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Abstract

:

The environmental impact of industrial technologies and related remediation methods are major research trend lines. Unfortunately, in the development of materials for wastewater treatment or air purification, hazardous reactants are often employed, reducing the overall beneficial contribution of such technology on the environment. We here synthesize stable titanium dioxide (TiO2) sols using a green route, with titanium tetraisopropoxide (TTIP) as precursor, water as solvent and acetic acid acting as catalyst, chelating agent and peptizing agent. The sol was deposited on glass by dip-coating and then analyzed using XRD, SEM and spectrophotometry. Wastewater purification ability was evaluated in the photocatalytic degradation of two organic dyes (Rhodamine B and Methylene Blue). Results on RhB showed > 85% degradation in 6 h maintained along a series of 7 tests, confirming good efficiency and reusability, and 100% in 3 h on MB; efficiency mostly depended on calcination temperature and layer thickness. High photodegradation efficiency was found in nonannealed samples, suggesting TiO2 nanoparticles crystallization during sol–gel production. Yet, such samples showed a gradual decrease in photoactivity in repeated tests, probably due to a partial release of TiO2 particles in solution, while on calcined samples a good adhesion was obtained, leading to a more durable photoactive layer.
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1. Introduction


Environmental pollution represents one of the most serious concerns for modern society. Contamination of water, soil and air caused by the progressive development of the industrial society has strong repercussions on the entire ecosystem. Particularly, many organic compounds are considered hazardous due to their adverse effects, such as toxicity of dyes released in waters by industrial activities on aquatic fauna and possible carcinogenicity of several volatile organic compounds (VOCs). For this reason, these compounds should be degraded or removed before their discharge into the environment [1,2,3,4].



Several methods for organic compounds abatement have been developed, such as membrane filtration, adsorption, centrifugation, gravitational separation, and flocculation. Nevertheless, these traditional remediation techniques frequently generate harmful byproducts, which require further treatments, and proved to be inadequate for some chemical compounds, such as aromatic hydrocarbons [5,6,7,8].



Therefore, many research efforts have been made to improve the abatement of these hazardous organic pollutants through new sustainable and eco-friendly approaches, and advanced oxidation processes (AOPs) have been widely studied for this aim. In particular, heterogeneous titanium dioxide (TiO2) photocatalysis has emerged as a promising technique since it is more efficient and economic with respect to traditional methods, and it can result in a complete mineralization of organic molecules to CO2, H2O and salts under solar or artificial light illumination by operating under ambient temperature and pressure conditions [9,10,11,12,13].



In order to obtain the immobilization of TiO2 on different substrate to get photocatalytic coatings and to eliminate issues of powder slurries, particularly photocatalyst recovery and agglomeration, several deposition techniques are used, including physical vapor deposition (PVD), chemical vapor deposition (CVD) and hydrothermal synthesis [14,15]. Among various production methods, sol–gel is one of the most popular techniques used to produce both TiO2 thin films and nanoparticles, since it offers low temperature and ambient pressure processing, easy coverage of large surfaces, relatively low cost, and the possibility to control the physicochemical properties of nanostructures [13,16]. Yet, most of the research often neglects the effects reagents such as organic solvents (ethanol, propanol, etc.) or surfactants on the environment. Furthermore, the exposure to strong acids (hydrochloric acid, nitric acid or sulfuric acid) as well as other harmful chemicals such as acetylacetone, propylene oxide, dimethylacetamide or ethanolamine represents a risk for both human health and for the environment [17,18,19,20,21].



Nevertheless, sol formulation is what most affects the production of TiO2 and its photocatalytic activity. Among all, the most influencing parameters are those that allow to control the rate of hydrolysis and condensation, specifically, concentrations and types of both precursor and solvent, water content, solution pH and type and concentration of additives (catalysts, chelating agents, peptizing agents, surfactants). The management of these parameters allows to manipulate the sol–gel process stages, thus influencing TiO2 content in the film, morphology, particle size distribution and crystallinity [16]. The following considerations try to tackle the aspects related to sol components with a specific focus on green formulations.



As precursors, metal alkoxides are often employed since these chemicals, although quite expensive, are not hazardous or toxic. Among them, titanium (IV) isopropoxide (TTIP) is particularly used due to its relatively low hydrolysis ratio in low-molecular weight organic solvents, allowing to produce stable TiO2 colloidal solutions [22,23].



When working with water instead of organic solvents, which is crucial to reduce the environmental impact of sol–gel, the formation of TiO2 nanoparticles proceeds so rapidly that precipitates of titanium oxide are formed in a short time. In order to better control the strong reactivity of titanium alkoxides with water, and so reaction rates, catalysts are added, such as nitric acid, hydrochloric acid and acetic acid. In fact, in acid conditions the hydrolysis reaction is favored by the protonation of hydroxyl groups, leading to the simultaneous formation of positively charged monomers or small oligomers; repulsive forces among charged cluster reduce aggregation, thus delaying condensation and precipitation [14,16,24,25].



