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Abstract

:

In this work, tetra(4-carboxyphenyl)porphyrin (TCPP) and two Anderson-type polyoxomolybdates (containing Cu and Zn, respectively; CuPOM, ZnPOM) were synthesized and deposited on TiO2 thin films. The properties of the obtained materials were characterized through UV–vis spectroscopy, Fourier transform infrared spectroscopy (FT-IR), diffuse reflection spectroscopy, scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX). The adsorption and photodegradation under the visible light irradiation of methylene blue (MB) were studied for TiO2, TCPP/TiO2, TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2 thin films in aqueous solution. The results of the diffuse reflectance showed two bands in the visible light spectrum for the TCPP/POM/TiO2 systems compared to unmodified TiO2 that does not show any bands in the same region of the spectrum. The TCPP/POM/TiO2 systems showed a higher removal of MB, with an adsorption rate near to 31% for the TCPP/CuPOM/TiO2 film compared to 9% adsorption on the TiO2 film. The kinetic results show that the pseudo-second order model was the best fitting model for the MB adsorption process onto fabricated materials. The photodegradation studies under visible light showed a better performance on TCPP/POM/TiO2 thin films, with an efficiency in the MB photodegradation of near 49% and 44% in aqueous solution for TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2, respectively. The reusability test indicated that the porphyrin films are moderately stable after the performed cycles.
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1. Introduction


The decontamination of bodies of water with several kinds of pollutants is a current challenge for water purification technologies. Therefore, there is a lot of effort in the study and implementation of advanced oxidation processes due to the flaws of conventional methods in the treatment of recalcitrant pollutants [1]. However, these methods have difficulties when applied on an industrial scale, such as high operating costs, the generation of toxic waste, the complexity of operating variables and the incapacity of using sunlight as a radiation source [2]. An example of an advanced oxidation process is heterogeneous photocatalysis. This process has been widely researched as an alternative for pollutant degradation. It consists of the irradiation of a catalyst surface with enough energy to generate photoexcitation, producing highly oxidizing species that allow the degradation or mineralization of pollutants on a liquid or gaseous phase [3]. In photocatalysis, semiconductors (e.g., SnO2, ZnO or TiO2 [4]) and hybrid materials (quantum dots, composites [5,6,7]) are usually used as the active phase. The TiO2 surface chemical properties rely on the electronic properties of the semiconductor surface, and it is one of the reasons for its high interest in photocatalytic applications [8]. However, TiO2 has a low quantum efficiency in charge-carrier generation, which affects its photocatalytic activity [9], thus the use of superficial and structural modifications to increase the time for charge recombination of the carriers has been studied [10]. Different strategies have been implemented to improve the photocatalytic properties of TiO2 (e.g., semiconductor coupling, doping and natural and synthetic sensitization) [11,12,13,14]. Among alternative compounds to modify the TiO2 surface, the polyoxometalates (POMs) are a type of material that has gained a lot of interest due to its photocatalytic applications as well as its role in the modification of TiO2 [15,16]. POMs are considered anionic molecular aggregates consisting primarily of transition metals in their highest oxidation state coordinated with oxygen atoms [17]. Anderson-type polyoxometalates are one of the classic structures of these materials. These POMs have six MO6 octahedra (M = MoVI or WVI) bonded around a central metallic atom (X) and a D3d symmetry point group [18]. It has been found that the structural heteroatom on the POM has an important contribution to the HOMO-LUMO energy gap [19]. These orbitals can interact with the electronic bands of the TiO2 having the capability to accept substrate photogenerated electrons, therefore reducing the charge recombination on TiO2 and allowing a better absorptivity in the UV spectrum [20]. Both the POM and the TiO2 have photocatalytic activity in the UV spectrum. The absorption at this wavelength is a disadvantage on an industrial scale due to the high operating cost and the limitation of using only a small amount of the photons that hit the earth surface. The hybrid systems, POM/TiO2, have been reported as suitable catalysts in photocatalytic applications. Yu et al. synthesized the TiO2/poly-oxo-tungstate composite and tested it in 2,4-dichlorophenol degradation. They reported that the composite led to the fastest 2,4-dichlorophenol degradation [21]. Jin et al. reported the efficient photocatalytic degradation of textile dye X-3B using polyoxometalate–TiO2 hybrid materials [22]. Tang et al. modified the TiO2 surface with Fe-containing polyoxometalates; they reported 33-times higher activity than a single photocatalyst in the bisphenol A degradation [23]. Su et al. reported an improvement in the oxidative desulfurization of fuel by TiO2 quantum dot catalysts modified with Anderson-type polyoxometalate [24].



