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Abstract
Background
Fundamental restoration of sculptures must include the research of pollution composition and exhibit surface condition as well as accurate identification of the materials of sculptures, bas-reliefs and coatings. In the recent years, studies of marble objects aimed at identification of contamination nature and composition have been developed. It should be noted that some exhibits have individual features as objects of restoration due to complex exposure to the environment, e.g. to fire.

Results
The article describes the results of surface contamination study on two exhibits from the Pushkin State Museum of Fine Arts collection. Marble relief sculpture “The Flagellation of Christ” was the main object of the study. Glazed terracotta (majolica) “Madonna Friedrichshain” was studied as a control sample with the same type of contaminations but with less sensitive surface. According to the results of different gas chromatography and X-ray fluorescence analyses, pollution compounds were identified as fatty alcohols, fatty acids and esters, part of which being residues of pyrolysis gasification, including those containing iron and lead. In order to gently clean the exhibits, several variants of chemical compounds were proposed based on various chelating agent mixtures, and, after studying their comparative effectiveness, the optimal scheme was chosen for removing existing contamination. For verification of marble exhibits safety, selected cleaning mixtures were tested on polished Carrara marble sample.

Conclusion
The most suitable scheme of organic contaminations removal including those containing iron and lead was suggested as part of restoration process. There is a number of working schemes of cleaning the surface of exhibits, however our proposed scheme interacts with the marble surface more gently because the target cleaning mixture composition was formulated taking into account the nature of pollutants and the least possible impact on the sample surface.
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Introduction
Fundamental restoration of sculptures is impossible without conducting integrated studies of contamination composition and exhibit surface condition and accurate identification of the materials of sculptures, bas-reliefs and coatings. Studying the contamination before cleaning marble objects has been common practice in recent years [1–12]. Most often, these are pollutions associated with the environment [1–9] or appeared due to contact with other materials [10–12]. A wide range of methods is used to study pollutants: IR-spectroscopy [1–8], optical microscopy [1, 2, 5, 7], scanning electron microscopy [1–3, 5], gas chromatography [7–9], energy-dispersive X-ray microanalysis [1, 5], X-ray fluorescence [7] and others. However, individual character of pollutions occurring in most exhibits requires the personalized approach to their removal. Sanne Spile et al. [11] described some working techniques used during the cleaning of the Carrara Bianco marble surface.
In this paper, we are describing the development of purification scheme based on the targeting treatment of marble surface with the complexing agents selected in accordance with this particular type of contamination. The publication is a result of the research work conducted by the staff of the NRC «Kurchatov Institute» with sculptures from the Pushkin State Museum of Fine Arts holdings and originating from the collection of the Kaiser-Friedrich-Museum, which currently does not exist. In 2015, the Pushkin Museum and the Berlin Bode Museum (the legal successor of the Kaiser-Friedrich-Museum) launched a joint project with the purpose of returning to scientific use and restoring these works that had been considered irretrievably lost during the World War II for a long period of time.
The marble relief “The Flagellation of Christ” was acquired in 1892 in Florence for the Berlin Museum from the famous Florentine family Peruzzi [13]. It was bought by Wilhelm von Bode (1845–1929) for Berlin collections. He was the head of the state museum collections and the author of numerous scientific papers on the history of German, Dutch and Italian fine art and sculpture [14]. Wilhelm von Bode supposed that the marble relief was the original work of the famous master of Italian sculpture of the XV century, Donato di Niccolo di Betto Bardi, better known as Donatello (c. 1386–1466). He suggested that the relief version was created in the 1420 s, in the early period of the sculptor’s creativity. This attribution was adopted by many researchers and remained common for a long time [15–18]. Later, the relief was excluded from the list of Donatello’s works by the most authoritative researchers of his creative works in the post-war period when it was no longer physically available to historians and critics of art. H.W. Janson, the author of the fundamental monograph about Donatello, attributed the authorship of the marble relief to an unknown follower of the artist’s style who worked in the late fifteenth century. The relief’s marble is white with characteristic fine crystallization, so it was supposed that it could be Carrara marble, but there is no clear evidence.
Also, in this research, we examined the relief sculpture depicting Madonna and Child called “Madonna Friedrichshain”. It was named after Graf von Dönhoff - Friedrichstein who donated the sculpture to the museum in Berlin. It was bought in Florence in 1888 [19, 20], and its authorship is associated with the name of the Florentine sculptor Luca Della Robbia (1400–1482), who worked a lot in the technique of glazed terracotta [21]. Later, “Madonna Friedrichshain” became a household name in the literature for all similar images of Madonna: another version, very close in manner to this one, is stored in the Museum of Albright-Knox, Buffalo, United States [20, 22, 23]. John Pope Hennessy, authoritative English historian of Renaissance sculpture, dated this relief sculpture about 1438 in his work about Luca Della Robbia [24]. He named not only stylistic considerations as arguments for such attribution, but also some of the technical imperfections of workmanship. In particular, John Pope Hennessy mentioned glazing errors that led to cracks in the glaze surface of relief sculpture that almost never occurred in the works of masters of the later period. That caused him to conclude that Berlin “Madonna Friedrichshain” is a product of some technical experiment, during which the master were perfecting his methods of work.
This paper is just a small part of the complex research program and is devoted to determination of composition and origin of contaminations on the two objects of art from the Pushkin Museum collection that were prepared for the restoration, development of cleaning reagents mixture and testing its effectiveness for the exhibit treatment.

