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Abstract

:

Naturalized dyes (NDs) are innovative and eco-friendly synthetic compounds in which a chromophore is covalently linked to a natural sugar (e.g., lactose). The sugar moiety confers water-solubility and biocompatibility to the dye molecule as a whole. NDs have demonstrated potential application in dyeing textiles and leather. The purpose of this work was to demonstrate that selected NDs can be also applied to dye wood. To that aim, two NDs were tested to color beech and poplar wood. The NDs were applied as a simple aqueous solution or mixed with a waterborne, biogenic staining agent (commercially available Gemma U50). Moreover, the effect of the application of a biogenic waterborne top coat (commercially available Resina Plus U49) was also studied. Different methods were tested to investigate the potential application of these NDs to wood. The dyeing behavior was analyzed in terms of penetration into the substrate, covering capacity and color homogeneity through macro- and microscopic observations and colorimetric measurements. The color fastness to water washout and the color stability to light, in particular by exposing the wooden samples to artificial aging (UV radiations in a Solar Box), were also investigated. The NDs, when used as water solutions, were able to afford a homogeneous coating and a pleasant appearance on the wood surface, as well as a good color fastness to washout with water. Dissolving the dyes in the stain or applying the top coat generally resulted in even better color fastness to washout. However, all the application methods tested showed limited resistance to fading in the Solar Box, which therefore remains a drawback for this type of product.
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1. Introduction


Dyeing is a widespread practice that was introduced by humans more than 30,000 years ago [1] in order to improve the aesthetics of textiles. Natural dyes were the sole source of color until 1856 when the first human-made organic aniline was synthesized [2].



Today, there are many types of synthetic dyes available on the market, and most of them are disperse dyes [3]. Disperse dyes are small organic molecules of non-ionic nature, scarcely soluble in water, such as anthraquinones or azo compounds. The dispersions of these dyes in the dyeing bath are usually achieved with the aid of chemical auxiliaries. Auxiliaries are mainly additives such as heavy metals, dyeing carriers, surfactants, dispersants and other organic molecules, which improve the stability and the performance of the dyeing suspensions, but end up, for the most part, in wastewater [4,5,6,7]. The heterogeneity and large number of auxiliary compounds used, along with their toxicity and poor biodegradability, make the treatment of dyeing wastewater very difficult and expensive [8,9,10,11] resulting in an unsustainable environmental footprint. Moreover, inefficient textile dyeing processes can cause the release of part of the dyes into the wastewater. It is known that azo dyes, which represent more than 60% of the disperse dyes on the market, have toxic effects on both the ecosystem and human health. Fish, humans and other living organisms can be exposed to azo dyes through ingestion or direct skin contact. Inside the body, these compounds are metabolized into toxic intermediates, which have a negative impact on several tissues and organs, and, in some cases, their degradation produces carcinogenic amines [12].



Natural dyes provide acceptably good color fastness to water washing when applied to various textiles; however, they are usually limited in coloring wood surfaces because they can have a low affinity for binding to wood [13]. In these cases, mordants are normally used, which are able to form complexes with the dyes, thus increasing their binding to the wood surface. However, mordants are usually based on metals (e.g., iron, aluminum) or they are tannins or oils [14,15,16]. All of them can change the natural color of the dye, and in addition, some metal-based mordants can be toxic, harmful or produce toxic waste [17,18]. Moreover, natural dyes are usually obtained by the laborious extraction processes of the coloring component from the raw material [19,20]. Therefore, it becomes very important to explore possible ways to overcome these disadvantages; i.e., to find products with improved color fastness to water washout when applied to wood surfaces, the absence of any mordant and dyes that are easy to obtain and manage.



In the last ten years, naturalized dyes (NDs) have emerged as a new class of water-soluble and eco-sustainable dyes, thanks to the possibility of being applied without the addition of any toxic or impactful chemical auxiliaries [21]. Naturalization is achieved by glycoconjugation, i.e., by forming a chemical bond between a synthetic dye (e.g., azo, anthraquinone, aniline type of chromophore) and a natural sugar, for example, lactose, which is able to impart remarkable solubility in water and biodegradability to the dye molecule [22]. For this reason, NDs are also known as ‘glycoconjugate azo dyes’ (GADs) [23,24]. The range of synthetic dyes that can be subjected to glycoconjugation has been expanded and has attracted much attention because of the possibility of increasing susceptibility to microbiological degradation [25]. NDs have demonstrated their potential application in dyeing materials of different nature, such as textiles, hair and leather [26,27]; however, no examples of the use of these NDs in the wood sector was found in the literature.



It is well known that wood is a renewable material with a unique touch and feel, excellent physical and mechanical performances [28] and an outstanding environmental profile. The different wood species cover a wide range of natural colors, but very often the material is dyed for different reasons, such as to decrease the inhomogeneity of the wooden surface, mimic the appearance of more expensive species or obtain colors that do not exist in the range of the native color spectrum. Full volume dying is also the base of high-technology products such as multilaminar and decorative wood veneers, which are both used to mimic existing species or to create new decorative design products [29], with a special eye to sustainability.



Designing new eco-friendly products for the field of woodworking has become of increasing interest in recent decades [30]. The possibility to develop new products based on renewable and responsibly sourced raw materials dyed with NDs has been investigated. Two synthetic and water-soluble NDs were tested in dyeing beech and poplar wood to explore the possible interest of this group of compounds for the wood industry; one naturalized anthraquinone-based dye DV17Nat (Naturalized Disperse Violet 17) and one naturalized azo dye DO30Nat (Naturalized Disperse Orange 30) [26,27]. The chemical structures of these dyes are reported in Figure 1.



In spite of the “azo” nature of its chromophore, DO30Nat was selected because it does not produce carcinogenic aromatic amines after degradation. In fact, Disperse Orange 30 is not part of the list of restricted substances reported in the REACH Regulation [31]. A previous study, where various possible bioremediation procedures for the removal of dyes from the wastewater of textile and leather dyeing industrial plants were investigated, confirmed the absence of dangerous aromatic amines in the degradation products of DO30Nat [32].