Furthermore, it has been observed that the sensitization of TiO2 with synthetic (e.g., organometallic complex, porphyrin phthalocyanines [25,26]) and natural dyes (anthocyanins, chlorophyll, betalains [27,28,29]) is a typical strategy to improve both the TiO2 photoactivity at the visible range of the electromagnetic spectrum and the photocatalytic performance. Among these sensitizers, porphyrins have conjugated cyclic and aromatic structures so they are easily reduced, can absorb visible light and coordinate with metals, making them attractive for photocatalytic applications [30,31]. Su et al. modified TiO2 by using two copper porphyrins, and they reported that the composite exhibited higher photocatalytic activity than bare TiO2 in the photodegradation of 4-nitrophenol [32]. Zhang reported the improvement in photocatalytic activity in porphyrin-sensitized TiO2 nanorods in the degradation of 4-nitrophenol [33]. Otieno modified TiO2 with meso-tetra(4-bromophenyl)porphyrins and their Zn(II), In(III), Ga(III) complexes and reported POM/TiO2 composites with superior photocatalytic hydrogen generation compared to bare TiO2 [34]. Zhu et al. reported (POMs)-porphyrin hybrids with photocatalytic application under visible irradiation [35], and Li et al. reported the fabrication of the ternary compound phthalocyanine/POM/TiO2 photoanode for DSSC application [36].



In this report, the TiO2 thin layers impregnated with Anderson-type polyoxometalates (CuPOM y ZnPOM) and porphyrin (tetra(4-carboxyphenyl)porphyrin) were employed for the photocatalytic degradation of methylene blue (MB) under visible light irradiation.




2. Results and Discussion


2.1. Materials Characterization


2.1.1. UV–Vis Characterization


The UV–vis spectra of the CuPOM y ZnPOM polyoxometalates (Figure 1) show a strong absorption peak near 280 nm. This band is characteristic of this type of material and corresponds to the charge transfer processes happening due to the material excitation, specifically of the ligand→metal type (LMCT); in this case, the O→Mo on a wavelength interval between 200 and 350 nm [37,38]. Furthermore, regarding the TCPP (Figure 1), there is evidence of the typical behavior of porphyrins. The spectra of the TCPP show a Soret band near 420 nm (transition S0 → S2) and four Q bands (transition S0 → S1) on the region between 500 nm and 660 nm of the visible spectrum [30,39]. These bands are generated by the conjugated cyclic and aromatic structures of the porphyrins.




2.1.2. FT-IR Characterization


The FT-IR spectra of compounds synthesized in this work are shown on Figure 2. The FT-IR spectra of TCPP shows a peak near 1695 cm−1 associated with the vibrations of the C=O bond of the carboxylic acid group, which is characteristic of the porphyrin. The peaks near 1265 cm−1 and 1225 cm−1 correspond to the stretching modes of the C-O bond. The signals associated with the vibrations of the C=C and C=N bond appear on the peaks at 1605 cm−1 and 1565 cm−1, respectively [40]. The FTIR spectra of CuPOM show signals located near 883 cm−1 and 801 cm−1; these peaks are associated with the stretching vibrations of the Mo=O bond from the polyoxometalate [41]. There are also two weak signals around 567 cm−1 and 460 cm−1, corresponding to the vibrations of the Cu-O-Mo bond; the strong signal at 630 cm−1 corresponds to the Mo-O-Mo bond vibrations [42,43]. On the other hand, the signals associated with the -OH stretching group are identified at 3500 and 3200 cm−1.



The ZnPOM FTIR spectra and interpretation are similar to the one of CuPOM. The similitude is because both are very similar Anderson-type POMs, and according to the literature, they have characteristic peaks near each other [44]. Regarding the FT-IR spectra of TCPP/CuPOM/TiO2 and TCPP/ZnPOMTiO2 (Figure 2), these systems show similar spectra to each other because the materials only differ on the heteroatom of the POM. The groups of signals located between 3800 cm−1 and 3600 cm−1 could be attributed to symmetric and antisymmetric vibrations of the O-H group from the water molecules and the stretching of the –NH group [45]. In the spectra of these systems, it is possible to identify the peaks associated with the stretching and angular deformation of the –NH group from the NH4+ counterion, corresponding to the peaks near 1400 and 3000 cm−1. There is a peak near 1600 cm−1 associated with movements of the -OH group at 3400 and 1600 cm−1 [46]. On the other hand, on both systems, there are two signals near 1630 and 1381 cm−1 associated with the symmetric and antisymmetric vibrational modes of the –CO2- group. According to the literature, when the TCPP is adsorbed on the TiO2 surface, the bands from the C-O and C=O groups decrease their intensity, producing the appearance of the –CO2- group signal. This could be explained due to the chemisorption of the TCPP carboxylic acid group as carboxylate on the TiO2 surface.