Even though the addition of the catalyst avoids the formation of precipitates, the key to preparing stable TiO2 sols is to decrease the hydrolysis rate of alkoxides. Chelating agents such as acetylacetone, carboxylic acids or other ligands have been demonstrated to effectively reduce the hydrolysis rate thanks to the generation of stable complexes [26]. In particular, acetic acid shows numerous advantages since it acts as both catalyst and chelating agent. Being an acid, it favors the rapid formation of titanium hydroxide, thus suppressing the growth of oligomeric titanium dioxide and so leading to small-size TiO2 nanoparticles. On the other hand, it reduces hydrolysis rate by acting as a modifier of the alkoxides molecular structure, as acetate ligands partially substitute -OR groups, which sterically hinder hydrolysis and increase gelation time [27,28,29].



To date, few research works have been performed relying on a green chemistry approach, i.e., using nontoxic, harmless chemicals to reduce the hazard of products and wastes and so the impact of sols production on human and environment [30].



In the present work, nanostructured TiO2 coatings were prepared via a green sol–gel route by the hydrolysis and condensation of TTIP in water, with a new formulation using acetic acid as both catalyst and chelating agent, thus avoiding the use of organic solvents or any carcinogenic or hazardous reactants, in contrast with common formulations where organic solvents are considered vital.



The so-obtained solvent-free stable sol was used to deposit TiO2 thin films by dip-coating on glass supports. The photocatalytic activity of the so obtained coatings was evaluated in the photocatalytic degradation of two model pollutants in water (Rhodamine B and Methylene Blue). Durability, stability and reusability of the photocatalytic coatings were also evaluated.




2. Results and Discussion


2.1. TiO2 Film Structural Characterization


SEM analyses were performed on nonannealed (Figure 1a) and annealed (Figure 1b) samples. In both cases, the coating appeared nonhomogeneous, and severe cracking was observed. This was ascribed to solvent evaporation during the drying phase, which involves the formation of strong internal stresses in the TiO2 coating. Indeed, water-based sols induced the formation of cracked layers regardless possible annealing treatments, due to reduced evaporation kinetics and wettability if compared with organic solvent-based sols, whose deposition is generally more homogeneous. The non-homogeneity induced by the presence of water as solvent may also explain the presence of some areas in which titanium oxide is lacking (see Figure S1). Indeed, EDS analyses and elemental mapping showed that titanium seems homogeneously distributed in the areas in which the coating is present, whereas silicon can be identified both in coated and uncoated areas, with a signal increase where TiO2 is not present (Figures S2 and S3). Moreover, internal stresses and film shrinkage may be caused by the considerable content of TTIP (0.45 M), since an increase in precursor concentration leads to higher sol viscosity [31].



Although cracking occurred in both annealed and nonannealed coatings, this phenomenon seemed to worsen in the annealed ones, being cracks wider and denser. This was ascribed to a combination of different factors.



First, annealing favors the crystallization of the deposited titanium dioxide, so that a rearrangement of the lattice structure may induce the formation of a more compact crystalline structure. Moreover, high temperature favored the evaporation of trapped water molecules, thus increasing film shrinkage.



Lastly, acetate ligands formed during the chemical reaction between TTIP and acetic acid are very stable and remain in the TiO2 structure at temperatures up to 400 °C, affecting the amorphous-to-anatase transition temperature and the final properties of TiO2 coatings [26]. At 500 °C, the removal of these ligands induced the formation of new -O–Ti–O bonds and so a rearrangement of the lattice structure.



These assumptions were confirmed by the measured average coating thickness, being equal to 904 ± 47 nm and 551 ± 21 nm for as-deposited and annealed coatings, respectively (Figure 1c,d). To validate the measured thickness, laser profilometry was performed on both annealed and nonannealed coated samples; results are in agreement with SEM measurements, being the coating thickness equal to about 1 μm and about 0.5 μm for as-deposited and annealed samples, respectively (Figure S4).



Figure 2 shows XRD patterns performed on films annealed at different temperatures. Results shows the presence of anatase phase, whereas rutile is not detectable in the obtained spectra.



Interestingly, the presence of anatase is confirmed in all the evaluated samples by the diffraction peak at 25.3°, i.e., (101) anatase plane; sharper peaks with higher intensity are observed at temperatures above 300 °C, reaching the maximum intensity at 600 °C. In parallel, the diffraction peak at 48.2° corresponding to the (200) anatase plane appears at annealing temperatures above 500 °C. These results clearly demonstrate that an increase in the annealing temperature results in an improvement in the TiO2 crystallization to anatase phase, being the peaks of (101) and (200) anatase planes more intense for annealing treatment at 500 °C and 600 °C.



Table 1 shows the anatase crystallite size of TiO2 thin films with different annealing temperature, using Scherrer’s equation at peak 25.3°. Crystallite size increased in size passing from as deposited coating (∼6 nm) to samples annealed at 600 °C (∼16 nm), with a remarkable size increase in the temperature range of 300–500 °C (∼8 nm at 300 °C and ∼14 nm at 500 °C), indicating that crystallites growth and dehydration with the removal of hydroxyl groups on the surface occur upon annealing [32]. Although the increase in temperature greatly affects both the crystallization and the anatase crystal size, in the evaluated conditions, the maximum calculated crystal size is still in the nanometer range (∼16 nm).



