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Abstract:
The formation of dark complexes due to the interaction between polyphenols and iron has been empirically exploited since the XII century for the production of the so-called iron-gall inks (IGI), which have been widely used for the production of manuscripts both in Europe and Middle East. Being part of the cultural heritage, these manuscripts are currently objects of interests which have to be carefully preserved. In this paper the current knowledge on IGI is reviewed focusing on the variety of ingredients used for their preparation, the available models describing the formation of the polyphenols-iron complexes, and their degradation patterns. Additionally, the range of instrumental techniques nowadays available for their characterisation is critically discussed highlighting for every technique the most important features for the study of IGI. 
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1. Introduction
Manuscripts are documents of great historical, cultural and artistic value. According to the current legislations and the current views, cultural and historical heritage includes also the archivistic heritage,1 which is generally composed of a massive number of hand-written documents. Behind each manuscript there is an intricate socio-cultural environment, as well as a precise technological development in the use and the transformation of natural materials. The scientific study of manuscripts and their constituents is therefore important from both a conservative point of view, as well as to better understand the technological improvements or modifications in the paper, parchment, pigments, dyes and ink productions. 
IGI[footnoteRef:1] have been widely used for centuries in almost every geographical area: there are several evidences of usage of this type of inks related to the antiquity, especially in the Middle-East,2,3 but their success in Europe and in the Western Countries is generally more associated to the XII-XIX centuries.4 Consequently, it is not difficult to conceive the huge variety of historical recipes for IGI preparation.4,5 Despite of this variability, in all the historical recipes at least three main components are mentioned: an extract rich in hydrolysable tannins, an iron salt and an organic binder. In general, galls or other tannins sources were treated to obtain a polyphenolic extract rich in hydrolysable tannins.5 The iron(II) salt was added to the extract in order to obtain the iron-polyphenol complexes responsible for the dark bluish colour. Finally, an organic binder was used to keep the already formed insoluble iron-polyphenol complexes dispersed in an aqueous medium. [1:  Abbreviations related to iron-gall inks included in the text: IGI= iron-gall inks] 

Despite the relative simplicity of the historical procedures for the synthesis of IGI,5 not much is currently reported in scientific literature about their structure and chemistry. The present effort, critically reviews current knowledge on the preparation of IGI, on the mechanisms of their formation and the most common degradation patterns. Finally, an overview of the most relevant instrumental techniques used for their characterisation is presented offering the relative advantages and disadvantages. 
2. The general composition of iron-gall inks 
The main components of IGI are the iron-polyphenolic complexes resulting from the interaction of a tannin source and an iron(II) salt. Other materials, such as additives and binders, have been commonly used to implement the chemo-physical properties of the inks depending on the recipe considered. In the following paragraphs, the description of the sources of the starting materials for IGI production is reported. 
2.1 Tannins: structure, sources and extraction
2.1.1 Structure and classification of tannins
The major source of polyphenolic compounds for the preparation of IGI is represented by galls, which are rich in tannins.5,6  Tannins constitute an abundant class of polyphenols available in almost every plant, characterised by  molecular weight comprised between 500 and 30000 Da and an highly hydroxylated structure.7–9 Being secondary metabolites, as many other polyphenolic species, they have a protective role for  plants against reactive oxygen and nitrogen species, UV light, plant pathogens, parasites, and predators.7,8,10  Tannins are well known for both as their beneficial effects on human heath (such as anti-inflammatory, antibacterial and anticancer properties8,10–12) both as their interactions with bio-macromolecules. For instance, the strong interaction between tannins and collagen is fundamental in leather tanning.13,14 According to the most recent classifications, tannins can be divided at least in four main categories: condensed tannins (CT), hydrolysable tannins (HT), complex tannins and phlorotannins.7,9,10 Gallotannins (GT), important sub-group of HT,  are known to be abundant in oak gallnuts15,16 while ellagitannins (ET),  another sub-category of HT, and in particular punicalagin,7,17 are quite concentrated in pomegranate peel, an additive mentioned in several ancient IGI preparation recipes.5 This additive,18 as well as other elements of ancient historical recipes such as white wine,5,19,20 may be seen as a source of a small amount of condensed and complex tannins. However, due to the poor solubility in water of high-molecular-weight tannins,8,11  it is reasonable to expect that aqueous extracts are richer in oligomeric structures with a medium to low molecular weight, together with other simple polyphenolic compounds, as further discussed. In order to better appreciate the structural variability of the possible polyphenols actually involved in the IGI formation, in the following paragraphs a brief description of the different classes of tannins is reported. 

2.1.1.1 Hydrolysable tannins
In general terms, HT can be considered as gallic acid (GA) oligomers or polymers in which GA (or its derivatives) units or are esterified around a polyol core, generally a carbohydrate such as D-glucose. All these polyphenolic compounds are bio-synthetized in plants via the shikimic acid pathway,10 which is synthetically described below and schematised in Figure 1. Shikimic acid is actually the precursor of different simple phenols such as hydroxycinnamic acids, such as caffeic acid, ferulic acid and p-cumaric,8 which can be then converted to p-coumaryl, coniferyl and sinapyl alcohols, the monomers driving to the formation of lignin.21 In this bio-synthetic route, β-glucogallin is the first important intermediate and it works as galloyl-group donor. However, the key metabolite in the biosynthesis of most of the HT is the β-1,2,3,4,6-pentagalloylglucose (PGG).10,22,23 The metabolism of this precursor, results into the two groups of  HT: gallotannins (GT) and ellagitannins (ET). On one hand, GT, such as tannic acid and its derivatives, are formed from addition of galloyl moieties on PGG free hydroxyl groups (both in meta and/or para position) through depside bonds.8,9,22 ET, on the other hand, are formed properly via enzyme-mediated oxidative couplings of the galloyl groups of PGG.10,22,24 ET constitute actually a relevant group of HT including more than 500 different compounds.22 One reason of such variability is that hexahydroxydiphenyl, the first oxidative coupling product,  and dehydro digalloyl groups, can undergo subsequent oxidative couplings reactions, both C-C and C-O, and/or aromatic ring oxidations resulting in a series of various structures.22,23,25–28  Other elements, such as the stereochemistry22 and the diversity of possible polyols cores,9 should be considered to better understand the variability [image: ]of this class of polyphenolic compounds.
Figure 1. Synthetic scheme of the HT biosynthesis in the shikimate route.
2.1.1.2 Condensed tannins
This class of tannins, also known as proanthocynidins, is mostly composed of flavonoid oligomers or polymers which are generally abundant in the bark of trees.7,29 They are formed by sequential condensation or coupling of flavan-3-ol units which can occur between the C4 of the first unit with the C8 or C6 of the second unit (B-type proanthocynidins). In some cases an additional ether bond between the C2 and the C7 is observed (A-type proanthocynidins).7–9,30,31 The biosynthesis of flavan-3-ol units can be considered as an alternative to shikimate bio-synthetic route; in fact, malonyl-CoA units and p-cumaric acid, an hydroxycinnamic acid synthetized from shikimic acid (as reported in Fig. 1), undergo a series of enzymatically-mediated condensations resulting in the formation of naringenin, a flavanone which is one of the key intermediates in this biosynthetic route.31,32  This reaction mechanism is briefly schematised in Figure 2. 
The B-type CT represents an abundant class of molecules which can be classified according to the hydroxylation pattern of the chain-extender units. Procyanidins, prodelphins, prorobinetidins, profisetidins are the most common B-type CT classes (Figure 2), while propelargonidins, proteracacinidins, promelacacinidins, procassinidins and probutinidins are less common sub-groups.7,31,33 The stereochemistry of the C3 hydroxy group as well as the regiochemistry of polymerization, are additional variability elements of these compounds. Finally, certain positions of proanthocyanidins may sometimes be esterified with gallic acid or, in some cases, with sugars (glucosides).7,33 
[image: ]
Figure 2. Main elements of variability in proanthocyanidins group. Just the main subgroups and elements of variability are displayed.
2.1.1.3 Complex tannins
These polyphenols embrace the structural and chemical features associated with both HT and CT groups.9,22 They are probably synthesized via the interaction of the anomeric transient carbocation of an open-chair HT(such as vescalagin) with the electron rich A-ring of a flavan-3-ol unit (Figure 3a).22,34 Since the first demonstration of their natural occurrence, a considerable number of these secondary metabolites have been identified34 in different natural sources containing both high amount of HT and CT.25
2.1.1.4 Phlorotannins
They are often omitted in the literature related to tannins since they can be isolated just from marine brown algae.7 Phlorotannins are oligomeric or polymeric phloroglucinol derivatives in which phloroglucinol units are connected by biphenyl bonds (fucols), diaryl-ether bonds (phlorethols, hydroxyphlorethols, fuhalols) or both (fucophlorethols) (Figure 3b).7,12 a)
b)