2.1.3. Morphological Characterization


Figure 3 shows the SEM images of the TiO2 films and the TCPP/POM/TiO2 systems. Holes on the TiO2 film could be observed, which could be due to the formation of bubbles during the elaboration of the thin film. Both the TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2 have a partially uniform surface with rugosity and pores. Furthermore, there are agglomerations of around 5 µm, only observed in the case of the modified surface. Table 1 summarizes the percentage composition of elements found with the EDS analysis. On the porphyrin/POM/TiO2 films, it was possible to detect Mo and the heteroatoms of the studied Anderson structures. This result and the signals observed on the IR spectra confirm the presence of the CuPOM and ZnPOM impregnated on the TiO2 films. Furthermore, both C and N were detected, confirming the porphyrin deposition on the photocatalyst.



Taking into consideration the Mo and heteroatom percentages, the atomic relation Mo/X was calculated on the TCPP/POM/TiO2 films, which theoretically should be around 6 for Anderson-type POMs [47].



It was found that this relation is only experimentally met for the TCPP/CuPOM/TiO2. This finding could be explained as the EDS technique is a microanalysis performed over a punctual sector of the sample, and the results are influenced by the size of particles found at the site where the procedure is performed [48]. The same explanation could be given to the decrease in the Ti signal for the TCPP/POM/TiO2 sample in comparison to the bare TiO2. Another relevant aspect regarding the composition results (Table 1) is the increment on the signal generated by O atoms on the TCPP/ZnPOM/TiO2 and TCPP/CuPOM/TiO2 films in comparison to the signal found for the bare TiO2. This is attributed to the contribution of the Anderson POMs supported on the TiO2.




2.1.4. Optical Characterization


Figure 4 shows the reflectance spectra for TiO2, TCPP/ZnPOM/TiO2 and TCPP/CuPOM/TiO2. There is a shift on the absorption spectra of the modified materials compared with the unmodified TiO2 thin films, obtaining two pronounced absorption bands around 420 nm and 550 nm. The differences on the absorption peaks of both materials could be due to the different molar absorption coefficients of copper and zinc polyoxometalates.



Taking into consideration the UV–vis results for the POMs and porphyrins where there is evidence that TCPP absorbs visible light, while CuPOM and ZnPOM absorb only on the UV region (see Figure 1), the absorption of visible light for the modified systems could be attributed mainly to TCPP. This effect of the porphyrins has been widely reported in TiO2 sensitization studies, such as absorption studies on the visible region by porphyrins with and without transition metals, supported on TiO2, to decompose MB [31]. It has been found that TCPP sensitized on TiO2 has a UV-vis spectra similar to TCPP alone. The main difference is the fact that the carboxylate group improves the electronic coupling on the porphyrin π* orbitals and the Ti 3d orbital, stabilizing the π* orbital by delocalization [49]. According to the literature, the interaction mechanism of the porphyrin with the TiO2 is based on the band gap energy of these two materials. The energy difference between the valence band (VB) and the conduction band (CB) of bare TiO2 is around 3.2 eV. Thus, for an electronic transition to occur, the TiO2 needs to absorb only ultraviolet light, which is less abundant than visible light. All the porphyrins have a strong absorption from 400 to 450 nm (Q band) and absorption peaks from 500 to 700 nm, so its electronic excitation can occur on the visible light spectrum. Figure 4 shows there is no absorption above 400 nm for the unmodified TiO2 thin films, while the TCPP/POM/TiO2 thin films show typical porphyrin absorption signals. This result suggests that porphyrin was anchored to the TiO2 surface [31,50].





2.2. Adsorption and Kinetic Study


All the isotherms in Figure 5 have an L shape according to the adsorption isotherm classification, meaning there is no strong competition between water and the pollutant molecules to occupy the sites on the TiO2 surface [51]. Table 2 summarizes the calculated parameters from the Freundlich and Langmuir models using minimal squares linear regression. Based on the linear regression coefficients, the experimental isotherm of the modified films better fit the Langmuir model, indicating a monolayer adsorption model. It has been reported that the adsorption isotherms of porphyrins supported on substrates, which capture cationic pollutants, adjust better with the Langmuir model [52]. The Langmuir constant KL expresses adsorption affinity [53]; it was found that the TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2 films have the highest values of KL in comparison to bare TiO2 and TCPP/TiO2., thus implying a higher affinity for MB of the TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2 films. The bare TiO2 film better fits the Freundlich model, indicating that the MB is adsorbed on multiple layers over the film surface [54]. This result for the bare TiO2 is in concordance with other reports from the literature [55,56].




