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Abstract

:

The present work aimed at the development of Pt-TiO2/SiO2 materials applied to the degradation of a pharmaceutical pollutant in a fixed-bed microreactor in continuous mode. First, a wide investigation of the optimal platinum content in TiO2/SiO2 was carried out based on extensive characterization through XRD, DRS, SEM, TEM, and XPS techniques. For the content range studied, no significant changes were observed in the crystallinity of the material, with peaks related to the anatase phase and PtO2 in the diffractograms. SEM images combined with EDS spectra indicated the presence of platinum and a large heterogeneity in the particles. MET analyses showed PtO2 nanoparticles in close contact with TiO2, allowing the formation of a type II heterojunction. XPS showed platinum in the 0 and +4 oxidation states, suggesting that platinum metal and PtO2 are both present. Regarding the degradation experiments, the optimal catalyst achieved 81% degradation of acetaminophen for a residence time of 1 h, while the catalyst without platinum reached only 27% degradation. The catalyst activity dropped from 81 to 57% in 2 h and remained stable for six reuse cycles. Increasing the inlet flow rate and concentration reduced the pollutant degradation although there was an increase in the reaction rate. Finally, a photocatalytic mechanism was proposed in which a type II heterojunction was developed, with generation of hydroxyl radicals by the positive holes in the VB of TiO2 as well as superoxide radicals by the electrons in the CB of PtO2.
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1. Introduction


Different classes of pollutants of emerging concern are continuously introduced into soil, groundwater, and water ecosystems at appreciable concentrations. Hygiene products, therapeutic drugs, hospital waste, and pharmaceutical industry waste are the main sources of these pollutants [1,2,3,4]. The presence of pharmaceuticals in water, for instance, can affect water quality, posing a threat to the aquatic ecosystem as well as to human health [4,5,6,7]. Therefore, this issue is a public health concern, as there is still little knowledge about the chronic effects associated with long-term contact/ingestion of the mixture of this type of compounds [8]. Acetaminophen (paracetamol) is an example of a popular analgesic that can be found in effluents and surface water bodies at concentrations ranging from ng L−1 to µg L−1 [9,10,11,12].



Polluted water can be treated by physical, chemical, and biological processes; however, in many cases, conventional treatments are not able to degrade pollutants of emerging concern to levels acceptable or required by law [4]. Therefore, technologies based on advanced oxidation processes (AOPs) have been shown to be effective in the oxidation of various organic and inorganic compounds [13]. Among these processes, heterogeneous photocatalysis is a technology based on the use of semiconductors, which are activated under light irradiation, including solar radiation [14,15]. When a semiconductor is exposed to light with energy equal to or greater than its band gap energy, electrons (e−) are excited, and holes (h+) are formed. Subsequently, several reactions can be initiated once the photogenerated charge carriers (e−/h+) are formed and move from the bulk to the semiconductor surface [1,16,17]. Titanium dioxide (TiO2) is the most widely used semiconductor due to its low cost, photochemical stability, low toxicity, and high photoactivity. Nonetheless, TiO2 presents high recombination of photogenerated e−/h+ pairs and limited absorption in the ultraviolet region as main drawbacks [18,19].



To overcome these disadvantages, the doping of TiO2 catalysts with metals such as Pt, Ag, Pd, Cu, Cr, and Fe has been studied [20,21,22,23,24]. The doping process can promote the reduction of TiO2 band gap energy as well as increase the photocatalytic activity [25,26]. Furthermore, modification of the TiO2 structure with metals can lead to the formation of the Schottky barrier [24,27,28,29], whereby the photoexcited electrons of the TiO2 conduction band can be collected by a metal with Fermi level lower than that of TiO2. Thus, these metals, especially Pt, can act as electron traps to enhance charge separation, suppressing recombination and subsequently allowing interfacial electron transfer to other electron acceptors [30,31]. However, an optimal metal content in the photocatalyst is required so that the metallic nanoparticles can act as charge recombination centers [24,27]. Murcia et al. (2013) [1] evaluated the effect of different Pt loadings on Pt/TiO2 photocatalysts and found that increasing Pt concentration resulted in agglomeration of these particles and in a lower metal platinum content on the surface of TiO2 [32].