Experimental part
Sample collection
Exhibit I: The main object of the study was marble bas-relief “Flagellation of Christ” (S5, 46.5 × 57.5 cm).
Exhibit II: Majolica “Madonna with Child in her arms” (S17, 45 × 38 cm) was stored in the same conditions as the relief and therefore had similar type of contaminations.
Test samples: 3 Carrara marble samples (2 × 2 × 0.5 cm) polished with sandpaper of 40–20 micron grain size were used for testing the safety of developed cleaning mixture.

Reagents for cleaning mixture development
Solvents of “reagent grade” qualification were used on the first stage of our study separately: methanol, ethanol, acetone, chloroform, n-hexane, 2-propanol, methylene chloride, cyclohexane, acetonitrile of “HPLC” qualification; acetyl chloride of “h” qualification, as well as the mixture of solvents (isopropanol, cyclohexane, methylene chloride, acetonitrile, 1:1:1:1).
Specially prepared targeted cleaning mixtures developed during our study, SMS-2A (alkali) and SMS-2N (neutral) are described in Table 1.Table 1Composition of cleaning mixtures SMS-2A and SMS-2 N


	 	Component name
	Content, % SMS-2A
	Content, % SMS-2N
	Properties for cleaning

	1
	Ethylenediaminetetraacetic acid (EDTA)
	3.5
	3.5
	Universal complexing agent. Binds calcium, magnesium and heavy metal ions

	2
	Oxyethylidenediphosphonic acid (HEDP)
	3.5
	3.5
	Complexing agent

	3
	Sintanol DS-10
	2
	2
	Medium emulsifier, wetting agent

	4
	Oxyethylated nonylphenol (9-12 Neonol AF)
	2
	2
	Non-ionic surfactant, low foam wetting agent, emulsifier

	5
	Sodium alkylbenzene sulfonate (Sulfonol)
	3.5
	3.5
	Anionic surfactant

	6
	Sodium tripolyphosphate
	4
	4
	Disinfector, bleach, increases washing ability

	7
	Polyethylene glycol (PEG 400)
	1
	1
	Stabilizing and lubricating agent

	8
	Monoethanolamine
	2
	2
	Organic solvent

	9
	Edaplan 490
	1.5
	1.5
	Emulsifier

	10
	Sodium hydroxide
	4
	2
	Substance to achieve a given pH

	12
	Water
	73
	75
	Base of cleaning mixture





The 100% EDTA was included into the study for the comparison of effectiveness.

