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Abstract

:

The removal of non-original superimposed layers covering the original pictorial layer in paintings is a common practice to restore the authentic appearance of surfaces and mitigate potential risks to artwork preservation. Contemporary assessments of the effectiveness of such cleaning treatments often employ non-destructive analytical methods. However, many existing techniques face limitations, either lacking specificity in compound identification or analyzing very limited areas (<millimeters) through a point-by-point approach. This study introduces the application of a macro Fourier transform infrared scanner, in reflection mode (MA-rFTIR), as an effective tool for supporting restorers during cleaning processes. This method proved successful in addressing challenges related to the removal of calcium oxalate films and non-original superimposed layers on two ancient paintings.
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1. Introduction


Exposure to pollutants, light, and dust can induce chromatic alterations and physical/optical degradations in pictorial layers, primarily through oxidation phenomena [1,2]. Consequently, cleaning processes become imperative to eliminate degradation products and/or superimposed layers, restoring the original appearance of the pictorial surface.



The aging process, coupled with interactions between pigments and binders, gives rise to the formation of metal oxalates and carboxylates, commonly observed as degradation products in paintings [3]. Among these, calcium oxalate stands out, often manifesting as a thick, durable patina that is challenging to remove. This substance originates from oxalic acid attributed to the metabolic activity of fungi and/or bacteria, as well as oxidative processes affecting organic materials, particularly those containing protein contents [4].



Beyond addressing degradation products, cleaning processes become essential for removing re-painted areas that can lead to chromatic and chemical alterations on the original surfaces. These coatings may be composed of more recent materials than the artwork’s original components or share a similar chemical composition with the original pictorial layers. In the latter scenario, it is crucial to monitor cleaning processes meticulously to prevent any damage to the original painted surface.



Therefore, the need to identify the nature of final coatings, surface alterations, and re-paintings, along with real-time monitoring of cleaning processes, propels scientific research toward the development of non-destructive techniques and analytical procedures. These techniques aim to be applied in situ, with the goal of evaluating the effectiveness of restorers’ treatments [5].



Typically, UV-fluorescence imaging serves as an analytical technique for detecting inhomogeneities in the varnish layer or identifying modern treatments, visible as dark areas [6,7,8]. Although this method serves as a valuable initial approach, it falls short in uniquely identifying specific compounds. Additional insights can be gained by employing UV spectroscopic techniques, including multispectral and hyperspectral imaging [9,10], UV-fluorescence spectroscopy [11,12,13], and laser-induced fluorescence spectroscopy (LIF) [14]. However, the identification of many compounds responsible for alterations and degradation phenomena remains challenging.



While hyperspectral and multispectral imaging in the visible and NIR range offer information about pigment types or reveal the presence of restoration treatments [15], they are less sensitive to organic matter or materials lacking specific spectral features in these ranges. Optical coherence tomography (OCT) has found extensive use in evaluating cleaning process effectiveness [16], primarily through measuring coating thickness, but it does not allow for the identification of removed or remaining products on the surface.



FT-IR spectroscopy, particularly in attenuated total reflectance (ATR) and external reflection modes, stands out as the most effective technique for detecting organic matter in situ [17]. Recently, reflection FTIR (r-FTIR) spectroscopy has been proposed to assess the efficiency of cleaning treatments due to its high sensitivity to organic compounds. By using this technique, it is necessary to take into account that the depth penetration in the mid-infrared range depends on several factors, including the wavelength of the radiation, the material being penetrated, and its optical properties such as absorption and scattering coefficients. Generally, in the mid-infrared range (wavelengths typically between 2.5 to 25 micrometers), infrared radiation can penetrate only a few micrometers into most materials. However, in some cases, such as with thin films or materials with low absorption coefficients, infrared radiation can penetrate deeper, up to several tens of micrometers or even millimeters. The exact penetration depth can vary widely depending on the specific conditions of the material and the infrared radiation being used [5,18,19,20].



However, as it is performed through point-by-point analysis, the results are specific to particular portions of the treated surface.