Pt species can exist as Pt0, Pt2+, and Pt4+; however, there are still few studies reporting the presence of oxidized Pt, such as PtO or PtO2 [31]. According to Parayil et al. (2013) [2], the heterojunction formed between TiO2 and PtO2 can indeed decrease electron–hole recombination since Pt or PtO2 can effectively trap electrons [31]. Ren et al. (2017) [3] reported the deposition of Pt/PtO nanodots in the TiO2 lattice with high surface area, which led to enhanced hydrogen production [33]. The authors claimed that the platinum nanoparticles act as photogenerated charge carrier separators, while the coexistence of Pt and PtO provides more active sites, and PtO inhibits the hydrogen back reaction, which is undesirable for H2 production [33].



The type of photocatalytic reactor used in the process is also a determining factor. The fixed-bed reactor, for example, has many advantages such as ease of residence time control and operation. Additionally, continuous flow reactor operation offers increased heat transfer, more efficient mixing of reactants, and greater mass transfer compared to conventional batch reactors [34,35]. To make the fixed-bed reactor feasible, silica gel can be used as a support for TiO2 to prevent particle leaching since the silica coupled to TiO2 would have a micrometer size, while the pure semiconductor material has a nanometric scale [19,36]. Although the synthesis of TiO2/SiO2 has already been studied [19], coupling with Pt is rarely reported, especially for water treatment process purposes.



Although platinum-containing TiO2 has been explored by different studies [2,3,33,37], there are no previous reports regarding TiO2/SiO2 coupled to PtO2 and Pt simultaneously. In addition, to the best of our knowledge, no previous works have focused on the photocatalytic performance of TiO2-based materials in continuous fixed-bed reactors for pharmaceutical degradation. Other fundamental contributions, including (i) determining the positions of valence and conduction band potentials and (ii) in-depth investigation about the reaction mechanism for Pt-PtO2-TiO2/SiO2 catalysts based not just on experimental assays with radical scavenging agents but also on characterization analyses of steady-state photoluminescence spectroscopy and electron spin resonance spectroscopy through spin trapping technique, have not been addressed as regards Pt-TiO2/SiO2 applied to continuous fixed-bed reactor and are discussed here for the first time.




2. Materials and Methods


2.1. Materials


Titanium isopropoxide IV (TTIP, 97%), silica-gel 63–200 μm, and H2PtCl6·6H2O (>99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Nitric acid (HNO3, 65%), acetaminophen (ACT, 96%), methanol (>99%), and 5,5-dimethyl-1-pyrroline N-oxide (DMPO, >97%) were supplied by Merck (Darmstadt, Germany). These chemicals were used as received without further purification. Ultra-pure water (18.2 MΩ cm) from a Milli-Q®® system (Millipore, Burlington, MA, USA) was used in the preparation of the solutions used in the synthesis procedure and photodegradation tests.




2.2. Synthesis and Preparation of the Photocatalysts


The synthesis of pure and Pt-doped TiO2/SiO2 was performed using an acidic sol-gel procedure based on the adaptation of a method previously developed by Gusmão et al. (2021) for the synthesis of Ag-TiO2/SiO2. First, 8.4 mL of TTIP was added to a 1 mol L−1 solution of HNO3 with vigorous stirring. After 1 h, the pH was raised to 2.0 by adding NaOH, and the platinum precursor (H2PtCl6·H2O) was added in a predetermined amount according to the Pt content in the final material. Subsequently, the formed gel was irradiated for 30 min under a UVC lamp for platinum photoreduction. Subsequently, silica gel was added in the 60%TiO2:40%SiO2 mass ratio. After 1 h, NaOH was added until the pH reached 3.0, and finally, the material obtained was transferred to dialysis membranes. After the pH of the supernatant reached neutral pH, the catalyst was dried at 80 °C for 48 h and calcined at 450 °C in a muffle furnace for 240 min.




