the presence of bonds whose energy covers a rather wide range. Consequently, the breakage of the bonds progressively occurs at various temperatures and the transition from solid to liquid is achieved through a progressive decrease in viscosity. During this transformation, the glass is easily workable, regaining its rigidity when it is returned to room temperature.
 
                Formers make up the largest percentage of the mixture to be melted. In typical soda-lime-silica glass the former is SiO2 in the form of sand.
 
                Fluxes lower the temperature at which the formers will melt. Soda (sodium carbonate) and potash (potassium carbonate) are common fluxes. Potash glass is slightly denser than soda glass.
 
                Stabilizers make the glass strong and water resistant. Calcium carbonate, often called calcined limestone, is a stabilizer. Without a stabilizer, water and humidity attack and dissolve glass.
 
                
                  [image: ]
                    Figure 1.2: Glass Quartz.

                 
                The elementary crystalline cell of SiO2 consists of a silicon atom placed at the center of a tetrahedron whose vertices are oxygen atoms. In the structure of solid glass, the tetrahedral structural units linked together by oxygen atoms are still present, but in a random disordered arrangement.
 
                
                  Properties
 
                  
                    	
                      Mechanically Strong


                    	
                      Hard


                    	
                      Elastic


                    	
                      Chemical Corrosion-Resistant. Affected by few chemicals (HF). Resists most industrial and food acids.


                    	
                      Thermal Shock-Resistant


                    	
                      Heat-Absorbent


                    	
                      Optical Properties: reflects, bends, transmits and absorbs light.


                    	
                      Electrical Insulating


                  
 
                
               
              
                Analyses
 
                
 
                
                  	
                    SEM-EDS


                  	
                    XRD


                  	
                    UV-Vis-NIR


                  	
                    Raman Spectroscopy


                  	
                    ICP-MS, ICP-OES, INNA
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              Metal
 
              
                Raw materials and production
 
                Archaeological and radiochemical dating propose the beginning of metals use in the period 6000 to 7000 BCE. Metallic artworks have been found in soils of various compositions, caves, tombs, graves, etc. Dry environments appear to be optimum for metal preservation, but some metals have survived in shipwrecks for thousands of years.
 
                Considering geological time scale, few metals are able to resist alterations induced by natural agents (e. g. oxidation) and this is the reason why only the less reactive ones have been found as native. A metal found in nature in its metallic form, either pure or in the form of an alloy is named native metal.
 
                Native metals were the only source of access to metals for prehistoric men before mining. However, they are only found in small quantities so they cannot be used extensively. Usually, gold and copper were found in streams and rivers downstream of their ore deposits.
 
                Generally, an alloy is an intentional mixture of two or more metals to obtain a material with properties different from those of the starting ones, nevertheless metal combinations also occur in nature.
 
                Gold, silver, copper, lead, iron, tin and mercury are considered the seven metals of antiquity.
 
                
                  Gold
 
                  Easily worked, ductile, malleable, it does not tarnish or corrode. During antiquity it was almost always used as an ornament. It is able to survive in different soils, dry tombs and shipwrecks, at most suffering from encrustations or mild tarnish. Gold alloys with silver, platinum, copper, etc., also have been durable, although metal separation has occurred.
 
                  Cupellation process is likely both the oldest and most efficient method of separating gold from base metals. Precious metals do not oxidize or react chemically, unlike the base metals, therefore when they are heated at high temperatures, they remain apart while base metals react forming slags or other compounds.
 
                 
                
                  Silver
 
                  Ductile and malleable but very soft if compared to copper or gold. It is rarely found in the native state as nuggets. It can be easily smelted from its chloride ores or produced from argentiferous galena (lead and silver were separated by smelting and then by cupellation).
 
                 
                
                  Lead
 
                  Very malleable and dense, easily worked into sheets or cast into objects. It is simply extracted from its most abundant ore, galena.
 
                  Casting process occurs when a liquid material is poured into a mold, which contains a hollow cavity of the desired shape, and then allowed to solidify.
 
                 
                
                  Copper
 
                  Found as native metal. It was first used as an ornament, then it was discovered that, when cold-worked and hammered, it became stronger and harder, and its purpose utilitarian.
 
                 
                
                  Tin
 
                  Generally, not used in antiquity except as a constituent of its alloy with copper – bronze. Bronze is composed mostly of copper (80–95 %), tin (20–5 %), and often smaller amounts of other metals (e. g. zinc and lead). It is corrosion resistant and harder, more easily cast and has a higher tensile strength than copper but it is less malleable. Therefore, it was used for many purposes: tools, ornamental objects, weapons and statues.
 
                 
                
                  Iron
 
                  Most important metal of antiquity. It is one of the most abundant elements in the earth’ s crust. Iron ores are frequent, wide-spread and easily available. It reacts with oxygen which implies that many early iron artifacts have likely disintegrated over time. It is the base metal of steel, an alloy with carbon, with increased malleability, toughness and ductility.
 
                 
                
                  Mercury
 
                  Its primary use was in the purification of gold and silver via amalgamation.
 
                  
                    
                      Table 1.1:Main ores.

                    

                           
                          	 
                          	MAIN ORES 
   
                          	Silver 
                          	1. Argentite 2. Chlorargyrite 3. Pyrargyrite 4. Galena 
  
                          	Copper 
                          	1. Cuprite 2. Malachite 3. Azurite 4. Chrysocolla 5. Tenorite 
  
                          	Lead 
                          	1. Galena 2. Cerussite 3. Anglesite 
  
                          	Tin 
                          	1. Cassiterite 2. Stannite 
  
                          	Iron 
                          	1. Magnetite 2. Hematite 3. Siderite 
  
                          	Mercury 
                          	1. Cinnabar 
  
                    

                  
 
                 
               
              
                Metallurgy phases
 
                These steps are characterized by many processes going hand by hand, considering no specific metal and complex discoveries.
 
                 
                  	
                    Native metal used as found. Native metals were worked like stones.

 
                  	
                    Native metal phase. Cold working by hammering, tempering, cutting and grinding and likely involving copper, gold, silver, and meteoric iron.

 
                  	
                    Ore phase. Hot working by melting, casting, welding, etc. and alloys production. This stage would lead to the isolation and working of lead, silver, copper, antimony, tin, bronze, and brass.

 
                  	
                    Iron phase. Hot working by hammering, tempering, quenching and annealing and development of wrought iron, steel and cast iron.