Sample preparation
Sample preparation from the surface of exhibits was performed by qualified restorers of the museum.
Washings from the exhibits surface were collected with cotton swabs soaked with solvent or solvent mixture. (See Fig. 1 (below samples S5-*) and Fig. 2) Several solvents with different chemical properties were used for separate flushing of contaminants: methanol, ethanol, isopropanol, acetone, chloroform, hexane, cyclohexane, methylene chloride and acetonitrile. The best extraction results were observed in case of a 4-component mixture of solvents: isopropanol, cyclohexane, methylene chloride, acetonitrile. Therefore, further studies were carried out on the samples obtained using a quaternary mixture. It should be noted that we collected a few samples from the areas with the same visible pollutions to raise a concentration of the studied contaminants.[image: A40494_2019_329_Fig1_HTML.jpg]
Fig. 1Relief sculpture “Flagellation of Christ” (S5). The view in visible and UV range with the sampling areas




[image: A40494_2019_329_Fig2_HTML.jpg]
Fig. 2Majolica “Madonna with Child in her arms” (S17). View in visible and UV range with the sampling areas





The cotton swabs with contaminants were desiccated in a natural way and then were used for studying the pollution composition by X-ray fluorescence analysis (XRF). After that, the contaminations were washed out from the swabs and concentrated through extraction. Extraction was performed with 5 ml of a 4-component mixture of solvents in the ultrasonic bath at 50 °C for 60 min. Then, the solvents were removed under a nitrogen stream at room temperature, and the residue was dissolved in 100 μl of chloroform or acetonitrile.
To study non-volatile fractions, we prepared methyl esters. The extracts in chloroform were subjected to acid hydrolysis and esterified with methanol. For this purpose, 200 μl of test extract in chloroform was placed into a glass ampoule, and 1 ml of methanol was added. Then, 50 μl of acetyl chloride was carefully added dropwise. The sealed ampoule was heated in an oven at 105 °C for 5 h, after that it was cooled to a room temperature, 1 ml of water and 1 ml of hexane were added, and the ampoule was shaken vigorously. After separating the layers, the upper (hexane) layer was separated and filtered through anhydrous sodium sulphate into an evaporating dish, and the solvent was removed at a room temperature. The residue was dissolved in 100 μl of chloroform.

Equipment and accessories
Chromatographic systems were used for pollutant identification: system 1 and system 2 with mass-spectrometry were used for gas chromatography-mass spectrometry (GC–MS) analyses of contaminant extracts from the cotton swabs, and system 3 was used to test the hypothesis about presence of beeswax in the contamination. IR spectrometer allowed us to refine the chemical composition of pollutants. X-ray fluorescence spectroscopy of washings allowed us to select lead and iron containing areas on the exhibit surface. Optical and scanning electron microscopy were used to control marble sample surface during the solvents testing.
Chromatographic system 1 (GC–MS)
Gas chromatograph Crystal 5000.02 Chromatec with mass spectrometric detector ISQ Thermo Scientific. Chromatographic conditions: capillary column TR-5MS with the length of 30 m and the inner diameter of 0.25 mm; stationary phase film thickness was 0.25 μm. The initial temperature of the column thermostatic oven was 70 °C; temperature programming was 70 °C to 280 °C with the pace 10 °C/min. Samples were kept at the final temperature for 9 min. The carrier gas was helium, the flow rate was 1.2 ml/min, split ratio was 1:10. Injector temperature was 280 °C, interface detector temperature was 250 °C. Sample volume was 1 μl. Detection was performed in the scanning mode based on total ion current.

Chromatographic system 2 (GC–MS)
Gas chromatograph HP 6890 with mass spectrometric detector MSD 5975 Agilent Technologies. Chromatographic conditions: capillary column DB-5 ms with the length of 30 m and the inner diameter of 0.25 mm; stationary phase film thickness was 0.25 μm. The initial temperature of the column thermostatic oven was 100 °C; temperature programming was 100 °C to 280 °C with the pace 15 °C/min. Samples were kept at the final temperature for 10 min. The carrier gas was helium, the flow rate was 1 ml/min, split ratio was 1:10. Injector temperature was 280 °C, interface detector temperature was 280 °C. Sample volume was 1 μl. Detection was performed in the scanning mode based on total ion current.