2.3. Characterization Techniques


Scanning electron microscopy (SEM-FESEM JSM-7401F JEOL) coupled with energy dispersive spectroscopy (EDS),and high-resolution elemental mapping (Thermo Scientific NSS spectral imaging system, Waltham, MA, USA) were used to assess the particle size and morphology of the catalysts. A JEOL JEM-2100 equipment was used to obtain transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images; Pt-TiO2/SiO2 particles were dispersed in ethanol and placed in an ultrasonic bath for 30 min for this study. For the acquisition of crystalline structure information, such as crystalline phases and crystal size, X-ray diffraction technique was used in the range 2θ = 20–80° at a scan rate of 0.02° s−1 (D8 Focus—Bruker AXS, Billerica, MA, USA). The light-absorption properties of the catalysts were evaluated by diffuse reflectance spectroscopy (UV 2550, Shimadzu Co). The effective Pt content in the Pt-TiO2/SiO2 materials was calculated using X-ray dispersion energy (EDX) spectroscopy (NEX-RIGAKU). In order to assess the energy states of the elements on the photocatalytic surface, X-ray photoelectron spectroscopy (Thermo Scientific, K-Alpha, Al K 1486.6 eV, X-ray spot size of 400 m, 10–8 mBar) was applied. For this analysis, 5 mg of the Pt-TiO2/SiO2 catalysts were fixed on an aluminum strip, then degassed in an ultra-high vacuum (UHV) chamber at 25 °C. Electron paramagnetic resonance (EPR) spectroscopy, using a Bruker EMXplus operating in X-band at room temperature, was applied to evaluate unpaired electrons in the pure TiO2/SiO2 and Pt-TiO2/SiO2 materials. In addition, EPR analysis was also applied to elucidate the radical species involved in Pt-TiO2/SiO2-driven degradation assays using DMPO as the spin-trapping agent. Finally, photoluminescence spectra were used to evaluate the generation and recombination of photogenerated charges. Photoluminescence spectroscopy (PL) was assessed using a Horiba Yvon-Jobin Fluoromax-222 (Em/Exc; slit 1.0 nm) in the 350–700 nm region, equipped with a xenon lamp and a Peltier-cooled FL-123450 PMT detector.




2.4. Experimental Reaction Unit


To evaluate the photocatalytic activity of the materials, experiments were performed in a microstructured continuous flat plate photochemical reactor, prototyped by additive technique via 3D printing as described elsewhere [38]. Figure 1 shows a schematic illustration of the experimental apparatus used in this work. For each degradation test, 0.4 g of Pt-TiO2/SiO2 catalyst was placed in the microreactor, which has a capacity of 3.0 mL. Subsequently, the reactor was closed at the top with a borosilicate glass window and sealed. Then, 60 mL of acetaminophen (ACT) solution was loaded into a syringe coupled with a precision syringe pump (11 Elite, Harvard Apparatus Ltd. Holliston, MA, USA) used to feed the reactor at a volumetric flow rate of 3 mL h−1. The inlet ACT concentration was varied at different levels from 0.0067 to 0.33 mmol L−1, according to those usually found in wastewater generated in the washing of tablet processing equipment in the pharmaceutical industry (1.0–50.0 mg L−1). After reaching the adsorption-desorption equilibrium condition, photocatalytic assays were conducted using an HgI2 light source (HPI-Plus Phillips Co., Amsterdam, the Netherlands). The irradiance at the reactor surface (76.0 × 26.0 cm) under these conditions was 4.2 mW cm−2, and it was measured using a spectroradiometer (Luzchem, SPR-4002, Ottawa, Canada). The irradiance spectrum of the light source at the reactor is shown in Figure 1. Next, 0.5 mL samples were collected over time at the reactor outlet, filtered through a PVDF filter (13 mm, 0.45 µm) and analyzed by high-performance liquid chromatography (HPLC). The ACT concentration was quantified using an HPLC Shimadzu LC20 chromatograph, equipped with a C18 column (Prominent) and with a UV–vis detector (SPD20A). The mobile phase was methanol: water (25:75), with a flow rate of 1.0 mL min−1, injection volume of 50 μL, and oven temperature of 35 °C. The detection wavelength was 243 nm, and the retention time was 7 min. The limits of detection and quantification of ACT were 0.08 and 0.24 mg L−1, respectively. After carrying out the tests to select the material with optimal platinum content (pure TiO2/SiO2, 0.1%Pt-TiO2/SiO2, 0.25%Pt-TiO2/SiO2, 0.5%Pt-TiO2/SiO2, and 1%Pt-TiO2/SiO2), using a fixed ACT concentration of 0.033 mmol L−1, an investigation of operational parameters, including acetaminophen input concentration and volumetric flow rate, was carried out. Finally, five consecutive reuse cycles were performed using the same material to assess its stability over time in the fixed-bed continuous photocatalytic reactor, also comparing the XRD, SEM, and TEM analyses for the fresh and reused material.