 
                
 
               
              
                Forming
 
                If a metal can be melted, it is possible producing shapes by casting in a mold. Casting is mostly effective in case of complex shapes which could not be succeeded by forging. Actually, technology required to work metals is generally strongly subject to melting points. Indeed, metals of antiquity have low melting points (iron excluded) and usually alloys have lower melting points than that of their main component (e. g. bronzes and brasses melt at a lower temperature than copper). Alloying lead to changes in physical and mechanical properties which means that final use of an object influences pure metal or allow choice (e. g. refined jewelry).
 
               
              
                Colors
 
                Metals are crystalline materials, generally malleable, ductile and shiny. Their properties have allowed several applications, whose main ones in antiquity were decorative, military and utilitarian.
 
                They (mercury excluded) are solids at room temperature with melting temperatures range very wide. Copper, silver and gold become molten in the region of 1000 °C, requesting specific tools and fuel. Conversely, tin and lead have low melting temperatures. Others (arsenic and zinc) boil at relatively low temperatures, forming vapors at high temperatures.
 
                Most metals are good conductors of both heat and electricity. Atoms are bound together in a crystal lattice while outer electrons able to move rather freely.
 
                
                  
                    Table 1.2:Melting metals.

                  

                          
                        	Name (Symbol) 
                        	Melting 
                        	Boiling 
   
                        	Mercury (Hg) 
                        	−39 °C 
                        	357 °C 
  
                        	Tin (Sn) 
                        	232 °C 
                        	2602 °C 
  
                        	Lead (Pb) 
                        	328 °C 
                        	1749 °C 
  
                        	Arsenic (As) 
                        	Sublimes at 617 °C 
  
                        	Zinc (Zn) 
                        	420 °C 
                        	907 °C 
  
                        	Antimony (Sb) 
                        	631 °C 
                        	1587 °C 
  
                        	Silver (Ag) 
                        	962 °C 
                        	2162 °C 
  
                        	Gold (Au) 
                        	1064 °C 
                        	2856 °C 
  
                        	Copper (Cu) 
                        	1085 °C 
                        	2927 °C 
  
                        	Iron (Fe) 
                        	1538 °C 
                        	2861 °C 
  
                  

                
 
               
              
                Degradation phenomena
 
                Corrosion of metals is mainly due to electrochemical reactions. Most metals corrode because they react with oxygen in the atmosphere, particularly under moist conditions, phenomenon named oxidation. Ferrous metals are particularly predisposed to oxidation, demanding constant care.
 
                Conversely, some non-ferrous metals are resistant to corrosion thanks to the formation of strong oxides coating on their surfaces (e. g. lead) able to protect metal from additional oxidation.
 
                Bronze disease is the corrosion process going on when chlorides come into contact with bronze or copper alloys. Usually, treatment consists of chlorides removal and a successive item isolation.
 
                Patina is a thin coating that forms on the surface of metals like copper, bronze and similar. Usually, it provides a protective layer to materials preventing corrosion or weathering events and it is also aesthetically appealing and desirable. Time, weathering, accumulation of particulate matter, corrosion and use are all possible causes of patina development and the chemical compounds thus produced on the surface are oxides, carbonates, sulfides, sulfates. The appearance of patina can be very different, some of the most characteristic ones are: the almost powder green verdigris of copper, bronze and brass and unlike bronze disease; verdigris serves to protect metal.
 
                Coatings have been used since ancient times. They can be functional or decorative. Gold leaf was one of the earliest techniques used by Egyptians. Pliny describes the use of white of eggs as adhesive for gold foil. Copper and bronze were treated with mercury to form surface amalgams. Tinning was used to protect iron and steel, but also non-metallic coatings were applied. The preservatives included liquid tar, bitumen, lead and gypsum.
 
               
              
                Analyses
 
                
 
                
                  	
                    Radiography


                  	
                    Metallography


                  	
                    SEM-EDS


                  	
                    Mossbauer Spectrometry


                  	
                    Isotopic Analysis


                  	
                    XRF, XRD


                  	
                    Microbeam techniques (EPMA, PIXE, SIMS)


                  	
                    ICP-MS, ICP-OES, etc.
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              Proteins
 
              
                Occurrence
 
                
                  	
                    animal glues (from mammal hide, cartilage and bones or parts of fish)


                  	
                    egg (whole egg, egg yolk or egg white)


                  	
                    casein and milk


                
 
                Animal glues are colloidal dispersions of collagen – proteins showing a helix structure. They are obtained from collagen-based materials and have frequently been used as adhesives – to join wood panels or to fix canvas on wood – or as binder in ground layers (with gypsum, chalk or lead white) or in paint for certain pigments. In conservation animal glue is used for facings or strappo. The drawback of animal glue is its hygroscopic nature causing weakening of the ground layers or detachment of the paint.
 
                Egg has been widely used as a paint binder, mixed with water (tempera), oil (tempera grassa) or natural resins. Whole egg and egg yolk contain both lipids and proteins and upon drying transform into an irreversible gel and film with excellent cohesive and adhesive properties. Egg white is essentially composed of an aqueous solution of proteins and salts and the substantial lack of lipids causes egg white films to be fragile and water sensitive. It has mainly been used as binder in illuminated manuscripts and inks, as well as in preparation layers for gilding.
 
                Casein is the main phosphoprotein in mammal milk. Ammonium caseinate has been used as paint binder in mural and panel paintings, whereas calcium caseinate, obtained from casein and slaked lime, has been mainly employed as adhesive for wood panels and objects and sometimes as consolidant for plaster, or lining of canvas paintings. Casein tempera is characterized by rapid drying and formation of opaque films, but has scarcely been used due its fragile and cracked films. Milk, being composed of casein in emulsion with lipids, was more frequently used as paint binder, creating stable films, appearing similar to egg tempera.
 
               
              
                Degradation phenomena
 
                Swelling and contraction due to variation of temperature and humidity may cause loss of adhesion and cohesion of the paint film or adhesive. Biological processes such as the growth of fungi and other microorganisms are favored by humidity, whereas chemical degradation is mostly induced by light, humidity and interaction with other chemical species. These processes may alter the cohesive and optical properties of the binder. Proteins are relatively stable to oxidation, but are sensitive to water or aggressive solvents.
 
