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Abstract

:

In this work, a painted gypsum bas-relief from the facades of the inner courtyard of the St. Petersburg Academy of Arts building was examined using UV and visible light photography and optical and electron scanning microscopy, which showed the heterogeneous layers of white painting on the surface of the bas-relief that covered the historical ones. These undesirable layers should be removed during the restoration work, but it was found that the traditional method of removing surface layers of painting with the help of chemical solvents and mechanical cleaning does not solve the problem to the full extent. A cross-section of all the painting layers was prepared to investigate the stratigraphy of the paint layers. These studies were conducted using optical and electron scanning microscopy in order to determine the structure of the paint layers more properly and study the chemical composition of every layer. After this study, a complex cleaning technique was developed. This technique combines chemical and laser cleaning, making it possible to effectively remove the upper dense layers of paint without damaging the historical paint layers.
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1. Introduction


The construction of the main building of the St. Petersburg Academy of Arts was completed in 1788. A distinctive feature of this architectural ensemble is the central circular courtyard. According to a legend, by decree of Empress Catherine II, it was requested to be made in the same size as the dome of St. Peter’s Basilica in Rome. Designed in the classical style, the so-called “compass” is decorated with 24 metopes (bas-reliefs) located above the windows of the second floor.



In the process of the most recent rehabilitation of the courtyard facades, some of the original bas-reliefs were dismantled and replaced with copies. One critically dilapidated fragment of a removed metope was admitted for study and conservation (Figure 1).



There were multiple losses of the gypsum and the paint layer was heterogeneous, with accumulated dirt (shown in a detailed picture, Figure 1). The bonding of the lower paint layer with the surface was weak. The upper covering layers formed a dense, hard crust. Over the course of its existence, the bas-relief has been repainted multiple times; however, specifying the exact number of over-painted layers and dating them simply through visual observation proved to be difficult. It was decided that samples of paint layers would be taken for detailed analysis and stratigraphy studies. A series of optoelectronic tests would also be performed, after which the elemental composition of the layers would be determined, followed by the removal of late over-painting from the surface of the bas-relief.



To remove dense surface layers, a traditional restoration cleaning technique with chemically active solvents in compress was first applied to this art object. However, it proved to be ineffective. The chemical solution, as a result of the long exposure time, not only softened the hard surface layers but could also penetrate into the gypsum base in some places in the bas-relief surface. In this case, the complete loss of red paint layers occurred. This observation prompted the research of another restoration method, such as laser cleaning.



Nowadays, laser cleaning is applied widely enough in the restoration of cultural heritages [1]. It is used on a routine basis in many museums around the world for the removal of contaminants of natural and anthropogenic origin from the surfaces of cultural heritage objects made of various materials (stone, metal, ceramics, fabric, paper, etc.) [1,2]. It was used in the restoration of a number of world-famous monuments, including the friezes of the ancient Greek temple of the Parthenon and monuments from the Acropolis of Athens in Greece [3] as well as a masterpiece of the Renaissance—the Golden Gate of the Baptistery of the Cathedral of Cathedral of Saint Mary of the Flower in Florence (Italy) [4]. At the moment, the state of the art of dissemination of laser cleaning in the conservation of cultural heritages is continuously growing in Europe, which is demonstrated by many recent publications [5,6,7,8,9,10]. Laser cleaning is a contactless, chemically pure, and selective method which offers many advantages compared to traditional cleaning techniques—for instance, in cases when chemically resistant layers must be removed from fragile surfaces.



Presently, a pulsed solid-state Nd:YAG laser with a wavelength of 1064 nm is the most commonly applied one for the task of cultural heritage conservation [1,11]. It is normally used to clean stone surfaces and metal objects. However, there are cases in which it has been used for the restoration of wall paintings and stone surfaces with decorative paint layers [12], which makes this type of laser potentially useful for our task. Moreover, black gypsum crusts, which develop on statues and buildings in open air [13], have high absorption of Nd:YAG laser radiation; this also makes this laser a universally applicable tool for cleaning carbonate rock artifacts from surface soiling.



The bas-relief studied in this work is a complex, multi-layered object whose surface includes not only contaminations but also dense heterogeneous paint layers resistant to chemical solvents as well as, presumably, gypsum crusts. The aim of this article was to conduct a complex structure investigation of this object and study the chemical composition of the painting layers for developing a restoration technique including modern methods of diagnostics, such as optical and electron scanning microscopy, EDX analysis, and UV and visible light photography, combined with cleaning methodology using laser and chemical treatment in combination with the mechanical cleaning.