Degradation tests were evaluated with regard to steady-state ACT conversion, X (Equation (1)), and apparent reaction rate, r (Equation (2)). In these equations, C0 and Ce denote the steady-state inlet and outlet concentrations, respectively; v0 is the flow rate of the ACT solution through the reactor, and mcat is the mass of catalyst.


  X =    C e  −  C 0     C e     



(1)






  r =    v 0     (   C 0  −  C e   )     m  c a t      



(2)









3. Results and Discussion


3.1. Characterization


3.1.1. Crystal Phase and Surface Composition


Figure 2a shows the diffractograms of the catalysts synthesized with different Pt contents and the XPS spectra of selected samples. Regarding TiO2, all materials presented peaks only referring to the anatase crystalline phase, with the most intense peaks at 2θ = 25.3, 37.5, 48, 55, and 63°, corresponding to the crystalline planes (011), (004), (020), (015), and (024), respectively, according to JCPDS card no. 96-720-6076 [39,40]. The absence of peaks corresponding to metallic platinum may indicate that the concentration of Pt nanocrystals is too low for XRD detection compared to that of the TiO2 crystals [41]. For each material, the diffractograms showed relatively wide peaks, indicating low crystallinity as a result of the presence of silica gel as a TiO2 support [19,40,42]. Meanwhile, the diffractogram of the platinum-containing materials showed two peaks referring to platinum dioxide (PtO2) at 2θ = 21.8° and 28.5°, which correspond to (002) and (100) faces, respectively, according to JCPDS card no. 96-153-7412 [43,44]. PtO2 is a p-type semiconductor that forms a highly stable Schottky barrier [43]. The increase in the platinum content led to an increase in the intensity of the peak referring to the PtO2 phase.



The average crystallite sizes of the TiO2 and PtO2 were calculated using the Scherrer equation (Equation (3)) [26,45,46], where D is the average crystallite size; β, the width of the diffraction peak at half maximum height (FWHM); λ, the wavelength of the electromagnetic irradiation source used in the equipment; and θ, the Bragg diffraction angle. No significant changes were observed in the crystallite size of anatase and PtO2 for materials containing different Pt contents, as shown in Table 1.


  D =   0.9 × λ   β × cos θ    



(3)







According to Figure 2b–d, high-resolution XPS scans over the Ti 2p and Pt 4f spectra regions were used to verify the element compositions on the surface of the 0.25%Pt-TiO2/SiO2 material. The peak fitting of the high-resolution spectrum of Pt 4f showed two bands at 75.6 eV and 72.1 eV, corresponding to Pt4+ 4f and Pt0 4f, respectively [43]. The band referring to Pt4+ was responsible for 84.95% of the molar fraction of Pt on the surface and Pt0 for 15.05%, which evidences that Pt is predominantly at the 4+ oxidation state. This result is consistent with the XRD diffractograms of the platinum-containing materials, which showed peaks referring to PtO2. Note that, according to XPS analysis, the presence of metallic platinum was also observed on the surface of the material although it could not be detected in XRD diffractograms. In addition, the Ti 2p doublet, which represents the Ti 2p1/2 and Ti 2p3/2 electrons, is shown in Figure 2c. Each signal was deconvoluted to just one band, centered at 461.0 eV and 466.0 eV, which correspond to the Ti (IV) ions of bulk anatase [43,47]. No bands referring to reduced Ti3+ species were observed, suggesting that platinum did not induce the formation of Ti3+ defects on the surface of the material [40].