               
              
                Chemistry
 
                Proteins are macromolecules (≥5000 Da) composed of aminoacids (21 naturally occurring) linked by peptide bonds. Aminoacids are bifunctional organic compounds containing a carboxylic acid group (–COOH) and a basic amine group (–NH2) on the same carbon atom and with a lateral chain (–R) which differentiates the various aminoacids. The number, type and sequence of the aminoacids are characteristic of each protein and determine structure, chemical and physical properties.
 
                
                  [image: ]
                    Figure 1.3: Peptide bonds.

                 
                The tridimensional structure of a protein is articulated on four levels: primary structure (specific sequence of aminoacids); secondary structure (conformation of the protein in certain regions: helix, globular, etc.); tertiary structure (total configuration: globular, fibrous, etc.); quaternary (association of two or more polypeptides linked by weak bonds). Hydrogen bonds, disulfur bridges, ionic bonds and hydrophobic interactions may cause folding of the proteins. Alteration of the conformation may lead to denaturation and loss of function. The denaturated protein will maintain its primary structure and will lose its solubility. This is positive when the protein is used as a binder, but presents a real drawback when used as an adhesive or consolidant (loss of reversibility).
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                    Figure 1.4: Protein structures.

                 
               
              
                Analyses
 
                
 
                
                  	
                    Proteomics: MALDI-MS, LC-MS(MS)


                  	
                    GC-MS


                  	
                    Immunological methods


                  	
                    FTIR spectroscopy
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              Carbohydrates
 
              
                Occurrence
 
                
 
                
                  	
                    vegetal gums


                  	
                    honey


                  	
                    starches and dextrin


                
 
                Vegetal gums are obtained from the solidified exudates of certain plants or seeds. The gels that are formed by the gums in contact with water are apt to be used as adhesives and paint binders. They have been largely employed in watercolors, illuminated manuscripts, gilding mordants and inks. Vegetal gums are used alone or in emulsion with proteinaceous and lipid binders. Starch, honey or molasses (syrup) (plastifiers) and antifermentatives are often added. Historically, the most frequently used gums are gum Arabic, gum tragacanth and gums from different fruit trees. Gum Arabic is obtained from species of Acacia. The first examples of the use of gum Arabic date back to 5000 years ago in the Egyptian tombs. Gum tragacanth is an exudate of the Astragalus gummifer, which can be found in Greece, Iran and Minor Asia. It is in use since about 2000 years and represents an excellent colloid able to stabilize emulsions and dispersions. The gums from fruit trees include the exudates of different Prunus species (plum, cherry, peach, apricot). Their use is more limited and their films are very fragile.
 
                Honey is produced by bees and for centuries it has been used as plasticizer for aqueous binders such as vegetal gums and albumin. It has the property of retaining a certain amount of water reducing the fragility of the paint films during drying.
 
                Starch can be found in all the seeds and bulbs of plants. The main four providers of starch are: mais, potatoes, rice and wheat. Also legumes like beans are rich in starch. It is used as adhesive, for lining or in some wall painting preparations, and as a binder and support for organic pigments in Japanese prints. Thanks to its adhesive properties, starch is very important in paper production.
 
                Dextrins are obtained from the acid treatment of starch and are rather soluble in water. They are sometimes used for watercolors in addition to vegetal gums, but their main use concerns the paper industry for reinforcement or coating.
 
               
              
                Degradation phenomena
 
                Due to the high amount of hydroxyl groups, carbohydrates are hydrophyllic and therefore very sensitive to variations of environmental humidity. Polysaccharides are subject to dehydration, reticulation, oxidation and hydrolysis leading to depolymerization. The solubility in water favors leaching and therefore it might be difficult to detect vegetal gums in ancient wall paintings, especially outdoors. Next to water, microorganisms represent a major cause of degradation.
 
               
              
                Chemistry
 
                Carbohydrates may be classified into:
 
                
                  	
                    Monosaccharides and uronic acids. General formula: CnH2nOn. Classified as aldoses if containing an aldehyde group, as ketoses if bearing a ketone group. They can be subdivided into trioses (glyceraldehyde and dihydroxyacetone), pentoses (arabinose, xylose, ribose, etc.), hexoses (glucose, fructose, mannose, galactose, rhamnose, fucose, etc.), glucuronic acid and galacturonic acid. The most abundant monosaccharide in nature is glucose, which exists as α-glucose and β-glucose.


                  	
                    Oligosaccharides. Derive from the union of some disaccharide molecules, such as lactose, saccharose and maltose.


                  	
                    Polysaccharides. Polymers of monosaccharides linked by glucoside bonds. They include cellulose, starches, mucilages and vegetal gums. Cellulose is formed from polycondensation of α-glucose, whereas by linking β-glucose molecules amylose and amylopectin (both contained in starches) are formed. These are thus homopolysaccharides (one type of monomer) with a linear (cellulose) or branched (starches) structure. In vegetal gums and mucilages the molecules are more complex with major molecular weight.
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                    Figure 1.5: Carbohydrates.

                 
               
              
                Analyses
 
                
 
                
                  	
                    GC-MS


                  	
                    MALDI-MS


                  	
                    FTIR spectroscopy
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              Lipids
 
              
                Occurrence
 
                
 
                
                  	
                    oils


                  	
                    egg yolk


                  	
                    fats


                
 
                Siccative and semi-siccative oils are used as paint binders. They contain triglycerides and small amounts of sterols. The percentages of the various fatty acids – with double bonds differing in position and number – determine the properties of the oils. Linseed oil is the most widely used paint binder and is produced from Linus usitatissimum. Stand oil is made at temperatures above 250 °C in absence of air. This oil is drying more slowly, but forms a more stable and less yellowing film. Walnut oil is extracted from Junglas regia and is more siccative than poppyseed oil, due to its higher content of linolenic acid. Poppyseed oil is obtained from Papaverum somniferum and is less siccative but yellows less. Other oils used in paints are safflower, sunflower, rapeseed and castor oil.

                Egg yolk is an emulsion of a colloidal aqueous solution of proteins and lipids, stabilized by emulsifiers of whom the most abundant is lecitin. The lipids are composed of triglycerides (65 %), phospholipids (30 %) and cholesterol (5 %). These lipids are not siccative, but act as plasticizers and confer hydrophobicity and irreversibility to the paint film.

                Fats are composed of triglycerides with low amounts of polyunsaturated fatty acids.
 
                
                  
                    Table 1.3:Fatty acid percentage composition of fresh vegetable oils and of animal lipids.