Figure 3 shows the XRD patterns of samples annealed at 500 °C with different thermal treatment duration. Results showed that an increase in annealing time is favorable up to 2 h, being the intensity of anatase peak at 25.3° doubled with respect to the one measured after 60 min of annealing. Crystallinity seemed not to be improved for longer thermal treatment duration. Crystallite size was not affected by annealing duration.



In general, it was found that anatase nanocrystals form even in absence of any thermal treatment, suggesting that anatase crystals are already present in the sol prior to annealing, although in small quantity and dimensions (Figure 2), while other TiO2 crystalline phases (rutile or brookite) were not identified in the obtained XRD patterns. Indeed, the rather high concentration of TTIP used for the preparation of the sol may have influenced the resulting titanium dioxide structure, as it is believed to promote anatase formation, to the detriment of brookite and, above all, rutile [31,33]. Even more, the absence of brookite seems to be consistent with use of the dip-coating technique, this metastable phase being promoted when spin-coating is used [34].



The presence of acetic acid in the sol is considered the key factor to forming nanometric anatase crystallites. TTIP dissolution in acetic acid allows both to prevent TTIP from water nucleophilic attack and to control hydrolysis and condensation reactions: in fact, the -OR groups of TTIP are replaced by acetate anions that may coordinate in different modes. When water is added, the nonreplaced -OR groups are removed, thus promoting condensation of the hydrolyzed molecules. On the other side, possible acetate bridges are removed, giving rise to further acetate ligands whose hydrolysis is more difficult than that of -OR groups. Therefore, when acetic acid is used as catalyst, the formation of TiO2 nanoparticles is favored due to the protonation of hydroxyl groups that lead to the formation of repulsive clusters, thus inhibiting particle agglomeration. The complexation of acetate ligands and the presence of acetate anions that may adsorbs on the TiO2 surface are considered responsible for a decrease in crystallite size. The formation of acetate binding complex may also improve nanoparticles crystallinity and surface area due to their tight binding on the surface that lead to a better control of the forming nanostructures [35,36,37]. The formation of the anatase phase specifically is related to the small crystallites’ dimension, as it is known that the anatase-to-rutile transition occurs when anatase particles reach a critical size (20–30 nm), below which the phase transformation is energetically unfavorable [35,37,38].



The use of acetic acid is also seen as responsible for the presence of crystallites in the nonannealed sol. Unlike the conventional sol–gel process, when water is used as solvent, the presence of a peptizing agent induces not only the dispersion of precipitates but also their recrystallization at low temperatures, resulting in crystalline TiO2 nanoparticles without any heat treatment step; particularly, inorganic acids seem to promote the production of rutile or (in very acidic conditions, i.e., pH < 1) anatase and brookite phases, whereas pure anatase can be obtained by using weak carboxylic acids, such as acetic acid, due to their chelating behavior [39,40].



Indeed, crystallization is only possible if precipitates are transited to a metastable state, and this can be achieved by adding an acid peptizing agent that improves both the disaggregation of agglomerates by altering surface charge, and the mobility of the dissociated ions. The alteration of surface charges of the amorphous titanium hydroxide formed as a TTIP–water reaction product leads to the breaking of oxo- bonds and to surface protonation of the so formed particles, thus resulting in an increase in nucleation rate rather than particle growth. However, in previous works it is reported that the maximum growth of TiO2 crystallites is inexplicably achieved in water-based solutions, despite the high hydrolysis of TTIP or any other titanium alkoxide [41,42].




2.2. Photocatalytic Activity of Synthesized Coatings


In general, photocatalytic tests performed on two-side coated glass samples in the reference conditions listed in Materials and Methods, Section 3 (Table 2) showed that RhB is degraded by more than 90%, reaching an efficiency close to 100% for MB water-based solution (Figure 4a). Photolysis and adsorption control tests were performed in absence of photocatalyst under UV-A illumination and in dark storage, respectively; results showed that photolysis and adsorption can be considered negligible with respect to the overall discoloration process, confirming that dye degradation shall be attributed exclusively to photocatalytic degradation.



The high efficiency of the coatings can be ascribed, first of all, to the presence of the anatase phase, which is known to have the best photocatalytic properties among TiO2 crystal phases, and then to the medium-high TTIP molarity of the sol, since an increase in the precursor content leads to higher amounts of TiO2 in the sol [31,43]. Nonetheless, the relative inhomogeneity of the coatings, regardless annealing or dipping conditions, may influence their photoactivity, with particular reference to coating adherence to the substrate. For this reason, further tests were performed to investigate the durability of coating performances on multiple runs; this aspect is discussed in Section 2.4.



Interestingly, sol deposited 7 days after its synthesis provided rather poor results. Deposition performed after 42 days aging allowed to obtain much higher photodegradation, with a kinetic constant increased by one order of magnitude (Figure 4b). Results were repeated both by reproducing the same sol, and by redepositing the initial sol on new glass slides (error bars in Figure 4).