2. Materials and Methods


The gypsum bas-relief was examined using infrared (980–1100 nm), ultraviolet (365 nm), and visible spectrum photofixation methods using optical filters and a Canon EOS 600D camera (sensor type: 22.3 × 14.9 mm CMOS, 18.7 megapixels).



A painting cross-section sample (perpendicular cut of all paint layers without a gypsum base) was prepared and polished by the drop method [14]. Since the surface of the painted bas-relief had many losses and the paint layers were not uniform, it was decided to take a sample in an area located close to the edges of the bas-relief, retaining the maximum number of layers that were easiest to distinguish during UV shooting (Figure 1b). The cross-section was studied using a DigiMicro Prof 300× digital USB microscope (DigiMicro, Germany/China) in direct non-polarized light of a wide spectrum and in ultraviolet radiation with a wavelength of 365 nm.



The cross-section was also analyzed on a Vega3 SBH scanning electron microscope (TESCAN, Brno, Czech Republic) (resolution 3 nm, accelerating voltage up to 30 kV, magnification from 4.5 to 1,000,000) to determine the elemental composition of each layer. The data on the chemical composition of each layer were obtained, and a map of element distribution was compiled.



Black crusts from the bas-relief surface were analyzed with a LOMO METAM LV-41 metallographic microscope (LOMO, St. Petersburg, Russia) at 50–1500× magnification with an LED backlight.



The cleaning of the bas-relief from late white layers using a traditional restoration technique for cleaning gypsum was carried out using a polar 10% solvent of dimethyl sulfoxide and dimethylformamide in a compress. The exposure time was from 10 to 60 min. Laser cleaning was performed using a pulsed Nd:YAG laser with a pulse duration of 100 µs, a wavelength of 1064 nm, and a maximum radiation energy of 2 J. The energy density varied in the range from 4 to 15 J/cm2, and the pulse repetition rate was 1 Hz.




3. Results


3.1. Photofixation and Stratigraphic Studies


Photofixation of the bas-relief was carried out in several wavelength ranges. Photography in the IR range did not bring appreciable results. When photographing a fragment of the metope in long-wave ultraviolet radiation (365 nm), it was possible to register the visible luminescence of separate paint layers (Figure 1b).



Photofixation in UV light showed the presence of heterogeneous paint layers on the surface of the bas-relief. A cross-section from the surface of the bas-relief (marked by the red area in Figure 1a) was taken and examined using optical microscopy (Figure 2).



Optical microscopy of the prepared cross-section sample showed the presence of eight layers. Layers 1 (about 500 µm thickness) and 3 (about 400 µm thickness) are red-colored materials. These layers are supposed to be historical ones that should be saved. Figure 2b shows light color luminescence in the area between these two layers. It means that this thin layer (about 100 µm thickness) is different from the chemical composition of layers 1 and 3. Layers 4 (about 500 µm thickness) and 5 (about 300 µm thickness) have similar luminescence (Figure 2b) but different particle sizes. Layer 4 contains bigger impurities than layer 5. Between these layers, one can notice a thin black line, which is supposed to be a black crust.



Moreover, the presence of three layers (layers 6, 7, and 8 (about 200 µm thickness)) of white paint on the surface of the bas-relief can be noticed (Figure 2a). The UV image (Figure 2b) also showed different luminescence in the layers of white paint, which provided the prerequisite for studying the elemental composition of the cross-section, which was carried out using a scanning electron microscope.



Data obtained from the scanning electron microscope are presented in Figure 3 and Figure 4 below. Information about the elemental distribution on the surface of the cross-section was obtained in high vacuum mode (<1 × 10−2 Pa) with an accelerating voltage of 20 kV.



The mapping of the sample showed the presence of layers of white shading containing a large amount of barium and zinc. The two layers of red paint contained large inclusions of silicon and iron (Figure 3 and Figure 4).



The elemental distribution in each layer clearly shows the presence of sulfur and chlorine impurities on the surface layers, as well as an abundance of calcium on almost the entire surface of the cross-section (Figure 4).



After scanning, it became possible to correlate the obtained data on the nature of the materials with historical research and suggest in what period each layer of paint was applied. The results of the analysis are presented in Table 1, where all the layers are described in order (Figure 2a,b), starting from layer 1 and ending with the layers of white paint. A description for every layer’s appearance is also presented in Table 1.