To address these limitations, researchers are exploring two main directions: (1) combining multiple techniques, such as point-by-point analyses with imaging or mapping devices [21,22] and (2) developing portable instruments for imaging or mapping that convert point-by-point analyses into comprehensive techniques [23,24,25].



In the latter aspect, macroscopic Fourier transform infrared scanning in reflection mode (MA-rFTIR) and Mid-IR hyperspectral imaging have been developed to acquire distribution maps of organic and inorganic compounds directly in situ [23,26].



Particularly, MA-rFTIR has been applied to cultural heritage over the last decade, demonstrating efficient recognition of pigments and binders in non-varnished artifacts (like illuminated manuscripts). However, its potential for recognizing the distribution of degradation products or superimposed layers has not been thoroughly investigated, especially concerning the verification of cleaning treatment effectiveness.



In this study, we assessed the efficacy of cleaning processes applied to two historic artworks: a 13th-century wooden painted cross and a 15th-century panel painting titled “Madonna in trono con Bambino, miracolo delle stimmate di San Francesco, Santi Antonio Abate e Bartolomeo, Crocefissione, San Cristoforo”. Our investigation employed a combination of micro-destructive and non-invasive methods. Initial analyses involved Micro-FTIR spectroscopy on samples to inform the selection of appropriate cleaning treatments. Subsequently, we gauged the effectiveness of the cleaning procedures using reflection FTIR (r-FTIR) spectroscopy, with a particular emphasis on exploring the potential of MA-rFTIR mapping to discern the distribution of residues on the paintings.




2. Materials and Methods


2.1. The Paintings


2.1.1. A 13th-Century Wooden Painted Cross


We examined a section of a 13th-century wooden painted cross (Figure 1a) originating from a Florentine context and attributed to the Master of Gagliano. The artwork depicts Christ, mourners, Christ the Judge, and angels. This artifact, housed in the storage of the Cenacolo Museum of Andrea del Sarto in San Salvi, Florence, has its origins in the Augustinian Monastery of Santa Caterina (FI), commonly known as San Gaggio. The painting’s colors exhibited alterations due to the presence of a thick superimposed layer, which was not part of the original surface.



These analyses were conducted during the restoration process undertaken by the Central Institute of Restoration (ICR) in Rome.




2.1.2. A Panel Painting Titled “Madonna in Trono con Bambino, Miracolo delle Stimmate di San Francesco, Santi Antonio Abate e Bartolomeo, Crocefissione, San Cristoforo” by Arcangelo Di Cola


This 15th-century wooden painting, attributed to Arcangelo di Cola, originates from the Galleria Nazionale delle Marche in Urbino. The artwork portrays the Enthroned Madonna with Child and other sacred episodes. Given the observed blackening of the Virgin’s mantle, our analyses were specifically directed towards this area.



These examinations were conducted in the course of the restoration process overseen by the Central Institute of Restoration (ICR) in Rome, with a particular focus on the Virgin’s mantle (Figure 1b).





2.2. Micro-Destructive Method


To discern the composition of superficial layers targeted for removal and guide the selection of cleaning processes, micro-FTIR spectroscopy was employed on samples extracted from both artworks.



Micro-FTIR


Micro-FTIR analysis was conducted using an infrared microscope, specifically the Thermo Scientific, Nicolet IN10 model (Madison, WI, USA), equipped with an LN-MCT detector. Spectra were obtained in transmission mode within the spectral range of 4000–650 cm−1, using a diamond cell. A minute micro-fragment was extracted from the painting surface and was directly placed and flattened onto the diamond cell for analysis.





2.3. Non-Invasive Methods


Point-by-point reflection FTIR spectroscopy and MA-rFTIR were employed both before and after the application of cleaning treatments to assess their effectiveness.