In order to carry out the wood dyeing, NDs were dissolved in water or in the waterborne and biogenic staining agent, based on drying oils emulsified with casein and soy lecithin (Gemma U50). These coloring solutions were applied to beech and poplar wood, both permeable and clear hardwoods, but with different porosity. Dip and superficial coloring with a dye-water solution were tested, as well as superficial coloring with the staining agent. Color fastness to water and UV resistance were also tested before and after the application of a top coat composed of drying oils emulsified with casein and soy lecithin (Resina Plus U49).




2. Materials and Methods


2.1. Dyes


Two naturalized dyes (NDs) were used for the tests: Disperse Orange 30 Naturalized (DO30Nat) and Disperse Violet 17 Naturalized (DV17Nat), which are depicted in Figure 1 and the synthetic routes of which are reported in the Supplementary Materials.



DO30Nat was synthesized from the crude press-cake chromophore Disperse Orange 30 (C.I.11119, CAS [12223-23-3], the chromophore of the commercially available Foron Brown Yellow S-2RFL 150, Cromatos SrL, Forlì, Italy), according to the naturalization process reported in [26] (Scheme S2). DV17Nat was synthesized after the isolation of chromophore Disperse Violet 17 (C.I. 60712, CAS [12217-92-4], the chromophore from commercially available Latyl Red B, Chimica Tessile S.r.l., Prato, Italy) through extraction with dichloromethane by using a Soxhlet apparatus [33], following the procedure described in the patent WO 2014/177528 A1 [26] (Scheme S3).




2.2. Wood Samples


Beech (Fagus sylvatica L.) and poplar (Populus alba L.) wood were chosen as benchmarks because of their light color and permeability. A total of 72 clear wood samples oriented according to the anatomical directions, with dimensions of 20 mm (R) × 20 mm (T) × 100 mm (L) per species, were prepared. The samples of beech and poplar wood were obtained from the same board in order to minimize wood variability and were planed on the four faces in a longitudinal direction. The density (ρ), determined after conditioning in a climatic chamber at 20 °C and 65% relative humidity (R.H.), of beech samples was (699 ± 47) kg/m3, while the ρ of poplar samples was (363 ± 65) kg/m3.




2.3. Wood Dyeing


2.3.1. Dyeing with Aqueous Solution


Aqueous solutions of dye at a concentration of 2 g/L were prepared with deionized water (18.2 MOhm cm) using a Milli-Q system (Millipore, Bedford, MA, USA).



Three application methods in aqueous solution were studied: impregnation under vacuum (Method 1), dip coating with a single immersion (Method 2) and dip coating with two serial immersions (Method 3). For the three applications, the same bath was sequentially used after checking by UV-Vis analysis that no differences occurred in the bath concentration (Section 3.1).



Method 1: The wood samples were immersed in the dyeing bath and a vacuum (−970 mbar) was made in the dyeing chamber in order to remove most of the air from the pores, after one-hour atmospheric pressure was restored and pressure cycle at 7.5 bar was applied for one hour in order to help the penetration of the color into the substrate. This treatment is designed for wood mass coloring or impregnating. Finally, the samples were removed from the dyeing baths, dabbed with a paper towel and conditioned in a controlled atmosphere cell at 20 °C and 65% R.H. until stabilization.



Method 2: The wood samples were immersed in the dyeing baths for 20 s, pulled out for 5 s and immersed again for 20 s. Then, the samples were removed from the dyeing solution, dabbed with a paper towel and conditioned in a cell at 20 °C and 65% R.H. until stabilization.



Method 3: This treatment was based on repeating the steps described for Method 2 twice but placing the wood samples in the oven at 103 °C for 2 min between the two immersions in order to partially dry the wood and facilitate the color uptake. As described above, after dyeing, the samples were conditioned under a controlled environment at 20 °C and 65% R.H. until stabilization.



Each method was applied in quadruplicate: 4 beech samples and 4 poplar samples were used for each ND.




2.3.2. Staining


The biogenic waterborne resin Gemma U50 (Solas s.a.s., Cernusco Lombardone, Italy) was chosen as the staining agent in order not to compromise the sustainability of the NDs. Indeed, Gemma U50 is a high-brightness water-based resin entirely made from renewable compounds, such as natural drying oils (e.g., linseed oil, stand oil, poppyseed oil), casein and soy lecithin. NDs were dispersed in Gemma U50, and the effect of different concentrations was tested (2 g/L, 4 g/L, 6 g/L, 8 g/L and 10 g/L). The dispersions were left at room temperature in a sealed flask for 1 month in order to verify the long-term stability (Section 3.2). The application method was performed following the Gemma U50 manufacturer’s recommendations.



Method 4: The stains were prepared by dispersing the ND (DO30Nat and DV17Nat) in Gemma U50 (concentration of 2 g/L). Two layers of stain were applied by brush on 4 beech samples and 4 poplar samples for each ND. For each layer, the stain was applied in parallel non-overlapping strokes by using the same flat brush for all the samples. Each brushstroke was carried out in one go at constant speed, in order to have a coating as homogeneous and thin as possible.




2.3.3. Application of the Clear Top Coat


Resina Plus U49 (Solas s.a.s., Cernusco Lombardone, Italy) is a water-based, uncolored top coat, composed of a mixture of natural vegetable oils and resins. It was used in the following way in agreement with the manufacturer’s requirements:



Method 5: Two layers of Resina Plus U49 were applied by brush to 8 beech samples and 8 poplar samples, previously colored with DO30Nat and DV17Nat in water solution (2 g/L). For each layer, the coat was applied following the same procedure used for the stain in Method 4 (Section 2.3.2).





2.4. Water-Based Dyeing Bath Stability over Time


During the application tests in aqueous solutions (Section 2.3.1), a few mL were taken from each dyeing bath at three different times: freshly prepared (t0); after the dyeing tests with Method 1 (t1); after the dyeing tests with Method 2 (t2). Each sampling was diluted by 1 to 10 and analyzed by using a Varian Cary-Win 4000 UV-Vis spectrophotometer, measuring the absorbance in a range from 300 nm to 800 nm, to observe any variations in the concentration of the chromophore during the various impregnations. The absorbance spectra of t0, t1 and t2 of each dyeing bath were compared (Section 3.1).