2.3. Kinetic Study


Figure 6 shows the methylene blue adsorption kinetics onto the thin films, and Table 3 lists the kinetic results. For this, measurements were performed every 5 min until reaching equilibrium, with an MB starting concentration of 10 mg/L. The percentage of adsorbed pollutant was 30.8% and 28.1% for the TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2 systems, respectively, which was superior to the results for the TCPP/TiO2 and bare TiO2 films (26.1% and 9%, respectively). The ternary systems also reached the adsorption–desorption equilibrium more rapidly than the TCPP/TiO2 and bare TiO2 films, with values of 35 min for the TCPP/POM/TiO2 thin films.



The films with the TCPP adsorbed a higher percentage of pollutant than the bare TiO2. This could be due to the electrostatic interactions between the nitrogen atoms of the porphyrin and the MB (of cationic nature). Hou et al. reported that the electrostatic interactions between the noncoordinated nitrogen atoms of the porphyrin with the MB play an important role in the increase in the adsorption percentage on the surface of the semiconductor material [57]. The results also show a significant difference in MB adsorption for the TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2 relative to bare TiO2. The Anderson-type POMs are of an anionic nature, so there is a higher attraction between the POMs and MB, resulting in a better adsorption on the films [58]. Thus, a better adsorption for the ternary systems due to the anionic nature of POMs is observed in this report, attributed to the electrostatic interactions of noncoordinated nitrogen from the TCPP molecules and the oxygen atoms of the titanium oxide (synergistic effect).



To study the adsorption kinetics on the films and evaluate the correlation degree or fit of the experimental data, pseudo-first order and pseudo-second order mathematical models were used (see Table 4). These mathematical models have been widely used to identify the dynamic of adsorption processes [59]. According to previous research on the adsorption processes of methylene blue on modified and nonmodified TiO2 films, it is possible that more than one model fits the experimental data because a coefficient near to 1 could be obtained in the correlation. This would mean that several types of adsorption processes participate in the adsorption of the studied pollutant [60,61].



The pseudo-second order model showed the best fitting regression values (higher R2, Table 4). These results suggest that chemisorption is the dominant interaction during the adsorption of methylene blue onto the catalyst, where effective electrostatic interactions play an important role in adsorption, and a chemical reaction (e.g., complexation) could be present during the adsorption process. Furthermore, the chemisorption process involved attracting forces generated by valence or electron exchange between the adsorbent and adsorbate [53]. In the particular case of the TCPP/ZnPOM/TiO2 film, a R2 of 0.9678 was obtained for the pseudo-first order model, indicating that, besides the chemisorption, there is also a physisorption involved due to the electrostatic attraction of the involved species. Finally, our results agree with other studies where the nonmodified TiO2 film fitted the pseudo-second order model [62].




2.4. Photocatalytic Study


Figure 7a shows the methylene blue concentration as a function of time under visible irradiation, and Figure 7b shows the pseudo-first order Langmuir–Hinshelwood (LH) model fitting [60]. According to the literature, the Langmuir–Hinshelwood (L-H) kinetic model is widely used to analyze the degradation kinetic of pollutants in aqueous phase [63].



Figure 7a shows the removal percentage of MB through photodegradation in the visible light spectrum. The results show an improvement in the photocatalytic activity on the systems by means of the addition of the porphyrins and POMs compared to the bare TiO2 film. The observed trend for the obtained results is (from best to worst photocatalyst): TCPP/CuPOM/TiO2 > TCPP/ZnPOM/TiO2 > TCPP/TiO2 > TiO2. As explained before, this result is associated with the effect of the porphyrin on the photocatalytic improvement of TiO2 due to electronic migration processes [33,34]. Thus, when the TCPP is attached to the TiO2, the excited electrons can migrate to the conduction band of the TiO2. These reactive electrons in the conduction band reduce the adsorbed O2 on the TiO2 surface to •O2−, which can degrade pollutants such as MB. Furthermore, the holes on the TiO2 can turn H2O into •OH, which also can degrade pollutants such as MB to CO2 and H2O [31,64].



The TCPP/POM/TiO2 system has better performance than the TiO2 and TCPP/TiO2 films. This proves that the porphyrin and the POM significantly contribute to the improvement of the photocatalytic activity of TiO2 in the visible light spectrum. This could be related to the ability of the porphyrin to absorb visible light, unlike TiO2 and the POM. Furthermore, by being able to migrate electrons to the TiO2 conduction band, it allows the model pollutant to be degraded. However, due to its POM redox properties, it is also possible for the porphyrin to transfer electrons directly to the POM. This could make the POM a reactive species contributing to the degradation of the model pollutant. There are previous studies that report the combined or cooperative effect of porphyrins and transition metals or porphyrins with POMs to decompose pollutants [65,66]. Therefore, there would be a synergistic effect between the porphyrin and POM for the TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2 systems.