Chromatographic system 3 (GC)
Gas chromatograph Bruker GC with the flame ionization detector on a capillary column VF-1 ms with the length of 15 m and the inner diameter of 0.32 mm; stationary phase film thickness was 0.25 μm. Temperature program of the column: initial temperature was 200 °C, then keeping for 5 min, raising the temperature up to 270 °C with the pace 10 °C/min and then keeping in isothermal mode for 38 min at 270 °C. Injector temperature was 270 °C. Detector temperature was 270 °C. The flow rate of the carrier gas (nitrogen) was 1 ml/min, split ratio was 1:10. Sample volume was 2 μl.

Infra-red spectroscopy
IR spectra of chloroform extracts were captured using Vertex 70 by Bruker in KBr sample cell at the optical path length of 0.63 mm.

X-ray fluorescence analysis (XRF)
Spectrophotometer of X-ray energies CEP-01 ElvaX Light. The analysis was performed using the reference-free method of fundamental parameters at voltage of 40 kV and current of 20 mA (X-ray tube: rhodium anode, beryllium window of 140 μm).

UV light
A wide-range UV lamp with a wavelength range of 190–380 nm was used.

Optical microscopy
Stemi 508 Carl Zeiss stereoscopic microscope with 100× magnification was used.

Scanning electron microscopy (SEM)
Scanning electron microscope Hitachi SU1510. Micrographs were taken under the following conditions: accelerating voltage: 5–7 kV, electron emission: 85–100 μA, magnification: 3000× and 300×, focal length varied depending on geometrical parameters of each sample.



Results and discussions
The studied works of art were examined under ultraviolet light. Spots that glowed in the UV range were selected for further research as well as control areas without glowing (Figs. 1, 2). Preliminary XRF analysis revealed presence of compounds containing lead, probably of man-made origin, in that spots.
The areas 1 (S5-1) and 2 (S5-2) were used as a control samples because the surface in these areas was less contaminated. The areas 3 (S5-3.x) and 5 (S5-5.x) had dark contaminations, and area 4 (S5-4.x) had the greatest concentration of the spots which were luminescent under UV.
The areas of sampling for S17 were chosen based on their luminescence under UV and the contamination color in visible range.
The chromatograms of contamination extracts are shown in Fig. 3. Differences in the chromatograms show the variety of contaminant composition on the surface of the relief.[image: A40494_2019_329_Fig3_HTML.png]
Fig. 3GC-MS chromatograms of extract contaminations from marble bas-relief (S5): a combined samples S5-3, b trial S5 6.1 (spots)





Mass spectra of certain compounds are shown in Fig. 4. The identification was carried out by comparing the mass spectra of compounds with the library of mass spectra (NIST 11 2011/EPA/NIH). Identification results are shown in Table 2.[image: A40494_2019_329_Fig4_HTML.png]
Fig. 4Examples of mass spectra obtained during analysis of washings from the surface of the bas-relief “Flagellation of Christ”. a #14 and b #16 (see Table 2), respectively