2.3.1. Point-by-Point Reflection FTIR Spectroscopy


The reflection FTIR spectra were obtained using an FT-IR spectrometer, specifically the ALPHA-II model from Bruker Optics, Ettlingen, Germany, equipped with an external reflectance module featuring an optical layout with a geometry of approximately 20°/20° and a coaxial digital camera. The spectrometer comprises a SiC globar source, a RockSolid interferometer, and a DLaTGS detector. For each point, an average of three measurements was taken over the spectral range of 7000–360 cm−1, with 64 scans and a spectral resolution of 4 cm−1. The acquired spectra were represented as pseudo-absorbance spectra [log(1/R); R = reflectance]. In reflection mode, absorption bands may undergo distortion due to surface and volume reflection. Surface reflection can cause derivative-like distortions in the band shape and inversion band (Reststrahlen effect), while volume reflection (also termed diffuse reflection) yields bands akin to those obtained in transmission mode [27]. In this work, derivative-like shapes and inversion bands are denoted as “+” and “*”, respectively.




2.3.2. MA-rFTIR


The spectrum acquisitions were conducted using the FT-IR spectrometer ALPHA-II from Bruker Optics, Germany (for more details, refer to Section 2.3.1). The spectrometer is mounted on a 3-axis motorized scanning system (Standa, Vilniaus, Lithuania), capable of movement in the X and Y directions. The Z translator enables the precise positioning of the IR beam at the focal point on the surface to be analyzed, facilitated by a Self-contained TOF Laser Sensor (Keyence, Mechelen, Belgium) recording the distance between the focal point and the surface.



Each acquisition is synchronized with the scanner positions via LabVIEW software 2019, facilitating the acquisition of images of the investigated areas. The lateral resolution of the spectrometer is approximately 1.5 mm, and each acquisition is recorded at intervals of 2 mm in both vertical and horizontal directions. Spectra were acquired with a spectral resolution of 8 cm−1, utilizing 4 scans and covering the spectral range of 7000–360 cm−1. The acquired spectra were processed using pseudo-absorbance [log(1/R); R = reflectance].



Data organization into spectral images was accomplished using ARTEMISIA Software (a demo version developed by X-Team Software Solutions s.r.l.s.) and superimposed on the visible image captured by the integrated camera. Spectral images, saved as ENVI files, were imported into the Matlab environment (MATLAB 2023, Mathworks, Inc., Natick, MA, USA) and processed using Hypertools3 [28,29]. The data were preprocessed using the standard normal variate (SNV) algorithm for spectral normalization. In some instances, the first derivative of the spectra was employed to emphasize derivative-like bands.



The results obtained from MA-rFTIR are showcased using false-color correlation maps generated with the Pearson correlation coefficient algorithm [30]. These maps focus on specific regions of interest (ROIs) containing characteristic spectral features of the compounds under investigation, while disregarding bands associated with potential chemical cleaning residues. The results are displayed in a false-color format, where a correlation coefficient value near 1 is represented in dark red, and a correlation coefficient value of −1 is represented in blue.



In this study, the analyzed areas covered approximately 3 × 10 cm2.





2.4. Cleaning Treatments


2.4.1. The 13th-Century Wooden Painted Cross


The cleaning treatment aimed at removing the thick and altered superimposed layer on the painted cross employed laser ablation combined with chemical cleaning [31]. Specifically, the LIGHT BRUSH 2 laser, powered by Er:YAG technology (Wavelength 2940 nm) from El.en. Company (Calenzano, Florence, Italy), was utilized for cleaning the entire painting surface, excluding the background painted with azurite mixed with glue. In these specific areas, the Nd:YAG THUNDER COMPACT laser from Quanta System (Milano, Italy), operating at the second harmonic (wavelength 532 nm), was employed. Chemical cleaning was performed by a chelating gel at pH8 constituted by acetic acid (1 g), Carbopol® Ultrez 21 (1 g), demineralized water (100 mL), and Triethylamine, namely TEA (4.1 mL) [32,33,34,35].