Figure 3. a) Structure of one flavanol-ellagitannin (Complex tannin); b) Structure of phloroglucinol and of one phlorotannin   
2.1.2 Tannin sources and polyphenolic-rich extracts preparation
In historical recipes, polyphenols-rich extracts represent the major element of variability. Not only the vegetal matrices used for the extraction, but also the extraction methods display significant geographical variability. The most commonly used vegetal matrices in historical recipes are oak galls.4 Galls, more properly called cecids, represent the biochemical response of the plant to the attack of a parasite. They can be found on the leaves, on the branches or on the trunk of trees; their shape and size vary according to the type of parasite that induced their formation (bacteria, fungi, insects, mites or other plant organisms).4  It has been also observed the galls-former, especially in the case of arthropods, can control the levels of nutrients like sugars, amino acids, and secondary compounds like polyphenols,36,37 which actually vary during the ripening of the galls, as demonstrated in different studies.36,38 With respect to that, it is interesting to notice that condensed and hydrolysable tannins display different accumulation pattern in the studied gallnuts. In fact, the genes expression involved in the biosynthesis of these polyphenols strongly increase from June to August, and it starts decreasing during September and October, which is not surprising considering that tannin production is also associated with the defensive reaction of plants against parasites.38  
Generally, the galls used the most for the preparation of IGI derive from various oak species (in particular Quercus Infectoria) as a response to the attack of Cynipis hymenopters. These structures produced by the host plant are entirely beneficial to Cynipis itself as they provide nourishment, shelter, and protect the cynipids larvae from fungal pathogens, hyper-parasites, leaf herbivores and some pathogenic factors.39  Quercus galls are characterized by a high content in hydrolysable tannins.39,40 Among the various Quercus galls used in the ink production, the Aleppo gallnuts used to be considered as the best. Moreover, other important types of galls used are the Morea gall, the Smyrna gall, Mar- mora, gall and Istrian gall, and other good quality galls available in France, Hungary, Italy, Senegal and Barbary. Chinese and Japanese galls are also mentioned in some recipes.6 Other sources of tannins reported in historical recipes are: Pistacia Terebintus galls (Middle-Eastern Mediterranean area), bark or other parts rich in tannins of spruce, more properly known as Picea Abies, (European and Asian mountain regions), mulberry juice (Syrian area) and, probably as additive source of tannins, pomegranate peels (Mediterranean region).3,5,41,42 
Generally, the tannin-rich matrix used to be crushed and macerated in an aqueous solution for a variable time in order to extract the polyphenolic compounds.3,5,42 When water has been used, the extraction generally involved a first step in which the matrix was macerated (with a variable water volume to galls’ weight) at room temperature. In some cases, the system was exposed to sunlight.  The second step involved heating of the extracting mixture for a given time or to achieve a significant reduction of the extract volume.4,42 This stage has been probably performed to both facilitate the extraction of the room temperature water-insoluble of polyphenols and concentrate the infuse via solvent evaporation. The extracting mixtures used were not limited to water. White wine and vinegar were also used, while in most recent recipes, dated back to the end of the XIX century, ethanol is mentioned too.5,43–45 
2.2 Iron(II) salt as inorganic component of the iron-gall inks
The addition of an iron(II) salt to polyphenolic-rich extracts allows the formation of the complexes responsible for the dark colour of iron-gall inks. In most of the historical recipes, “green vitriol”, or simply “vitriol”, have been used to refer to iron(II) sulphate heptahydrate (FeSO4·7H2O). Actually, other sulphates such as copper and zinc sulphate used to be referred as vitriols.3,5,42 Additionally to the green vitriol commonly used at that time, “copper green”, copper(II) hydroxycarbonate (Cu2(OH)2CO3) was also added. Consequently, the presence of other cations, especially copper(II), can be detected in iron-gall inks. This aspect is relevant and should be considered while evaluating their conservative treatment and the degradation patterns. Another factor to bear in mind is represented by the wight ratio of vitriol and galls. In particular, an extremely variable range, from a slight excess of galls weight to a huge excess of iron salt one, is reported.3,5,42,46 
2.3 Binder and additives
Other additional constituents of IGI are binders and additives. The most commonly used binders in the ink preparation were chosen to not be affected by a relevant volume reduction after the drying process (commonly known as light binders). In IGI historical recipes, Gum Arabic is the most commonly mentioned binder.3–5,42 From a chemical point of view, Gum Arabic is a vegetal polysaccharidic extract, rich in galactose, arabinose, rhamnose, containing also glucuronic acid. The amount of this binder is extremely variable in historical recipes with respect to the amount of galls and iron salts. Interestingly, it has been observed that Gum Arabic is able to reduce the pH dropping and to increase the stability of the ink with time.47 The binders used for the production of inks vary according to the availability of materials in the geographical area and the final desired characteristics for the ink. It is therefore not surprising that the use of other vegetable gums, such as tragacanth and mastic gum (or mastic), or other substances such as animal jellies, animal glues, egg white, mucilage and in some cases even honey is documented too.3 Additionally, the amount of Gum Arabic used was extremely variable with respect to the iron sulphate and gall one.46  
Additives were used to modulate the final properties of the ink. For instance, dyes and pigments were used in small quantities in some cases to modulate the colour or, even in relevant quantities, defining the final inks as "composite inks".4 In some archivistic studies on Spanish recipes, hematite 46 and indigo5 resulted as commonly used pigments The addition of carbon black, gold scraps,3 lapis lazuli, Prussian blue45 or other colorants is well documented too. Urine, potassium nitrate (saltpetre), alum (in particular rock alum) and other organic and inorganic materials were frequently added because of their etchant properties.5,14,41 Tannins too were well known for their etchant capability; in fact, it can be assumed that a secondary source of tannins was useful in this sense. While the primary source was necessary for the complex formation, the secondary one enabled a better fixing of the pigment to the support.3,5,42 Other additives were added also to modulate the viscosity of the ink. The most common ones were sugar and honey.3,42 However in one article published in Harper's Bazar at the end of the Nineteenth century, a recipe elaborated by some chemists mentions the use of glycerine as a secondary binder, and phenol or chopped cloves as anti-fermentative.44 
The general procedure for the preparation of IGI is shown in Figure 4. Table 1 reports the details of some of the ancient recipes nowadays available in literature in their original form. The most critical aspect regarding the translation of the recipes deals with the conversion of units since their actual value in standard units would require a proper and detailed archivistic study. 
Table 1. Schematic chart of some of the recipes available in their original form.3,43–45,48 For the conversion of the metrics it has been used the Apothecaries system for the mass units (1 pound/Libra = 12 ounces = 96 drachms = 5760 grains = 373.2 grams) and the British Imperial Liquid system for the volume units (1 quart = 40 fluid ounces = 0.25 gallons = 1.14 litres). 
	Recipe general description
	Galls
	Extraction Solvent
	FeSO4∙7H2O
	Medium
	Additives
	Final processing
	Ref.

	Northern Africa (Tunisia and Algeria), 1031-1108. 
“Description of ink for religious books”
	1 part of pressed “green” gallnuts. 
	5 parts of water and cook until it comes to 1½ parts or 1 part.
	1 part of a vitriol solution previously prepared using vitriol and water in same amount and leaving it in the sun for 3/4 days. 
	2 parts of a previously prepared solution of Gu Arabic
	For a darker colour add 1.5 parts of pulverized galena (PbS)
	/
	3

	Northern Africa (Tunisia and Algeria), 1031-1108
“Description of an ink for the people of the sword”

	One part of gallnuts 

	3 parts of water. Boil until it returns 1 part
	green vitriol in 2 parts of water. Stir the solution for three days
	/
	1 part of yellow myrobalan pressed without its seed in three parts of water. Then boil until it returns 1 part.

