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Mössbauer spectrometry applied to the study of laboratory samples made of iron gall ink

Introduction

Iron gall inks were commonly in use for writing or drawing until the beginning of the twentieth century. Most of them consisted of a mixture of vitriol, tannins and gum arabic. The vitriol is close to iron(II) sulphate. Its association with tannins leads to the formation of dark coloured precipitates characteristic of the ink. When used on paper, these inks may promote deterioration. This is considered to be the result of two major degradation processes [START_REF] Banik | Tintenfrassschäden und ihre Behandlung[END_REF]: Firstly, the presence of tannins and iron in the ink leads to a very acidic pH value and the cellulose is very susceptible to acid hydrolysis. Secondly, iron(II) catalyses the oxidation mechanisms of cellulose, contributing to its de-polymerisation.

Iron is also expected to be one of the major factors of the cellulose degradation mechanisms. Yet little knowledge is available on its chemistry within original iron gall inks, mainly because of the experimental difficulties related to u Fax: +33-1-40795312, E-mail: rouchon@mnhn.fr the analysis of original samples. Moreover, the particularly rich chemistry of iron allows a wide range of possible reactions: chelation with polyphenols, redox reaction with gallic acid [START_REF] Kipton | [END_REF], with arabinose (main sugar of the gum arabic), with glucose (present in the paper) [3], oxidation induced by oxygen, formation of oxyhydroxides, etc.

In order to improve the understanding of the chemistry of iron in these inks, Mössbauer measurements were performed on laboratory made inks at room temperature in transmission geometry. These consisted of several mixtures of iron(II) sulphate, gallic acid and gum arabic, whose residues were analysed after evaporation. Up to eight different Mössbauer signatures were detected, depending on the components and proportions used. To improve the interpretation of Mössbauer data, complementary measurements were made by X-ray diffractometry and Raman spectroscopy.

Experimental

Preparation of laboratory samples

Several solutions were prepared including different combinations of laboratory pure products, each of them representing one of the ink components: gallic acid, called "Ac" as a tannin (ALDRICH reference 398225), iron(II) sulphate heptahydrate called "FeII" (ALDRICH reference 215422), and gum arabic called "Gu" as a binder (ALDRICH reference G9752). The ingredients were added in the following order: firstly gum arabic, then iron sulphate, and finally, gallic acid.

A large number of ink recipes exist, mentioning various concentrations for each ingredient. Several considerations were taken into account in order to choose concentrations that could represent the original inks.

We prepared several gall nut extracts according to old recipes using several variety of gall nuts. Depending on the variety used, their pH ranged from 2.8 to 3.5. Using a gallic acid concentration of 10.1 g l -1 was found to be acceptable, because its pH value (2.9) remains in the same range.

Literature states that many original recipes lead to a large excess of iron compared to tannins. An average iron to tannin ratio of 5.5 : 1 was estimated [START_REF] Neevel | 8th Int. Congress of IADA[END_REF]. Using this ratio implies an iron(II) sulphate concentration of 81.3 g l -1 . This concentration was found to be all the more acceptable because it is in the middle range of iron sulphate concentrations (32 to 250 g l -1 ) mentioned in a French ink maker's book dating from the beginning of the XXth century [START_REF] Champour | Fabrication des Encres[END_REF]. This book also reports gum arabic concentrations of between 18 and 100 g l -1 . We then chose an intermediate concentration of 60 g l -1 for gum arabic.

Original recipes frequently advise leaving the ink for several weeks before using it. For this reason, the different solutions were left for one month in closed bottles. After this period, they were evaporated in atmospheric conditions. The residues were then ground into powder. Samples were named according to their ingredients. For example, "FeII + Gu + Ac" represents the residue obtained from the solution combining iron(II) sulphate, gum arabic, and gallic acid.

Some of these powders were artificially aged for 14 days in a Vötsch 0020 climatic chamber with the following conditions: A constant temperature of 60 • C, and a relative humidity changing from 80% to 35% every 3 h. These conditions are close to those used by Neevel [START_REF] Neevel | [END_REF]: We choose similar humidity cycles. However the temperature was lowered from 90 to 60 • C, as the temperature used by Neevel was considered to be too severe.

Finally, in order to measure the Mössbauer signature of the irongall precipitate, a reference sample called "IGI precipitate" was prepared by applying a centrifugation of 9000 rpm for 30 min to a solution of iron sulphate and gallic acid with a molar ratio of 1 : 1 and respective concentrations of 14.8 and 10.1 g l -1 .

