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Abstract

:

Cultural heritage (CH) wooden artifacts are often stained by iron oxides/hydroxy-oxides, which may have detrimental effects on wood. Their removal is a common conservation practice, and it is usually achieved with non-eco-friendly chelators, such as ethylene diamine tetra acetic acid (EDTA) and diethylene triamine penta acetic acid (DTPA). Siderophores are green materials that have been recently explored as chelators, given the currently growing environmental concerns. This work investigated desferrioxamine B (DFO-B), a promising siderophore that has not been adequately studied for its potential in removing ferric oxides/hydroxy-oxides from dry CH wooden substrates. Mock-ups of maple (Acer platanoides L.) were artificially stained with akaganeite and maghemite, and DFO-B was employed via hydrogels (pH: 6.5 and 8.6) and ethanol gels. The chelator efficacy was assessed using Energy-Dispersive Spectroscopy (EDS), Attenuated Total Reflection–Fourier Transform Infrared Spectroscopy (ATR-FTIR), Scanning Electron Microscopy (SEM) and colorimetry. The hydrogels’ impact on the wood was also assessed using ATR-FTIR and colorimetry. The obtained results demonstrate that the most effective DFO-B formulation was the alkaline hydrogel (pH 8.6), followed by the acidic (pH 6.5) hydrogel and the DFO-B ethanol gel. No differences in wood chemistry or color were recorded when using pH 6.5 or 8.6. The DFO-B ethanol gels were also proven to be potential alternatives to hydrogels for use with water-sensitive CH substrates.
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1. Introduction


Wood is one of the most used materials in human history, and, thus, cultural heritage (CH) wooden artifacts provide important evidence of human culture and civilization [1,2] and constitute a legacy of sociocultural and economic value for all humanity [3]. Wooden artifact technology typically includes the use of metallic parts, such as handles, nails, knobs, keyhole frames and hinges, which corrode when found in environments with a relative humidity above 65%, forming iron oxides and/or hydroxy-oxides. Iron hydroxy-oxides usually include goethite (α-FeOOH), lepidocrocite (γ-FeOOH), akaganeite (β-FeOOH), feroxyhite (δ-FeOOH) and ferrihydrite (Fe5O8•4H2O/5Fe2O3•9H2O), whereas iron oxides include hematite (α-Fe2O3), maghemite (γ-Fe2O3) and magnetite (Fe3O4) [4,5,6,7]. These iron corrosion compounds may have detrimental effects on wooden substrates [6,8,9] and, therefore, their removal is a common practice, as it is essential for the long-term preservation and safeguarding of CH wooden artefacts.



In the field of CH conservation, the removal of these insoluble compounds from substrates, such as paintings, paper, textiles, metals, ceramics, stone and waterlogged wood, is commonly achieved with waterborne chelators, such as ethylene diamine tetra acetic acid (EDTA) and diethylene triamine penta acetic acid (DTPA), which are capable of bonding with iron ions and of forming water-soluble complexes [10,11,12,13,14,15,16]. Nonetheless, studies on the application of these chelators to dry wooden substrates are scarce. In addition, chelators, such as EDTA and DTPA, do not comply with the current national legislations and international environmental restrictions that point toward safer and eco-friendlier materials, and, thus, their replacement has become critical [17].



Siderophores constitute a relatively new group of “green” chelators, with potential usage for removing harmful iron ions from cultural heritage substrates whilst minimizing environmental risks [18,19,20,21,22,23].



These green chelators are hexadentate ligands with a high affinity for ferric ion [23,24,25]. Furthermore, they inhibit Fenton reactions and, thus, prevent the production of damaging hydroxyl radicals, which is in contrast to conventional chelators, such as EDTA and DTPA [26].



Desferrioxamine B (DFO-B) is a siderophore that has been investigated in the conservation of paper [18,19] and waterlogged wood [21], where it is applied via immersion into its aqueous solutions so that stained substrates are fully impregnated. The only work on DFO-B application to dry substrates was undertaken by Rapti et al. (2017) [20], who examined DFO-B hydrogels in comparison to other chelators in order to explore its potential to remove iron oxides and/or hydroxy-oxides.