	/
	3

	Italy, 1610
“A Far inchiostro, ‘o tinta da scriuere in tutta perfettione” 
	~373.2g of gall- nuts
	Abundant white whine 
	~248.8g of well crushed vitriol 

	~186.6g of well crushed Gum Arabic
	/
	Set in the sun and boiling step if necessary 
	43

	Italy, 1525
“Recetta da fare inchiostro fino”
	~31.1g of crushed gall-nuts
	~373.2 of rain water. Then boiling until it becomes ca. 248.8g
	~7.8g of German vitriol (interpreted as a quart of the galls weight)
	~15.6g of Gum Arabic previously soaked in vinegar
	/
	/
	48

	Portugal, 1464
Chancelaria de Braga
	~31.1g of crushed gall-nuts
	~373.2g of water and white vinegar solution. Boil until the volume is reduced of two parts
	~7.8g of vitriol (interpreted as a quart of the galls weight) 

	~15.6g of Gum Arabic 
	
	
	

	France, 1469-1480
Faculty of Medicine of Montpellier
	~559.8g of medium size galls
	~3.42L of water. After 3 days  heating up until 1/3 volume reduction
	~31.1g of vitriol 
	~31.1g of Gum Arabic
	/
	/
	

	England, 1870 
Fine black ink 
	~124.4g of crushed Aleppo galls
	~1.14L of pure water. At least 10 days of maceration. 
	~46.7g of  iron sulphate (or green copper) well crushed
	~38.9g of Gum Arabic dissolved in  about 100mL of white wine 
	~15.6g of  sugar
	Agitate occasionally
for 2 or 3 days, when the ink may be decanted
for use; but it is better if left to digest together
for 2 or 3 weeks.

	45

	England, 1870
Cooley’s superior black ink 
	~4.5kg of crushed Aleppo galls

	~27.3L of water, boiling for 1h. Filtration and another extraction with 18.2L of water boiling for 1h . Filtration and a third extraction with 9.12L of water boiling for 30mins. 
	~1.5kg of powdered iron sulphate (or green copper) well crushed 

	~1.3kg of crushed Gum Arabic 
	/
	Fine filtration 
	45

	America, 1870 
Black steel pen ink 
	~1.3kg of crushed Aleppo galls

	~9.12L of distilled or rain water
	~ 560g of iron sulphate without copper impurities
	~ 466.5g of Senegal gum 
	~11.7g of diluted NH3 and of 746g of ethanol
	/
	45

	America, 1880
Preparation of black ink
	~1kg of crushed Aleppo galls

	~1.9L alcohol at 104 or 140° and when half of it is evaporated, then add ~2.9L of water. Stirring and then fine filtration. 
 
	~500g of iron sulphate previously dissolved in water. 
	~250g of Gum Arabic and 250g of glycerine. 
	As anti-fermentative it can be used a small amount of mercury chloride (HgCl2), few drops of phenol, or few crushed cloves
	/
	44


Galls
Extraction solvent
Polyphenolic extract
Green vitriol
Gum Arabic
Additives
Iron-gall Ink

Figure 4. General preparation procedure for iron-gall inks.
3. The chemistry of iron-gall complexes
An overview of the most relevant studies about the structural features of iron-polyphenol complexes, and in particular iron-gallate ones, is reported in the following paragraphs. Additionally, a short section is dedicated to some of the most commonly observed degradation patterns affecting IGI. 
3.1 General aspects on the formation of iron-polyphenols complexes
The formation of iron-gall complexes is generally described as a two-step mechanism2:
1) HT and their hydrolysis products initially bind the Fe2+ mainly via catechol and galloyl groups instantaneously forming the dark soluble complexes. The formation of the Fe(II)-polyphenolic complexes is generally faster than the free Fe(II) cations autoxidation and therefore the polyphenols typically bind preferentially these cations instead of Fe(III) ones.49 Due to its octahedral geometry, Fe2+ can coordinate up to three catechol or galloyl groups.40 With this respect, it is important to underline that this complexation is strongly pH-dependent; in fact,  the variation of the pH of an aqueous solution of a polyphenolic ligands results in the modification of its coordination centres depending on its hydrolysis degree,50–53 determining the actual stoichiometry of the final complex (Fig. 5a).15,40,53–56 Various studies on gallates and catecholates40,54,55 have highlighted that when the pH of a ligand solution is below 4, resulting in a structure fully protonated (GAH4),50,51,57 the  stoichiometry of complexes is 1 : 1 ( iron : ligand). Differently, when GA is partially deprotonated, in a pH range between 4.5 and 6.5, the formed are characterised by 1:2 and 1:3 iron to GA stoichiometries. However, it has also been demonstrated that in the pH range between 3.5 and 5.5 GA-iron complexes are still characterized by a 1:1 stoichiometry with the most reactive protonation form being GAH2.54 Lastly, under alkaline conditions, when GA is predominantly deprotonated (HGA3- and GA4-), it tends to form 1:3 iron to ligand complexes.40 These different iron to gallic acid ratios result in different hues of the final complexes, ranging from blue-green (1:1) to purple (1:2) and dark red-brownish colours (1:3).40,58 It is remarkable that the complexation itself drives to the ligand deprotonation. 
The mentioned studies are generally conduced in buffer solutions, which are quite far from the medieval ink preparation conditions. For this reason, a strong acidic pH and consequently 1:1 iron to polyphenolic ligands ratio is generally expected.5,54,59,60 
It is relevant to underline that the mentioned studies are referred to simple systems in which model polyphenolic compounds are used. It will be therefore important to investigate the pH dependence in the iron-polyphenols complexes formation also in the case of more complicated polyphenolic structure eventually present in gall extracts such as PGG, tannic acid and condensed or complex tannins. For instance, it has been demonstrated that epicatechin-gallate and epigallocatechin, in strong acidic environment (pH range 1-3) are capable to form 2:1 iron to polyphenols complexes with Fe(III) due to their multiple binding sites.56,61 Ellagic acid and catechins behaviour seems to be quite similar to the gallic acid one (Fig. 5b).55 Moreover, the most commonly studied iron-polyphenolic complexes in literature are the Fe(III)-catechol ones, and only very few studies are focused on the chemistry upon the Fe(II) galloyl complexes formation.54,62 More specifically, the role of the carboxylic acid of gallic acid in the complex formation should be better defined. In fact, the proposed complexation mechanism does not involve the carboxylic group, which instead seems to cooperate in the formation of the final structural models which will be further discussed below.56,63–66 a)
b)

Figure 5 a) Formation of mono, bis and tris catecholates complexes of Fe2+at different pH conditions; b) mono-dentate complexes of ellagic acid and epicatechingallate. Coordinated water molecules are not shown. 