3.2. Selection of Laser Exposure Modes


In the case of the studied bas-relief, it was necessary to clean not only surface contamination but also unwanted near-surface layers of paint. In addition, due to the multiple losses of the white cover paint, the dark crusts were visible to the naked eye and covered a large area of the bas-relief. However, it should be noted that it is rather difficult to unambiguously judge the nature of black crusts since this issue requires detailed study. Typically, black gypsum crusts on the surface of marble and limestone are the result of the transformation of calcite into calcium sulfate (CaSO4*H2O) because of a chemical reaction, which becomes possible in urban atmospheres containing S and C from industry heating processes and CaSO4 aerosols [19]. For porous materials that are able to retain rain moisture inside themselves, the formation of black gypsum crusts is especially characteristic. The bas-relief studied in this work has a gypsum base and the presence of gypsum layers or lime in its structure, and rains are typical for the northwest region of Russia.



Since the bas-relief was in the open air and Ca and S were found on its surface as part of its colorful layers, it can be assumed that in this case, just as in the case of stone monuments, we may deal with crusts, which are named in the scientific literature as a patina enriched with gypsum [20].



We took a probe from two areas on the surface of the bas-relief, which visually had a black color (Figure 5, red marks), and carried out a study on a metallographic microscope at a magnification of 50×.



We compared the obtained photos from the metallographic microscope with the results from another investigation of different gypsum crusts (Figure 6).



One can notice a similar surface structure and white crystals’ formation on the surfaces of the black crusts shown in Figure 6. The authors of the reference work (Figure 6a) claimed that such black crusts form as a result of the sulfation process of calcite in the open air, when gypsum is formed and continues to react with the environmental S and C. Thus, we may conclude that in our case, we are also dealing with gypsum crusts. This is important from the point of view of the laser source choice, since the Nd:YAG laser with a wavelength of 1064 nm removes black gypsum crusts easily [1,13,22,23].



The traditional cleaning method using chemical solvents showed that areas with white paint and gypsum crusts are resistant to chemical effects (Figure 5, blue mark), although gypsum in its pure form reacts well with the used solvents dimethyl sulfoxide and dimethylformamide [24]. Traditional cleaning began with the mildest, most gentle reagents at their minimum concentrations. In the final phase of trial clearings, solutions such as polar 10% dimethyl sulfoxide and dimethylformamide in a compress were used. In each case, the compress exposure was gradually increased up to 60 min. This prolonged exposure softened the gypsum layer and the lower layers of paint, while the upper white layers of paint and gypsum crusts remained resistant to the solvents. The inefficiency of the tested methods led to the search for a different solution to the problem and to the development of a combined cleaning method using laser technologies. It included laser removal of the gypsum crust, destruction of the near-surface layer of white paint using laser heating, and the use of the chemical solvent dimethyl sulfoxide followed by mechanical removal of unwanted layers.



Laser action on the near-surface layer of white paint in this technique does not remove it but destroys the surface structure [25], which contributes to faster penetration of the solvent into the white layers and subsequent mechanical removal. Laser cleaning of the gypsum crust allows the solvent to react directly with the gypsum layer covering the historical layer. The gypsum layer thus softens and is very easy to remove mechanically. It is noteworthy that in this case, the historical layer of red paint is not removed along with the softened gypsum—that is, the gypsum layer, due to its optical and chemical properties, serves to protect the historical patina from direct exposure to both laser radiation and the solvent, which makes the developed complex technique effective and safe.



In the case of studying the laser impact on the gypsum crust and the near-surface layer of white shading, two methods of cleaning were tested: dry and wet. In the wet method, the surface of the bas-relief was treated with dimethyl sulfoxide before laser impact (exposure for 5 min), after which it was treated by laser and then again exposed to dimethyl sulfoxide and cleaned mechanically. The results showed that both the dry and wet cleaning methods were equally effective in removing the gypsum crusts and surface layers of white pigments, so it was decided to use the dry cleaning method in order to use less solvent and not expose the bas-relief areas to a longer chemical attack. It was found that when exposed to the gypsum crust, the energy density parameter of laser radiation did not play a key role. The crust was removed both at low values of energy density (about 4 J/cm2) and at high values (about 15 J/cm2), after which no visible changes in the color or structure of the gypsum layer occurred that were observed by optical microscopy with the portable USB device described in the “Materials and Methods” section, at a magnification of 50×.