Hydrogels are regularly used for aqueous cleaning in the field of conservation, which is mostly due to their controlled moisture delivery [27,28]. Their main disadvantage is the remaining surface residues, which can be difficult to remove from porous or uneven substrates [28,29] and may alter substrate properties [30,31].



In the study conducted by Rapti et al. (2017) [20], however, the presence of hydrogel residues and their impact on wood were not chemically investigated. Furthermore, parameters such as application time and the effect of the clearance process by cotton swab were not considered.



Therefore, this work was set up to more thoroughly investigate the efficacy of desferrioxamine B in removing an iron hydroxy-oxide (akaganeite (β-FeOOH)) and an iron oxide (maghemite (γ-Fe2O3) frequently found on CH wooden objects. The commonly used conservation process of “clearance” with cotton swabs was avoided, as it may bias the DFO-B cleaning performance. The study employed pH-buffered DFO-B via agarose semi-rigid hydrogels in order to minimize the diffusion of the aqueous solutions into the hygroscopic wood without reducing the green chelator efficacy [32,33] and, at the same time, to lessen the possibility of surface residues.



Lastly, for CH wooden substrates that cannot tolerate aqueous cleaning, this study also examined the complexing potential of DFO-B when applied via ethanol gels.




2. Materials and Methods


2.1. Mock-Up Preparation


Wooden mock-ups were made of maple (Acer platanoides L.), as this European wood species is often used in wooden artifact manufacturing. Furthermore, the light color of the maple would allow for a better monitoring of the cleaning process, whereas its low content of tannins would not interfere with the artificial staining protocol. Samples with a 30 mm length and 22 × 5 mm cross-section (tangential × radial) were artificially stained via ferrous chloride, which was coated on their tangential surfaces (the staining protocol is not presented herein). The presence of oxides/hydroxy-oxides on each mock-up was estimated on an oven-dry weight basis before and after staining to be ~20 mg (average of 10 replicates). Mössbauer and ATR-FTIR spectroscopy showed that they consisted mostly of the ferric compounds akageneite (β-FeOOH) and maghemite (γ-Fe2O3), whereas low quantities of ferrous compounds were also recorded with Mössbauer spectroscopy.




2.2. Cleaning Methodology


Desferrioxamine B mesylate salt (DFO-B) (Desferal® Novartis) was dissolved in deionized water (6 × 10−2 M). DFO-B is a hexadentate ligand, and it binds iron ions in a 1:1 stoichiometry (DFO-B:iron ion) to form stable complexes [24]; nonetheless, it was decided to adopt a lower stoichiometry of 0.5:1 in this study in order to achieve a more controlled and monitored cleaning process. Furthermore, this stoichiometry allowed for a better formation of rigid gels, which would be otherwise inhibited, as an increased concentration, along with the corresponding buffers, would produce high-ionic-strength solutions hardly possible to be gelled. The concentration of the DFO-B aqueous solution was calculated based on the iron oxide type and the average quantity of iron compounds present on each mock-up (~20 mg).



The pH of the solution was buffered at pH 6.5 with 0.1 M succinic acid (puriss pa. ≥ 99.5%, Sigma Aldrich, St. Louis, MO, USA) and 0.2 M of trizma base (puriss pa. ≥ 99.9%, Sigma Aldrich) and to 8.6 with 0.1 M boric acid (puriss pa. ≥ 99.8%, Honeywell) and 0.3 M trizma base in order to be compatible with the wooden substrate and, at the same time, to comply with the required dissociation constants (pKa) of the chelator’s complexing ability. The solution was gelled with 4% w/v agarose A0169 (Type I-A, Low EEO, Sigma Aldrich) at 85 °C. The DFO-B agarose gel (2 mL) was applied to the mock-up’s tangential surface (22 × 30 mm) with a plastic spatula in a semi-rigid state at approximately 45 °C before reaching its gelling point (according to Sigma Aldrich, the gelling point of Agarose A0169 at 1.5% w/v is 37.5 °C). The semi-rigid state was selected, as it enables application to 3D CH artifacts. The DFO-B hydrogels were applied for 1 h on four mock-ups, which were covered with a polyethylene film to avoid water evaporation. Eight repeated applications were performed on each mock-up. The same process was also applied to four unstained mock-ups, used as controls, in order to assess the possible chemical impact of the DBO-B gels’ pH on the wooden substrate. After every application of the hydrogels (pH: 6.5 and 8.6), a plain agarose rigid gel prepared in deionized water was placed two times on the cleaned surface for 15 min for clearance purposes [31,34].