The increased activity at longer aging time was ascribed to the fact that aging allows further nucleation of TiO2 nanocrystals, allowing for higher nanoparticles content in the sol to be deposited. This was confirmed by a visual inspection of the sol. In the first week, the sol appeared homogeneous and transparent, with a yellowish hue shown by the chelating effect of acetic acid [26]. After 42 days from the synthesis, the aesthetic appearance of the sol was translucent and whitish, confirming the formation of TiO2 nanoparticles in the colloidal solution. Their slow nucleation was ascribed to the relatively high TTIP:acetic acid molar ratio (1:5) that strongly influenced hydrolysis and condensation reactions. Still, no sol gelation or TiO2 precipitation were noticed during the whole experimental phase, suggesting that after 4 weeks the sol reached an equilibrium, and then maintained good stability also in the following weeks.



As for deposition parameters, the effect of dipping speed on the kinetic constant—calculated using a regression analysis of the kinetic curves (ln C/C0)—is shown in Figure 5a. It is possible to see good reproducibility of the tests, with a standard error generally lower than 6%. The only exception is at a dipping speed of 240 mm/min, where the error increases to 10%. This was ascribed to the fact that higher dipping speed may lead to lower coating homogeneity, as confirmed by spectrophotometric analyses (Section 3.5).



All kinetic constants are in a range of 0.32–0.4 h−1, with a slight increase in photoactivity for coatings deposited at 120 mm/min; no significant variations in terms of photodegradation percentage were observed, suggesting that differences in terms of coating photoactivity are rather limited.



These results could be considered inconsistent with the effect of dipping speed on coating morphology. Different authors [44,45,46] reported that an increase in withdrawal speed leads to an increase in coating thickness, and so to higher photoactivity of the deposited TiO2 film, as a result of a modified equilibrium between the adhesion of the fluid on the substrate and gravity-induced viscous drag forces [47,48]. Still, results shown in Figure 5 can be explained by considering that the low adhesion forces between glass substrate and the aqueous sol led to a strong predominance of drag forces in the whole considered dipping speed range.



The effect of number of dips on the kinetics of the photocatalytic process is shown in Figure 5b. Photocatalytic efficiency is promoted as the number of dips increases, on account of an increased amount of TiO2 on substrates [44], thus reaching a complete discoloration of RhB (100% removal) and doubling of kinetic constant for samples coated with three dips. Moreover, the standard error decreased progressively as number of dips increased.



The more marked increase in photoactivity with the third dip can be ascribed to an increase in wettability. When the first dip is performed, the low wetting of the sol on glass leads to a prevalence of drag forces that tend to make the sol flow over the surface, reducing the deposition extent; therefore, coatings with higher inhomogeneity are obtained. With the second dip, the deposition of the sol leads to an increased homogeneity by also covering areas where photocatalyst was lacking. When the third dip is performed, the sol will be no longer deposited on glass, but on the previous two layers, granting an increase in wettability and adhesion forces and favoring the deposition of greater quantities of titanium dioxide if compared with the previous dips; this is in agreement with spectrophotometric analyses (Section 3.5).



On the other hand, it is interesting to notice how annealing affected the linearity of the pseudo-first-order kinetic curves (Figure 6). High linearity was found when tests were performed on samples annealed at a temperature higher than 300 °C (R2 > 0.997). At lower temperatures, a fast RhB photodegradation was measured in the first two hours of UV-A irradiation, followed by a nonlinear decrease in photoactivity that led to a gradual reduction in reaction rate. This was particularly evident on nonannealed samples and those heated only at 100 °C. The reliability of these data was confirmed by test repeatability, being the standard error lower than 7%.



Nonlinearity was ascribed to poor coating adherence on the substrate before annealing, with consequent TiO2 mass loss during samples immersion in RhB solutions. Indeed, higher annealing temperatures both promote crystallization (higher kinetic constant) and enhance adhesion on the substrate (better linearity), thus increasing the mechanical stability of the coatings.



An exception to this behavior was found for samples annealed at 60 °C for 8 h (R2 = 0.998) (Figure 6a). An increase in annealing duration may therefore enhance the adherence of the coating, even at low temperatures, although with no beneficial influence on coating crystallization, being the kinetic constant comparable with the nonannealed sample.



An analogous absence of variations with annealing time was also obtained at 500 °C, confirming that crystallization takes place in the first 1 or 2 h of treatment, and its prolongation only allows a better consolidation (Figure S5).



Upon annealing between 100 and 500 °C, only limited increases in photoactivity were noticed; conversely, a strong improvement was recorded for samples annealed at 600 °C (+40% in kinetic constant and almost complete RhB discoloration). This aspect was expected and ascribed to a balance between the beneficial and detrimental effects provided by crystal size reduction. In fact, nanocrystals have been reported to enhance photoactivity not only on account of their higher surface area, but also due to a reduction of the diffusion path length of photogenerated charge carriers, thus favoring the interfacial electrons and holes transfer at the TiO2 surface. On the other hand, in very small nanoparticles an increase in band gap energy due to quantum confinement effect and an increase in e--h+ recombination due to an enhancement of surface charge carriers trapping lead to a decrease in photoactivity [49,50,51]. The latter effect was therefore considered to prevail on the increase in crystallites surface area, and together with a higher crystallinity (higher intensity of XRD peaks) this led to an increased efficiency at higher annealing temperatures.