Being a crucial point, it is important to underline that most of the complexation reactions between polyphenols present in the gall extracts and transition metal cations are strongly pH dependent. For instance, the complexation of Cu2+ and 2,3-dihydorxybenzoic acid, which can actually act as salicylate and catecholate, independently from the molar ratios between the two reagents, results in different complexes according to the pH (Figure 6).67,68 

[image: ]
Figure 6. 2,3-dihydroxybenzoic acid (DA) binding sites in the DA-Cu2+ complexation in acidic and alkaline environment 
On the contrary, the binding mechanism and therefore the stoichiometry of the final complexes seem to be independent from the iron to polyphenolic ligands concentration. In other words, the only visible effect related to changes in that ratio can be related just to the intensity of the colour.47,58 The interesting work of Malacaria collects several experimental and theoretical insights on the coordination properties Al3+ and Fe3+ towards numerous natural antioxidants revealing the complexity of the formation of these coordination compounds and underlining the importance of the multiple binding sites in the theoretical calculations -such as density function theory (DFT) calculations- and the interpretation of the experimental results.56
2) Due to its weak acidic character, Fe2+ does not form as stable complexes with deprotonated polyphenols as Fe3+does. This difference can be related to the different Lewis character of Fe3+. For instance, the pKs for iron(II)-monocatecholate is about 7.95, while the one for iron(III)-monocatecholate it is about 20.00.40,62,69 Therefore, as polyphenolic ligands strongly stabilize Fe3+ over Fe2+, Fe2+ in polyphenolic complexes is rapidly oxidized by atmospheric O2 to give dark-bluish insoluble Fe3+-polyphenol complexes (Figure 7a). This process is commonly referred as autooxidation. Typically, Fe2+ oxidation occurs quite slowly under normal conditions, but because of the coordination of polyphenol ligands to Fe2+, the iron reduction potential is lowered, resulting in the enhancement of the autooxidation rate.40,49,62 a)
b)

Figure 7. a) Autooxidation process, and b) Ligand oxidation process resulting in quinones formation

Some interesting relations between the polyphenols structure and the autoxidation rate of the complex have been obtained considering physiological pH solutions (pH 7.4). In particular, it has been confirmed that the negative charge of the conjugated bases of phenolic acids or carboxylate group itself, which are formed in the buffer with pH 7.4, accelerates the rate of autoxidation. Polyphenolic acids in fact promote an higher rate of autoxidation of the complexes if compared to their corresponding esters or phenols without carboxylic group.70 Unambiguously, it has been observed that the oxidation of ferrous ions was more effectively facilitated by phenolic acids bearing catechol group than their counterpart with galloyl moiety.62,70  The complexes autoxidation kinetics have been studied from different prospective resulting the proposal of different kinetics equations.47,62 
3) It has been observed that the Fe3+ resulting from the polyphenolic complexes autoxidation can be then reduced into Fe2+.40,53,71 This process involves the oxidation of the polyphenolic species into semiquinones which can be further oxidised to quinones (Figure 7b).40,72 Additionally, it  has been also observed that the formation of quinones is favoured by low molar ratio [polyphenols]/[Fe3+].71 However, no Fe2+ accumulation due to this process has been noticed in the studied systems as its oxidation is promoted again by iron-polyphenolic interactions.40,47,70 
3.2 Variability elements in the iron-polyphenols complexes formation
IGI can be considered as complex systems whose formation is mainly influenced by four factors: tannin source and provenance, tannin extraction method, presence of additional cations over iron and presence and nature of additives and binders. 
3.2.1 Tannin sources and their provenance 
[image: ]Gall extracts themselves can be considered as a complicated mixture of polyphenolic substances. High performance liquid chromatography (HPLC) analyses performed on gall extracts have revealed a relatively high concentration of phenolic acids such as gallic acid, ellagic acid, different isomers of dihydroxybenzoic acids, vanillic acid, caffeic acid, syringic acid, ferulic acid and chlorogenic.39,73 The range of possible phenolic compounds present in gall extracts is however much more extended including also tropolone-containing molecules such as purpurogallin and flavonoids such as catechin39,74. Interestingly, recent studies performed on commercial gallnut extracts seem to suggest an higher content of GT and dimers and trimers of gallic acid while no significative amount of flavonoid has been detected (Figure 8).16
Figure 8. Some of the other polyphenolic compounds present in gall extracts

As already mentioned in the first paragraph, the original recipes involved different tannin sources. The structural differences in polyphenols deriving from various sources result in different binding capabilities and stabilities for the iron-polyphenols complexes. This element is important with respect to the conservation of the IGI. In fact, in iron-removal phytate treatments a different efficacy has been noticed among inks prepared using different tannin sources (this differences it is enhanced after artificial aging).41 An attempt to access to the proper binding capabilities of various polyphenolic acids was performed by spectrophotometric analyses. In particular, the linear correlation between absorbance and molar concentration has been employed to calculate the binding constants and to evaluate the ability of these compounds to bind the iron cations (Table 2). The study has been performed under oxygen-free conditions, avoiding the autooxidation of the iron(II)-polyphenols complexes.67 
Table 2. Binding constants for some polyphenolic acids
	Polyphenol
	Iron binding constant (L/mol)

	Gallic acid
	4.78

	Protocatechuic acid
	1.81

	Caffeic acid
	8.12

	Chlorogenic acid
	20.13


The binding constant has been defined as:   where [Fe2+complex], [Fe2+] and [polyphenols] are respectively the molar concentrations of the iron(II) complex, the free iron (II), and the free polyphenolic ligand in solution at the equilibrium conditions67. Even if this approach has been successfully applied to obtain general information on the differences in complexes formation, unfortunately it does not allow to elucidate the real complexation mechanism for the different polyphenols. With regards to the structures reported in Figure 7 and their respective estimated binding constants, the differences in the binding capabilities of galloyl and catechol groups as well as the importance of the other functional groups in the polyphenol (in accordance with what mentioned before regarding the Lewis base behaviour of the polyphenols) can be highlighted. 
Moreover, there is evidence that also the geographical provenance of the gallnuts can be associated with slight structural differences of the contained tannins. In particular, the role of these differences in terms of esterification degree and stereochemistry can be interesting for both a diagnostic and an archaeometric point of view. HPLC analyses performed on galls from different provenance contain different amount of gallo-tannins75 and, more recently, 31-phosphorous nuclear magnetic resonance (31P NMR) analyses of Chinese and Turkish oak galls, have revealed structural differences on the extracted tannic acid.16,76 
3.2.2 Tannins extraction method
The methods used to obtain the tannins extract for the IGI preparation were extremely variable, as mentioned in the first paragraph. In fact, as reported by Teixeira,19 even if the same type of tannin source is used, extracts prepared using different extraction methods exhibit different ratios of hydrolysis products of the initial tannins.19 In this perspective, five Iberian recipes have been considered, and the HPLC coupled with mass spectrometry and diode array detector characterisations of the extracts are particularly relevant. In fact, not only the solvent used, but also the time of maceration, the temperature, the type of galls processing and the ratio between the solvent and the tannin source, turn out to be relevant parameters affecting the nature of the polyphenols contained in the extract.20 Since this study has been conducted strictly following the historical recipes, the interpretation of the results has been quite difficult. However, in further studies this approach could be considered as a step-by-step methodology in order to evaluate the effect of each of the variables involved. This is one of the most underdeveloped aspects in the available literature on IGI characterization. The gallnut polyphenolic content analyses results are often referred to extracts obtained with alcoholic solution, acetone39 and other modern extraction techniques which are significantly different from the traditional extraction methodologies employed for the preparation of gall inks. Ultrasonic bath, ultrasonic probe assisted extraction,77 microwave assisted extraction and supercritical carbon dioxide polyphenolic extraction11 are for instance important procedures used nowadays in the polyphenolic extraction and isolation at the industrial level.78 As previously mentioned, under these conditions, the content of high molecular weight GT is very likely much higher than the one expected in aqueous extracts. Moreover, being a sub-group of HT, they can be easily hydrolysed with acid, alkali, hot water, and by enzymatic action;8,11 additionally, they can also be easily hydrolysed during the extraction.7 It is therefore necessary in further studies to quantify the content of the different polyphenolic fractions in the aqueous extracts strictly controlling the variables involved in the process.  
3.2.3 Presence of copper and other metal cations 
As already mentioned, copper and other metals have been often detected in historical IGI.5 Regarding to the formation of the iron-polyphenol complexes, it has been noticed that in presence of copper, the binding constant, calculated as mentioned above, is notably reduced. In addition, the rate of formation of the final complex (calculated by considering the changes in the main absorption band in time via spectrophotometric experiments) is reduced as well.47 Jancovicova has reported that both spectrophotometric and electron paramagnetic resonance (EPR) measurements suggest that no Cu-polyphenol complex formation occurs in such systems.47 In addition it has been suggested that the reduction in the binding constant for the iron-polyphenols complexes formation can be attributed to the oxidizing capability of Cu2+, which is able to oxidise polyphenols to quinones.47  However, this conclusion is not in accordance with the majority of the most recent studies.40,49,79 In particular, the study of Perron12 has highlighted that polyphenols have fairly stronger binding interactions with Cu2+, which is a borderline-hard Lewis acid, more similar to Fe3+, than Fe2+. In fact, the stability constants for Cu2+-catecholate complexes are bigger than those for the Fe2+ ones.40 Even if it has been demonstrated that polyphenols have a stronger binding interaction with Cu2+ than with Fe2+, it is nowadays widely accepted that bivalent copper cations are easily reduced into Cu+ by polyphenolic ligands.40,47 Polyphenols, as well as their oxidation products, have a little affinity with Cu+ cations. Consequently, no Cu(I)-polyphenols binding constants are reported in literature.40  
Moreover, the results of X-ray fluorescence (XRF) measurements before and after the phytate treatment for the removal of the iron excess, show that the presence of copper induces an almost total reduction of the iron removal efficacy due to the preferential chelation of phytate by copper.41 Consequently, the preferential formation of Cu-phytate complexes can be attributed both to the strong interaction and stability of the Cu-phytate complexes and to the fact that reduced forms of copper are not strongly bonded by polyphenols and, therefore, more easily extractable from the ink than iron. Lastly, the co-presence of iron and copper enhances the degradation processes related to the Fenton-type mechanisms responsible for the high corrosion of the ink supports.40 For all these reasons, the presence of copper is an important parameter to take into account in both conservation and archaeometrics.  
3.2.4 Presence of additives and binding media
The last element of variability that can affect the formation of iron-polyphenols complexes is the well documented presence of additives and binding media (see paragraph 1.3). More specifically, the presence of Gum Arabic tuned out to inhibit the pH dropping resulting from the iron(II)-polyphenols complexes formation and increasing the stability of the inks.47 However, neither the role of Gum Arabic during the complex formation nor the role of other organic and inorganic additives have been investigated yet.
3.3 General aspects regarding the iron-polyphenols complexes in iron-gall inks
A critical aspect of the studies focused on the complexes formation mechanism and structures, lies in the fact that they have been conducted just on gallic acid instead of considering also tannins. Furthermore, the gallate iron(III) complexes were often synthetized with methods far different from those used in the preparation of IGI. With respect to iron(III)-gallate complexes, in 1990s Wunderlich demonstrated that a dark insoluble polymer together with some dark polymeric crystals can be obtained  from the reaction of FeCl3 with gallic acid using a silica gel method at room temperature. The stoichiometry proposed for these complexes was 1Fe : 1C7O5H3 : 2H2O. Since the Wunderlich synthesis implies the direct use of an Fe3+ precursor, the results obtained have not been widely accepted in the cultural heritage science field.64,80 In 2006 Cheetham and Feller have been able to synthetize bluish-black rod-shaped crystals of iron(III) gallate from FeCl2∙4H2O, gallic acid monohydrate and NaOH using an hydrothermal method.64–66 The results of diffractometric analyses of some selected single crystals  confirmed the Wunderlich structural model purposed.64,65,80 More specifically, it has been observed that the crystalline structure consists of hexagonal arrays of slightly twisting chains of MO6 octahedra, connected by the organic groups forming a scaffold. Water molecules, acting both as donors and acceptors of hydrogen-bonds with the gallate oxygens, turned out to be present within the scaffold voids (channels) (Figure 9).65,66  More recently, Ponce demonstrated that the main colouring agent in IGI is indeed an amorphous form of the Wunderlich complex64. In this case the synthesis has been carried out starting from FeSO4∙7H2O and gallic acid monohydrate using different molar ratios. 
Figure 9 a) Section of the structure of Ni(II) gallate dihydrate in a plane containing the c axis. Chains of NiO6 octahedra are connected by roughly planar gallate groups. The structures of the other gallates (such as the Fe(III) ones) are analogous. b) View down the c axis of the gallate structure. Unbound water molecules occupy trigonal channels between chains of MO6 octahedra. Adapted from Feller, R. K. et al., 2006a)
b)