For the ethanol gel, pure desferrioxamine mesylate salt (puriss pa. ≥ 92.5%, Sigma Aldrich) was also prepared at a concentration of 6 × 10−2 M in absolute ethanol (EtOH). DFO-B purchased from Sigma Aldrich was used instead of the Desferal® purchased from Novartis, since some excipients of the latter were insoluble in ethanol. The DFO-B/ethanol solution was applied via a 3 mm-thick rigid agarose gel (4% w/v in deionized water) that was cut in predefined dimensions (15 × 15 mm). Each gel piece was immersed for at least 12 h in a 2 mL DFO-B/ethanol solution. The gel was applied with plastic forceps on four mock-ups for 1 h, which were covered with a polyethylene film to avoid the evaporation of the solvent. In total, eight repetitions of this application were implemented on each mock-up. After the DFO-B/ethanol application, a plain agarose rigid gel prepared in deionized water was immersed for at least 12 h in ethanol, and it was placed on the cleaned surface twice.




2.3. Cleaning Efficacy


2.3.1. Scanning Electron Microscopy (SEM)


In order to observe the effectiveness of DFO-B in removing the formed iron corrosion products, the morphology of the substrates and any possible gel residues on the wooden mock-ups, Scanning Electron Microscopy (SEM) was performed before and after the 1st, 2nd, 4th and 8th application with a JEOL JSM–6510LV microscope at an accelerating voltage of 20 kV in a low-vacuum mode of 20–30 Pa.



Each mock-up was placed into the SEM vacuum chamber on a custom-made sample holder of Plexiglas®, which enabled the examination of the exact same area each time.




2.3.2. Energy-Dispersive X-ray Spectroscopy (EDS)


Energy-Dispersive X-ray Spectroscopy was performed on each wooden mock-up before, during and after the cleaning process with a JEOL JSM 6510 LV SEM, operated in a low-vacuum mode of 20 Pa at an accelerating voltage of 20 kV, equipped with an Inca X–act silicon drift detector (SDD) with a PentaFET® Precision spectrometer (Oxford Instruments, Oxford, UK). Data were obtained and analyzed using Inca® software.



The iron (Fe) weight (%wt) was calculated with regard to the entire elemental profile of the organic substrate (C, O), excluding elements, such as Cl and Na, present due to staining or the cleaning procedure, respectively. The sample holder used for the SEM analysis was suitably adjusted so that the elemental analysis was performed on the exact same surface area of each mock-up before, during and after cleaning. The cleaning efficacy (%ΔFe) was calculated based on the difference between the weight of the iron detected before and after the cleaning using Equation (1):


   % Δ Fe    =     Fe    before      −      Fe    after            Fe    before     × 100  



(1)




where:




	
Febefore = %wt of the detected Fe of a defined area before the DFO-B application;



	
Feafter = %wt of the detected Fe of the same area after the DFO-B application.









2.3.3. Attenuated Total Reflection–Fourier Transform Infrared Spectroscopy (ATR-FTIR)


ATR-FTIR infrared spectra were recorded on the wooden mock-ups in order to investigate the removal of akageneite and maghemite and the possible presence of residues from the DFO-B agarose gels. ATR-FTIR was implemented using a BRUKER ALPHA II, in the ATR mode, equipped with a polycrystalline diamond crystal (RI 2.42), with a 2 mm-diameter active sample area. The mock-ups’ tangential surfaces were placed on the ATR-FTIR crystal before and after the 8th cleaning application, and the spectra were recorded in the range of 4000 to 400 cm−1 (24 scans, resolution of 4 cm−1). All recorded spectra were ATR-corrected using OPUS 8.5 SP1 software and accordingly baseline-corrected using SpectraGryph software v.1.2.16.1; no smoothing or other treatment of the spectra was carried out.