2.4.2. The Panel Painting Titled “Madonna in Trono con Bambino, Miracolo delle Stimmate di San Francesco, Santi Antonio Abate e Bartolomeo, Crocefissione, San Cristoforo” by Arcangelo Di Cola


The cleaning intervention aimed to remove an altered repainted layer that had compromised the clarity of the original blue coloring of the Virgin’s mantle. This process involved two cleaning phases: initially using a visco-elastic gel base, followed by the application of a pH 8.5 chelating gel, interspersed with Japanese paper [36,37]. The visco-elastic gel was prepared by mixing Polyvinyl alcohol, PVA (8 wt.% in demineralized water), and di-sodium tetraborate, Borax (8 wt.% in demineralized water), in a 4:1 ratio, whereas the chelating gel was constituted by acetic acid (1 g), Carbopol® Ultrez 21 (1 g), demineralized water (100 mL), and TEA (3–4 mL).






3. Results and Discussion


3.1. The 13th-Century Wooden Painted Cross


Micro-FTIR analyses were performed on some samples of the cross. In this study, we present the spectra obtained from two samples taken from the superimposed layer above the blue background, near the right hand of Christ. As depicted in Figure 2, measurements on one sample revealed absorption bands indicative of the following:




	-

	
Beeswax characterized by the bands at 2954 cm−1 (asymmetric stretching of CH3), 2910 and 2850 cm−1 (stretching mode of CH2), 1737 cm−1 (C=O stretching mode), 1463 cm−1 (CH2 scissoring mode), 1173 cm−1 (C=O stretching and CH bending vibrations) and 720 cm−1 (CH2 rocking mode) [38];




	-

	
Gypsum identified by the bands at 3403 cm−1 (OH stretching mode), 1620 cm−1 (OH bending mode) and 1140 cm−1 (asymmetric stretching ν3 of SO42−) [39,40];




	-

	
Calcium oxalate detected by the band at 1320 cm−1 (C-O stretching mode) [41];




	-

	
Proteins revelated by the bands at 1650 and 1550 cm−1, attributed to the carbonyl stretching vibration (C=O) of the amide I and to a mixture of N-H bending and C-N stretching modes of the amide II, respectively [42].









The analyses suggest the presence of a thin superimposed layer of beeswax over the original paint layers and an underlying thicker proteinaceous layer partially altered into calcium oxalate. The occurrence of gypsum may be attributed to migration from the preparatory layer. This insight into the composition of the superimposed layers aids in understanding the materials involved and guides the selection of appropriate cleaning treatments for the restoration of the 13th-century wooden painted cross.



To minimize the need for extensive sampling and ensure a non-invasive assessment of cleaning treatments, various non-invasive approaches were employed. The analyzed areas are delineated in Figure 3, with specific focus on three regions:




	-

	
Area A represents the untreated surface, encompassing a superimposed layer covering the pictorial layer.




	-

	
Area B corresponds to the region subjected to chemical cleaning.




	-

	
Area C involves a combination of laser ablation and chemical cleaning.









This non-invasive monitoring strategy allows for the comprehensive evaluation of the impact and effectiveness of different cleaning interventions on the 13th-century wooden painted cross without the need for extensive and potentially damaging sampling.



The point-by-point rFTIR analysis conducted in the blue areas revealed that the spectrum of the non-original superimposed layer, displayed in Figure 4 (1a spectrum), primarily shows, as follows:




	-

	
Lipid content that is identified by a doublet at 4330 and 4261 cm−1, attributed to the νa + δa and νs + δs of the aliphatic methylene groups [27] and three derivative-like bands at 2929, 2860 cm−1 and 1730 cm−1 [27,43];




	-

	
Protein content that is detected by the amide II derivative-like band at 1550 cm−1 [43];




	-

	
Calcium oxalates detected by the inverted band at 1616 cm−1 and the derivative-like band at 1316 cm−1 [44,45];




	-

	
Gypsum identified by the inverted band at 1140 cm−1 and two derivative-like bands at 680 and 600 cm−1 [39,40]. Moreover, the derivative like-band at 3400 cm–1 is observed [46];




	-

	
Silicates that are recognized by inverted bands between 1120 and 1020 cm−1 and iron ores detected by the bands between 550 and 400 cm−1 [47,48,49,50,51];




	-

	
Calcium carbonate that is identified by an inverted band at 1410 cm−1 and a derivative-like band at 875 cm−1 [52];




	-

	
Natural resins detected by a band at 1375 cm–1 (CH3 bending) [43].