Mössbauer spectrometry (MS)

Mössbauer measurements were performed at room temperature using a constant acceleration HALDER type spectrometer, with a 57 Co source (Rh matrix) in transmission geometry. The spectra were recorded at 293 K.

The velocity was calibrated using pure iron metal as the reference material. For most of the samples, the experimental FIGURE 1 MS parameters map representing the different sites detected on laboratory samples. Data are presented according to their presence data were resolved into symmetric doublets with Lorentzian lineshapes using an iterative least-squares fit program. On the IGI sample however, the refinement of the Mössbauer spectra showed an important and abnormal widening of the peaks. In this case, the spectra were fitted assuming quadrupole splitting distributions [7].

X-ray diffraction (XRD)

Two equipments were used for XRD measurements, depending upon their availability: a Philipps PW 1820 with a Bragg-Brentano θ-2θ geometry, and a Philipps PW 3040 with a Bragg-Brentano θ-θ geometry. Both apparatus were used with a Cu K α X-ray incident beam (λ = 0.15406 nm). Powders were placed on an aluminium carrier.

2.4

Raman spectrometry

Raman spectra were recorded with a Jobin Yvon LabRAM HR spectrometer tooled up with silicium based CCD detectors, presenting a resolution of 2 cm -1 . The incident beam (wavelength 632.33 nm) was focused via an Olympus microscope (objective 50×). Spectra were processed with the LabSpec software.

R e s u l t s

Interpretation of MS signatures detected on laboratory inks

The MS parameters measured on laboratory samples are reported in Fig. 1 according to their occurrences, and in Fig. 2 according to the sample's initial composition. All numerical values are listed in Table 1 with their standard deviations. Figure 1 Mössbauer parameters calculated on laboratory samples ∆: quadrupole splitting (mm s -1 ), δ: isomer shift (mm s -1 ), Γ : linewidth (mm s -1 ). The experimental data are fitted with Lorentzian line shapes symmetric doublets. The numbers in brackets correspond to standard deviations FIGURE 2 MS parameters map representing the different sites detected on laboratory samples. Data are presented according to the sample's initial composition higher the presence of the iron compound, the better the signature definition. Their interpretation remains however delicate, as a similar MS signature may be obtained from different compounds in which the environment of iron is comparable. Moreover, in some compounds, the iron atoms may be surrounded by different environments, leading to several MS signatures. To facilitate the interpretation, MS measurements were also cross-checked with available publications and with XRD and Raman measurements. All crystalline phases detected by XRD and all compounds detected by Raman on our samples are respectively summarized in the Tables 2 and3. The results presented in these two tables are in a good agreement, showing that amorphous phases are minor components.

The Mössbauer data of the different hydrated forms of iron(II) sulphates are reported in the literature [8][9][10]. The site A is associated with melanterite (Fe II SO 4 • 7H 2 O) or rozenite (Fe II SO 4 • 4H 2 O), that have almost identical MS signatures. As for the site B, it corresponds to szomolnokite (Fe II SO 4 • H 2 O). In our samples, a good correlation was found between the occurrence of the A and B site and the detection of melanterite, rozenite, and szomolnokite by XRD and Raman spectrometry. We noticed however that melanterite could very easily be transformed into rozenite, even under the beam, during the analysis.

The interpretation of the C site remains a difficult issue: this site only appears when the three ingredients are mixed, and in a very small quantity. It is thought to correspond to an iron(II) -gallic acid precipitate, but its limited presence makes it difficult to identify using alternative techniques.

Two iron(III) hydroxy-sulphates were detected by XRD measurements: jarosite (MFe III 3 (SO 4 ) 2 (OH) 6 ) and copiapite (Fe II Fe III 4 (SO 4 ) 6 (OH) 2 • 20H 2 O). Several kinds of jarosite exist depending on the M-type ion. They present isomer shifts values ranging from 0.30 to 0.45 mm s -1 , and quadrupole splitting values ranging from 0.91(1) to 1.22(1) mm s -1 [11,12]. These are in accordance with the site F represented Compounds identified by Raman spectrometry on laboratory samples. Underlined samples showed a significant fluorescence. On these samples the sensitivity of Raman spectrometry was limited. See text for mineral formulas in Figs. 1 and2. Several possibilities exist concerning the nature of the M anions: H 3 O + , because the solutions were very acidic, but also K + that may be transported by the gum.

Copiapite was identified in samples prepared with iron(II) sulphate solution only. In these samples, two iron(III) sites (E and D) were detected by MS. One reference of copiapite MS spectrum published by Lane et al. [13] was found. Unfortunately no numerical values are given in this paper. It however shows the superposition of two sites whose MS parameters are close to E and D. As for the iron(II) site of copiapite, it is not present in sufficient quantities to be detected by MS.