The insoluble black iron gallate precipitate has been characterised resulting in a completely amorphous structure to X-rays majorly composed by Fe3+, intact gallate ligands, and water.64 The disordered water content in the channels of the Fe(III) gallate framework structure varies from 10 to 21% in weight, but the structures are otherwise identical. Each gallate ligand is bound to three iron atoms via the acid functional group and all three alcohol moieties as previously described by Feller and Cheetham.64 It is important to highlight that the carboxyl group participates in the formation of iron-gallate complexes. The paragraph regarding the formation of iron-polyphenols complexes was mainly focused on the role of catechol and galloyl groups in the formation of such complexes. This structural elucidation of iron-gallate insoluble complexes therefore reopens the debate on the actual formation of such complexes and the role of the carboxyl group in the binding mechanism and autooxidation processes. 
Unfortunately, up to date relevant studies regarding the structure of iron(III) complexes with other polyphenolic ligands are not available in archival scientific literature. Further studies could give an important contribution in the understanding of formation mechanisms of such complexes and the role of the main variables involved.
3.4 The chemistry of the degradation patterns in iron-gall inks 
The major degradation patterns of IGI have been studied from either the point of view of the ink stability or the one of the degradation issues caused to the support. Concerning this last point, the most well-known and cited degradative processes in manuscripts are related to hydrolysis reactions promoted by the ink acidity and the oxidative Fenton-type reactions which can cause severe damages to the ink support.81,82 In fact, Fe2+ or Cu+ cations, together with other transition metal species eventually present on the support, can undergo a series of redox and Fenton-type reactions catalysing the formation of reacting oxygen species (ROSs) such as the hydroxyl radical.40,71 Some of the main radicals formed during these processes are summarized below:
(1) Fe2+ + O2 → Fe3+ + H2O2
(2) Fe2+ + H2O2 → Fe3+ + HO• + HO – 
(3) Fe3+ + H2O2 → Fe2+ + HOO• + H+  
(4) Fe2+ + O2 → Fe3+ + O2•- 
(5) Fe2+ + H2O2 → Fe(H2O2)2+ → FeIVO22+ + H2O → Fe2+ + 2HO•
[image: ]The so formed radicals rapidly react with the organic compounds present in the ink and/or in the support. The main steps of  ROSs mediated oxidations are summarized in the following reactions.81,83 





Both oxygen and hydroxyl radicals can interact with trisubstituted carbon atoms resulting in hydrogen abstraction and the formation of a tertiary radical species. This radical is quite stable and can interact with additional molecular oxygen driving to the formation of peroxyl radicals. Peroxy radicals, finally, can generate additional radicals or undergo oxidation reactions forming carboxyl and carbonyl groups depending on the nature of carbon substituents. 
It is also interesting to underline that several studies have demonstrated the possibility to observe autocatalytic oxidation processes via Fenton reactions in presence of quinones and semi-quinones, which are organic species that might be present in the system as previously reported (paragraph 2.1).84,85 However, the exact nature of the organic radicals formed is still matter of debate. Gimat has demonstrated by the use of EPR spectroscopy on radicals solutions quenched using the DMPO spin trap (5,5-dimthyl-pyrroline-N-oxyde) that HO• is not present in the tested iron-gall ink impregnated strips (or at least below the detection limits) while DMPO-CO2•- adducts have been found in relatively large amount.83 
In future studies therefore, it should be further investigated the whole variety of radicals present in these systems with special emphasis on the organic aromatic radicals, which may provide clues towards the on-going autocatalytic oxidation processes. 
The ROSs formed in this type of reactions may oxidise in different ways the ink support. Cellulose oxidation for example can lead to two groups of effects: simple modification of the glucopyranose units with the formation of aldehyde, carboxyl, and keto groups (eventually associated with ring openings) and oxidative cleavage of the β-glycosidic bonds resulting in the breakdown of polysaccharide chains81. Parchment oxidation, instead, primarily involves modifications of the side chains of amino acids resulting in an alteration in the charge balance of  the collagen tertiary structure.59,82,86 It should be underlined that oxidative processes and hydrolytic ones generally act synergistically and the study of the exact mechanisms of degradation is therefore quite complicated. In the scheme in Figure 10, the main degradation processes related to the presence of iron gall inks are summarized. 
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Figure 10. Some of the possible reaction mechanisms occurring during the two main degradative processes associated to the presence of IGI
4. Analytical techniques for the study of iron-gall inks
In the study of IGI, conservation scientist and experts in archaeometry can nowadays take advantage of many sophisticated instrumental techniques. It should be remarked that, in this field, as well as in the Science for Cultural Heritage in general, non-invasive ore micro-invasive analytical techniques are preferred due to the artistic, historical and cultural value of the examined objects. In general, in order to properly interpret the analytical data, it is important to correctly correlate them with the physical portion of the manufact they are referred to. In non-invasive approaches, the data obtained can be referred to a material layer which varies in thickness according to the excitation source of the technique (sometimes defined as penetration-depth of the radiation).87 In other words, analyses performed using a short wavelength excitation source  (such as a x-ray beam or UV light) provide results referred just to the most superficial layers of the material under investigation, while spectroscopic techniques implementing longer wavelength radiations (such as the infrared ones) could provide results referred to a thicker portion of the manufact.        
The most relevant non-invasive and micro-invasive techniques applied to obtain structural information of the iron-polyphenolic complexes in IGI are presented below.
4.1 Spectroscopic techniques
4.1.1 Atomic absorption
These techniques, now considered obsolete, have been used in the study of IGI due to the low limits of detection (LODs) which allow to identify the presence of elements even in traces. In these analytical methods the sample should be vaporized and atomised.  In particular, the use of graphite furnace technique (GFAAS), also known as electrothermal atomic absorption (ETAAS), is preferred, since the LODs for most of the metals are in the order of ng/mL. The GFAAS technique, like all the other atomic absorption or emission ones, is destructive, but in this case the required sample is small and varies between 5 and 20μL. Since atomic absorption spectroscopy it is not a multi-elemental technique, the matrix effect should be taken into account and a proper calibration is required. Atomic absorption techniques have been used for the quantification of the total amount of iron in suitable pre-treated sample, as well as for the evaluation of the efficiency of iron extraction treatments (conservative treatments).88,89  
4.1.2 Laser induced breakdown spectroscopy (LIBS)
[image: Immagine che contiene testo