2.5. Dyeing Capacity


The final color of the wooden samples was assessed by colorimetry. A portable X-Rite SP60 spectrophotometer in specular component excluded mode was employed. For each sample, three measurements were carried out before and after the coloring treatment on a specific area previously located by using a mask. Results were elaborated and reported in the CIE L*a*b* standard color system, the most widely used color system within the wood industry today [34]. The L*a*b* system describes color as a rotational space where each color point is quantitatively represented by three coordinates. These three coordinates are: L* associated with the luminance, a* associated with the green-red axes and b* associated with the blue-yellow axes. In this system, different colors can be compared by the color distance, ΔE*, expressed as the Cartesian distance between two points in this color space. ΔE* is thus expressed as:


  Δ  E *  =        L 1 *  −  L 2 *     2  +      a 1 *  −  a 2 *     2  +      b 1 *  −  b 2 *     2     











ΔE* was calculated for each type of ND and application method; the subscripts 1 and 2 indicate the L*, a* or b* values after and before the application of the dye, respectively. The Metric Chroma (C*) and Metric Hue Angle (h) were also calculated for both untreated and dyed samples. C* is defined by the following formula:


   C *  =     (  a *  )  2  +      b *     2       











Hue angle formulas are different depending on which quadrant the color is located: the first quadrant [+a*,+b*], that goes from 0° (red) to 90° (yellow); the second quadrant [−a*,+b*], that goes from 90° (yellow) to 180° (green); the third quadrant [−a*,−b*], that goes from 180° (green) to 270° (blue); the fourth quadrant [+a*,−b*], that goes from 270° (blue) to 360° (red) [35]. Since all the a* and b* values obtained here were positive, the formula exploited was the following:


   h     °  =   tan   − 1        b *     a *       











Colorimetric measurements were also carried out on the poplar samples used for the solubility tests in Gemma U50 to quantify the covering capacity at different concentrations (Section 3.2).



ΔE* was calculated for each type of ND and application method.



The same method was carried out on the poplar samples used for the solubility tests in Gemma U50 to quantify the covering capacity at different concentrations (Section 3.2).



The samples treated by impregnation under vacuum (Method 1) and by dip coating (Method 3) were cross cut every 20 mm in length to obtain 5 small specimens to study the penetration of the dye into the core. To evaluate the ability of Method 1 to color the wood in depth, on the cross face of the central specimen of each sample, three colorimetric measurements were taken and the color distance between them and the ones taken on the head of the sample before the coloring treatments was calculated. The ΔE* obtained for Method 1 and Method 3 were compared. Macro pictures were taken on the same face by using a Dino-Lite USB digital microscope.




2.6. Color Fastness to Water Washout


The final color resistance to water washout was studied by measuring the fastness grade (FG) of the colored surfaces. Since, currently, there are no standard methods for color fastness tests for wood, the UNI EN 646 [36] for cardboard was applied. In particular, the procedure for short-term contact used for dyed paper and board intended to come into contact with foodstuffs was followed. This method involved keeping two dyed surfaces per sample in contact with two glass fiber sheets, soaked in water, for 10 min and observing, after letting the sheets air dry, the eventual color migration over them. The determination of the color migration was made by the colorimetric difference between the initial and the final state of the same glass fiber sheet after being in contact with the sample. The measurement was made with an X-rite SP60 spectrophotometer using CIEL*a*b* coordinates. According to the standard used, a given ΔE* can be associated with an FG by using a conversion table [37]. The FG is defined by a scale of 9 values ranging from 1 to 5, where 1 symbolizes a very low color fastness and 5 is an optimal fastness. The measures were carried out on the samples treated with Methods 3, 4 and 5, using DO30Nat and DV17Nat as chromophores. For each sample, five measurements per glass fiber sheet were carried out on the side kept in contact with the colored surface.




2.7. Color Fading in Aging Test


To observe the photosensitivity of the NDs, the samples treated with Methods 3, 4 and 5, using DO30Nat and DV17Nat as chromophores, were subjected to artificial aging, together with control samples of both wood types. Then, 20 mm (R) × 20 mm (T) × 50 mm (L) specimens were obtained from the colored samples and half covered with aluminum foil to have, at the end of the test, a direct comparison between the original appearance of the wood and the one after exposure to artificial aging. The specimens remained for 50 h under a Xenon-arc lamp with a UV filter with a cut-off < 290 nm, in a CO.FO.MEGRA Solar Box3000e according to ISO 11341:2004 [38] (irradiance at 550 W/m2 and black standard temperature at 65 °C). On the face exposed to aging, colorimetric coordinates were recorded with an X-rite SP60 spectrophotometer before the test, after 6, 26 and 50 h of exposure. Each time, the CIEL*a*b* measurements were taken from three different points and then averaged. The color fading was quantified by calculating the ΔE* at 6, 26 and 50 h of exposure. As the colored coating is transparent and given the high photosensitivity of wood, ΔE** for the dyed samples after aging was calculated taking into account the changes in the color coordinates of the substrate using the following formula:


  Δ  E   * *    =       Δ  L c *  − Δ  L r *     2  +     Δ  a c *  − Δ  a r *     2  +     Δ  b c *  − Δ  b r *     2     











ΔL*c, Δa*c and Δb*c indicate the difference between L*, a* or b* values registered on the dyed samples after and before the exposure. ΔL*r, Δa*r and Δb*r indicate the difference between L*, a* or b* values registered on the reference samples after and before the same time of aging.





3. Results and Discussion


3.1. UV-Vis Analysis on the Water-Based Dyeing Baths


DO30Nat and DV17Nat gave stable and optically isotropic solutions with water at a concentration of 2 g/L. Even after weeks, no color changes or phase separation were noticed in the dyeing baths. The UV-Vis spectra registered on the specimens taken from DO30Nat and DV17Nat baths freshly prepared (t0), after the dyeing tests with Method 1 (t1) and after the dyeing tests with Method 2 (t2), were compared (Figure 2).