For the near-surface layer of white paint, on the contrary, the energy density turned out to be important, despite the weak absorption at a wavelength of 1064 nm by white pigments that included Ba and Zn in their chemical composition [25]. Moreover, gypsum itself also strongly reflects near-IR radiation [26], which also prevents one-stage cleaning of the bas-relief using laser radiation since the gypsum layer is comparable in thickness to the white layers (Figure 2). Thermal exposure at a high radiation power of about 13–15 J/cm2 caused darkening of the white layers and a change in their structure, which led to an uncontrolled cleaning process of unevenly distributed layers on the surface of the bas-relief in which the historical layer could be damaged in some places. Experimentally, the optimal mode of laser action on the white painting layers was obtained. The energy density was about 11 J/cm2, the pulse repetition rate was 1 Hz, the laser beam diameter was 2.5 mm, and the number of scans was four. This mode was used during all further experiments, including the removal of gypsum crusts (one scan was sufficient).




3.3. Combined Cleaning Results


After the optimal energy density values were found, the method of complex cleaning of the area with a gypsum crust which is not amenable to the action of a chemical solvent was tested (Figure 7).



Figure 5 shows the area where this method was applied (green mark). With the help of laser radiation, the black crust was removed, after which a layer of gypsum remained and was exposed to dimethyl sulfoxide (exposure for 10 min). Then, using a scalpel, the softened layer of gypsum was removed mechanically. The cleaning result is shown in Figure 7b.



Then, an area of 3 × 4 cm (Figure 5, yellow mark) on the surface of bas-relief, which was covered with layers of white paint, was cleaned (Figure 8).



After laser exposure and application of dimethyl sulfoxide (exposure for 10 min), part of the white layers almost immediately began to peel off (Figure 8b), and the remaining area was cleaned with a scalpel and additional treatment with dimethyl sulfoxide (depending on the thickness of the layer) during mechanical action. As a result, the site was uncovered with no visible damage to the historic red paint layer (Figure 8c).



Using a DigiMicro Prof 300× digital USB microscope, images of the surface of the bas-relief were obtained (Figure 9).



The photographs show that after the combined cleaning method (Figure 9b), the surface had a more pronounced red color compared to the surface cleaned with the traditional chemical method. Whitish traces (Figure 9c) may indicate that a gypsum layer remains, distorting the color of the surface after traditional cleaning.





4. Discussion


Table 1 provides a detailed description of the elemental compositions and the estimated times when the layers of white paint present on the surface of the bas-relief were applied. It is difficult to estimate the application time of the iron-containing layers of reddish and orange color. In the drawings from the Academy of Arts Museum collection made in 1794 by S.F. Ivanov [27], there is no visible contrast which could make it possible to suggest that the metopes were a different color from the facade. Since there are no data on the original color solution for the courtyard metopes, we offer a hypothesis for the reasons the gypsum was painted.



The decoration style of the courtyard’s facades that was envisioned by the architect proposed a terracotta-imitating paint, which conformed to the knowledge of the 18th century classics on the Greek style. In this case, a later orange layer might have appeared in the 1820s–1830s, over the course of the construction work supervised by K.A. Ton. Alternatively, it might have emerged somewhere between 1859 and 1864, in the 8-year-long period of major building rehabilitation, which was recorded in the memoir of V.P. Lvov [15].



The moving architectural model of the Academy of Arts building displayed in the permanent exhibition of the museum is an intricate miniature of the prospective building executed in 1764 from the designs of the architectural faculty professors A.F. Kokorinov and J.-B. M. Vallin de la Mothe. It is possible that many elements of the building were originally supposed to be decorated with gold leaf, as was done in the model interior. The commenced construction of the building halted in the early 1770s due to the cessation of funding. For the sake of reducing the costs, the architects might have abandoned the gilding plans, although only after the metopes had been prepared for oil varnish and painted terracotta. The model does not offer a definitive answer to the question of the architects’ intention, since it, too, has been repainted.



The bas-relief studied here is a complex, multi-layered object. Optical microscopy and EDX analysis allowed for accurately determining the positioning of the layers and their chemical composition, which are important both for provenance research and for developing a method of further restoration.



In Figure 9a, there are clearly visible smooth depressions on the surface, which could have emerged after mechanical cleaning of the bas-relief performed before another repair or restoration procedure. This explains the heterogeneity of the distribution of the white over-paint layers as well as the absence of gypsum crusts in some places. A surface such as this is difficult to clean with universal solvents, as the first attempts in cleaning confirmed; however, in combination with laser exposure, dimethyl sulfoxide proved to be an effective solvent. The effectiveness of the combined cleaning was also affected by the positioning of the protective gypsum layer on top of the terracotta paint. A layer arrangement of this type may be characteristic of individual decorative elements, historical buildings, or painted monuments, to which this combined cleaning technique could also be applied.