The thick layer of iron oxides/hydroxy-oxides on the mock-ups leveled down the characteristic infrared peaks and the shoulders of the wood. In order to better demonstrate the differences in the iron oxide/hydroxy-oxide quantities in a semi-quantitative manner, the spectra were further normalized using SpectraGryph software v.1.2.16.1, at 1032 cm−1 assigned to wood holocellulose C-O vibration, since it appears to be the least affected during the cleaning treatment (see the Section 3).




2.3.4. Colorimetry


To measure the color of the wooden substrates before and after each application, an X-Rite Lovibond portable spectrophotometer (SP60 RT series) was used, and the color difference (ΔE*) was calculated according to ΕΝ 15886:2010, using Equation (2). An average of three color measurements of the same area was recorded for the L*, a*, b* coordinates of the CIE LAB color space.


   Δ  E *     =      Δ L    * 2   +    Δ a    * 2   +    Δ b    * 2      



(2)









2.4. Cleaning Impact


The potential chemical alterations caused by the DFO-B hydrogels’ pH (6.5 and 8.6) on the wood components were assessed on the four unstained controls using ATR-FTIR based on the methodology described in Section 2.3.3. Additionally, the peak ratio of lignin (1505 cm−1) to carbohydrates (1736 cm−1, 1370 cm−1, 1237 cm−1 and 897 cm−1) was calculated. These peaks’ ratios were calculated using SpectraGryph software v.1.2.16.1 by measuring each peak area to its assigned suitable baseline limits. Furthermore, pure agarose powder A0169 (Type I-A, Low EEO, Sigma Aldrich) was also examined using ATR-FTIR as a reference to assist in the interpretation of any possible surface residues.



Wood color alterations due to the hydrogels’ different pH values (6.5 and 8.6) were recorded on the four controls using colorimetry based on the methodology described in Section 2.3.4.





3. Results and Discussion


3.1. Cleaning Efficacy


3.1.1. Scanning Electron Microscopy (SEM)


The examination of the mock-ups with SEM, after the application of the DFO-B gels, showed that the formed iron compounds were removed at different depths depending on the DFO-B gel formulation applied (Figure 1). The most effective gel appeared to be the hydrogel of the DFO-B buffered at pH 8.6, since it was documented that wood cells covered with iron oxides became progressively visible with repeated gel applications (Figure 1b). This was rather anticipated, as pH 8.6 is close to the first pKa of DFO-B (8.32) [35,36], and it indicates that the first ionized hydroxamate group was involved in the chelation process (Figure 2).



The formation of iron–siderophore complexes is strongly pH-dependent [24,37,38], since it is related to the siderophore pKas and its dissociation forms that promote complexation, and, thus, as anticipated, DFO-B was more effective when applied at alkaline pH.



However, alkaline pH values (over 9) have been reported to favor the alkaline hydrolysis of wood [39,40,41]. The examined alkaline DFO-B application, however, is considered harmless, as the contact time of the wood and the alkaline gel is relatively short compared to that of the impregnation treatments commonly used. Thus, the impact of this surface treatment was expected to be negligible.



Interestingly, the DFO-B buffered at 6.5 pH appeared also to be capable of removing the iron compounds (Figure 1d), even though, at this pH, the DFO-B was fully protonated (Table 1), and it was not expected to form complexes with the iron ions. According to Borer et al. (2009) [36], the DFO-B effectiveness in the pH range from 4 to 6 can be explained on the basis of an inner-sphere coordination of the undissociated –N–OH groups and the iron oxide/hydroxy-oxide surface. The acidic pH value of this regime is definitely more compatible with wooden substrates, and even if it presents inferior results compared to the alkaline DFO-B, it is considered that it can be equally effective with repeated applications. Furthermore, the SEM results demonstrated that the DFO-B in ethanol had the poorest cleaning performance (Figure 1f), as only a very thin layer of iron compounds appeared to be removed. Nonetheless, similarly to the acidic DFO-B, with repeated applications, this formulation can also be effective, and it can offer a useful alternative when waterborne solutions cannot be applied.