Additionally, the presence of azurite as a blue pigment was indicated by the detection of the overtone 3ν3 of CO32− and the combination ν + δ (OH) at 4376 and 4250 cm−1, respectively [52]. This insight into the composition of the non-original layer provides valuable information for understanding the materials involved and aids in the formulation of effective cleaning treatments during the restoration process. The assigned bands are reported in detail in Table 1.



The obtained results align with those from micro-FTIR, reinforcing the conclusion that the superimposed layer is predominantly composed of lipid and protein contents along with calcium oxalates. Notably, since micro-FTIR detected beeswax, the presence of lipids is attributed to this substance rather than the use of egg yolk. The identified silicates, iron ores and calcium carbonate are likely associated with dust, while gypsum may have migrated from the preparatory layer.



Following the chemical cleaning in the blue area, a significant reduction in the contribution of calcium carbonate, gypsum, and silicate is observable, as reported in Table 1. The spectrum, displayed in Figure 4 (1b spectrum), primarily exhibits intense bands of calcium oxalate (1620 *, 1316 * cm−1), indicating that the initial cleaning process effectively removed the superficial layer containing beeswax, dust, and gypsum. However, the layer containing oxalates, situated above the azurite pictorial layer, remained largely intact.



Upon the application of the combined action of laser ablation and chemical cleaning, there is a substantial reduction in calcium oxalate, and the absorption bands of azurite become prominent (3440 *, 2590, 2555, 2503, 1466 *, 1423 * cm−1) [52,53], as reported in Figure 4 (1c spectrum) and Table 1. This observation suggests that the cleaning process was successful in revealing the original pictorial layer, effectively eliminating the calcium oxalate layer.



Due to the potentially uneven distribution of cleaning processes on treated surfaces, MA-rFTIR was employed to primarily monitor the reduction in the calcium-oxalate-containing layer patina. The Pearson correlation coefficient algorithm was utilized for this purpose. The spectral features of calcium oxalate include an intense inverted band at 1620 cm−1 and a less intense derivative-like band at 1320 cm−1. Given the potential overlap of the first band with the amide I of the proteins, the correlation map was generated using the second band, with a selection of the 1400–1200 cm−1 region of interest (ROI).



As depicted in Figure 5, calcium oxalate is not only present in the untreated area (specifically above the blue layer) but also characterizes the chemical composition of the surface after chemical cleaning, corroborating the results obtained from point-by-point analyses. Furthermore, calcium oxalate is notably distributed on the blue and red pictorial layers, suggesting the utilization of protein binders as media for these pigments. This information contributes to a comprehensive understanding of the cleaning process’s impact on different regions of the painted cross.



Following the combined laser and chemical treatment, the removal of the oxalate layer was significant, revealing the original pictorial and preparatory layers. This is vividly illustrated in Figure 6 through the observation of the correlation maps of gypsum (ROI: 1000–1200 cm−1) and azurite (ROI: 1380–1500 cm−1). Gypsum predominantly appears in the white areas and is attributed to the preparatory layer, which was created using gypsum and animal glue. By contrast, the characteristic bands of azurite in the mid-IR are only detected after the implementation of this combined cleaning treatment. This visual evidence underscores the effectiveness of the treatment in uncovering the authentic layers beneath the previously obscured surface.




3.2. Panel Painting Titled “Madonna in Trono con Bambino, Miracolo delle Stimmate di San Francesco, Santi Antonio Abate e Bartolomeo, Crocefissione, San Cristoforo” by Arcangelo di Cola


The analyzed area of the panel painting is illustrated in Figure 7, with a specific focus on the Virgin’s mantle, which exhibits a repainted layer appearing as a dark blue layer, revealed after the removal of a superficial glue coating.