Descrizione generata automaticamente]In this technique a monochromatic pulsed laser is used not only for sampling, but also to obtain a plasma. The excited atoms and ions in the plasma produce atomic emission lines which can be then revealed. Since it is a laser ablation technique, the invasiveness depends on the amount of material that is removed during the analysis, but it is commonly described as a micro-destructive technique (Fig. 11). Despite of that, LIBS has been successfully used in the study of pigments and inks.88 For example, LIBS was used to identify the elements present in the iron-gall ink in discoloured and non-discoloured areas of the manuscript Gradual of Lviv Benedictines from Krzeszow, dated at the end of the 16th century. Thanks to LIBS measurements it has been also possible to study the migration of elements inside the parchment. Based on the observed changes in element concentration, it has been discovered that their amount decreases with subsequently deeper measurements (shots) of the examined material. For the majority of the elements (Fe, Cu, Ca, Al, Mg), the changes of concentration occur similarly. Copper and zinc instead display a different pattern of distribution and, in the first measurements (small depth), a larger abundance has been discovered in the discoloured ink.90 
Figure 11. LIBS examination of the Gradual of Lviv Benedictines from Krzeszow. Adapted from Surmak, A., 2016
4.1.3 X-rays analyses
They are probably the most used elementary analysis techniques in the study of samples of historical, cultural and artistic interest. The most common technique is the X-ray fluorescence (XRF), which has the advantage of being non-invasive and non-destructive while having good LODs (in the order of μg/mL for transition metals). Another advantage of the XRF technique is the ability to work in situ using portable instruments or to associate it with microscopes, such as electron scanning (SEM-EDXRF). In this case it would be possible to map or locate the analysis in very small areas.41,88,91–93 The major advantage in using XRF as an imaging technique, both at microscopic and macroscopic level (Scanning macro-X rays fluorescence), is represented by the possibility to obtain information about the spatial distribution of elements, that can be useful to better understand differences among inks used together but prepared in different ways.94–96 However, despite the possibility to use XRF as a semi-quantitative technique, it has been mostly used just as in a qualitative way.97–100 
A second X-ray technique that is commonly used, also in combination with XRF, is the proton/particle induced x-ray emission (PIXE). PIXE is more sensitive in detecting light metals (having a low x-ray emission energy) than the XRF, which otherwise has a higher sensitivity towards heavy metals. Furthermore, the PIXE technique is less affected by the interference of atmospheric gases during the analysis and, since the protons are considerably heavier than the electrons, the scattering phenomenon is also reduced with consequent improvement of the background signal. The main disadvantage of PIXE is related to the necessity of a proper source of accelerated protons beam.88 It has been however successfully applied in different archaeometric studies on valuable medieval manuscripts.88,101,102 In one of these studies the inks’ composition of some Galileo’s manuscripts, which was accessed using PIXE, enabled the reconstruction of their chronological order.102 
In the X-rays absorption near-edge spectroscopy technique (XANES) the sample is irradiated, in a defined point, by a microscopic beam of monochromatic X-rays and the Kα transition of Fe is detected. The valence state of metal cations can be deduced from the energy shift of the absorption edge or from pre-edge absorption features, and for this reason XANES has been used to determine the Fe2+ to Fe3+ ratio in historical manuscript, which is a very good chemical indicator for the degree of IGI corrosion.88,103,104 It has been demonstrated that a proper choice of the Fe reference compounds with similar symmetry, same type of surrounding atoms in nearest coordination shells, arranged in a similar local structure is crucial for the absolute calibration of the Fe K-edge shift and thereby for a reliable determination of the Fe2+/Fe3+ molar ratio in the sample.104 Promising perspectives come also from Scanning Transmission X-ray microscopy: as the XANES technique, it requires synchrotron facilities but allows to obtain chemical speciation-sensitive images together with the possibility to perform near edge X-ray absorption fine structure or XANES measurements. This technique has been used recently to understand the inhibition of the ink penetration inside single paper fibers due to the presence of gelatin.105 
Moreover, it should be taken into account that this technique requires synchrotron sources, which are not always accessible. In addition, it should be considered that the uses of a high-density flux of the micro-focused X-rays beam from synchrotron radiation sources can cause damage to the material and partial photo-reduction of iron due to the high absorbed dose of ionizing radiation. The use of this technique is also limited by the experimental difficulties in obtaining a good signal from minute amounts of IGI on tiny pieces of ancient manuscripts.104 
4.1.4 Mössbauer spectroscopy
This spectroscopic technique enables to obtain detailed information about the iron atoms valence state and their chemical environment.106 However, there are several limitations to its practical use. Mössbauer spectroscopy requires in fact several hundred milligrams of paper in order to get an absorber with the necessary thickness to perform the analysis (several hundred milligrams per square centimetre). Even if it is not considered a destructive technique, this material has to be removed from the documents. To overcome this problem, it is possible to pass the gamma rays through several pages of an opened book, at least for measurements at ambient temperature. Moreover, measurements in the order of days or even 1-2 weeks are not uncommon. For these reasons just few documents have been analysed with this technique.88,107 
Most of the Mössbauer spectra reported in literature are dominated by the Fe3+ quadrupole doublet which, depending on the experimental condition, turned out to have a quadrupole splitting (QS) around 0.50 and 0.80 mm/s (Figure 11). Mock samples of Fe(III) gallate prepared by oxidizing a Fe(II) gallate exhibit just the ferric quadrupole doublet, which at 4.2 K (liquid He) is magnetically split into a magnetic sextet pattern with slightly broadened lines. However, most of the time a small quadrupole doublet related to Fe2+ nuclei is also observed (QS around 1.7 and 2.5 mm/s depending on the experimental conditions – Figure 12), and with a correct calibration it has been also possible in some cases to quantify a Fe(II)/Fe(III) ratio.64,104,107,108 Starting from the spectra acquired on samples prepared in different ways it has been also possible to access the crystallographic configuration of the Fe3+ gallates.64 
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Figure 12. Mössbauer spectra of Fe(III) gallate obtained by oxidation od Fe(II) gallate displaying  the peaks characteristic of the Wunderlich structure. a) spectrum acquired at room temperature b) spectrum acquired at 4.2K. Adapted from Wagner et al. 2015.