                  

                              
                        	Oil/lipids 
                        	FA-C16 
                        	FA-C18 
                        	FA-C18:1 
                        	FA-C18:2 
                        	FA-C18:3 
                        	Other fatty acids 
   
                        	Linseed 
                        	6–8 
                        	3–6 
                        	14–24 
                        	14–19 
                        	48–60 
                        	 
  
                        	Walnut 
                        	3–7 
                        	0.5–3 
                        	9–30 
                        	57–76 
                        	2–16 
                        	 
  
                        	Poppyseed 
                        	8–12 
                        	2–3 
                        	12–17 
                        	55–65 
                        	3–8 
                        	 
  
                        	Sunflower 
                        	5–6 
                        	4–6 
                        	17–51 
                        	38–74 
                        	 
                        	 
  
                        	Castor 
                        	1–2 
                        	1–2 
                        	3–6 
                        	4–7 
                        	 
                        	83–891 
  
                        	Rapeseed 
                        	2–6 
                        	1–3 
                        	20–30 
                        	17–22 
                        	6–10 
                        	13–162; 20–403 
  
                        	Hen’s egg 
                        	25–27 
                        	9–12 
                        	38–44 
                        	13–15 
                        	0–1 
                        	 
  
                        	Lard 
                        	20–27 
                        	13–19 
                        	37–45 
                        	7–10 
                        	0–1 
                        	 
  
                  

                   FA-C16 Palmitic acid (hexadecanoic acid); FA-C18 Stearic acid (octadecanoic acid); FA-C18:1 Oleic acid (9-octadecenoic acid); FA-C18:2 Linoleic acid (9,12-octadecadienoic acid); FA-C18:3 Linolenic acid (9,12,15-octadecatrienoic acid); 1Ricinoleic acid (12-hydroxy- (Z)9-octadecenoic acid); 2Gondoic acid (11-eicosenoic acid); 3Erucic acid (13-docosenoic acid). 

                
 
               
              
                Degradation phenomena
 
                The drying of a (semi-)siccative oil film consists of a polymerization process continuing during years after application. Hardening and increase of refractive index lead to cracking and higher transparency. Yellowing is influenced by degree of purity, treatments, pigments, siccatives, humidity and light. Oil paint films become more sensitive to humidity with ageing due to oxidation and hydrolysis into mono- and diglycerides, and free fatty acids.
 
                For egg yolk crosslinking phenomena are less important, but some auto-oxidation of unsaturated lipids may occur, leading to the loss of free triglycerides and phospholipids. Instead, degradation products are found.
 
               
              
                Chemistry
 
                Glycerolipids are composed of esters of glycerol and saturated and unsaturated fatty acids (triglycerides or triacylglycerols, TAGs).
 
                Phospholipids contain two hydrophobic fatty acid “tails” and a hydrophilic “head” consisting of a phosphate group. The two components are joined together by a glycerol molecule. The phosphate groups can be modified with simple organic molecules such as choline, ethanolamine or serine.
 
                
                  [image: ]
                    Figure 1.6: Triacylglycerol.

                 
                
                  [image: ]
                    Figure 1.7: Phospholipids.

                 
                Unsaturated fatty acids undergo oxidation and cross-linking reactions when exposed to light and oxygen, leading to the formation of an oil network. These processes – polymerization (crosslinking reactions) and oxidation – are in competition. Oxidation results in the oxidative cleavage of the fatty acids hydrocarbon chains and the formation of hydroxyacids, low molecular weight aldehydes and ketons, and α,w-dicarboxylic acids with nonanedioic (azelaic) acid as the most abundant. Certain metals (pigments) play a primary role in catalyzing these reactions. During ageing hydrolysis of the ester bonds of the TAGs also occurs. Cations in zinc, copper and lead containing pigments may react with free fatty acids and other carboxylic acid groups to form metal soaps agglomerates or ionomeric structures.
 
               
              
                Analyses
 
                
 
                
                  	
                    (Py-)GC-MS


                  	
                    LC-MS(MS)


                  	
                    MALDI-MS


                  	
                    FTIR spectroscopy
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              Waxes
 
              
                Occurrence
 
                
 
                
                  	
                    Animal waxes


                  	
                    Vegetal waxes


                  	
                    Mineral and artificial waxes


                
 
                The main animal wax is beeswax. It is produced by the European Apis mellifica L. or asiatic species and has been used for writing (waxed wooden tablets), painting (encausto), fabrication of metal objects (cera persa technique), protective and sealing coatings.
 
                Chinese wax is produced by the Coccus ceriferus insect, whereas spermaceti and lanolin are obtained from whales and sheep skin, respectively.
 
                Carnauba wax is a vegetal wax and is gathered from a palm (Copernica cerifera) growing in Brazil. It is currently used in restoration treatments also mixed with beeswax or paraffin. Candelilla wax is from two Euphorbia species (Mexico) and is characterized by a high melting point.
 
                
                  
                    Table 1.4:Melting points of various waxes.

                  

                         
                        	Wax 
                        	Melting point 
   
                        	Animal 
                        	 
  
                        	Beeswax 
                        	66–71 °C 
  
                        	Chinese wax 
                        	80–83 °C 
  
                        	Spermaceti 
                        	42–50 °C 
  
                        	Lanolin 
                        	35–42 °C 
  
                        	Ambergris 
                        	60–80 °C 
  
                        	Vegetable 
                        	 
  
                        	Carnauba 
                        	82–86 °C 
  
                        	Candelilla 
                        	67–79 °C 
  
                        	Japan wax 
                        	50–60 °C 
  
                        	Mineral 
                        	 
  
                        	Ceresin 
                        	54–77 °C 
  
                        	Montan 
                        	76–92 °C 
  
                        	Paraffin 
                        	46–68 °C 
  
                  

                
 
                Mineral and artificial waxes are montana wax, which is extracted from lignites, paraffin, from scists, lignites and petroleum, ceresine and microcristalline waxes. The latter is used for wax polishing and finishing coatings of various materials.
 
               
              
                Degradation phenomena
 
                One of the main characteristics of beeswax is its high stability with time. This is due to the fact that the main bonds are covalent and saturated. Prolonged heating might induce a decrease of acidity leading to conspicuous losses of hydrocarbons.
 