The site G may also correspond to an iron(III) sulphate. Indeed, the iron(III) sulphate provided by Aldrich shows two sites close to G and D. Unfortunately, this product is amorphous, and no more information was obtained by XRD.

The IGI precipitate obtained with centrifuged iron sulphates and gallic acid solutions had a dark black visual aspect and remained amorphous. Its MS spectrum and the corresponding fitting values are respectively presented in Fig. 3 and Table 4. Since the IGI precipitate was not rinsed, it may contain some remaining iron sulphate. The site F gathers 83% of iron and is also considered as the signature of the precipitate. The quadrupole splitting profile corresponding to the isomer shift value of 0.48 mm s -1 (see Fig. 3a) shows a large distribution, ranging from 0.5 to 1.5 mm s -1 . This attests that the iron neighbourhood is not well defined, and many environments are possible. Taking this observation into account, this MS measurement is in good agreement with previous MS analysis performed on several precipitates obtained in different ways with iron and carboxyphenolic molecules [14][15][16][17]. Moreover, Raman spectra performed on the IGI precipitate differ significantly from that of gallic acid (see Fig. 4) and are very similar to the spectra recorded by Lee et al. on original iron gall inks [18].

The composition of the different sets of samples

In all samples, over 80% of iron corresponds to iron(II) sulphates. The conversion of melanterite or rozenite Mössbauer parameters determined on references. ∆: quadrupole splitting (mm s -1 ), δ: isomer shift (mm s -1 ), Γ : linewidth (mm s -1 ). The iron(III) sulphate spectrum is fitted with Lorentzian line shapes symmetric doublets. The numbers in brackets correspond to standard deviations resulting from this fitting. The IGI precipitate spectrum is fitted assuming a quadrupole splitting distribution into szomolnokite is observed during artificial ageing, except for samples containing gum arabic. The oxidation of iron during its storing, its drying, and its ageing, remains rather limited, and is all the more limited when gallic acid is joined to the solution. Indeed, gallic acid reduces iron(III) into iron(II) as was pointed out in a previous work [19]. It is however very disappointing to notice that the dark blue "FeII + Ac" solution leads to light grey powders in which no IGI precipitate is detected. Table 2 shows that the presence of gypsum in the samples is correlated to the use of gum. This can be explained by the fact that the gum remains the only ingredient that liberates calcium in solution. This shows a strong affinity between calcium and sulphate ions.

When iron(II) sulphate is mixed with gum, it leads to the precipitation of Jarosite type compounds. On each "FeII + Gu" samples, we detected two different MS signatures that could be attributed to jarosite (site F ), meaning that, among available cations, two at least may be involved in the formation of jarosite.

Considering exclusively MS signatures, the presence of IGI precipitate in the "FeII + Ac + Gu" samples remains difficult to establish. Indeed, in Figs. 1 and2, the sites E, F and F are partially overlapping, for two reasons: firstly, the signature of the precipitate is not distinctly defined and includes a large range of quadrupole splitting values. Secondly, the experimental errors attached to the measurements are rather important, due to the low presence of the concerned components. Raman spectrometry proved to be an efficient alternative technique. When observing the aged and non aged samples under a binocular microscope, we could separate light coloured grains from dark blue grains. µRaman analysis performed on the dark grains confirmed IGI precipitate (see Fig. 4b, 4c and4d).

This work also shows that the occurrence of the IGI precipitate in our samples is conditioned by the required presence of the three ingredients. However, with the concentration used, less than 10% of iron was involved in the formation of the precipitate. We think that there is some competition between gallic acid and sulphate ions for precipitating with iron ions. When no gum arabic is present in the solution, sulphate ions can precipitate with nothing but iron, thus cancelling the formation of iron gall precipitate. When gum arabic is added, some other cations, such as calcium are present in the solution. These cations react with part of the sulphates, leading to the formation of gypsum. The excess iron can then precipitate with gallic acid.

Artificial ageing has probably no strong impact on the competition between gallic acid and sulphate for reacting with iron. Both gallic acid and IGI precipitate seem to be rather resistant to artificial ageing. For this reason, most changes observed after artificial ageing are dealing with iron sulphates phase changes.