A micro-FTIR spectrum performed on a sample taken from the dark blue layer reveals the presence of lipid content (2920, 2850, 1720, 1450 and 711 cm−1) [43], proteins (1650, 1550, and 1450 cm−1) [42], calcium oxalate (1320 cm−1) [44], metal-carboxylates (1570 and 1540 cm−1, attributed to COO− stretching mode) [44,54], calcium carbonate (1406 and 870 cm−1) [48], and aluminosilicates (995 cm−1 attributed to the O–Si–O anti-symmetric stretching mode) [55], as depicted in Figure 8. The results suggest that the pictorial layer is composed of a lipid binder (i.e., oil) and aluminosilicates (i.e., ultramarine blue) as the pigment. Additionally, the pictorial layer exhibits two degradation phenomena: carboxylates indicating the formation of metal soap [36] and calcium oxalates. Proteins and calcium carbonate may be attributed to contamination from the removed superficial layer.



The composition of the pictorial layer was further confirmed through point-by-point rFTIR spectra, as shown in Figure 9. These spectra exhibit absorption bands related to calcium oxalate (1620 *, 1320 + cm−1), a lipid substance (4340, 4260, 1730 +, 1450 + cm−1), and lapis lazuli pigment (2340, 996 *, 450 * cm−1) [52]. Particularly, the band at 2340 cm−1 is attributed to the presence of S6−, to HS3, and to CO2 confined in the octahedral framework of the mineral during its formation [56].



The cleaning process, utilizing PVA/Borax and chelating gel, aimed to remove the repainted layer to reveal the original pictorial layer, even though it was interpenetrated within the original layer. Consequently, the analyses were directed towards assessing the reduction in the lipid content primarily associated with the binder of the repainted layer.



The point-by-point FT-IR analyses conducted after the cleaning processes indicated a significant reduction in lipid content, as shown in Figure 10. The revealed original pictorial layer is predominantly composed of a proteinaceous binder (1650 + cm−1) and lapis lazuli pigment (2340, 996 *, 450 * cm−1). Additionally, the presence of calcium oxalate (1320 + cm−1) was detected in the analysis.



Given that point-by-point analysis may not provide a comprehensive representation of material distribution, MA-rFTIR was employed to map the distribution of the carbonyl group (1730 cm−1) to evaluate the efficacy of repainted layer removal.



Due to the derivative-like appearance of the carbonyl band in reflection mode, a first derivative of the spectra was executed before applying the Pearson correlation coefficient. This step was taken to enhance and isolate the band attributed to lipid content, as depicted in Figure 11a. The correlation map of the carbonyl group before the restoration reveals an extensive distribution of lipid content in the Virgin’s mantle, which is almost entirely absent after the cleaning treatments, as shown in Figure 11b,c. A high correlation is also observed in the incarnate of the Child, associated with the presence of lead white, which presents a band at 1730 associated with ν1 + ν4 (CO32−) vibration modes [46]. Moreover, a notable correlation is identified on the Virgin’s robe and Child’s veil, attributed to the application of Paraloid b72, which exhibits a carbonyl group at 1730–1740 cm−1. This substantial reduction in lipid content demonstrates the effectiveness of the cleaning procedures.



Furthermore, we examined the distribution of calcium oxalate to assess if the cleaning processes contributed to its reduction. The correlation map of calcium oxalate (ROI: 1400–1200 cm−1) before treatment exhibits high correlation mainly in the central part of the Virgin’s mantle, as shown in Figure 12a. After the cleaning process, the distribution of oxalate appears significantly reduced, except for regions corresponding to dark areas in the visible image.



Additionally, a correlation map of lapis lazuli (ROI: 2290–2370 cm−1) before and after the cleaning treatments was generated, as displayed in Figure 12b, indicating the presence of this pigment in both the repainted and original layers. The non-uniform distribution of this pigment before treatment confirms the existence of a superimposed material, concealing the pigment signals beneath its thickness.