Still, a relatively high photoactivity was recorded even for low-temperature annealed samples, which was ascribed to the presence of highly photoactive anatase TiO2 nanocrystals even at room temperature (Figure 2). Indeed, this opens the way to applications on thermally unstable substrates by considering a prolonged room temperature consolidation.




2.3. Comparison with Previous TiO2 Coatings


To compare photoactivity with previous works from the same research group, tests were repeated on MB solutions. As previously tested samples had different size, tests were performed on samples with different exposed surface area (namely, 6.25 cm2 and 12.5 cm2) by depositing the sol either on one side or both sides of the glass substrate. The reference deposition conditions were used; tests are also compared with RhB degradation (Figure 7).



As expected, the kinetic constant is doubled by passing from one coated side (RhB: 0.22 h−1, MB: 0.84 h−1) to two coated sides (RhB: 0.41 h−1, MB: 1.75 h−1). Similarly, the photocatalytic degradation percentage strongly increases as well. The higher photoactivity in presence of MB, with respect to RhB, was ascribed both to the presence of a thiazine group in its heterocycle chemical structure that favors bond cleavage and to its lower molecular weight [52].



Given the strong linearity of kinetic constant with surface area exposed (Figure S6) for both dyes and considering that samples were exposed to light from the top surface, it was concluded that both sides are equally photoactive, and that the coated samples are transparent to UV-A irradiation.



The reaction rate per unit area was compared with results of photocatalytic tests performed with a previously studied ethanol-based sol [53]; more conventional, nongreen reagents were used to obtain a homogeneous photocatalytic sol whose biggest merit was a transparent appearance, allowing application without altering the aesthetics of the substrate. A reaction rate equal to 0.024 h−1 cm−2 was found on MB, significantly lower than the one obtained in the present work (0.14 h−1∙cm−2). This was ascribed to the lower content of anatase that may have reduced the photocatalytic activity.




2.4. Durability and Stability of the Coatings


The durability and stability of a photocatalyst is an important technical and economical factor that cannot be overlooked. For this reason, nonannealed coatings and coatings annealed at 500 °C were tested for seven consecutive photocatalytic tests in RhB solutions on two different samples for each analyzed condition.



Concerning annealed samples (Figure 8), RhB concentration is generally halved within the second hour and the concentration profiles are subjected to an exponential decay, thus implying a high photoactivity all over seven runs. While sample 1 shows an apparently constant behavior until the 6th cycle, sample 2 undergoes a slight reduction in photoactivity starting from the 3rd cycle. Such variations in concentration profiles may be partially related to possible release of TiO2 nanoparticles into the solution.



To quantify these variations, kinetic curves and apparent reaction rates are shown in Figure 9a. The regression analysis performed produced R2 values higher than 0.994, confirming a high linearity even for repeated tests. Results show that the maximum photocatalytic efficiency was reached in the first two cycles, after which a slight decrease in efficiency was registered. Specifically, photodegradation percentage decreased from 92% to 85% after seven runs (i.e., a loss of 7%) while the apparent reaction rate constant decreased gradually over the seven runs from 0.41 h−1 to 0.3 h−1.



As the decrease in the kinetic constant was relatively modest, it is possible to say that the coating features a good stability and adhesion in spite of prolonged immersion in Rhodamine B solutions alternated with rinsing and drying cycles, which could have severely damaged a nonadherent coating.



On the other hand, nonannealed samples showed a significant loss of photoactivity starting from the second run, with a strong decrease in the kinetic constant over the seven cycles of test (Figure 8b). The coating features a lower photocatalytic stability, thus suffering from poor adhesion upon immersion in the tested solutions. This is confirmed by kinetic curves showing a lower linearity, being R2 in a range of 0.982–0.99 (Figure 9b). The maximum photocatalytic efficiency was reached only at the first run, after which a sharp decrease was registered. Apparent reaction rate constant dropped over the first and second runs from 0.32 h−1 to 0.14 h−1, then decreasing progressively until the seventh run (0.07 h−1). Photodegradation percentage decreased as well, from 84% to 34% after seven runs.



The high photoactivity of annealed samples and the progressive loss in efficiency for nonannealed samples was ascribed to a different adhesion of the coating on the substrate, i.e., a different weight loss rate for the considered conditions. This was confirmed by the coating weight profile over seven runs for both nonannealed and annealed coatings (Figure 10). Such findings were further confirmed using SEM images, indicating very small coating losses on the annealed sample in contrast with larger areas of coating spalling observed on the nonannealed one (Figure 11).



Results clearly showed that a significant weight loss was assessed on nonannealed samples between the first and the second cycle, after which the coating gradually kept releasing TiO2 nanoparticles in the solution until reaching a very low coating weight (0.3 mg) after seven runs. This trend justified the sharp decrease in photocatalysis kinetics between the first and second run. The most significant mass lost took place before the fourth cycle, after which the remaining amount of TiO2 seemed to be more adherent on the substrate. Conversely, annealed samples showed a better adhesion; indeed, a weight loss of 25% was recorded over seven runs of immersion in a stirred solution followed by rinsing and drying, passing from 1.1 mg to 0.8 mg, which is coherent with the decrease in kinetic constant from 0.41 to 0.3 h−1. The lower TiO2 loss justifies the more stable trend in photocatalysis kinetics, suggesting that the annealing treatment strongly promote the adherence on the glass substrate.