               
              
                Chemistry
 
                Natural waxes are composed of a mixture of esters from fatty acids and long-chain alcohols, fatty acids, free alcohols and long chain hydrocarbons in various proportions depending on the type of waxy materials.
 
                Artificial waxes, also referred to as microcrystalline waxes, contain hydrocarbons deriving from refined petroleum.
 
                
                  
                    Table 1.5:Composition of various waxes.

                  

                                 
                        	Components in wt% 
                        	Beeswax 
                        	Chinese wax 
                        	Spermaceti 
                        	Lanolin 
                        	Carnauba wax 
                        	Candelilla 
                        	Ceresine 
                        	Montan 
                        	Paraffin 
   
                        	Hydrocarbons 
                        	14a 
                        	x 
                        	 
                        	x 
                        	1 
                        	50g 
                        	100 
                        	3 
                        	100i 
  
                        	Esters 
                        	67b 
                        	83c 
                        	92–99d 
                        	14–24 
                        	84f 
                        	28–29 
                        	 
                        	53h 
                        	 
  
                        	Free acids and Alcohols 
                        	13 
                        	x 
                        	1–8 
                        	x 
                        	12 
                        	7–9 
                        	 
                        	18–19 
                        	 
  
                        	Sterols 
                        	 
                        	 
                        	 
                        	45–65e 
                        	 
                        	 
                        	 
                        	 
                        	 
  
                        	Terpenes 
                        	 
                        	 
                        	 
                        	4–5 
                        	 
                        	12–14 
                        	 
                        	20–23 
                        	 
  
                        	Ketones 
                        	 
                        	 
                        	 
                        	 
                        	 
                        	 
                        	 
                        	3–6 
                        	 
  
                        	Non-identified 
                        	6 
                        	 
                        	 
                        	 
                        	 
                        	 
                        	 
                        	 
                        	 
  
                  

                  aC25-C35 hydrocarbons (mainly uneven); bmainly esters of palmitic acid with C24-C32 alcohols; cmainly esters of hexacosanoic acid with hexacosanol; dmainly esters of palmitic acid and myristic acid with hexacosanol; elanosterol and cholesterol; fincluding esters of p-hydroxycinnamic acid (23 %) and of p-methoxycinnamic acid (7 %); gC29-C33 hydrocarbons, mainly C31; hesters of C22-C32 acids; ilinear C20-C36, isoalkanes and cyclic alkanes C18-C36.

                
 
               
              
                Analyses
 
                
 
                
                  	
                    FTIR spectroscopy


                  	
                    (Py-)GC-MS


                  	
                    DTMS
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              Natural resins
 
              
                Occurrence
 
                Natural resins are polymeric materials produced by trees (vegetal resins) or insects (animal resins) used for their filmforming, adhesive and hydrophobic properties.
 
                Vegetal resins are generally distinguished into diterpenoid resins and triterpenoid resins (see Chemistry).
 
                The main diterpenoid resins are produced by the Pinaceae genera Pinus, Larix, Picea and Abies. Pinus resin (colophony) has largely been used in varnishes mixed with oil or other more precious resins. Venetian turpentine is obtained from Larix decidua and has been mentioned in ancient recipes for preparation of varnish and copper resinate pigment. Sandarac is from Tetraclinis articulate, a conifer growing in the south of Spain and North Africa, and has often been used in oil based varnishes.
 
                The most commonly used triterpenoid resins are mastic and dammar resin. Mastic is obtained from Pistacia lentiscus var. chia, growing on the isle of Chios in Greece. However, the exudates of other species of Pistacia are also often defined as mastic resin. Since ancient times mastic has been used in mummification balsams, as adhesive and sealing agent. More recently, it has been employed as picture varnish in mixture with siccative oils. Dammar resins are exudates of Dipterocarpaceae trees (Hopea and Shorea) growing in South East Asia. The introduction of dammar in Europe dates back to the 1830s. It is used in solvent varnishes (frequently in oil of turpentine).
 
                Amber (produced 45–10 million years ago) is a fossil resin only partially soluble in oil. Although mentioned in ancient recipes as a varnish ingredient, it is not apt for this use. Copals are classified as semifossil resins and are produced by Araucariaceae, Caesalpinaceae and tropical trees. The main types of copal are Congo, Zanzibar, Kauri, Sierra Leone and Manila copal. They have been occasionally used in picture varnishes.
 
                Shellac is produced by an Indian scaled insect (Laccifer lacca Kerr, also known as Kerria lacca). It is commonly used as varnish for furniture, metal objects and scientific instruments. It can also be found as adhesive for ceramics.
 
               
              
                Degradation phenomena
 
                Natural resins are severely affected by ageing and their chemical composition is highly influenced by exposure to light. The degradation mechanisms are complex and mainly involve oxidation and polymerization reactions leading to the formation of oligomers and polymers and highly oxidized species. As a consequence varnishes often show yellowing (darkening), cracking and loss of solubility with an increase of acidity and polarity. Degradation of natural resin varnishes is one of the main restoration problems of paintings. Highly polar solvents are often required for removal.
 
                If the pine resins are subject to thermal treatment pitches are formed typically containing aromatized molecules like retene.
 
               
              
                Chemistry
 
                Natural resins are composed of complex mixtures of terpenoids: mono-, sesqui-, di- and triterpenoids containing, respectively, 10, 15, 20 and 30 carbon atoms with hydroxyl, carboxyl and carbonyl groups. Mono- and sesquiterpenoids are contemporary present in the majority of resins, while di- and triterpenoids are never present together. The latter usually persist with time, although subject to oxidation and polymerization, and can be used for identification purposes.
 
                Diterpenoid resins contain abietanes, pimaranes and labdanes, whereas triterpenoid resins are composed of dammaranes, ursanes and oleananes, next to a polymer fraction of polycadinene (dammar) or poly β-myrcene.
 
                Shellac contains 70–80 % of resin, 4–8 % of colorant and 6–7 % of wax. The resin is a complex mixture of oligomers formed by esterification of polyhydroxycarboxylic acids.
 
                
                  
                    Table 1.6:Botanical origin and chemical composition of terpenic resins.