Figure 7b shows the experimental data fitting using the Langmuir–Hinshelwood model, and Table 3 summarizes the kinetic parameters. The behavior of TiO2 in Figure 7b is a straight line with a slope close to zero as the TiO2 does not degrade the model pollutant and has no photocatalytic activity under visible light irradiation [63]. Table 5 shows a comparison of the reaction rate constants of the modified materials compared to the bare TiO2 films. It was found that the modified materials have reaction rates over 100 times greater than the bare TiO2 irradiated in the visible range. From the materials studied, the TCPP/POM/TiO2 systems are the fastest, especially the copper thin layer. There is also a comparison between the reaction rates of the TCPP/POM/TiO2 systems and the TCPP/TiO2 film. The ternary systems degrade double the amount of MB than TCPP/TiO2. This indicates that the addition of the POM improves the photocatalytic activity in systems with porphyrin. As mentioned before, a possible synergy due to the charge transfer processes from the porphyrin to the TiO2 and POM would explain this behavior.



The metal presence is important for the visible light absorption observed for these POMs, as it has been shown that POMs without any transition metal in their structure present a white color which would represent no photocatalytic activity in the visible region of the spectrum. Both the photocatalytic efficiency of the system as well as the kinetic parameters of the degradation curves prove that the TCPP/CuPOM/TiO2 has the best photocatalytic activity on the visible spectrum. These results might be due to several factors. On the one hand, the presence of an unpaired electron in the case of the CuPOM, which has a Cu2+ as a transition metal. On the other hand, the difference observed, in the case of the ZnPOM, could be attributed to the presence of the Zn atom, which has 230, is not a transition metal character and presents a saturated d atomic orbital (d10); in addition, Zn(II) has shown a nonreducible character that would more easily give peroxo entities (ZnO2). In addition, based on the computational studies reported in the literature, this could be explained, as the copper POM is slightly more stable than the zinc POM, as their bonding energy decomposition is slightly higher, −154.8 eV for CuPOM and −153.4 eV for ZnPOM [45].



The stability of the catalysts is other important parameter in addition to the photocatalytic capacity. Figure 8a,b shows the results of the adsorption–photodegradation of MB under the visible light spectrum for TCPP/TiO2, TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2 films. In Figure 8, the TiO2 photocatalytic efficiency is not included as it is   ~ 0.0   (see Figure 7a). After four consecutive cycles, the TiO2 film does not significantly change its adsorption capacity. For adsorption, the total decrease was 0.3%, suggesting that the material was stable to constant in the adsorption/desorption process. These results are consistent with other studies performed with this material where, after four cycles, the adsorption capacity of MB is not significantly affected [53].



In the case of the TCPP/TiO2 film, there was a decrease in adsorption and photocatalytic efficiency, with differences on the first and fourth cycles of 3.9% and 5.0%, respectively. The photodegradation results indicate that the material is moderately stable to visible radiation. On the other hand, for the TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2 films, there was a slighter decrease on their adsorption capacity and photodegradation compared with TCPP/TiO2, where the total difference between the different cycles was around 4% and 4.5%, respectively. The better performance of these two materials in comparison to the photodegradation of TCPP/TiO2 would obey the interactions between the Zn and Cu heteroatoms of the POM and the TiO2, generating charge densities with a higher life span and a better degradation efficiency after a large number of cycles [31].



In general, the results obtained regarding the photodegradation capacity of the materials with porphyrin are consistent with previous studies where several type of porphyrins are supported on modified TiO2, with differences after four cycles of about 10% [67,68].





3. Materials and Methods


3.1. Reagents


Polyoxometalates were synthesized using ammonium molybdate hexahydrate (NH4)6[Mo7O24]•6H2O, copper nitrate trihydrate ([Cu(NO3)2]•3H2O) or/and zinc nitrate hexahydrate ([Zn(NO3)2]•6H2O). The tetra(4-carboxyphenyl)porphyrin (TCPP) synthesis was performed using: pyrrole, 4-carboxybenzaldehyde, propionic acid, nitrobenzene, sodium hydroxide, hydrochloric acid and ethanol. TiO2 films were synthesized using glass films as substrate and TiO2—Degussa powder (P25), distilled water, isopropanol, titron ×100 and acetic acid as reagents. Finally, the photocatalytic test was performed using MB as a model pollutant.