2.5. Spectrophotometric Analyses


Spectrophotometric analyses were performed to examine possible color modifications or gloss variations induced by the coating that may vary the aesthetic appearance of the substrates by monitoring ΔE*. For ΔE* values lower than 1, the coating can be considered transparent and colorless, ΔE* values between 1 and 10 implies some alterations, while ΔE* values higher than 10 mean a strong color change.



The collected color coordinates (a*, b*, L*) and the relative differences (Δa*, Δb* and ΔE*) are shown in Tables S1–S3. The total variation before and after photocatalysis were taken into account using the uncoated sample as reference, where the first value is indicative of coating aesthetic quality, while the latter indicates possible residual dye adsorbed at the sample surface.



Results showed that the overall ΔE* variation prior photocatalysis process falls in a range of 3–8, this indicating that alterations influence the sample aesthetic. This was ascribed to the fact that the starting sol transparency decreased during the aging period due to crystallites formation, so that its deposition on glass substrates inevitably caused the formation of a white patina. Even more, coatings resulted inhomogeneous, which is connected to the low evaporation kinetics and wettability of water-based sols, leading to the formation of areas in which titanium dioxide seemed to be more concentrated.



In the evaluated conditions, Δa* and Δb* values were negligible, being generally lower than 1 and confirming that color variations were related with surface whitening, as also observable with the naked eye (Figure S7a,b). Moreover, negligible Δa* and Δb* after photocatalytic tests allow to exclude relevant RhB or MB adsorption phenomena.



Color was significantly affected by the number of dips (Table S1); this was ascribed to an increasing amount of deposited sol on the substrate passing from 1 to 2 layers. No relevant further variation was seen with a third layer deposited. Moreover, the effects of dipping speed (Table S2) and annealing temperature (Table S3) were assessed. Results show that the less intense color variations were observed at low deposition speed; this was ascribed to the fact that sol has more time to flow down and redistribute on the surface, thus increasing the homogeneity of the deposited layer. Instead, annealing temperatures higher than 60 °C led to a lightness decrease (ΔL* > 2), suggesting that water evaporation more than crystallization is responsible for color variations.





3. Materials and Methods


3.1. Materials


Titanium (IV) isopropoxide (97%) (TTIP), glacial acetic acid (≥ 99%) (CH3COOH), rhodamine B (RhB) and methylene blue (MB) were purchased from Sigma Aldrich (Milan, Italy). All the reagents used in this research were analytical grade and they were used without further purifications. Deionized water (DI) was used throughout the research.




3.2. Synthesis of Sol


For the preparation of the green TiO2 sol TTIP was used as precursor, deionized DI as solvent and acetic acid as catalyst, chelating agent and peptizing agent. No surfactants were used in the synthesis.



TiO2 sol was prepared by adding dropwise 6 g of acetic acid into 5.7 g of TTIP in a 1:5 Ti:CH3COOH molar ratio at room temperature.



The TTIP and acetic acid solution was left under vigorous magnetic stirring for 2 min to achieve complete homogenization; subsequently, the precursor was hydrolyzed by slowly adding an excess of DI (36 g), thus instantaneously showing a whitish precipitate. However, the sol became lighter after about 10 min of stirring due to the peptizing effect of acetic acid, which converted precipitates into a colloidal solution. The mixture was then vigorously stirred for five hours at room temperature to allow the formation of a stable and transparent sol.



The so-formed sol was then aged for 6 weeks at ambient conditions to allow the formation of TiO2 nanoparticles. In this sol–gel route, the molar ratio of the reactants was TTIP:H2O:acetic acid = 1:100:5, being the TTIP molarity of 0.45 M. The concentration of the precursor has significant effects on TiO2 crystallinity and crystallite size; in particular, an increased concentration leads to higher photocatalytic activity [31]. For this reason, higher precursor: water ratios were tested, but precipitation occurred, hence those formulations were discarded.




3.3. Deposition of Thin Films


The so-formed TiO2 sol was deposited on 2.5 × 2.5 × 0.2 cm3 glass plates using the dip-coating method.



Glass was degreased in ultrasonic bath for 10 min with acetone to remove all impurities, washed with DI and dried prior to deposition.



A custom dip-coater machine was used, managed by Arduino. During the experimental stage, the dipping immersion was always equal to the dipping withdrawal speed, with a fixed dwelling time of 5 s and a fixed dipping angle of 90° in agreement with previous work [53]. Different number of dips (1, 2 and 3, with a drying period of 30 min in between) and different dipping speeds (60 mm/min, 120 mm/min, 180 mm/min and 240 mm/min) were selected to evaluate the effects of these parameters on the photocatalytic activity of the TiO2 thin films obtained. After deposition, films were allowed a consolidation phase at different temperatures (room temperature, 60 °C, 100 °C, 300 °C, 500 °C and 600 °C) and different duration (1 h, 2 h, 3 h and 6 h). The annealing at 60 °C lasted 8 h to improve the film adherence on the substrate, while room temperature consolidation lasted at least 24 h.