A slight decrease in the absorbance values was observed between t0 and t1 specimens on the characteristic band of both DO30Nat (maximum absorption at 437 nm) and DV17Nat (maximum absorption at 500 nm). The absorbance variation seemed bigger in the baths used to dye the poplar samples, perhaps because poplar wood tends to absorb more liquid during the vacuum-pressure cycle treatment due to its lower density. However, the variations in concentration of the chromophore in solution are too small to be related to a reaction between the components of the wood and the NDs. Dyeing is more likely to occur by fixing the chromophore molecules into the porosity of the wood during water uptake. The difference in absorbance between t1 and t2 was not significant. This means that by immersing the wooden samples for a few minutes, the composition of the dyeing bath does not change and thus it is possible to reuse the same bath for several consecutive treatments before its exhaustion. This is a positive feature from an environmental point of view, as it implies a limited consumption of NDs to obtain a pleasant aesthetic appearance.




3.2. Effect of ND Concentration on Staining Agent


DO30Nat and DV17Nat gave a stable coloring dispersion with Gemma U50 resin (Section 2.3.2). Even at a concentration of 10 g/L of ND, no phase separation was observed after 1 month of storage. NDs have a similar behavior to that of surfactants, thus, it is likely that the presence of oily components in Gemma U50 aids the dispersion and improves its stability.



The color obtained by applying the stain with 2 g/L of ND showed a coverage and a vividness comparable to those obtained with the aqueous solutions. Moreover, Figure 3 shows the effect of using different ND concentrations on poplar wood. Above 4 g/L, the benefits in terms of color intensity are not readily apparent from the photographic comparisons. Colorimetric analysis confirmed that the further increase in concentration above 4 g/L resulted in smaller color variations (Figure 4).




3.3. Wood Coloring


During the coloring tests with aqueous solutions, DO30Nat and DV17Nat gave, in general, vivid and covering colorations with all the application methods (Figure 5).



Method 1 gave the best results in terms of surface coloring, but it is also the most demanding in terms of time and the instrumentation used. The good results of this method were probably due to the fact that vacuum-pressure cycles allowed water uptake that did not result in dye penetration because of the high molecule dimension of NDs. This idea is confirmed by the limited penetration of dye inside the specimen shown in Figure 6, and by the colorimetric measurements shown in Figure 7. This type of dye, therefore, does not seem to be suitable for mass coloring and using vacuum techniques for surface coloring is unaffordable.



Methods 2 and 3, which are faster and cheaper than Method 1, gave less coverage but still a noticeable color (Figure 5). Moving from a single immersion (Method 2) to repeated immersions (Method 3), an increase in ΔE* values between before and after the coloring treatment registered on the dyed surfaces was observed, particularly in the perceptual lightness difference (ΔL*) (Figure 7). This proved that Method 3 gave a higher color intensity. This better result is related to the fact that the drying step between the dipping phases allows the formation of a first layer on which the subsequent dye deposits can accumulate [39].



Method 4 gave similar colorations to those obtained with Method 3 and, as for the last one, it showed a higher color concentration in earlywood, highlighting the grain of the beech wood. This is due to the different permeability of the wood medium by dispersions, as earlywood has a lower density than latewood. The slightly yellowish tint of Gemma U50 Solas® gave the final colors a warmer hue (Figure 5). This was especially noticeable on the samples treated with DV17Nat as the chromophore, whereas those colored with Method 4 had higher Δb* values and hue angles (h) closer to 90° than those treated with Method 3; i.e., they had a final color closer to yellow (Figure 7a,b, Table 1).



The application of a clear top coat on the water-based colorations (Method 5) did not change the latter color (Figure 5). Only on the samples treated with DV17Nat was there a tendency of the surface coloring towards more yellowish tones (Figure 7a,b, Table 1). This was for the same reason as the stain-based dyes: a yellowish tint of the top coat due to its chemical nature.




3.4. Fastness Grade (FG)


The colors obtained with DO30Nat and DV17Nat as chromophores revealed, in general, high resistance to water washout (Table 2). In fact, when applied in aqueous solutions following Method 3, they gave FG values equal to 4 on a scale from 1 to 5 (5 corresponds to a high fixation grade, the absence of water washout).



FG values ranging from 4–5 to 5 were obtained for both beech and poplar samples prepared with Method 4. Thus, the resin gave a better fastness grade than the water solutions, as it played a protecting role in the dye and gave hydrophobicity to the treated surfaces, improving the stability of the colors.



The best solution to optimize the color fastness to water washout proved to be the application of two layers of clear top coat on the wooden colored surfaces (Method 5) (Table 2). This was due to the presence of the top coat film, which represented a physical barrier that prevented the interaction between water and the underlying color, eliminating any possibility for the latter to be washed away.




3.5. Photo-Induced Fading


The water-based colors (Method 3) turned out to be less resistant to UV radiations than the impregnating agent-based ones (Method 4), as can be seen from the pictures in Figure 8 and from the quantification of fading after artificial aging in terms of ΔE** values shown in Figure 9.



This is more evident on the poplar samples, because of the greater photosensitivity of this specific wood species. It can be seen, in fact, from the data collected on the reference samples (Figure 9e,f), that, even when untreated, poplar has higher ΔE** values than beech after artificial aging. The addition of two layers of clear top coat (Method 5) reduced the color fading on the samples colored with aqueous solutions. In fact, the ΔE** values related to the samples treated with Method 5 were comparable to those observed on the samples treated with Method 4. The better resistance to fading of Methods 4 and 5 compared to Method 3 is due to the presence of vegetable oils in both the stain and the clear top coat, which may act, at least in part, as a sacrificial layer and make the associated colorations more photostable [40,41].



The ΔE** values related to color fading recorded here are quite high, even for stain and top-coat-protected surfaces. The color fading of NDs was expected, as their organic nature makes them particularly sensitive to the reaction of photodegradation. However, it appears that the use of vegetable oils, either as a stain or as a top coat, is not sufficient to compensate for this behavior, although it does limit it. Therefore, these dyes seem not to be suitable for outdoor use.