                  

                           
                        	Class 
                        	Family 
                        	Genus (type of resin) 
                        	Composition 
   
                        	Coniferales 
                        	Pinaceae 
                        	Pinus (pine resin, colophony) 
                        	Abietadienic acids, pimaradienic acids 
  
                        	 
                        	 
                        	Abies (Strasbourg turpentine) 
                        	Abietadienic acids, pimaradienic
 acids, cis abienol 
  
                        	 
                        	 
                        	Larix (Larch turpentine) 
                        	Abietadienic acids, pimaradienic
 acids, epimanool, larixol, larixyl acetate 
  
                        	 
                        	Cupressaceae 
                        	Juniper, Cupressus, Tetraclinis
 articulata (sandarac) 
                        	Pimaradienic acids
 (sandaracopimaric acid), communic acid, totarol 
  
                        	Guttiferales 
                        	Dipterocarpaceae 
                        	Hopea (dammar) 
                        	Dammaranes
 (hydroxydammarenone, dammaradienol), ursanes (ursonic acid, ursonaldehyde) 
  
                        	Terebinthales 
                        	Anacardiaceae 
                        	Pistacia (mastic) 
                        	Euphanes (masticadienonic acid, isomasticadienonic acid), oleanananes (oleanonic acid, moronic acid), dammaranes 
  
                        	 
                        	Burseraceae 
                        	Commiphora (myrrh)
 Boswellia (olibanum or frankincense)
 Canarium (elemi) 
                        	α and β amyrin, euphanes, oleananes 
  
                  

                
 
               
              
                Analyses
 
                
                  	
                    (Py-)GC-MS


                  	
                    FTIR spectroscopy
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              Synthetic polymers
 
              
                Occurrence
 
                From the beginning of the twentieth century synthetic polymers have been developed. These materials can be found in paint binders, coatings, adhesives, consolidants, and in modern art objects.
 
                Synthetic paint binding media were first used for household paint (alkyd resins), but after the 1930s artists started employing these new materials. Acrylic paint came also into use with the advantage of fast drying and the possibility of using water emulsions avoiding the use of toxic solvents.
 
                Acrylic resins, such as Paraloid B-72, are also frequently used as coatings, varnishes and consolidants. Polyvinylacetates are generally employed in emulsion as adhesives in restoration treatments. Epoxy resins are mainly used as adhesives in restoration of glass and stone objects. Ketone resins (Laropal K80, MS2A) represent an important class of synthetic resins used as varnishes.
 
                In modern art objects a wealth of synthetic materials can be found ranging from polycarbonate, polypropylene to polystyrene.
 
               
              
                Degradation phenomena
 
                Synthetic resins generally show a higher resistance to oxidative change than natural resins. Some resins, however, may degrade more easily, like cellulose nitrate and cellulose acetate. Acrylic resins are sensitive to sunlight. Bond cleavage (methacrylates) and cross-linking (acrylates) are observed. Polyurethanes show yellowing and depolymerization. Epoxy resins are resistant to acids, alkali and solvents, but tend to yellow with ageing.
 
               
              
                Chemistry
 
                Synthetic resins can be classified in two main categories based on the polymerization mechanism: addition polymers and condensation polymers.
 
                Addition polymers are based on ethylene (two carbon atoms with a double bond) monomers with different lateral groups and are also defined as vinyl polymers. Main vinyl polymers are polyethylene, polypropylene, polystyrene, polyvinyl acetate, polyvinyl alcohol, polyacrylates, polyvinyl chloride and polyethylene oxide.
 
                
                  [image: ]
                    Figure 1.8: Addition polymers.

                
                Condensation polymers are formed by monomers with two functional groups. Linear polymers are generally obtained, but branched polymers can also be formed if more than two functional groups are present, or by cross-linking of linear polymers upon degradation. The main condensation polymers are polyesters (alkyd resins, polycarbonates), polyamides, epoxy resins, phenol-formaldehyde resins and cyclohexanone resins.
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                    Figure 1.9: Condensation polymer.

                 
               
              
                Analyses
 
                
 
                
                  	
                    FTIR spectroscopy


                  	
                    Py-GC/MS
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              Dyestuffs
 
              
                Occurrence
 
                From ancient times animal and vegetal colored organic compounds are used for the dying of textiles and as pigments, as such or on an inorganic substrate as lakes. From the second half of the nineteenth century onwards synthetic dyes have gradually substituted the natural dyes.
 
                Colorants can be classified according to the coloring mechanism:
 
                
                  	
                    Direct dyes: taken up directly by cellulosic fibers (saffron, curcuma).


                  	
                    Vat dyes: applied on wool or cotton as a solution of the reduced colorless (leuco) form. Oxidation by atmospheric oxygen or oxidizing agents yield the colored dyestuff (indigo).


                  	
                    Acid dyes: applied on animal fibers in an acid dye bath (modern synthetic dyes for wool).


                  	
                    Mordant dyes: dyes linked to the fiber via an organic compound (tannins) or dyes requiring a metallic hydroxide (alum) precipitated onto the fiber. The color depends on the metal ion (natural red and yellow dyes).


                
 
                Natural dyestuffs are produced by plants and insects and can be red, yellow, blue and brown.
 
                The chromophores exhibit flavonoid, anthraquinoid, indigoid, gallotannin, carotenoid, benzoquinone and antocyanine structures.
 
                The synthetic organic dyestuffs have been produced since the 1850s with Perkin having patented the famous mauveine and the synthesis of alizarin in 1868. Synthetic colorants are classified according to their chemistry. The most important are triarylmethane dyes, diazo dyestuffs, anthraquinone vat dyes and the very stable phthalocyanines.
 
               
              
                Degradation phenomena
 
                Dyestuffs are generally extremely sensitive to degradation. Fading – caused by chemical oxidation – is related to the amount of light received, wavelength, level of humidity, type of substrate and the mordant. Ozone and nitrogen oxide have significant effects on various dyestuffs.
 
                In general natural dyes are less stable than modern synthetic dyes.
 
               
              
                Chemistry
 
                
                  
                    Table 1.7:Origin and chemical composition of various natural dyestuffs.