The SEM analysis also documented that, during the 1st and 2nd applications of the alkaline DFO-B hydrogels, the formations of high iron, chlorine, carbon and oxygen contents were present on the surfaces of the mock-ups despite the clearance process (Figure 3). These formations, which were removed with repeated applications, were probably due to the large amount of formed iron/DFO-B complexes that were accumulated on the mock-ups’ surfaces. A possible hypothesis is that this accumulation is related to the high affinity of the alkaline DFO-B for ferric ions, with this promoting the fast formation of iron complexes that were not removed from the surface when formed. Complexation visually occurred at ~15 min, when agarose became red due to the iron/DFO-B complex color [42]; however, based on the cleaning protocol, the hydrogel was removed after 1 h. Nonetheless, more research is considered necessary in order to comprehend the correlation of the gels’ coloration during cleaning with the chelator’s complexation capacity.



The previous hypothesis agrees with the fact that the formations appeared only after the 1st and 2nd applications and suggests that they could be avoided if the application time was shorter or the clearance process was repeated and/or lasted longer. The same phenomenon was also observed, to a much lesser extent, however, with the acidic DFO-B hydrogels.



The examination with SEM also demonstrated that the use of the DFO-B agarose gels left no residues on the wooden mock-ups’ tangential surfaces (Figure 4a). Extremely rarely, agarose residues only occurred on one mock-up, mainly in a vessels’ lumen, when the DFO-B hydrogel was applied in the semi-rigid state (Figure 4b).




3.1.2. Energy-Dispersive X-ray Spectroscopy (EDS)


The EDS results are in agreement with those obtained from the SEM examination, and they confirm the efficacy of all three DFO-B formulations in removing the iron compounds from the dry wooden mock-ups. The %ΔFe was found to progressively increase with repeated applications, as expected. This trend of DFO-B efficacy, however, varied between the three formulations. More specifically, similar to the SEM results, after the 8th application, the alkaline hydrogel of the DFO-B presented higher %ΔFe values compared to the acidic DFO-B hydrogel, whereas the gelled DFO-B in ethanol presented the lowest efficacy (Figure 5). This is in accordance with previous studies that investigated ferric ion removal from paper [18]. It needs to be noted, however, that the standard deviation (STDEV) values were rather high for both the alkaline and acidic gels, indicating a large variation in %ΔFe among the mock-ups, which is possibly due to the dissimilar quantity of the iron compounds formed during the artificial staining. Hence, when the initial concentration of the oxides on a mock-up surface was high, the recorded efficacy was low. This is also probably related to the ability of the given concentration of DFO-B to complex with a definite quantity of iron ions.



The variation in the alkaline DFO-B performance among the mock-ups could also be due to the diverse compositions of the iron oxides/hydroxy-oxides in the layers, consisting of both ferric and ferrous ions. The siderophore may have thus performed differently due to its higher stability constant for ferric ions (logKf: 30.6) than for ferrous compounds (logKf: 10) [24,43,44].



Nonetheless, even though these STDEV values are high, the DFO-B formulations still offer an efficient way for the removal of highly insoluble ferric oxides and hydroxy-oxides [5,23,24,45].




3.1.3. Attenuated Total Reflection–Fourier Transform Infrared Spectroscopy (ATR-FTIR)


The ATR-FTIR spectra of the maple reference sample (Figure 6d) clearly show the wood fingerprint peaks, including lignin at 1596 cm−1, 1505 cm−1, 1420 cm−1 and 1265 cm−1; cellulose at 898 cm−1; hemicellulose and pectins, both at 1734 cm−1 and 1233 cm−1 and holocellullose at 1369 cm−1, 1153 cm−1 and 1032 cm−1 [46,47]. Nonetheless, the infrared bands of the stained wooden mock-ups before cleaning have a lower intensity and are featureless compared to those of the reference (Figure 6a–c) due to the masking of the wood by the layer of the iron oxides/hydroxy-oxides, of which the most dominant peaks are assigned to akageneite (845 cm−1 and 1614 cm−1) and to maghemite (662 cm−1).