A dipping immersion and withdrawal speed of 120 mm/min, a number of dips equal to 2 and a calcination treatment of 500 °C for 2 h on glass samples were selected as reference conditions for the comparison of different samples. The evaluated conditions are summarized in Table 2.




3.4. Characterization of TiO2 Thin Films


The structure and morphology of the deposited TiO2 thin coatings were examined using scanning electron microscopy—SEM—with an EVO 50VP microscope (Carl Zeiss AG, Oberkochen, Germany), equipped with a Bruker energy-dispersive X-ray spectrometer for chemical microanalysis—EDS (Bruker, Billerica, MA, USA).



Coating thickness of both annealed and nonannealed samples was evaluated using cross-sectional SEM and laser profilometry with an UBM Microfocus UBR-200 LASER profilometer, collecting 500 points per mm of linear scan.



X-ray diffraction analyses—XRD—were performed on deposited samples to investigate crystallinity at different temperature and thermal treatment duration. Diffraction patterns were acquired using an Empyrean diffractometer (Malvern Panalytical, Malvern, UK) with Cu Kα radiation (1.54060 Å) operating at 40 kV and 40 mA in the in 2θ range 20–50° with a step size of 0.026°. When appropriate, crystallite size was evaluated at the strongest XRD lines according to Scherrer’s equation:


      D =    K λ     β cos θ     



(1)




where D is the crystallite size (nm), K is the shape factor (0.94), λ is the wavelength of Cu Kα radiation (0.154 nm), β is the full-width at half-maximum (FWHM, rad) and θ is the Bragg’s angle of the phase under analysis (2θ of 25.3° for (101) anatase plane and 27.4° for (110) rutile plane) [31,52,54].



Spectrophotometric analyses to evaluate color or transparency variations caused by deposition, annealing and photocatalytic tests were performed by using a portable spectrophotometer Konika Minolta CM-2500d (Konica Minolta, Kontich, Belgium) working in reflectance mode (D65 artificial light source). The spectrophotometric measurements were performed on the bare glass, after each dip, after thermal treatment, and lastly after the photocatalytic test. Colorimetric parameters were collected and evaluated according to the CIELAB (1976) standard system in which each color can be represented by three coordinates a*, b* and L*, corresponding to colors ranging from green to red, yellow to blue and black to white, respectively. The color difference (ΔE*) was calculated according to the following equation:


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



(2)




where Δa*, Δb* and ΔL* refer to the differences in a*, b* and L*, respectively, before and after the process under consideration. As ΔE* value increases, color variation is more significant; color changes cannot be perceived by human eye when ΔE* value is lower than 1 [55,56]. To evaluate glass, color measurements were performed using a white tile as reference below the glass slide; any deviation from the initial color is then considered not only as color variation, but also as loss of transparency.




3.5. Photocatalytic Tests in Liquid Phase


The photoactivity of TiO2 coatings was evaluated in liquid phase by analyzing the photodegradation of two target pollutants, RhB and MB, under UV-A LED irradiation. In a typical experiment, each sample was tested in a built-in batch reactor containing 40 mL of RhB or MB water-based solution 10−5 M, under magnetic stirring in turbulent regime for solution homogenization. The experimental setup is reported in Figure S8. The photocatalyst was positioned at a fixed distance of 3 cm from the UV-A LED (Nichia NCSU033B, λ = 365 nm, UV-A intensity = 11.1 mW·cm−2, Tokushima, Japan), which was sustained by a 3D-printed PLA support. LED working conditions of 3.8 V and 500 mA were provided by an AIM PLH120 power supply. Tests were performed over 6 h, with absorbance measurements performed every 60 min with a UV-Vis spectrophotometer (Thermo Fisher Scientific SPECTRONIC 200E, Les Ulis, France) at 555 nm and 666 nm, which are the maximum absorbance peaks in the visible light range of RhB and MB, respectively.



Dye absorbance was correlated with its concentration using the Beer–Lambert law and, by assuming that a pseudo-first-order Langmuir–Hinshelwood kinetic model valid for low dye concentrations controls the photocatalytic degradation of both MB and RhB [19,57], the photodegradation apparent reaction rate constant was evaluated as follows:


          ln    C   C 0      = −  k  app   t  



(3)




where C0 is the initial dye concentration, C the dye concentration at reaction time t and kapp the apparent rate constant, which is the slope of the curve ln(C/C0) versus t.



Finally, photocatalytic degradation (%) was evaluated using the following equation:


         Photocatalytic   degradation     %  =      C 0  −  C t       C 0    × 100  



(4)




where C0 is the initial dye concentration and Ct is the remaining concentration at reaction time t.



All samples reported in Table 1 were subjected to photocatalytic tests to evaluate the effect of operational parameters on the photodegradation of RhB. Moreover, the reference condition was analyzed by depositing the sol on either one side or both sides of the glass samples; these were used for carrying out photocatalysis tests in the presence of either RhB or MB to evaluate the effects of the exposed surface area.



The amount of deposited TiO2 was calculated by subtracting the mass of the bare glass from the mass of the sample after two dips and annealing at 500 °C for two hours. An analytical balance Sartorius PRACTUM124-1S (±0.1 mg) was used throughout this experimental work.