Table 2Identified organic compounds


	#
	Organic compound
	Quantity, %
	Accuracy,%

	Sample S5-3.x
	Sample S5-4.x
	Sample S5-5.1
	Sample S5-5.2
	Sample S5-1&S5-2

	1
	Ethanol, 2-phenoxy
	7.60
	11.16
	4.01
	11.58
	11.56
	94

	2
	3-Methyl-3-Decen-2-one
	16.99
	10.58
	7.38
	12.10
	19.34
	36

	3
	1-Tridecanol
	2.37
	1.21
	1.17
	1.37
	–
	91

	4
	Tetradecanoic acid
	0.88
	1.08
	0.31
	0.38
	–
	98

	5
	n-Pentadecanol
	6.97
	3.71
	3.57
	4.25
	3.62
	91

	7
	Palmitoleic acid
	0.72
	1.12
	0.51
	0.42
	–
	90

	8
	n-Hexadecanoic acid
	4.79
	7.41
	7.21
	5.39
	–
	93

	9
	9-Tetradecen-1-ol, acetate
	38.91
	33.25
	28.85
	33.58
	31.26
	87

	10
	n-Heptadecanol-1
	3.90
	0.67
	2.12
	2.42
	–
	91

	11
	9-Octadecen-1-ol
	4.01
	0.84
	 	1.46
	–
	99

	12
	Linoleic acid ethyl ester
	1.46
	1.67
	5.43
	2.37
	8.37
	91

	13
	Isobutyl acid undeca-10-enyl ester
	3.90
	1.67
	4.35
	1.42
	12.14
	74

	14
	9-Octadecenamide
	0.89
	0.48
	8.61
	5.17
	–
	95

	15
	1-Octadecanal
	0.81
	1.01
	0.71
	0.53
	–
	90

	16
	Bis(2-ethylhexyl)phthalate
	1.40
	1.06
	1.41
	1.04
	3.62
	90

	17
	Squalene
	–
	6.94
	–
	–
	–
	99





As shown in Table 2, the main classes of identified organic compounds were: fatty alcohols and fatty acid esters. In one of the extracts from the surface of the bas-relief “Flagellation of Christ”, squalene was found—an acyclic polyunsaturated liquid hydrocarbon (C30H50) in substantial quantities (up to 15%) that is part of human sebum [25, 26]. It could be trace of handling or touching, but we can’t refine the time of its appearance.
Comparison of the data for the identification of detected compounds with the results of literature searches [27–29] allowed us to suggest that the extracts of organic contaminations from the surface of the bas-relief contained beeswax.
According to the literature [30, 31], the beeswax consists of 50 different chemical compounds, including esters (31–77%), free fatty acids (13–15%) and free fatty alcohols (2–3%). The main component of beeswax is myristin (C16H31COOC31H61) which is an ester of palmitic acid (C15H31COOH) and myricyl alcohol (C31H61OH). It is a very high boiling compound (more than 500 °C) with complex chromatographic conditions and it was not eluted from the column.
In order to test the hypothesis about presence of beeswax in the compounds of the contamination on the marble bas-relief, we used a shorter chromatographic column—VF-1ms with the length of 15 m.
The chromatogram of the extract of combined S 5-3 samples is shown in Fig. 5a.[image: A40494_2019_329_Fig5_HTML.png]
Fig. 5Chromatograms of extracts of combined sample specimens S5-3.x for marble bas-relief: a before methylation; b after methylation. 1—methyl ester of palmitic acid; 2—myricyl alcohol; 3—myricyl palmitate