The spectra acquired after the cleaning well-reflected the different efficacies of the three DFO-B formulations applied to remove the iron oxides/hydroxy-oxides. This was mainly demonstrated by the gradual re-appearance of holocellulose features, such as the shoulders at 1159 cm−1, 1106 cm−1, 1053 cm−1 and 1032 cm−1, after the 8th successive application of all DFO-B gels (hydrogels at pH 8.6, at pH 6.5 and ethanol gel) (Figure 7). Therefore, it was decided to normalize all spectra at the holocellulose peak of 1032 cm−1 in order to “monitor” the removal of the iron oxides/hydroxy-oxides from the wood. Furthermore, the DFO-B efficacy was able to be additionally demonstrated by the progressive decrease in the peaks at 845 cm−1 and 662 cm−1, attributed to akaganeite and maghemite, respectively [5,48,49,50]. The ATR-FTIR analysis also showed that the siderophore efficacy was pH-dependent, confirming the SEM and the EDS results. Furthermore, it was also shown that the alkaline DFO-B hydrogels performed better (Figure 7b) than the acidic ones (Figure 7c), whereas the gel of the DFO-B in ethanol showed the poorest efficacy (Figure 7d).




3.1.4. Colorimetry


The calculated ΔE* represents the difference in color due to the DFO-B application, and, thus, the higher the ΔE*, the better the cleaning efficacy of the siderophore. The ΔE* values were shown to progressively increase with repeated applications (Figure 8). The highest ΔE* values were recorded on the 8th application with the acidic DFO-B hydrogel, whereas the ethanol gel showed slightly lower ΔE* values compared to the alkaline hydrogel (Figure 8). These results though are not in accordance with those obtained from SEM, EDS and ATR-FTIR, which demonstrated that the alkaline DFO-B hydrogel performed best. A hypothesis for this disaccord could be the high efficacy of the alkaline DFO-B hydrogel to complex and rapidly solubilize the iron oxides/hydroxy-oxides, which, in turn, allowed for the diffusion of some diluted iron complexes into the wood. This may be avoided by reducing the application time and/or by increasing the duration/repetition of the clearance process.





3.2. Assessment of Hydrogels’ Impact


3.2.1. ATR-FTIR


The ATR-FTIR spectra of the unstained controls recorded before and after the application of the DFO-B hydrogels at pH 6.5 and at pH 8.6 showed very small changes in the characteristic wood infrared bands, which are within experimental error (Figure 9). In both DFO-B applications, the increased maxima at 1637 cm−1 and 3342 cm−1, assigned to hydroxyls, are probably due to the water absorbed during the applications.



The infrared band area ratios of the selected carbohydrate peaks against the lignin peak at 1505 cm−1, which is considered the least affected during the DFO-B applications, are shown in Table 2. More specifically, the 1505/1736 cm−1 ratio was slightly increased by 0.1, suggesting a minimal removal of hemicelluloses, while the 1505/897 cm−1 ratio was also slightly increased by 0.24, indicating a decrease in the cellulose fraction; however, these increases are considered an insignificant impact of DFO-B on wood. Finally, negligible differences within experimental error were also marked for both 1505/1370 cm−1 and 1505/1237 cm−1 ratios. However, further research is considered necessary in order to establish the chemical interrelations between DFO-B formulations and wood components.



Lastly, the spectra obtained from the controls after the application of the DFO-B hydrogels (Figure 9b,c) showed no agarose residues on the wood surface. This was clearly demonstrated when the spectra were compared to a pure agarose spectrum (Figure 9d), as the intensive agarose peaks at 1370 cm−1, 1037 cm−1, 928 cm−1, 887 cm−1 and 768 cm−1 were absent.




3.2.2. Colorimetry


The colorimetry results regarding the ΔE* values obtained after the application of the DFO-B hydrogels at pH 6.5 and at pH 8.6 on the unstained controls are shown in Figure 10. The alkaline DFO-B presented a very small increase in ΔE* compared to the acidic one; however, this increase had a negligible impact on the color of the wood.






4. Conclusions


This work demonstrated that DFO-B hydrogels and ethanol gels are capable of complexing the ferric ion of insoluble compounds, such as maghemite and akageneite, often encountered on CH wooden objects.



The results obtained from SEM, EDS and ATR-FTIR clearly demonstrated that DFO-B performed better in alkaline pH than in acidic or in ethanol formulations. The use of the alkaline hydrogel buffered at 8.6 pH was shown to not have an effect on the wood chemistry or color despite the wood’s vulnerability to alkaline hydrolysis.



The DFO-B dissolved in ethanol had the poorest efficacy; however, with repeated applications, its effectiveness may increasingly be improved, making this gel formulation appropriate for use as a good alternative to hydrogels for water-sensitive CH substrates.