4. Conclusions


Natural dyes are an important group of compounds essential for sustainable and cleaner development. Nevertheless, they are characterized by limited color fastness to water washing when applied to wood surfaces unless mordants are used, which can be toxic or harmful, or produce toxic waste. Naturalized dyes (NDs), i.e., synthetic chemical compounds based on the covalent union of a dye species with a natural sugar such as lactose, are a new class of eco-friendly dyes and can be a valid alternative to the extent that they do not require the use of mordants.



In the present work, two water-soluble NDs were studied for dyeing beech and poplar wood. Five application methods were tested, three that exploited the immersion of the wood samples in aqueous solutions and two that involved the application of resin-based products of natural origin by brush. The two NDs used gave stable and optically isotropic solutions and stable coloring dispersions with the resin. Both the water-based solutions and the stains made it possible to obtain vivid and covering surface colors, the application was easy and did not require the addition of chemical auxiliaries. It is believed that dyeing takes place by fixing the chromophore molecules in the porosity of the wood. In fact, the colors obtained with the two NDs were already resistant to water washout when applied in aqueous solutions, while the presence of a resin, either as a stain or as a top coat, gave an even better fastness grade, as it played a protective role with respect to the dyes. However, like natural dyes, NDs are subject to significant color fading when exposed to UV radiation. This behavior was not altered by the use of vegetable oils, although their presence in the stain or as a top coat does limit it. Therefore, these dyes do not seem to be suitable for outdoor use, but rather for indoor use.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/polym15173632/s1: experimental procedure for the synthesis of DO30Nat and DV17Nat, Scheme S1: Synthesis of the protected (piperazin-6′-yl)lactose 4; Scheme S2: Synthesis of the ND DO30Nat; Scheme S3: Synthesis of the ND DV17Nat. References [42,43,44,45,46,47] are cited in the supplementary materials.





Author Contributions


L.V.: Data Curation, Investigation, Formal analysis, Methodology, Visualization, Writing—Original Draft. M.B.: Conceptualization, Funding Acquisition, Methodology, Resources, Writing—Review and Editing. M.M.: Conceptualization, Resources, Writing—Review and Editing. B.P.: Conceptualization, Funding Acquisition, Methodology, Resources, Writing—Review and Editing. R.B.: Conceptualization, Funding Acquisition. G.G.: Conceptualization, Methodology, Resources, Funding Acquisition, Project Administration, Supervision, Writing—Review and Editing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was developed within the project Processi e coloranti innovativi per la tintura del legno, funded by the Cassa di Risparmio di Firenze Fundation with project ID 17960 and project SIME code 2017.079.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Marco Bonanni and Marco Marradi thank MIUR-Italy (“Progetto Dipartimenti di Eccellenza 2018–2022” allocated to the Department of Chemistry “Ugo Schiff”). Massimo Corsi is acknowledged for fruitful discussions.




Conflicts of Interest


The authors declare the following financial interests/personal relationships which may be considered as potential competing interests: Marco Bonanni has patent #WO/2014/177528 licensed to Università di Firenze.




References


	



Balter, M. Clothes Make the (Hu) Man. Science 2009, 325, 1329. [Google Scholar] [CrossRef] [PubMed]

	



Ziarani, G.M.; Moradi, R.; Lashgari, N.; Kruger, H.G. Introduction and importance of synthetic organic dyes. In Metal-Free Synthetic Organic Dyes; Elsevier: Amsterdam, The Netherlands, 2018; pp. 1–7. [Google Scholar] [CrossRef]

	



Aspland, J.R. The structure and properties of disperse dyes and related topics. In Textile Chemist and Colorist; American Association of Textile Chemists and Colorists: Research Triangle Park, NC, USA, 1993; Volume 25, pp. 21–25. [Google Scholar]

	



Yi, Y.; Yang, Z.; Zhang, S. Ecological risk assessment of heavy metals in sediment and human health risk assessment of heavy metals in fishes in the middle and lower reaches of the Yangtze River basin. Environ. Pollut. 2011, 159, 2575–2585. [Google Scholar] [CrossRef] [PubMed]

	



Huang, W.; Hu, Y.; Li, Y.; Zhou, Y.; Niu, D.; Lei, Z.; Zhang, Z. Citric acid-crosslinked β-cyclodextrin for simultaneous removal of bisphenol A, methylene blue and copper: The roles of cavity and surface functional groups. J. Taiwan Inst. Chem. Eng. 2018, 82, 189–197. [Google Scholar] [CrossRef]

	



Kamran, U.; Bhatti, H.N.; Iqbal, M.; Jamil, S.; Zahid, M. Biogenic synthesis, characterization and investigation of photocatalytic and antimicrobial activity of manganese nanoparticles synthesized from Cinnamomum verum bark extract. J. Mol. Struct. 2019, 1179, 532–539. [Google Scholar] [CrossRef]

	



Liu, Q.; Li, Y.; Chen, H.; Lu, J.; Yu, G.; Möslang, M.; Zhou, Y. Superior adsorption capacity of functionalised straw adsorbent for dyes and heavy-metal ions. J. Hazard. Mater. 2020, 382, 121040. [Google Scholar] [CrossRef] [PubMed]

	



Gogate, P.R.; Pandit, A.B. A review of imperative technologies for wastewater treatment I: Oxidation technologies at ambient conditions. Adv. Environ. Res. 2004, 8, 501–551. [Google Scholar] [CrossRef]

	



Chen, Y.; Wang, K.; Lou, L. Photodegradation of dye pollutants on silica gel supported TiO2 particles under visible light irradiation. J. Photochem. Photobiol. A Chem. 2004, 163, 281–287. [Google Scholar] [CrossRef]

	



Kausar, A.; MacKinnon, G.; Alharthi, A.; Hargreaves, J.; Bhatti, H.N.; Iqbal, M. A green approach for the removal of Sr(II) from aqueous media: Kinetics, isotherms and thermodynamic studies. J. Mol. Liq. 2018, 257, 164–172. [Google Scholar] [CrossRef]