4.1.5 UV-Visible spectroscopy
[bookmark: _heading=h.gjdgxs]The use of the UV-vis absorption technique is not recommended in the study of real samples due to the necessity to solubilize the sample, but they are instead successfully applied in the study of the kinetics of formation of iron-gallic complexes thanks to their strong absorption in the visible region. Reflectance techniques are, on the contrary, non-invasive and non-destructive although they do not give precise information. However, it is a very useful tool for fast analysis of degradation monitoring or to have an initial surface mapping. The most commonly used reflectance technique is the one in which optical fibres are used to transmit a laser radiation reaching the sample. The beam of reflected light is then collected and transmitted to the detector which investigates the spectral region ranging from the near infrared to the visible (FORS-NIR-UV -Vis).88 Moreover, reflectance techniques have the advantage of being able to be used in situ. The major disadvantage in the application of FORS is that, due to the darkness of the inks, the reflected portion of the light is very limited. For this reason, this approach often requires a relevant post elaboration of the resulting spectra, which generally do not display intense narrow peaks, and most of the time a suitable statistical treatment is needed.109–111 
In some cases, it can be useful to think in terms of colorimetric parameters, obtained starting from the UV-VIS reflection spectra processed with appropriate mathematical operations5,88,112. However, it is important to underline that the colorimetric parameters resulting from the analysis are often influenced by several variables such as the support colour, the roughness of the surface itself and the humidity. Nevertheless, this technique, properly called colorimetry, is widely used for rapid non-invasive analyses and it is a powerful tool to monitor the efficacy of a restoring treatment.113,114 
Table 3. Characteristic UV-vis bands of IGI. 
	Method
	Main signals
	References

	UV-vis spectra acquired on aqueous solutions  
	560-590nm broad absorption band formed after the addition of the iron salt. 
~218nm and ~273nm contribution of gallic acid
	47

	
	690nm broad absorption band of the Fe-gallate complexes
380nm+ 445nm (shoulder) absorption band due to quinones formed 
	71



4.1.6 Infrared spectroscopy
Infrared spectroscopy techniques are used both in the study of iron gall complexes and in the investigation of the degradation of the supports caused by the presence of ink. In this study transmittance techniques are applied sparingly and mainly on standard samples prepared in the laboratory. On the other hand, non-destructive techniques working with attenuated total reflectance (ATR-FTIR) or in diffuse reflectance (DRIFTS) are more frequently used even on real samples and even coupling them to a microscope in order to focus the analysis in small areas.59,95 
However, it is important to remember that infrared spectroscopy is rarely used as the only investigation tool, on the contrary it is often used with multi-analytical approaches.5,88,99,100 In the interesting work of Díaz Hidalgo micro-FTIR has been used together with Raman, colorimetry and mass spectrometry techniques, in the study of inks prepared following historical Iberian recipes.5 FT-IR spectra acquired on real samples and pure complexes enable the authors to underline that, in agreement with other literature data115, more than one single iron-polyphenol complex is present in iron-gall inks and that, in agreement with Raman results, the best match for the iron-gall ink precipitate is with iron-pentagalloyl glucose.5
Table 4. Characteristic IR bands of IGI according to literature. Different assignments for the same signal are here reported. 
	Method
	Main signals
	References

	Transmittance mode 
(KBr pellets)
	1715-1730cm-1 : νas C=O carboxylic acid
1605-1625cm-1: νC-O, βCH, νC=C aromatic or νCOOH and crystallization H2O vibrations contribution
1415-1430cm-1: νC=C aromatic or νCOO- 
1120-1040cm-1: νC–O carboxylic acids, β OH carboxylic or νSO42- 
1015cm-1: ν ring C–C, νC–O carboxylic
	91,116,117

	Reflectance mode 
(ATR and μ-FTIR)
	1685-1705cm-1: νas C=O 
1605-1625cm-1: νC=C aromatic or νCOO- and crystallization H2O vibrations contribution 
1430-1445cm-1: νC=C aromatic or νCOO- 
1330-1345cm-1: νas C-O ester
1130-1145cm-1: νCO 
1080-1100cm-1: νSO42- overlapped with νCOO-
	5,59


  ν= stretching, β=bending

4.1.7 Raman spectroscopy
This spectroscopic technique is widely used in the field of science related to cultural heritage. Non-invasiveness and non-destructiveness and the possibility of conducting in situ analyses with portable instruments are the major advantages and make this technique a very useful tool in the analysis of artefacts of historical, cultural and artistic interest.88,118 One of the problems that could be encountered in this field is the choice of the laser power. In fact, it must be sufficiently high to observe the signal despite the strong fluorescence that generally is observed, but at the same time it should be also modulated by considering the fragility of the support, especially in paper documents and manuscripts. 
The most used laser in the study of iron-gall inks on real samples is the red laser with an excitation wavelength around 785nm119 (even if , in some cases, Raman spectra have been acquired also using a 632.8nm excitation source120) while the laser’ power suggested is around 1mW at the sample.119,120  However, using low laser powers the fluorescence signals can dramatically compromise the spectrum quality. For this reason some attempts in the implementation of Surface Enhanced Raman Scattering (SERS) have been made: the first results however suggest that the interaction between the highly reactive metallic nanoparticles surface and the gallic acid units resulted in significant structural changes.121 In any case, traditional SERS approach should be considered invasive and destructive, even if just a small amount of sample is required to be adsorbed onto the enhancing noble metallic nanoparticle substrate or associated near the enhancing substrate with the use of a capture layer. An interesting and innovative approach is represented by the implementation of atomic force microscopy – tip enhanced Raman spectroscopy (AFM-TERS). TERS combines the high sensitivity of SERS and the precise spatial control and resolution of scanning probe microscopy (AFM for example) via a nanometre-scale noble metal scanning tip (Figure 13).122  
[image: ]Raman spectroscopy, like the FT-IR, has been used in various studies for the characterization of IGI and iron-gall complexes together with other molecular and elementary techniques in a multi-analytical approach.5,64,91,123 
Figure 13 Schematic of home-built AFM-TERS instrument. Inset: Schematic of the interaction between the AFM tip and the sample. Adapted from Kurouski et al. 2014

For example, important structural information about the iron-gallate complexes have been deducted using Raman spectroscopy together with FT-IR, X-rays diffraction, Mössbauer and other techniques in an interesting work of Ponce. 64 Most of the Raman spectra of IGI in literature have been acquired using micro-Raman equipment however, portable and compact Raman instruments are now largely available on the market. The possibility to perform Raman analyses in a complete non-invasive way makes this technique even more suitable for the analysis of historical manuscripts. In Table 5 the main Raman signals related to IGI are listed. 

Table 5. Characteristic Raman bands of IGI. Also in this case, different assignments for the same signal are reported.
	Method
	Main signals
	References

	Micro-Raman 
(782 and 785nm excitation source)
	1575-1580cm-1: quadrant νC=C of aromatic rings or νasCOO- 
~1470-80cm-1: νC=C of aromatic rings, βCH
1430-1450cm-1: related to νsCOO- or βC-OH and βCH
1320-1345cm-1: νC=C, νCO
1230-1240cm-1: νC=C of aromatic rings, νCO ester, βCH
1090-1115cm-1: νCO alcohols 
400-600cm-1: broad bands without clear attributions 
	5,64,91,115,119,124



4.1.8 Terahertz spectroscopy
An under-exploited domain of the electromagnetic spectrum, known as the terahertz(THz) spectral region, has emerged in the last decades as a possible powerful tool for non-invasive and non-destructive investigation of cultural heritage materials. In many studies THz spectroscopy, and in particular time domain terahertz spectroscopy (THz-TDS), has been used for the identification of organic and inorganic art and/or historical materials, including pigments present in historical manuscripts and, using a THz-TDS imaging system,  it has been possible to have non-invasive stratigraphic information.88,125–127
THz-TDS spectroscopy has been used to investigate the iron(II) sulphate crystalline structures, commonly present in IGI and more interestingly to study systematically THz features in aged and not aged IGI (Figure 14).128,129 