3.2. Polyoxometalate Synthesis


The polyoxometalates were synthesized through coprecipitation in aqueous solution from the precursor salt containing the heteroatom (X = Cu, Zn) and ammonium molybdate hexahydrate, under constant stirring from the reagents mixture until the formation of the precipitate. To 30 mL of distilled water at 60 °C, the following was added: 3.37 mmol of (NH4)6Mo7O24•4H2O and 0.562 mmol of [Cu(NO₃)₂]; •6H₂O to (NH4)4[CuMo6O24H6]•5H2O (CuPOM); and 0.562 mmol of zinc nitrate hexahydrate ([Zn(NO3)2]•6H2O) to (NH4)4[CuMo6O24H6]•5H2O (ZnPOM) in a Mo/X = 6 stoichiometric proportion. The mixture was cooled at room temperature (28 °C). Afterwards, a solution 0.1 M NH4Cl was added to the mixture in order to maintain the pH between 5 and 6. The mixture was left to stand for 12 h to ensure the precipitation of the product [69]. The solid obtained was filtered under vacuum and washed multiple times with distilled water to remove impurities. The solid was dried for 6 h at 105 °C in a natural convection oven. The reaction yield was 85% and 88% for CuPOM and ZnPOM, respectively.




3.3. Synthesis of Porphyrin


In order to obtain tetra(4-carboxyphenyl)porphyrin (TCPP), pyrrole was added to a mixture of 4-carboxybenzaldehyde (30 mmol), nitrobenzene (45 mL) and propionic acid (105 mL). The mixture was heated for 1 h at 120 °C. Then, the solvent was removed under vacuum, and the porphyrin was dissolved in 250 mL of NaOH (0.1 M). Finally, the porphyrin was precipitated with HCl (1M), redissolved using ethanol and recrystallized using solvent evaporation [70].




3.4. Fabrication of TiO2 Thin Films


TiO2–Degussa powder was deposited on glass using the doctor blade method. The substrate was cleaned in an ultrasonic cleaner tank filled with cleaning solution (neutral soap) for 20 min, then in distilled water for 20 min and finally in a distilled water/isopropanol 1:1 solution for 20 min. Afterwards, the films were dried at 105 °C in a natural convection oven for 1 h and left to stand at room temperature. A catalytic suspension was prepared mixing 2 g of TiO2–Degussa P25, 0.5 g of polyethylene glycol 6000, 2 mL of water, 1 mL of acetic acid and 1 mL of triton ×100 (surfactant). The suspension was spread using a roller extended horizontally on soda lime glass as substrate (2.0 cm × 3.5 cm). The films were dried for 6 h at 90 °C and calcined for 2 h at 450 °C in a muffle. The thickness of the TiO2 thin films was between 5.9 and 6.3 μm (see Figure 3a) [71,72].




3.5. Modification of Thin Films


The TCPP/TiO2 films were deposited through impregnation by contacting the TiO2 films with a TCPP solution in dimethylformamide (DMF). First, a 10 mg/L porphyrin solution in DMF was prepared. Then, the TiO2 films were immersed in that solution under constant stirring for 12 h. After that, the films were dried and cooled to room temperature. The TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2 films were deposited through wet impregnation by contacting the TCPP/TiO2 films with the prepared polyoxometalates aqueous solutions. In order to do this, 10 mg/L POM aqueous solutions was prepared and then the films were immersed in this solution under constant stirring for 12 h. Finally, the films were dried at 105 °C and then cooled to room temperature.




3.6. Characterization of Thin Films


The obtained films were characterized by UV–vis spectroscopy, Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) and diffuse reflectance spectroscopy (DRS). The UV–vis spectra were measured with a Thermo Scientific Evolution 220 V. The IR was measured with an ECO-ATR Alpha Bruker FTIR spectrophotometer. The samples were analyzed with a SEM equipment (QUANTA FEG 650 model) at 25.0 kV. For the chemical analysis, an EDAX APOLO X detector with a 126.1 eV resolution and EDX Genesis software for the semiquantitative information of the chemical elements were used. The diffuse reflectance measurements were performed with a Lambda 4 Perkin Elmer spectrometer equipped with an integration sphere. The thickness of the thin films was determined through cross-section SEM assay.