	



Zhang, R.; Zhou, T.; Peng, H.; Li, M.; Zhu, X.; Yao, Y. Nanostructured switchable pH-responsive membranes prepared via spherical polyelectrolyte brushes. J. Membr. Sci. 2019, 580, 117–124. [Google Scholar] [CrossRef]

	



Al-Tohamy, R.; Ali, S.S.; Li, F.; Okasha, K.M.; Mahmoud, Y.A.-G.; Elsamahy, T.; Jiao, H.; Fu, Y.; Sun, J. A critical review on the treatment of dye-containing wastewater: Ecotoxicological and health concerns of textile dyes and possible remediation approaches for environmental safety. Ecotoxicol. Environ. Saf. 2022, 231, 113160. [Google Scholar] [CrossRef]

	



Hrovatin, K.; Hrovatin, J. Bio-based Methods with Potentials for Application in Wooden Furniture Industry. Drv. Ind. 2020, 71, 301–308. [Google Scholar] [CrossRef]

	



Doty, K.; Haar, S.; Kim, J. Black walnut, Osage orange and eastern redcedar sawmill waste as natural dyes: Effect of aluminum mordant on color parameters. Fash. Text. 2016, 3, 22. [Google Scholar] [CrossRef]

	



Prabhu, K.H.; Bhute, A.S. Plant based natural dyes and mordants: A Review. J. Nat. Prod. Plant Resour 2012, 2, 649–664. Available online: http://scholarsresearchlibrary.com/archive.html (accessed on 13 November 2022).

	



Vega Gutierrez, S.M.; Vega Gutierrez, P.T.; Godinez, A.; Pittis, L.; Huber, M.; Stanton, S.; Robinson, S.C. Feasibility of Coloring Bamboo with the Application of Natural and Extracted Fungal Pigments. Coatings 2016, 6, 37. [Google Scholar] [CrossRef]

	



Cunningham, A.B.; Maduarta, I.M.; Howe, J.; Ingram, W.; Jansen, S. Hanging by a thread: Natural metallic mordant processes in traditional Indonesian textiles. Econ. Bot. 2011, 65, 241–259. Available online: http://www.jstor.org/stable/41408235 (accessed on 10 December 2022). [CrossRef]

	



İşmal, Ö.E.; Yıldırım, L.; Özdoğan, E. Use of almond shell extracts plus biomordants as effective textile dye. J. Clean. Prod. 2014, 70, 61–67. [Google Scholar] [CrossRef]

	



Vankar, P.S. Chemistry of natural dyes. Resonance 2000, 5, 73–80. [Google Scholar] [CrossRef]

	



Zhu, T.; Liu, S.; Ren, K.; Chen, J.; Lin, J.; Li, J. Colorability of dyed wood veneer using natural dye extracted from Dalbergia cochinchinensis with different organic solvents. BioResources 2012, 13, 7197–7211. [Google Scholar] [CrossRef]

	



D’Ulivo, A.; Bonanni, M.; Mascherpa, M.C.; Bianchini, R.; Bramanti, E.; Corsi, M. Lactose cuts down heavy metal contamination from commercial dyes. La Chim. E L’Industria 2016, Anno XCVIII n 4, 52–55. Available online: http://dx.medra.org/10 (accessed on 20 March 2023).

	



Bianchini, R.; Rolla, M.; Isaad, J.; Catelani, G.; Guazzelli, L.; Corsi, M.; Bonanni, M. Efficient double glycoconjugation to naturalize high molecular weight disperse dyes. Carbohydr. Res. 2012, 356, 104–109. [Google Scholar] [CrossRef]

	



Bartalucci, G.; Bianchini, R.; Catelani, G.; D’Andrea, F.; Guazzelli, L. Naturalised dyes: A simple straightforward synthetic route to a new class of dyes—Glycoazodyes (GADs). Eur. J. Org. Chem. 2007, 4, 588–595. [Google Scholar] [CrossRef]

	



Porri, A.; Baroncelli, R.; Guglielminetti, L.; Sarrocco, S.; Guazzelli, L.; Forti, M.; Catelani, G.; Valentini, G.; Bazzichi, A.; Franceschi, M.; et al. Fusarium oxysporum degradation and detoxification of a new textile-glycoconjugate azo dye (GAD). Fungal Biol. 2011, 115, 30–37. [Google Scholar] [CrossRef] [PubMed]

	



Piotrowska, M.; Szymczak, A.; Wojciechowski, K. Naturalized Dyes—A Way to Increase Susceptibility for Microbiological Degradation. Biotechnol. Bioprocess Eng. 2015, 20, 100–108. [Google Scholar] [CrossRef]

	



Bianchini, R.; Corsi, M.; Bonanni, M. Coloring Agents Naturalised with the 6′-Deoxy-6′-(Piperazinyl)Lactose Moiety (WIPO Patent WO2014177528A1). 2014. Available online: https://worldwide.espacenet.com/patent/search/family/048485283/publication/WO2014177528A1?q=WO2014177528A1 (accessed on 11 February 2021).

	



Pellegrini, D.; Corsi, M.; Bonanni, M.; Bianchini, R.; D’Ulivo, A.; Bramanti, E. Study of the interaction between collagen and naturalized and commercial dyes by Fourier transform infrared spectroscopy and thermogravimetric analysis. Dyes Pigm. 2015, 116, 65–73. [Google Scholar] [CrossRef]

	



Richter, C. Wood Characteristics: Description, Causes, Prevention, Impact on Use and Technological Adaptation; Springer: Cham, Switzerland, 2015. [Google Scholar] [CrossRef]

	



Zanuttini, R.; Negro, F. Wood-Based Composites: Innovation towards a Sustainable Future. Forests 2021, 12, 1717. [Google Scholar] [CrossRef]

	



Han, Y.; Xu, Y.; Shi, S.Q.; Li, J.; Fang, Z. Cuttlebone-inspired magnesium oxychloride cement reinforced by biochar as green adhesive for wood industry. J. Clean. Prod. 2022, 370, 133365. [Google Scholar] [CrossRef]

	



Substances Restricted under REACH, Annex XVII, Entry 43: Azocolourants and Azodyes. Available online: https://echa.europa.eu/substances-restricted-under-reach/-/dislist/details/0b0236e1807e2abe (accessed on 4 January 2023).