                  

                               
                        	Common name 
                        	Botanic name 
                        	Main chromophores 
   
                        	Anthraquinoid dyes 
  
                        	 
                        	 
                        	Carminic acid 
                        	Kermesic acid 
                        	Flavokermesic acid 
                        	Dc II 
                        	Laccaic acid A 
                        	Laccaic acid B 
  
                        	Cochineal 
                        	Kermes vermilio 
                        	 
                        	x 
                        	x 
                        	 
                        	 
                        	 
  
                        	 
                        	Porphyrophora polonica 
                        	x 
                        	x 
                        	x 
                        	x 
                        	 
                        	 
  
                        	 
                        	Porphyrophora hameli 
                        	x 
                        	x 
                        	x 
                        	x 
                        	 
                        	 
  
                        	 
                        	Dactylopius coccus Costa 
                        	x 
                        	x 
                        	x 
                        	 
                        	 
                        	 
  
                        	 
                        	Kerria lacca Kerr 
                        	 
                        	x 
                        	x 
                        	 
                        	x 
                        	x 
  
                        	 
                        	 
                        	Alizarin 
                        	Purpurin 
                        	Xanthopurpurin 
                        	Munjistin 
                        	Pseudopurpurin 
                        	Other compounds 
  
                        	Madder 
                        	Rubia tinctorum 
                        	x 
                        	x 
                        	x 
                        	x 
                        	x 
                        	 
  
                        	 
                        	Rubia peregrina 
                        	 
                        	x 
                        	 
                        	 
                        	x 
                        	 
  
                        	 
                        	Rubia cordifolia 
                        	x 
                        	x 
                        	x 
                        	x 
                        	x 
                        	Morin 
  
                        	 
                        	Rubia akane Nakai 
                        	 
                        	x 
                        	 
                        	 
                        	x 
                        	 
  
                        	Lady’s bedstraw 
                        	Galium verum L. 
                        	x 
                        	x 
                        	x 
                        	 
                        	x 
                        	 
  
                        	 
                        	Galium mollugo L. 
                        	x 
                        	x 
                        	x 
                        	x 
                        	x 
                        	Rubiadin 
  
                        	Relbunium 
                        	Relbunium hypocarpium L. 
                        	 
                        	x 
                        	x 
                        	x 
                        	x 
                        	 
  
                        	Morinda 
                        	Morinda citrifolia L. 
                        	/x 
                        	 
                        	 
                        	 
                        	 
                        	morin 
  
                        	Indigoid dyes 
  
                        	 
                        	 
                        	Indigotin 
                        	indirubin 
                        	monobromoindigotin 
                        	dibromoindigotin 
                        	dibromoindirubin 
                        	Other compounds 
  
                        	woad 
                        	Isatis tinctoria 
                        	x 
                        	 
                        	 
                        	 
                        	 
                        	Quercetin, kaempferol 
  
                        	indigo 
                        	Various Indigofera species 
                        	x 
                        	x 
                        	 
                        	 
                        	 
                        	Kaempferol 
  
                        	Indigo carmine 
                        	Indigofera tinctoria 
                        	 
                        	 
                        	 
                        	 
                        	 
                        	indigocarmine 
  
                        	purple 
                        	Muricidae and Rapaninae 
                        	x 
                        	 
                        	x 
                        	x 
                        	x 
                        	 
  
                        	orchil 
                        	Rocella and Ochrolechia 
                        	 
                        	 
                        	 
                        	 
                        	 
                        	orcein 
  
                        	Flavonoid dyes 
  
                        	 
                        	 
                        	fisetin 
                        	morin 
                        	maclurin 
                        	kaempferol 
                        	quercetin 
                        	Other compounds 
  
                        	Young fustic 
                        	Cotinus coggyria 
                        	x 
                        	 
                        	 
                        	 
                        	 
                        	Fustin, sulfuretin 
  
                        	Old fustic 
                        	Clorophora tinctoria L. 
                        	 
                        	x 
                        	x 
                        	x 
                        	 
                        	 
  
                        	Quercitron bark 
                        	Quercus velutina L. 
                        	 
                        	 
                        	 
                        	 
                        	x 
                        	Quercitrin 
  
                        	Persian berries 
                        	Rhamnus family 
                        	 
                        	 
                        	 
                        	x 
                        	x 
                        	Rhamnetin 
  
                        	 
                        	 
                        	luteolin 
                        	apigenin 
                        	genistein 
                        	3-methylquercetin 
                        	 
                        	 
  
                        	weld 
                        	Reseda luteola L. 
                        	x 
                        	x 
                        	 
                        	 
                        	 
                        	 
  
                        	Dyer’s broom 
                        	Rhamnus frangula (cortex) 
                        	 
                        	 
                        	 
                        	 
                        	 
                        	Glucofrangulin A and B, franguline, emodin 
  
                        	Rhamnus bark 
                        	Serratula tinctoria L. 
                        	x 
                        	 
                        	 
                        	x 
                        	 
                        	 
  
                        	 
                        	 
                        	Barzilin 
                        	Brazilein 
                        	Hematoxylin 
                        	Hematein 
                        	 
                        	 
  
                        	Brazilwood 
                        	Caesalpina species 
                        	x 
                        	x 
                        	x 
                        	x 
                        	 
                        	 
  
                        	Logwood 
                        	Hematoxylum campechianum 
                        	 
                        	 
                        	x 
                        	x 
                        	 
                        	 
  
                        	Tannin-based dyes 
  
                        	 
                        	 
                        	Gallic acid 
                        	quercetin 
                        	Emodin 
                        	Quercitrin 
                        	tannins 
                        	Other compounds 
  
                        	Black alder 
                        	Alnus glutinosa 
                        	x 
                        	x 
                        	x 
                        	x 
                        	 
                        	 
  
                        	Sumac 
                        	Rhus genus 
                        	x 
                        	 
                        	 
                        	 
                        	 
                        	Ellagic acid, kaempferol 
  
                        	Black walnut 
                        	Juglans species 
                        	 
                        	 
                        	 
                        	 
                        	 
                        	juglon 
  
                        	Walnut galls 
                        	Galls from Cynips species, Quercus infectoria Oliv. 
                        	 