3.7. Methylene Blue Adsorption Studies


For the experimental study of adsorption kinetics, the reactor was filled with 100 mL of a 10 mg/L MB solution, and then a TiO2 film was immersed in this reactor. The system was kept in the dark, and an aliquot was taken every 5 min to be analyzed in the UV–vis spectrometer. The process was monitored until the adsorption/desorption equilibrium was reached. This same procedure was applied to evaluate the TCPP/TiO2 and TCPP/POM/TiO2 systems. Then, an adsorption isotherm study was carried out for every film; in order to do this, the adsorption kinetic procedure was repeated varying the MB solution concentration to 5, 20, 30, 40, 50 and 60 mg/L. Furthermore, the kinetic and adsorption isotherm models were used to analyze the data obtained. Finally, the recyclability test was carried out. Four repetitive adsorption–desorption cycles were performed to determine the stability of the thin films after the adsorption process.




3.8. Photocatalytic Study under Visible Light Irradiation


For the photodegradation, a 100 mL closed reactor was used. A TCPP/TiO2 film was immersed in the reactor filled with 100 mL of 10 mg/L methylene blue (MB) solution. The film was left in the dark until the equilibrium of the dye adsorption–desorption was obtained as described in the previous section. To reach adsorption–desorption equilibrium on the catalyst surface before irradiation, the MB solution was kept in the dark for 60 min at 250 rpm. Afterwards, the reactor was inserted in a device with two tubular visible light lamps. The system was irradiated with visible light for 5 h, and every 20 min, a solution sample was taken to determine the MB residual concentration. After 5 h, the system was kept under visible light irradiation until total discoloration of the solution. The tested films were removed and dried at 90 °C. The obtained data were fitted with the Langmuir–Hinshelwood (L-H) kinetic model in order to study the MB kinetic degradation. In addition, a reusability test was performed. In order to do this, the experiment was repeated with a new adsorption–photodegradation cycle using the same film to see how stable the film was; four cycles were performed in total. This procedure was repeated for all the studied films.





4. Conclusions


In this work, the double synergic effect of Anderson-type (ZnPOM and CuPOM) and a porphyrin anchored to TiO2 thin films was studied. The TiO2 thin films were fabricated using the doctor blade technique. Anderson-type polyoxometalates were synthesized by coprecipitation, and TCPP was synthesized using the Adler method. We studied the photocatalytic and adsorption properties of the materials. FT-IR on the TCPP/POM/TiO2 systems showed interactions between POM and TCPP with the substrate. These results and the elemental analysis of EDX confirms the impregnation of porphyrin and POMs on the TiO2 films. Diffuse reflectance spectroscopy showed two absorption peaks on the visible spectrum around 420 nm and 550 nm for the TCPP/POM/TiO2 systems, confirming absorption of visible light for these modified materials. TCPP/CuPOM/TiO2, TCPP/ZnPOM/TiO2, TCPP/TiO2 and TiO2 films had a methylene blue adsorption capacity of  ~ 31%, 28%, 26% and 9%, respectively. The higher adsorption capacity of the TCPP/POM/TiO2 systems can be explained by the electrostatic interactions between the porphyrin and the model pollutant and due to the electric charge that the POMs confer to the TiO2 film surface. Based on the photodegradation capability of MB under visible light, the TCPP/POM/TiO2 system has a higher activity in comparison to the TCPP/TiO2 and TiO2 films. The TCPP/CuPOM/TiO2 had the highest photocatalytic activity, degrading  ~ 49% of MB, followed by TCPP/ZnPOM/TiO2 with 44.04%, TCPP/TiO2 with 30.36%, and lastly, TiO2 which did not degraded MB. The higher photocatalytic activity of the ternary copper system over zinc is attributed to the slightly higher stability of the copper POM, implying a higher photocatalytic activity. The higher photocatalytic activity of the TCPP/POM/TiO2 system was mainly associated with the electronic transfer processes from the TCPP to the TiO2 and POM. The reusability tests of the modified materials showed that they are moderately stable after four cycles, and the TCPP/POM/TiO2 showed the highest stability. The ternary systems had a performance improvement associated with the interactions between the Zn and Cu heteroatoms of the POM and the TiO2.
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Figure 1. UV-vis spectra of TCPP, CuPOM and ZnPOM. 
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Figure 2. FT-IR spectra of TCPP, CuPOM, ZnPOM, TCPP/CuPOM/TiO2 and TCPP/ZnPOM/TiO2. 
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Figure 3. (a) Cross-section SEM ×18,000 image of the TiO2 films. SEM ×13,000 images of the films: (b) TiO2, (c) TCPP/CuPOM/TiO2 and (d) TCPP/ZnPOM/TiO2. 
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Figure 4. Reflectance diffuse spectra of the studied materials. 
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Figure 5. Experimental isotherm data for MB adsorption onto composite films. Inside the figure, the best fitting model is shown (Freundlich to TiO2 and Langmuir isotherm to the rest of the materials). 
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Figure 6. Experimental kinetic data for MB adsorption onto thin films. Inside the figure, the best fitting model is shown (pseudo-second model). 
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Figure 7. (a) Methylene blue (MB) concentration vs. time of visible irradiation. (b) Experimental data fitting with the Langmuir–Hinshelwood model. 
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Figure 8. (a) Comparation among adsorption and (b) photocatalytic efficiency of modified and unmodified TiO2 films after 4 cycles. Inside figure: (I) TiO2, (II) TCPP/TiO2, (III) TCPP/ZnPOM/TiO2 and (IV) TCPP/CuPOM/TiO2. 
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Table 1. Elemental composition analysis where Mo/X is the atomic relation between molybdenum and the Cu or Zn heteroatom.