4. Conclusions


This study focuses on the potential of MA-FTIR for identifying superimposed patina and layers on original painted surfaces and evaluating the effectiveness of cleaning treatments.



Point-by-point FT-IR spectroscopy, as demonstrated in prior research, is a suitable technique for non-invasively detecting the efficacy of cleaning treatments. However, it falls short in achieving material distribution due to the high number of points that must be acquired. MA-rFTIR mapping addresses this limitation, allowing for the scanning of entire surfaces, obtaining an FT-IR spectrum for each point, and visualizing material distribution by using techniques like the Pearson correlation coefficient.



Two case studies were presented, showcasing the high capacity of MA-rFTIR mapping in assessing cleaning treatments on ancient pictorial artworks. For the 13th-century wooden painted cross, MA-rFTIR mapping revealed a layer containing calcium oxalate. After the combination of laser ablation and chemical cleaning, the calcium oxalate content was significantly reduced, revealing the original pictorial layer.



Similarly, MA-rFTIR mapping on the Virgin’s mantle of the “Madonna in trono con Bambino, miracolo delle stimmate di San Francesco, Santi Antonio Abate e Bartolomeo, Crocefissione, San Cristoforo” painting facilitated the evaluation of repainted layer removal after chemical cleaning with PVA/Borax and chelating gel.



In conclusion, MA-rFTIR mapping proves to be a valuable tool for assessing the efficiency of cleaning procedures and mapping material distribution on surfaces. Future advancements may include the application of precise chemometric analysis and the development of predictive models for monitoring material distribution. Moreover, since the IR depth penetration for FTIR measurements in reflection mode depends mainly on the optical transparency and refractive index of materials, the roughness of the surfaces, and the wavenumber, dedicated tests are required in order to evaluate the precise thicknesses being investigated.
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Figure 1. (a) Wooden painted cross from the 13th century, (b) Panel painting “Madonna in trono con Bambino, miracolo delle stimmate di San Francesco, Santi Antonio Abate e Bartolomeo, Crocefissione, San Cristoforo” by Arcangelo Di Cola. The areas under investigation are indicated by the highlighted yellow rectangles and they measure approximately 3 × 10 cm2. 
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Figure 2. Micro-FTIR spectra of the beeswax reference (1) and of superimposed layer (2). 
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Figure 3. The analyzed areas using non-invasive approaches; area (A) represents the untreated surface, area (B) signifies the region cleaned with chemical treatments, and area (C) involves the portion subjected to a combination of laser ablation and chemical cleaning. Additionally, specific points denoted as 1a, 1b, and 1c correspond to the locations of point-by-point analyses within these areas. This strategic selection of points allows for a detailed examination of the effects of different cleaning methods on the 13th-century wooden painted cross without resorting to extensive and potentially damaging sampling. 
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Figure 4. rFTIR spectra of 1a, 1b, and 1c points. The spectral features assigned to azurite are labeled as “*”. 
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Figure 5. Visible image (top) and correlation map of calcium oxalate (bottom). Area (A) represents the untreated surface, area (B) signifies the region cleaned with chemical treatments, and area (C) involves the portion subjected to a combination of laser ablation and chemical cleaning. 
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Figure 6. (a) Visible image (top) and correlation map highlighting gypsum (bottom). (b) Visible image (top) and correlation map emphasizing azurite (bottom). Area (A) represents the untreated surface, area (B) signifies the region cleaned with chemical treatments, and area (C) involves the portion subjected to a combination of laser ablation and chemical cleaning. 
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Figure 7. (a) The panel painting before the restoration. (b) The panel painting after the restoration. (c) A closer view of the analyzed area is presented before the restoration process. (d) A closer view of the analyzed area is presented after the restoration process. 
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Figure 8. Micro-FTIR spectrum of the dark blue layer. 
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Figure 9. r-FTIR spectrum of the dark blue layer. 
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Figure 10. r-FTIR spectra of the original layer (point 2) and the dark blue layer (point 1) acquired after the cleaning processes. 