                        	 
                        	 
                        	 
                        	x 
                        	 
  
                        	Silver birch 
                        	Betula species 
                        	 
                        	 
                        	 
                        	 
                        	x 
                        	 
  
                        	Other dyes 
  
                        	Henna 
                        	Lawsonia inermis 
                        	Lawson 
                        	 
                        	 
                        	 
                        	 
                        	 
  
                        	Sandalwood 
                        	Pterocarpus santalinus 
                        	Santalin A and B 
                        	 
                        	 
                        	 
                        	 
  
                        	Safflower 
                        	Carthamus tinctorius L. 
                        	Carthamina, Safflower yellow A and B 
                        	 
                        	 
                        	 
                        	 
  
                        	Annatto 
                        	Bixa Orellana L. 
                        	Bixin 
                        	 
                        	 
                        	 
                        	 
  
                        	Barberry 
                        	Berberis vulgaris L. 
                        	Berberin 
                        	 
                        	 
                        	 
                        	 
  
                        	Saffron 
                        	Crocus sativus L. 
                        	Crocin, crocetin 
                        	 
                        	 
                        	 
                        	 
  
                        	Turmeric 
                        	Curcuma longa 
                        	Curcumin, demethoxycurcumin, bisdemethoxycurcumin 
                        	 
                        	 
                        	 
  
                  

                
 
               
              
                Analyses
 
                
                  	
                    HPLC-DAD-(MS)


                  	
                    Raman spectroscopy


                  	
                    Py-GC/MS
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            2 XRF technique
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            Abstract

            The techniques of chemical investigation by X-ray fluorescence (XRF) are widespread since the 50s of the last century. Depending on the accuracy of the desired data and on the artifact characteristics, they can be used as partially destructive or as absolutely non-destructive and non-invasive techniques. The archeomaterials that can be analyzed are the most disparate: minerals, rocks, metals, building materials, pigments, and so on; practically almost everything that is solid, liquid or gelatinous can be analyzed by XRF. The theoretical physical principles and the main components of X-ray spectrometers, in energy dispersion (ED) and wavelength dispersion (WD), are described, also comparing the advantages and disadvantages of each analytical technique. In the last decades, the diffusion of the ED silicon drift detectors, together with the development of very accurate and high specialized software for quantitative analysis, has given a new impulse to the diffusion of the portable spectrometers offering new possibilities for in situ and very rapid archeomaterial characterizations. Case studies related to different artworks, like ceramics, necklaces, coins, obsidians and other lithic artifacts will also be presented: they show the important contribution that X-ray spectrometer technique gives to solve problems related to the characterization, restoration and to the source identification of the raw materials.
 
          

           Keywords:  ED-XRF,  WD-XRF,  elemental analysis,  non-destructive analysis,  archeomaterials,  petroarchaeometry,  Cultural Heritage,  
          
 
          
            2.1 Introduction
 
            X-ray fluorescence (XRF) is a spectrochemical technique which allows the determination of the elemental composition as well as the quantitative analysis of a wide range of inorganic materials. Results can be expressed as atom percent or weight percent. Often, by custom, especially in the analysis of minerals and rocks, the data are expressed as oxides, stoichiometrically binding the oxygen to the dosed cation. XRF spectrometric analysis can be carried out in wavelength dispersion (WD) or in energy dispersion (ED). In the case of WD analyses (WD-XRF), the technique is normally considered destructive (but rare exceptions), because the sample normally has to be ground and subsequently treated with organic binders or with other components in order to obtain a powdered pellet to submit to analysis. The indisputable advantage remains, compared to the cases of the analyses that require the solubilization of the sample, that the prepared specimen, can be reanalyzed, either with another XRF spectrometer or with other analytical instrumentation, even after many years, provided that it has been well preserved. The amount of sample required for chemical analysis by WD-XRF varies, depending on the kind (qualitative/quantitative) of the searched information and depending on the method and the instrumentation used, from a few tens of milligrams (about 40 mg [1]) up to about 12 g. In some cases, as in provenance determination of obsidians studies, it is possible to use the WD-XRF method also in an absolutely non-destructive way [1].
 
            In the case of ED analyses (ED-XRF), the specimen is normally analyzed as it is and therefore the technique is considered non-destructive. As a matter of fact, the ED counters can provide quantitative or semi-quantitative results even on samples with irregular surface because they suffer much less than the WD techniques from the sample geometry. A wide variety of materials from rocks, to minerals, industrial products, building materials, metals, pigments, etc., can be analyzed by XRF; practically almost everything that is a solid substance and in many cases also liquid or gelatinous substances.
 
            Sampling and sample preparation will depend on the used analytical method non-invasive analysis (no sampling) is also possible by XRF and this opens up a very wide range of applications, especially in the field of Cultural Heritage, where the characterization of precious objects cannot justify their partial destruction (sampling) which would greatly reduce their value.
 
            Moreover, in recent years, the development of portable XRF spectrometers [2,3,4,5,6,7,8,9,10], is more and more often allowing to analyze objects in their natural sites (restoration sites, museums, archeological excavations) as well as artifacts which cannot be moved for legal reasons or difficult to transport due to their dimensions. It is worthy to note that the analyses carried out with portable equipments should be validated on suitably chosen objects, comparing the analytical results with those obtained through instruments of qualified (certified) laboratories [11, 12].
 
           
          
            2.2 Physical principles and theory
 
            The XRF spectrochemical analysis technique uses, in the most common cases, a sample irradiation process by primary X-rays in order to subsequently analyze the secondary X-ray spectrum emitted by the sample itself.
 
            X-rays are electromagnetic radiation with wavelength (λ) between 0.01 and 10 nm. Their energy (E) can be expressed in electron volts (eV) and is directly proportional to the frequency of vibration and inversely proportional to the wavelength, except for some constants:
 
            EeV=h⋅c/λ⋅e
 
            Where h is the Plank constant, c and λ are respectively the speed of light in the vacuum and the frequency and wavelength of the X-rays, and e is the charge of the electron.
 
            
              2.2.1 Generation of X-rays
 
              In XRF spectrometers, X-rays are generated in a tube, under high vacuum conditions, called X-ray tube.
 
              The operation of an X-ray tube can be schematized as follows:
 
               
                	 
                  A tungsten filament (Figure 2.1) is heated by the passage of direct current and therefore produces around it a dense cloud of electrons due to thermionic effect.
 
 
                	 
                  Part of these electrons are accelerated along a focusing path by means of a high potential difference (high voltage of the X-ray tube, expressed in kilovolt: kV) established between the filament and a metal target operating as an anode. The part of electrons not involved in the acceleration and focusing process is captured by a trap placed around the filament itself.
 
 
                	 
                  The electrons hit the anode and their kinetic energy is transformed into thermal energy, which is dissipated by a cooling system (generally water circulation), and partly in X radiations that escape from the tube through a window constituted from a thin sheet of material as much as possible transparent to X-rays. The thickness of the window must also take into account the heating effect of the material subjected to intense interaction with X-rays and of the backscattered electrons, which in large quantities are generated on the anode. The window can be positioned at the end of the tube (end-window X-ray tube) or sideways (side-window X-ray tube).
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