	



Fogli, S. Glycoconjugated Dyes: Dye Removal and Evidence of Self-Assembly in Solution through Spectrophotometric and Scattering Techniques. Ph.D. Thesis, University of Florence, Florence, Italy, 2018. [Google Scholar]

	



Luque de Castro, M.D.; Priego-Capote, F. Soxhlet extraction: Past and present panacea. J. Chromatogr. A 2010, 1217, 2383–2389. [Google Scholar] [CrossRef] [PubMed]

	



Weigl, M.; Kandelbauer, A.; Hansmann, C.; Pöckl, J.; Müller, U.; Grabner, M. Application of Natural Dyes in the Coloration of Wood. In Handbook of Natural Colorants; Stevens, C.V., Bechtold, T., Mussak, R., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2009. [Google Scholar] [CrossRef]

	



Mclellan, M.R.; Lind, L.R.; Kime, R.W. Hue angle determinations and statistical analysis for multiquadrant Hunter L,a,b data. J. Food Qual. 1995, 18, 235–240. [Google Scholar] [CrossRef]

	



UNI EN 646:2019; Paper and Board Intended to Come into Contact with Foodstuffs—Determination of Colour Fastness of Dyed Paper and Board. European Committee for Standardization (CEN/EN Standards): Brussels, Belgium, 2019.

	



UNI EN ISO 105-A03:2019; Textiles. Tests for Colour Fastness—Part A03: Grey Scale for Assessing Staining. International Organization for Standardization (ISO Standards): Geneva, Switzerland, 2019.

	



ISO 11341:2004; Paints and Varnishes. Artificial Weathering and Exposure to Artificial Radiation—Exposure to Filtered Xenon-arc Radiation. International Organization for Standardization (ISO Standards): Geneva, Switzerland, 2004.

	



Bulian, F.; Graystone, J. Wood Coatings Theory and Practice; Elsevier Science: Amsterdam, The Netherlands, 2009; ISBN 978-0-444-52840-7. [Google Scholar] [CrossRef]

	



Badea, G.; Lăcătuşu, I.; Badea, N.; Ott, C.; Meghea, A. Use of various vegetable oils in designing photoprotective nanostructured formulations for UV protection and antioxidant activity. Ind. Crops Prod. 2015, 67, 18–24. [Google Scholar] [CrossRef]

	



Rosu, D.; Mustata, F.R.; Rosu, L.; Varganici, C.D. Photochemical Aging of Eco-Friendly Wood Coatings Derived from Vegetable Oils. ACS Appl. Polym. Mater. 2021, 3, 6303–6314. [Google Scholar] [CrossRef]

	



Barili, P.L.; Catelani, G.; D’Andrea, F.; De Rensis, F.; Falcini, P. Improved preparation of 2,3:5,6:30,40-tri-O-isopropylidenelactose dimethyl acetal and its 60-O-(1-methoxy-1-methylethyl) derivative. Carbohydr. Res. 1997, 298, 75–84. [Google Scholar] [CrossRef]

	



Kabalka, G.W.; Varma, M.; Varma, R.S.; Srivastava, P.C.; Knapp, F.F., Jr. The tosylation of alcohols. J. Org. Chem. 1986, 51, 2386–2388. [Google Scholar] [CrossRef]

	



Attolino, E.; Catelani, G.; D’Andrea, F. Regiospecific synthesis of 4-deoxy-D-threo-hex-3-enopyranosides by simultaneous activation–elimination of the talopyranoside axial 4-OH with the NaH/ImS2O2 system: Manifestation of the stereoelectronic effect. Eur. J. Org. Chem. 2006, 23, 5279–5292. [Google Scholar] [CrossRef]

	



Catelani, G.; Corsaro, A.; D’Andrea, F.; Mariani, M.; Pistarà, V.; Vittorino, E. Convenient preparation of l-arabinohexos-5-ulose derivatives from lactose. Carbohydr. Res. 2003, 338, 2349–2358. [Google Scholar] [CrossRef] [PubMed]

	



Kunishima, M.; Kawachi, C.; Iwasaki, F.; Terao, K.; Tani, S. Synthesis and characterization of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM). Tetrahedron Lett. 1999, 40, 5327–5330. [Google Scholar] [CrossRef]

	



Baughman, T.W.; Sworen, J.C.; Wagener, K.B. The facile preparation of alkenyl metathesis synthons. Tetrahedron 2004, 60, 10943–10948. [Google Scholar] [CrossRef]








[image: Polymers 15 03632 g001] 