Figure 10. r-FTIR spectra of the original layer (point 2) and the dark blue layer (point 1) acquired after the cleaning processes.



[image: Coatings 14 00511 g010]







[image: Coatings 14 00511 g011] 





Figure 11. (a) Spectra of the repainted and original layer along with their first derivative spectra. (b) Visible image and the correlation map of the carbonyl group (ROI: 1790–1700 cm−1) before the cleaning processes. (c) Visible image and the correlation map of the carbonyl group (ROI: 1790–1700 cm−1) after the cleaning processes. 
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Figure 12. (a) Visible image and the correlation map of the calcium oxalate (ROI: 1400–1200 cm−1) before the cleaning processes. (b) Visible image and the correlation map of the calcium oxalate (ROI: 1400–1200 cm−1) after the cleaning processes. (c) Visible image and the correlation map of lapis lazuli (ROI: 2290–2370 cm−1) before the cleaning processes. (d) Visible image and the correlation map of lapis lazuli (ROI: 2290–2370 cm−1) after the cleaning processes. 
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Table 1. Band assessment of the superimposed layer. Derivative-like shape and inversion band are reported in this work as “+” and “*”, respectively. The presence of a band is labeled as “x”, whereas its absence is labeled as “-”.
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	Wavenumber

(cm−1)
	1a
	1b
	1c
	Band Assignment





	4376
	x
	x
	x
	overtone 3ν3 of CO32− (azurite) [52]



	4330
	x
	x
	x
	νa + δa of the aliphatic methylene groups (lipid content) [27]



	4261
	x
	x
	x
	νs + δs of the aliphatic methylene groups (lipid content) [27]



	4250
	x
	x
	x
	ν + δ (OH) (azurite) [52]



	3440 *
	-
	-
	x
	OH stretching mode (azurite) [52]



	3400 +
	x
	x
	x
	O-H stretching mode (gypsum) [52]



	2929 +
	x
	x
	x
	asymmetric stretching mode of CH2 (lipid content) [43]



	2860 +
	x
	-
	x
	symmetric stretching mode of CH2 (lipid content) [43]



	2590
	-
	-
	x
	ν1 + ν3 combination band of CO32− (azurite) [52]



	2555
	-
	-
	x
	ν1 + ν3 combination band of CO32− (azurite) [52]



	2503
	-
	-
	x
	ν1 + ν3 combination band of CO32− (azurite) [52]



	1730 +
	x
	-
	-
	C=O stretching mode (lipid content) [43]



	1616 *
	x
	x
	-
	C=O stretching mode (calcium oxalate) [45]



	1550 +
	x
	-
	-
	N-H bending and C-N stretching modes of the amide II (protein content) [43]



	1466 *
	-
	-
	x
	stretching mode of CO32− azurite [53]



	1423 *
	-
	-
	x
	stretching mode of CO32− azurite [53]



	1410 *
	x
	-
	-
	asymmetric stretching mode of CO32− (calcium carbonate) [52]



	1375 +
	x
	-
	-
	δs (CH3) (natural resins) [43]



	1316 +
	x
	x
	-
	C-O stretching mode (calcium oxalate) [39]



	1140 *
	x
	-
	-
	asymmetric stretching ν3 of SO42−(gypsum) [46]



	1120 *
	x
	-
	-
	asymmetric stretching ν3 of SO42− (gypsum) [46]



	1020 *
	x
	x
	-
	Si-O antisymmetric stretching modes (silicates) [46]



	875 +
	x
	-
	-
	ν4 in-plane bending of CO32− (calcium carbonate) [46]



	780 +
	x
	-
	-
	C-O bending mode (calcium oxalate) [39]



	680 +
	x
	-
	-
	asymmetric stretching ν4 of SO42− (gypsum) [40]



	600 +
	x
	-
	-
	asymmetric stretching ν4 of SO42− (gypsum) [40]



	530 +
	x
	-
	-
	stretching of Fe-O (iron ores) [40]



	475 +
	x
	-
	-
	stretching of Fe-O (iron ores) [40]
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