For greater reliability, the transesterification of extracts was carried out with methyl alcohol. Thus, myricyl palmitate ester was converted into a low-boiling methyl ester of palmitic acid and myricyl alcohol. For a comparative qualitative analysis, a sample of modern beeswax was also subjected to treatment with methyl alcohol. The chromatogram of the sample extract S5-3 of contamination after methylation is shown in Fig. 5b. The following were identified in the chromatograms (Fig. 5): myricyl palmitate, methyl ester of palmitic acid and myricyl alcohol, which confirms the presence of the beeswax in the contaminants.
Gas chromatographic analysis of the washings from bas-relief areas with no naked-eye visible contaminations (“clean background”) also revealed presence of the main components of beeswax. On this basis, it can be concluded that the wax was used as a coating for protecting marble bas-relief from harmful external effects.
It was evident that the identified compounds from the extracts of marble bas-relief contaminations (Table 2) contained esters of fatty alcohols and acetic acid. From the description of items presented for the restoration, it is known that they were found after a fire in the storage room. According to the literature [32, 33], the major product of thermal degradation of wood (pyrolysis under fire) is acetic acid. Based on this, it can be assumed that contaminants contained in the substance were formed by reaction of organic acids with a fatty wax wood pyrolysis product—acetic acid.
When investigating contaminations on the surface of the marble bas-relief, it can be seen that they have a focal localization. There are several large brown areas and also small brown spots. As noted above, these spots appeared as a result of a fire in the storage room.
According to the literature [34], wax melts at a temperature of 62–68 °C. Above 120 °C, the wax begins to evaporate due to the thermal degradation of some of its components, and at 300 °C the wax becomes flammable. Detection of wax in the contaminants on the surface of the bas-relief leads to the conclusion that the marble bas-relief had not been subjected to severe thermal stresses, and its structure had not been damaged. Brown spots of impurities formed by dripping or spraying liquid probably induced condensation of wood combustion products in a fire in the storage on a marble surface covered with wax.
It is also known that free fatty acid wax may interact with certain metals to form a coloured salt [35]. For example, when in contact with iron salts, wax acquires a brown color; with copper—green color; with dissolved zinc—dirty grey color.
Therefore, it is likely that brown coloration of the test spots of contamination on the marble bas-relief is a consequence of action of some liquid condensate formed as a result of the fire. This liquid was probably aqueous solution or suspension containing iron salts (for example, rust). This suggestion was verified by positive results of the qualitative reaction for iron salts [36] in extract contaminants from a marble bas-relief with a solution of potassium ferricyanide because iron salts of fatty acids are soluble in the same solvents as wax, and also by XRF data.
Chromatographic analysis of washings from the surface of control exhibit, majolica “Madonna with Child in her arms” (“Madonna Friedrichshain”) showed that they have an approximately identical composition of contaminants with marble bas-relief which were formed mainly due to condensation of pyrolysis products on their surfaces. The analysis of the contaminant washings from the majolica surface showed results similar to the ones obtained for the marble bas-relief with the exception of the difference due to the absence of beeswax components on the surface of majolica.
Contamination size on the majolica was less than on the marble bas-relief. It can be easily understood since, unlike marble, majolica has a smooth, non-porous surface, therefore, the adsorption of contaminants was not that high in this case. Marble, in turn, has a porous surface that facilitates adsorption of more contaminants. Moreover, marble was treated with beeswax which can also absorb organic pyrolysis products.
Analysis of XRF data of the washings from majolica surface showed that on the less-contaminated background of images, compounds were detected containing mainly copper and iron, while the spots glowed under the UV (Fig. 2) contained a large amount of lead, in some areas more than 50% by weight. We suppose that traces of lead and iron belong to the ammunition remains (of the Second World War) that appeared on the exhibits surface during the fire.
Development of targeted clearing mixtures of detergent
Detergent compositions for targeted cleaning have been developed based on the obtained data. The results of GC and GC-MS analyses showed that the surface of the exhibits is contaminated with compounds containing fatty acids, fatty alcohols, esters and ethers. To remove them, it is necessary that they form soluble salts. To do this, saponifying components with reactivity with respect to impurities of different origin were mixed in a certain proportion to obtain targeted cleaning mixtures. Also the surfactants (tripolyphosphate) were added to the mixtures for contamination emulsification. Thus, the components complement each other and their combination forms a universal cleaning mixture composition capable of removing complex chemical composition:	High washing capacity of EDTA and HEDP (#1 and #2, Table 1) for various salt depositions was the reason for including them to the mixtures. We took into account that EDTA-based detergent was very aggressive against marble surfaces according to Lauffenburger [37], so for this reason we minimized it concentration for SNS-2N and SNS-2A

	Sintanol and Neonol are highly effective non-ionic surfactants.

	Sulphonal is an effective ionic surfactant.

	Sodium tripolyphosphate helps emulsify fat on contaminated surfaces.

	Mono-ethanolamine is also a component of various detergents, allowing to proper remove certain types of contamination.

	Polyethylene glycol is known as universal solvent for many organic compounds.