Separately, photolysis and adsorption experiments were performed by testing RhB and MB solution in the same experimental conditions previously described, the former under UV-A light in the absence of any photocatalyst, the latter in presence of photocatalyst but in dark conditions, to investigate possible side effects that may alter the evaluation of the photocatalytic activity. Both effects were considered negligible due to the small absorbance variations, especially if compared with photocatalytic degradation tests (Figure S9). The results proved that dye degradation is mainly ascribable to the photocatalytic process.



Photocatalytic activity was assessed by repeating each test at least twice on two separated samples to ensure reproducibility; the results were consistent, with a variation lower than 7%, which is in line with the error measured during photocatalysis tests with the experimental setup employed here [52].




3.6. Durability and Stability of TiO2 Thin Films


Reproducibility and repeatability tests were performed to evaluate the trend of the photocatalytic activity as the time of use increases, as well as the adhesion of the coating to the substrate in long-term use. Photocatalytic tests in RhB water-based solution were performed on two reference samples and on two as-deposited samples, i.e., not subjected to annealing, to evaluate the effects of calcination on the durability and stability of the coatings.



Each sample was tested in seven successive photocatalytic tests. At the end of each test, samples were washed with distilled water and dried with air, and then weighed to evaluate possible mass loss over the seven runs.





4. Conclusions


Photocatalytic TiO2 coatings were successfully deposited on glass substrates using the dip-coating method. The selected green sol–gel route allowed us to obtain stable and highly photoactive coatings, with full degradation of MB and almost full degradation on RhB, by employing a simple formulation that does not require the use of hazardous chemicals, in accordance with green chemistry principles. To obtain such photoactivity, a prolonged sol aging was needed to promote TiO2 crystallites formation.



Results showed a low coating homogeneity due to the low wettability of water on the substrates and its slow evaporation, particularly if compared with organic solvent-based sols. Nevertheless, acetic acid allowed us to obtain photoactive coatings even in absence of annealing treatment, thus enlarging the field of application of this sol to all heat-sensitive materials. Annealed coatings showed a slightly higher photocatalytic activity and, most importantly, better durability and stability over multiple runs of photocatalytic tests, with only slight deterioration after seven tests and related photocatalyst washing and drying, while on nonannealed samples the coating was almost completely removed after four runs. This suggests that annealing promotes the adhesion of TiO2 films to the substrate, allowing for their reuse several times.
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Figure 1. SEM analyses of the TiO2 coating on glass samples. (a) As deposited. (b) After annealing at 500 °C for 2 h. (c) Thickness of as-deposited coating. (d) Thickness of coating after annealing at 500 °C for 2 h. 
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Figure 2. XRD patterns of coatings annealed at different temperatures. 
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Figure 3. XRD patterns of coatings annealed at 500 °C with different durations. 
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Figure 4. (a) RhB and MB concentration profiles versus irradiation time in presence of reference photocatalyst. (b) Effect of sol aging on photocatalysis kinetics of rhodamine B and its degradation percentage. 
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Figure 5. (a) Effect of dipping speed on photocatalysis kinetics and degradation percentage; (b) effect of number of dips on photocatalysis kinetics and degradation percentage. 
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Figure 6. (a) Kinetics of RhB photocatalytic degradation for different annealing temperatures. (b) Effect of annealing temperature on photocatalysis kinetics and degradation percentage. 
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Figure 7. Effect of coated surface area on photocatalysis kinetics of RhB and MB. 
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Figure 8. (a) Concentration–time curves for two different annealed samples and its average over seven runs; (b) concentration–time curves for two different nonannealed samples and its average over seven runs. 
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Figure 9. (a) Photocatalysis kinetics and degradation percentage for annealed samples over seven runs; (b) photocatalysis kinetics and degradation percentage for nonannealed samples over seven runs. 
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Figure 10. Photocatalysis kinetics and coating weight for nonannealed (a) and annealed (b) coatings over 7 runs. 
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Figure 11. SEM images of annealed coatings before (a) and after (b) annealing, and of nonannealed coatings before (c) and after (d) annealing. 
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Table 1. Anatase crystallite sizes at different annealing temperatures. At room temperature and 100 °C, no crystallite size was calculated due to poor peak definition.
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	Thermal Treatment

Temperature (°C)
	Anatase Crystallite

Size (nm)





	Room Temperature
	n.a.1



	100
	n.a.1



	300
	7.9



	500
	13.9



	600
	16.1







n.a.1—not available.
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Table 2. List of evaluated conditions for thin film deposition on glass. The reference one is reported in italic as first condition.






Table 2. List of evaluated conditions for thin film deposition on glass. The reference one is reported in italic as first condition.





	
Number of Dips

	
Dipping Speed (mm/min)

	
Annealing

Temperature (°C)

	
Annealing Duration (h)






	
2

	
120

	
500

	
2




	
2

	
120

	
500

	
1




	
2




	
3




	
6




	
2

	
120

	
Room temperature

	
2




	
60




	
100




	
300




	
500




	
600




	
2

	
60

	
500

	
2




	
120




	
180




	
240




	
1

	
120

	
500

	
2




	
2




	
3
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