Table 1. Elemental composition analysis where Mo/X is the atomic relation between molybdenum and the Cu or Zn heteroatom.





	Film *
	% Ti
	% O
	% Mo
	% X **
	% C
	% N





	TiO2
	33.32
	66.68
	-
	-
	-
	-



	TCPP/CuPOM/TiO2
	15.34
	66.85
	0.39
	0.07
	15.78
	1.60



	TCPP/ZnPOM/TiO2
	20.81
	66.72
	0.48
	0.18
	10.71
	1.11







* The film composition was obtained using EDS characterization results. ** X = Cu or Zn.













[image: Table] 





Table 2. Fitting results of Langmuir and Freundlich isotherm models.






Table 2. Fitting results of Langmuir and Freundlich isotherm models.





	
Model Fitting

	
Parameters *

	
TiO2

	
TPCC/

TiO2

	
TPCC/

CuPOM/TiO2

	
TPCC/

ZnPOM/TiO2






	
Freundlich

	
KF

(mg/g)/(mg/L)n

	
5.420

	
19.869

	
23.507

	
22.452




	
1/n

	
0.312

	
0.153

	
0.163

	
0.1365




	
R2

	
0.999

	
0.996

	
0.991

	
0.997




	
Langmuir

	
qm (mg/g)

	
21.645

	
38.168

	
45.872

	
39.682




	
KL (L/mg)

	
0.109

	
0.321

	
0.372

	
0.402




	
R2

	
0.987

	
0.998

	
0.998

	
0.998








* Parameters obtained from the fitting data of Figure 5.
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Table 3. Results at equilibrium concentration.






Table 3. Results at equilibrium concentration.





	Parameters *
	TiO2
	TPCC/

TiO2
	TPCC/

CuPOM/TiO2
	TPCC/

ZnPOM/TiO2





	Time for equilibrium
	50
	35
	30
	25



	MB adsorbed (%)
	9.0
	26.1
	30.8
	28.1



	Concentration at

equilibrium (mg/g)
	9.8
	27.8
	32.9
	30.0







* Parameters obtained from the data of Figure 6.
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Table 4. Adsorption kinetic parameters using pseudo-first order, pseudo-second order and Elovich coefficient models.






Table 4. Adsorption kinetic parameters using pseudo-first order, pseudo-second order and Elovich coefficient models.





	
Kinetic Model Fitting

	
Parameters

	
TiO2

	
TPCC/

TiO2

	
TPCC/

ZnPOM/TiO2

	
TPCC/

CuPOM/TiO2






	
Pseudo-first *

	
k1 (min−1)

	
0.0893

	
0.1074

	
0.1715

	
0.2043




	
qe Calculated

	
8.60

	
27.37

	
36.75

	
51.60




	
R2

	
0.969

	
0.976

	
0.968

	
0.911




	
Pseudo-second *

	
k2 (min−1.M−1)

	
0.014

	
0.0054

	
0.0078

	
0.0080




	
qe Calculated

	
11.0

	
31.15

	
32.5

	
35.1




	
R2

	
0.999

	
0.995

	
0.994

	
0.994








* Parameters obtained from the fitting data of Figure 6.
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Table 5. Fitting results of Langmuir–Hinshelwood for the photocatalytic degradation of MB under visible irradiation *.






Table 5. Fitting results of Langmuir–Hinshelwood for the photocatalytic degradation of MB under visible irradiation *.





	Thin Film
	k1 (min−1) × 10−5
	R2
	k1/k1-TiO2
	k1/k1-TPCC





	TiO2
	5.0
	0.8646
	-
	-



	TPCC/TiO2
	556
	0.9834
	112
	-



	TPCC/ZnPOM/TiO2
	991
	0.9963
	198
	1.78



	TPCC/CuPOM/TiO2
	1168
	0.9970
	234
	2.10







* Parameters obtained from the fitting data of Figure 7.
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