The first stage of developed mixtures testing was performed on the control exhibit—majolica (S17). Its glazed surface has very strong resistance to chemical action and low adhesion to contaminations. Therefore, the effectiveness of mixtures as solvents for the contaminants was tested on the majolica surface.
Effective removal of contaminations was performed with mixtures that were diluted with water in the volume ratio of 1:5 and then treated with a cotton swab soaked in the solution for the surface treatment. The mixtures were left on the surface for 6 min, then removed with a dry swab and cleaned with a swab soaked with distilled water.
The second stage of testing was evaluating the mixtures safety for marble surface. It was performed on the polished test marble sample. The test marble sample was treated with the cleaning mixtures developed by us. SEM microphotographs of this test sample (Fig. 6) before and after treatment allowed us to make conclusion on the nondestructive properties of these compositions SNS-2N and SNS-2A and their suitability for studying marble exhibits.[image: A40494_2019_329_Fig6_HTML.jpg]
Fig. 6SEM microphotographs of the two different areas of the test marble samples: before (left side) and after (right side) treatment with a EDTA-based detergent prepared according to Lauffenburger [37], b neutral SNS-2N and c alkaline SNS-2A targeted cleaning mixtures





In the Fig. 6a, one can observe increase of the surface defects, which aligns with the conclusions in the article [37]. Meanwhile, the surfaces of the second and third test samples didn’t change.
In the third stage, the mixtures were used for cleaning the darkest area on the marble bas-relief (on a fragment with area S5-3). The detergent compositions were applied to the sample with a cotton swab, up to a noticeable brightening observed on the marble surface due to reducing the amount of contamination between marble grains. Comparative efficiency of solvents and cleaning mixtures on a section of the marble bas-relief “Flagellation of Christ” is shown in Fig. 7. Treatment procedure was the same as for the tested marble samples with the exposure time of 2 min (Fig. 7a) and 6 min (Fig. 7b).[image: A40494_2019_329_Fig7_HTML.jpg]
Fig. 7Comparative efficiency of solvents and detergents on a section of the marble bas-relief “Flagellation of Christ”. a Area treated with detergents during 2 min; on the left side—the initial area before treatment, on the right side—the area after 2 min treatment; 1—EDTA-based detergent, 2—SMS-2A alkaline cleaning mixture, 3—SNS-2N neutral cleaning mixture, b area treated with detergents during 6 min; on the left side—the initial area before treatment, on the right side—the area after 2 min treatment; 1—EDTA-based detergent, 2—SNS-2A alkaline cleaning mixture, 3—SNS-2N neutral cleaning mixture





It can be seen that the alkaline mixture cleaned surface better than neutral (see Additional file 1 for details). Compared with the results of washing with EDTA-based detergent [37], the effectiveness of our mixture SNS-2A is lower under equal conditions of use. But since it is non-destructive (Fig. 6), it can be used repeatedly with minimal risk of damaging the decontaminated marble surface.


Conclusions
The presented results show an individual approach to cultural heritage objects restoration in particular example—two contaminated museum exhibits: “Flagellation of Christ” (marble bas-relief) and “Madonna with Child in her arms” (majolica), covered by complex contaminants formed after the fire in the storage room.
Approximately 20 different organic compounds were identified in the contaminants: fatty alcohols, fatty acids and esters, including those containing lead and iron. It was found that the marble bas-relief was coated with beeswax which had not been subjected to strong thermal stress, but had absorbed pyrolysis products, probably traces of ammunition, wood impregnation or other products of man-made origin.
Based on the data about the surface contamination composition, targeted detergent compositions were developed as mixtures of different chelators (HEDP, EDTA, long-chain polyols, ethanolamines and non-ionic surfactants). We studied their safety on the test marble samples and their comparative effectiveness on the control exhibit “Madonna with Child in her arms” and on the darkest area of the marble bas-relief “Flagellation of Christ”. It was found that the highest cleaning efficiency is achieved using an alkaline detergent composition.
Suggested cleaning mixtures are distinct from several cleaning methods for marble samples presented in the literature by their ability to selectively remove complex contaminants on the studied exhibits.
Our proposed scheme for the removal of such complex contaminations will be used for restoration of the exhibits of the Pushkin State Museum of Fine Arts with similar contaminations. This approach can compete with other forms of marble treatment in conservation practice especially for the cases of complex surface pollutants as such as [37–39].
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