Furthermore, it was shown that the concentration, the time of application and the clearance steps may play important roles in the efficacy of this green siderophore, and, thus, further investigation is considered necessary in order to determine the most suitable parameters for the maximal removal of iron oxides/hydroxy-oxides.



Lastly, the detection of agarose residues was extremely rare, demonstrating that the adopted cleaning methodology can overcome this drawback of gels.
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Figure 1. SEM micrographs of the stained mock-ups before the cleaning treatment (a,c,e) and of the same mock-ups after the 8th application of DFO-B at pH 8.6 (b), DFO-B at pH 6.5 (d) and DFO-B in EtOH (f), respectively. All scale bars = 100 μm. 
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Figure 2. Chemical structure of DFO-B with the functional groups that donate the electron pairs to a metal ion (highlighted in cyan) and the hydroxamate chemical groups that participate in the siderophore’s molecule (circled in red). 
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Figure 3. (a) SEM micrograph of a mock-up after the 1st application of the gelled DFO-B buffered at pH 8.6 showing formations (arrowed) that remained on the surface after cleaning, scale bar = 100 μm; (b) EDS elemental analysis of a formation. 
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Figure 4. (a) SEM micrograph of a mock-up with no agarose residues; (b) SEM micrograph of mock-up where agarose residues (arrowed) are observed in a vessel lumen. Scale bars = 100 μm. 
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Figure 5. Cleaning efficacy (%ΔFe) calculated from iron weight (%wt) detected via EDS on mock-ups after 8 applications of DFO-B at pH 6.5, at pH 8.6 and dissolved in ethanol. All values are averages of four replicates. 
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Figure 6. ATR-FTIR spectra of three stained mock-ups before DFO-B application (a–c) in comparison to the maple reference spectrum (d). Spectra were ATR- and baseline-corrected, with no further treatment. 
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Figure 7. ATR-FTIR spectra of mock-ups after 8 applications of DFO-B at pH 8.6 (b), at pH 6.5 (c) and dissolved in ethanol (d) in comparison to the maple reference spectrum (a) and a stained mock-up before the cleaning treatment (e). Spectra were normalized with respect to the holocellulose peak at 1032 cm−1. 
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Figure 8. ΔE* of mock-ups after the 8th application of DFO-B hydrogels at pH 6.5 and pH 8.6 and the ethanol gel (EtOH). All ΔE* values are averages of four replicates. 
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Figure 9. ATR-FTIR spectra of the control mock-ups after the 8th application of DFO-B at pH 8.6 (b) and pH 6.5 (c) in comparison to the spectrum acquired before application (a) and to a pure agarose spectrum (d). 
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Figure 10. ΔE* of the controls after the 8th application of DFO-B hydrogels at pH 6.5 and 8.6. All ΔE* values are averages of four replicates. 
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Table 1. Acid dissociation constant (pKa) values of the hexadentate ligand DFO-B in accordance with the functional groups involved, adapted by (a) [35], (b) [25] and (c) [36].
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	Acid Dissociation Constant
	Value (Functional Group)





	pKa1
	8.32 a; 8.32 b,c (hydroxamate)



	pKa2
	9.16 a; 8.96 b,c (hydroxamate)



	pKa3
	9.94 a; 9.55 b,c (hydroxamate)



	pKa4
	11.44 a; 10.79 b (hydroxamate)
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Table 2. Average ratios of the areas under the band maxima of aromatic lignin peak (1505 cm−1) to typical carbohydrate peaks of wood (1736 cm−1, 1370 cm−1, 1237 cm−1 and 897 cm−1) of four replicates before and after 8 DFO-B hydrogel applications.
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	Peak Ratios of Lignin to Carbohydrates:
	1505/1736
	1505/1370
	1505/1237
	1505/897





	Controls before DFO-B
	0.31 (±0.066)
	1.03 (±0.154)
	0.16 (±0.013)
	1.82 (±0.250)



	Controls after DFO-B at pH 6.5
	0.41 (±0.037)
	0.91 (±0.060)
	0.18 (±0.009)
	2.01 (±0.186)



	Controls after DFO-B at pH 8.6
	0.36 (±0.006)
	0.87 (±0.005)
	0.17 (±0.002)
	2.06 (±0.0012)
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