Conclusions

This work gives an illustration of the fact that X-ray diffraction and Raman spectrometry are two complementary techniques for the identification of the main components present in a sample. The results obtained with these two techniques helped in identifying some of the Mössbauer signatures detected on our samples. We could confirm the Mössbauer signature of the iron gall precipitate when it is prepared in ink making conditions. However, the Mössbauer signal of this precipitate is not distinctly defined, and may overlap more or less extensively with some iron(III) hydroxy-sulphates, such as jarosite and copiapite.

Since iron gall inks are typically prepared with an excess of iron(II) sulphate compared to carboxyphenol molecules, they are expected to contain some proportions of iron sulphates. One should also be cautious when attributing any Mössbauer signal to iron gall precipitates. Raman appears then as a very useful technique, since the signature of the precipitate differs significantly from that of gallic acid.

By combining Raman and Mössbauer spectrometry measurement on our samples, we could estimate that less than 10% of the iron was precipitating with gallic acid. Moreover, the occurrence of this precipitation in our samples was conditional on the use of gum arabic.

This work shows that a step by step approach is necessary for a better understanding of the chemistry of iron in iron gall inks. We will also continue this work by considering other iron to tannins ratio, and including progressively other parameters that are relevant to manuscripts, such as paper (or cellulose), and gelatine.

FIGURE 3

 3 FIGURE 3 Mössbauer spectrum of the IGI precipitate. Squares: measurements. Line: quadrupole splitting distributions fit. (a) Quadrupole splitting distribution profile corresponding to an isomer shift of 0.48 mm s -1

FIGURE 4

 4 FIGURE[START_REF] Neevel | 8th Int. Congress of IADA[END_REF] Raman spectra of the IGI precipitate. (a) Allic acid monohydrate, (b) IGI precipitate obtained on centrifuged solutions, (c) dark grains of sample "Fe + Ac + Gu" (no artificial ageing), (d) dark grains of sample "Fe + Ac + Gu" (artificially aged)

  shows up to eight different MS signatures, that are labelled with letters (A, B, C, D, E, F, F , G). The

				No ageing				Aged		
	Samples	Site	%	δ	∆	Γ	Site	%	δ	∆	Γ
	FeII	A	82	1.261(4)	3.243(4)	0.301(2)	B	84	1.266(3)	2.737(3)	0.311(2)
		E	5	0.45(8)	0.76(8)	0.25(6)	E	11	0.47(4)	0.82(4)	0.34(3)
		D	13	0.41(11)	0.38(11)	0.40(6)	D	5	0.45(10)	0.32(10)	0.36(8)
	FeII + Ac	A	83	1.263(3)	3.198(3)	0.264(2)					
		B	8	1.23(5)	2.82(5)	0.32(1)	B	96	1.265(2)	2.723(2)	0.287(2)
		G	9	0.22(5)	0.42(5)	0.41(1)	G	4	0.27(6)	0.23(6)	0.33(5)
	FeII + Gu	A	82	1.265(3)	3.196(3)	0.287(2)	A	80	1.265(2)	3.201(2)	0.269(2)
		F	5	0.47(8)	0.97(8)	0.32(6)	F	9	0.43(8)	1.06(8)	0.38(5)
		F	7	0.40(3)	1.27(3)	0.22(2)	F	7	0.39(2)	1.29(2)	0.20(2)
		G	6	0.27(10)	0.26(10)	0.50(11)	G	4	0.32(6)	0.25(6)	0.35(5)
	FeII + Ac + Gu	A	84	1.266(2)	3.200(2)	0.273(2)	A	44	1.266(4)	3.204(4)	0.250(3)
							B	44	1.266(1)	2.72(1)	0.267(5)
							C	2	1.15(10)	2.16(10)	0.36(9)
		F	5	0.49(8)	1.20(8)	0.30(5)	F	7	0.45(22)	0.97(22)	0.49(5)
		E-F	4	0.4(1)	0.81(10)	0.30(8)					
		G	7	0.25(8)	0.25(8)	0.36(7)	G	3	0.31(4)	0.19(4)	0.21(3)
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	Compounds identified by XRD	
	on laboratory samples. Major compounds are	
	underlined. See text for mineral formulas	
		No ageing	Aged
	FeII	rozenite	szomolnokite
	FeII + Ac	melanterite	szomolnokite
	FeII + Gu	rozenite	rozenite, melanterite
	FeII + Ac + Gu	rozenite,	szomolnokite,
		IGI precipitate	IGI precipitate

TABLE 3

 3 

TABLE 4

 4 

ACKNOWLEDGEMENTS

This study was performed within a PhD work co-financed by the "Centre National de la Recherche Scientifique", and the "Conseil Régional du Poitou Charentes". We are grateful to Eric Lebraud who helped us with XRD measurements.