Figure 14. (a) Terahertz absorbance spectra of individual constituents of iron gall ink: gallic acid, tannic acid, copper sulphate, iron(II) sulphate and Gum Arabic, and a possible reaction product: iron(III) sulphate; (b) average absorbance spectra of 5 inks prepared using different ratios among the ingredients Adapted from Bardon et al. 2013 

In the study of Bardon in particular both the singular inks components and the final iron gall inks have been studied using THz-TDS in transmittance mode, that turned out to provide clearer spectra than the attenuated total reflectance mode (ATR). An interesting comparison among the spectra acquired on inks prepared with different iron sulphate – tannic acid molar ratios and with or without the addition of copper sulphate has been proposed and a correlation among the peak intensities of THz spectra and the artificial aging times has been highlighted.129 Further study however should be conducted to test if such interesting results can be obtained also in a non-invasive way on real samples. 
	  Table 6. Characteristic TD-THz bands of IGI. The data are referred to room temperature measurements. 
	Method
	Main signals
	References

	Transmittance mode (dry ink in polyethylene pellets). 
	38cm-1(sh), 50cm-1(sh), 64cm-1(sh)* mainly iron(II) sulphate contribution. 
85cm-1 is observed in high gallic acid content inks
	128,129


	 sh: sharp peak
4.2 Mass spectrometry 
Mass spectrometry (MS) can be considered both as an elemental and molecular analytical technique. Even if it is destructive technique, MS allows to reach low LODs for most of the metals (especially in the case of the use of a quadrupole spectrometer in which the LODs are in the order of ng / mL). The variant involving sampling by laser ablation and ionization with inductively coupled plasma (LA-ICP-MS), can be considered micro-invasive and micro-destructive and it has been successfully used for mapping small areas.88 The major advantage in using LA-ICP-MS in the study of IGI is, in fact, the possibility to study the spatial distribution of iron and other elements such as copper, manganese and zinc, simultaneously. LA-ICP-MS has been used to evaluate the impact of a conservative treatment involving the extraction of iron and other metal both comparing the signal before and after the treatment (efficacy of the treatment) and comparing the spatial distribution of the same metals in order to exclude that a migration phenomenon has occurred during the treatment(Figure 15a).60,88,113,130,131 It must be underlined that LA-ICP-MS, as well as the techniques in which laser ablation is involved, cannot be considered strictly quantitative. The information which is possible to obtain using these techniques is related to the abundance of the analytes (grams or moles of analyte per unit of area) and indirectly related to their concentrations (grams or moles per unit of mass or volume). 
As molecular technique, mass spectrometry could be theoretically useful in the study of the metal-polyphenol complexes. However, different authors have underlined the several limitations and drawbacks in the use of ESI-MS in the study of the iron-gall inks complexes. In fact, the ions produced can undergo chemical reaction in the gaseous phase, formation of  several adducts, and change in pH and temperature conditions.132,133 However, if this technique would be considered suitable, it is recommended to perform the scanning in negative mode.132 Differently, interesting results can be obtained using nano-spray mass spectrometry(NSI-MS).134,135 In the study of different ancient inks, including also iron-gall inks, the use of direct analyte probe nano-extraction coupled NSI-MS enabled to perform localized chemical analysis of document inks provide the advantages of analysis with small sample volume, high resolution, low limits of detection, and direct analysis, eliminating further sample preparation and saving analysis time (Figure 15b).135 With regard to the use of MS as molecular technique, mass spectrometers are often used as detectors in hyphenated techniques, such as HPLC-MS, which are described in the following paragraph. 

Figure 15 a) LA-ICP-MS results referred to an  untreated and unaged sample. The line indicates the trace of the laser ablation. Adapted from Völkel et al. 2020 b) The document to be analysed with NSI-MS placed on the microscope stage with the nanopositioner maneuvered where the extraction is to be done. Adapted from Huynh V., 2014

4.3 Chromatographic techniques
There are several studies in which both liquid and gas chromatographic techniques, generally coupled with mass spectrometry, have been used for the characterisation of the organic components of IGI in historical manuscripts and documents. It must be underlined that chromatographic techniques are generally invasive, destructive and require a suitable pre-treatment of the sample that is quite time-consuming. 
HPLC has been applied in several studies with moderate success: using a mass spectrometer as a detector (HPLC-MS), the content of gallic, ellagic and protocatechinic acid in real samples of ink subjected to appropriate pre-treatment has been determined.115 In a recent study, HPLC has been used to study in depth the phenolic content of different iron-gall inks: HPLC-DAD has been used to identify the different phenolic components while with an electron spray mass spectrometer system (HPLC-ESI-MS) it has been possible to quantify them..5,19 These studies reported that actually PGG and hexagalloylglucose (HGG) are the main polyphenolic components in several IGI prepared using Iberian historical recipes. 
Very few studies have implemented the use of gas chromatography for the identification of iron gall inks; these data are summarised in Table 7. In these cases, the main problem is related to the necessary pre-treatment of the samples as to make them volatile. Pyrolysis coupled to a gas chromatography with mass spectrometric detector (Py–GC–MS) enables to obtain a qualitative characterization of organic and inorganic elements present in inks by using specific and well known chemical species easily detectable in the resulting chromatograms (which vary according to the pre-treatment method used).136,137 
  Table 7. Main signals of iron-gall inks in HPLC and GC analyses 
	Technique
	Method
	Main signals
	References

	HPLC-MS
	Electron spray ionisation (ESI)

	m/z: 169 (gallic acid), 635 (trigalloylglucose), 787 (tetragalloilglucose), 939 (PGG), 1091 (or 545 m/2z, HGG ) all related to the main tannin source. 
	19

	GC-MS
	Pyrolysis system 
Pre-treatment with Tetrametilammonium hydroxide (TMAH)
	m/z: 53 (phenol, dimethoxy), 125 (benzene, trimethoxy), 155 (permethilated gallic acid – other ions in mass spectrum are at m/z: 226, 211, 195), 165 (benzoic acid, 4-methoxy methyl ester) all related to the main tannin source.
m/z: 59 ( and m/2z: 75, saccharinic acids) derived both from cellulose and Gum Arabic TMAH pyrolysis
	136,137


   
4.4 Electrochemical based techniques
Only a few reports are present in archival scientific literature on the use of electrochemical techniques in the study of IGI. A preliminary study was conducted using potentiometry for the determination of the Fe2+/Fe3+ ratio in ancient manuscripts. It is noteworthy that, thanks to the accurate methodology followed in the study, interesting aspects concerning the mechanism of formation of the complexes and the electrochemical behaviour of the various components on the inks have been highlighted.138 In a study regarding the construction of a dye sensitized solar cell the electrochemical behaviours of tannins and their iron complexes have been investigated by cyclic voltammetry (CV). Starting from the observation of the oxidation and reduction potentials it has been possible to calculate the HOMO ad LUMO energies for different iron-tannin complexes and their relative band gap energy.139 Classical electrochemical investigation techniques such as CV and chronoamperometry (CA) have been also applied in the study of gallic acid iron complexes nanoparticles oxidation and stability in the field of clinical biochemistry.140 Further studies should be conducted to better understand the potentiality of these methods and to establish a micro-destructive analytical procedure that could be better applied on real samples in the field of Cultural Heritage material science. 

5. Conclusions
By critically reviewing the current literature various aspects to be further investigated have emerged. Firstly, a systematic study of the polyphenols obtained from different sources of tannins and/or using different extraction methods could be useful to better understand the variety of iron complexes present in IGI. In fact, this aspect is particularly relevant for both the evaluation of the most appropriate conservative strategies and to perform additional archaeometry studies. Secondly, with respect to the IGI formation mechanism, more efforts should be made to clarify the role of the binder and the additives. In particular, these studies should take into account the possible pH variations induced by these materials, as well as possible chemical interactions with tannins and Fe(II) cations. Thirdly, more detailed studies on the mechanism of formation of the complexes would be necessary to clarify the role of the carboxylic group in the formation of the 3D spatial organization of amorphous solids iron-polyphenolic complexes. Finally, further studies on the exploration of the actual range of organic radicals resulting from the oxidative degradation of IGI would be useful for a conservative point of view. In particular it would be important to understand which radicals are due to oxidations mechanism within the ink itself and which ones are instead attributable to the interaction ink-support. 
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