Figure 1. Chemical structures of the naturalized dyes (NDs) tested for the dyeing of beech and poplar wood: Naturalized Disperse Orange 30 (DO30Nat) and Naturalized Disperse Violet 17 (DV17Nat). 
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Figure 2. UV-Vis absorbance spectra recorded at t0 (freshly prepared), t1 (after the dyeing tests with Method 1, application of vacuum-pressure cycle in water coloring solutions) and t2 (after the dyeing tests with Method 2, single immersion in water coloring solutions) specimens of DO30Nat (a,b) and DV17Nat (c,d) dyeing baths used to color beech (left) and poplar (right) samples. 
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Figure 3. Macroscopical aspect of poplar samples dyed by applying one layer of Gemma U50 Solas® mixed with DO30Nat (left) and DV17Nat (right) on the surface, by brush, at different concentrations (from the (top): 2, 4, 6, 8 and 10 g/L). 
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Figure 4. Color difference in terms of ΔL*, Δa*, Δb* and ΔE* between before and after the coloring treatment, measured on poplar samples dyed by applying on the surface, by brush, one layer of Gemma U50 Solas® mixed with DO30Nat (a) and DV17Nat (b) at different concentrations (2, 4, 6, 8 and 10 g/L). 
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Figure 5. Macroscopical aspect of beech and poplar samples dyed with DV17Nat (top left) and DO30Nat (top right) following Method 2 (single immersion in water coloring solutions), Method 3 (serial immersion in water coloring solutions), Method 4 (application of Gemma U50 Solas® coloring dispersion by brush) and Method 5 (application of Resina Plus U49 Solas® on water-based colorations). Uncolored wooden references are also shown (bottom). 
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Figure 6. Internal cross-section of a beech reference and two beech samples treated with DO30Nat with Method 1 (application of vacuum-pressure cycle in water coloring solutions) and Method 2 (single immersion in water coloring solutions), seen using a digital microscope. 
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Figure 7. The color difference in terms of ΔL*, Δa*, Δb* and ΔE* between before and after the coloring treatment measured on beech (left) and poplar (right) samples dyed with DV17Nat (a,b) and DO30Nat (c,d) following Method 1 (application of vacuum-pressure cycle in water coloring solutions, measurements taken from the internal cross-section of the samples), Method 2 (single immersion in water coloring solutions), Method 3 (serial immersion in water coloring solutions), Method 4 (application of Gemma U50 Solas® coloring dispersion by brush) and Method 5 (application of Resina Plus U49 Solas® on water-based colorations). 
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Figure 8. Macroscopical aspect of beech and poplar samples dyed with DV17Nat (top left) and DO30Nat (top right) following Method 3 (serial immersion in water coloring solutions), Method 4 (application of Gemma U50 Solas® coloring dispersion by brush) and Method 5 (application of Resina Plus U49 Solas® on water-based colorations), and wooden references (bottom center) after 50 h of exposure to artificial aging with a 500 W Xenon lamp. The left part of each sample was covered with aluminum foil, so it was not subjected to photodegradation. 
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Figure 9. Quantification of color fading after 6, 26 and 50 h of exposure to artificial aging with Xenon lamp on beech (left) and poplar (right) samples treated with Method 3 (serial immersion in water coloring solutions), Method 4 (application of Gemma U50 Solas® coloring dispersion by brush) and Method 5 (application of Resina Plus U49 Solas® on water-based color) with DV17Nat (a,b) and DO30Nat (c,d), and on beech (e) and poplar (f) references. 
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Table 1. L*C*h values for beech and poplar samples both untreated and dyed with DV17Nat and DO30Nat following Method 2 (single immersion in water coloring solutions), Method 3 (serial immersion in water coloring solutions), Method 4 (application of Gemma U50 Solas® coloring dispersion by brush) and Method 5 (application of Resina Plus U49 Solas® on water-based colorations).
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Type of

Wood

	
Type of

ND

	
Coloring

Method

	
L*

	
C*

	
h (°)






	
Beech

	
None

	
74.3 ± 0.2

	
20.1 ± 0.2

	
57.2 ± 1.1




	
DO30Nat

	
2

	
64.6 ± 0.7

	
41.6 ± 0.3

	
61.9 ± 1.1




	
3

	
55.6 ± 0.3

	
41.8 ± 0.7

	
57.1 ± 1.0




	
4

	
52.6 ± 0.4

	
42.7 ± 0.2

	
57.6 ± 0.2




	
5

	
54.2 ± 0.9

	
44.1 ± 1.0

	
58.1 ± 0.5




	
DV17Nat

	
2

	
62.6 ± 0.5

	
28.7 ± 0.3

	
33.2 ± 1.1




	
3

	
54.0 ± 0.1

	
35.3 ± 0.4

	
34.6 ± 0.3




	
4

	
52.7 ± 0.4

	
39.1 ± 0.3

	
41.4 ± 0.6




	
5

	
52.2 ± 0.2

	
41.3 ± 0.3

	
38.8 ± 0.5




	
Poplar

	
None

	
82.3 ± 0.4

	
8.7 ± 0.5

	
57.2 ± 1.1




	
DO30Nat

	
2

	
65.5 ± 0.6

	
44.4 ± 0.6

	
63.9 ± 0.8




	
3

	
57.6 ± 1.1

	
49.8 ± 0.4

	
55.5 ± 1.8




	
4

	
58.4 ± 0.9

	
49.0 ± 0.5

	
55.3 ± 0.8




	
5

	
57.3 ± 0.2

	
51.7 ± 0.4

	
58.1 ± 0.5




	
DV17Nat

	
2

	
64.2 ± 0.2

	
29.5 ± 0.2

	
30.7 ± 1.1




	
3

	
57.6 ± 0.4

	
38.8 ± 0.3

	
30.2 ± 1.4




	
4

	
55.5 ± 0.3

	
39.4 ± 0.4

	
40.0 ± 1.7




	
5

	
55.1 ± 0.9

	
41.9 ± 0.5

	
38.0 ± 0.5











 





Table 2. Quantification of color migration on glass fiber sheets (ΔE*) during the color fastness tests [36] and relative fastness grade (FG) of beech and poplar samples treated with Method 3 (serial immersion in water coloring solutions), Method 4 (application of Gemma U50 Solas® coloring dispersion by brush) and Method 5 (application of Resina Plus U49 Solas® on water-based color) with DV17Nat and DO30Nat.
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Coloring

Method

	
DO30Nat

	
DV17Nat




	
Beech

	
Poplar

	
Beech

	
Poplar




	
ΔE*

	
FG

	
ΔE*

	
FG

	
ΔE*

	
FG

	
ΔE*

	
FG






	
3

	
3.2 ± 0.8

	
4

	
2.7 ± 0.7

	
4

	
3.4 ± 0.8

	
4

	
3.0 ± 0.9

	
4




	
4

	
0.5 ± 0.2

	
5

	
0.5 ± 0.1

	
5

	
1.7 ± 0.4

	
4–5

	
1.7 ± 0.4

	
4–5




	
5

	
0.2 ± 0.1

	
5

	
0.5 ± 0.3

	
5

	
0.6 ± 0.1

	
5

	
0.6 ± 0.2

	
5
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