5. Conclusions


Stratigraphic analysis, optical microscopy, and photography techniques as well as electron scanning microscopy allowed us to speculate which layers were applied at later stages and how the monument was changed. After that, it was possible to clean it by developing a complex technique of removing unwanted paint layers with a chemical solvent and a laser. This technique has demonstrated its effectiveness and safety in comparison with the traditional cleaning methods, as evidenced by microscopy analysis of the cleaned surface.



This work is an example of a comprehensive study of an art object through modern optoelectronic methods that permits to solve complex problems of cultural heritage conservation and restoration, which cannot be fully accomplished via traditional methods only. This confirms the relevance of adjusting modern restorative techniques for complex, multi-layered art objects (e.g., fine art and murals), which contain low-solubility layers of synthetic coating varnishes, drying oil, soot, and various surface oxides.
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Figure 1. General view of the bas-relief: (a) in visible light; (b) UV photography. Red square marks the area where the probe for cross-section was taken. Yellow sign shows the detailed picture of the marked area. 
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Figure 2. Cross-section of the metope fragment: (a) in visible light; (b) in UV light. 
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Figure 3. General view of cross-section: (a) electronic image in BSE mode; (b) mapping of the cross-section surface. 
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Figure 4. Distribution of elements in cross-section. 
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Figure 5. General view of the bas-relief with marked areas involved in the experiment. 
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Figure 6. View of the black crust: (a) under the stereomicroscope from the paper J.S. Pozo-Antonio etc. [21] …; (b) under the metallographic microscope from our experiment. 
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Figure 7. Photos of the area with a gypsum crust cleared by the combined method: (a) area before the cleaning process; (b) after combined cleaning. 
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Figure 8. Photos of the area cleaned by the combined method from white paint: (a) before the cleaning process; (b) dimethyl sulfoxide treatment; (c) cleaning result. 
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Figure 9. Photos of the bas-relief surface: (a) the original surface with white paint; (b) surface cleaned by the combined method; (c) surface cleaned by the traditional method. 
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Table 1. Stratigraphy of the bas-relief.
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	Layer
	Basic Elemental Composition (Highest to Lowest), Color of Luminescence
	Approximate Appearance Time of the Layer, Commentary





	1.
	Dark red layer (bole)
	Ca, S, Si, Fe, C, Al, O.

Small particles.

Shows as dark.
	-



	2.
	Thin gray layer
	Ca, C.

Small particles.

Milky-white luminescence.
	-



	3.
	Orange layer
	Ca, O, Si, C, Fe, Al.

Medium-sized particles with heterogeneous inclusions.

Violet luminescence of varying shades.
	-



	4.
	Gypsum layer
	Ca, S, O.

Big-sized particles.

Covered with a hard, dense, black sulfate crust. Luminescence fades as it approaches the crust.
	A suggestion of renovation in 1900, under the supervision of the architect V.F. Svinyin. “After the spring fire (…) the academic council resolved, for the time being, to limit restorative works to the burnt-out art studies classroom, with replacement of all wooden fixing elements with iron ones, and the outward appearance of the whole building, so to speak” [15]. In photographs from 1913, taken to mark the occasion of the Academy’s anniversary, the facades and decorative elements look either freshly painted or cleaned [16]. The soiled and desolated state of the building is clearly visible in archival photographs from the 1920s. A photograph taken by S.G. Gasilov in 1934 [17] demonstrates the obviously dark tone of the relief, which correlates with the presence of a monolithic dense black plaster crust with a high content of S. The content of sulfur dioxide in the air can be explained by the city industrialization at the beginning of the 20th century.



	5.
	Gypsum layer
	Ca, S, Cl, O.

Small particles. Covered with a thinner sulfate crust. Luminescence is bright and yellowish.
	Repair works of 1946, when the museum in the “compass” of the second floor was being renovated [15].



	6.
	White layer (blanc fixe)
	Ba, Na, O, Zn, C, O, Si.

Small particles.

Dimmed lilac luminescence.

Pronounced grooves: cleaning with a metal bristle over the layer of barite paint. The next two layers level the surface.
	It may date back to the period of the 1950–60s, when the beams and utility systems were being replaced in accordance with the project of architects I. N. Benois and V. N. Rachmanin [18].



	7.
	Yellow-gray layer (zinc white paint)
	Ca, Zn, Cl, O, Na.

Small particles.

Bright green luminescence.
	May correspond with the period of the 1972–1980s, when the great halls were being renovated [18].



	8.
	Beige layer
	Ca, O, S, Al.

Small particles.

No luminescence.
	-
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