The materials synthesized with different platinum contents were also analyzed by FRX. Table 1 shows the comparison between the nominal platinum content estimated by the amount of precursor added and the actual content from FRX analysis. It is worth mentioning that the content corresponds to platinum present in all oxidation states. In all materials, the effective platinum content was higher than nominal value, which may be related to losses in the synthesis step.




3.1.2. UV–Vis Spectroscopic Studies


DRS analysis was used to investigate the optical properties of TiO2/SiO2 and Pt-PtO2-TiO2/SiO2 samples in the visible spectrum. Figure 3 shows the reflectance spectra of the synthesized materials. Furthermore, as shown in Table 1, the band gap energy of Pt-containing materials remained unchanged, indicating that the NPs were deposited only on the TiO2 surface and must act as co-catalysts [31,33,48]. Furthermore, the reflectance of the Pt-doped sample in the visible range did not reach 100% even at 600 nm, a phenomenon previously attributed to the formation of structural color centers [49]. The light reflectance in the 400–600 nm wavelength range greatly increased as the Pt content in the material decreased, demonstrating that increasing platinum concentration increases visible light absorption [44,50]. As is widely known, two phenomena may be responsible for the visible light absorption of Pt-PtO2-TiO2: (1) the oxygen vacancy formed by the doped Pt4+ [31] and (2) the presence of PtO2 species on the catalyst surface [50]. Since the induction of TiO2 lattice defects was not observed from XPS analysis, as oxygen vacancy drives the formation of Ti3+ to maintain crystal charge neutralization, it is suggested that almost all visible light absorption of Pt-PtO2-TiO2/SiO2 materials was driven by PtO2 on the TiO2 surface.




3.1.3. Microstructural Analysis


Figure 4 shows SEM images of 0.25%Pt-TiO2/SiO2. The particles exhibited heterogeneous geometries, substantial variance in mean diameter size (Figure 4a), irregular shapes, and rough surfaces [40]. Figure 4a also shows a silica particle covered by TiO2 nanoparticles. Figure 4b shows some heterogeneous TiO2 agglomerates with an average size of 20 nm. Finally, Figure 4c shows a closer shot of the TiO2 morphology. Some white circular platinum dots are observed, according to SEM-EDS, as shown in Figure 4d. It is observed that TiO2 is both dispersed in silica and aggregated. In addition, EDS graphs support the presence of platinum in the material.



The morphology and size distribution of TiO2, PtO2, and Pt0 nanoparticles was evaluated by TEM and HRTEM images in Figure 5. Figure 5a,b show small PtO2 particles, with an average size of 10 nm, adhered to the TiO2 surface. The HRTEM images, shown in Figure 5c, showed lattice fringes of 2.22 and 2.23 Å, which are ascribed to the (002) crystallographic planes of PtO2 [31,44]. It is worth noting that the d-spacing found is also typical of the crystallographic plane (111) of metallic platinum (Pt0) [43]. As the presence of Pt0 was found in the XPS analysis of the material, it is suggested that the PtO2 and Pt are well-mixed in a Pt/PtO2 phase-junction [33]. In addition, an interplanar distance of 0.1 nm, related to (110) crystallographic plane of TiO2, was also observed [19]. Furthermore, the HRTEM image of Figure 5d shows that TiO2 is in close contact with PtO2, which allows the formation of a heterojunction [31,51,52].





3.2. Photocatalytic Tests


3.2.1. Effect of Pt Content


The performance of each composite material was evaluated by comparing its activity in relation to the degradation of a model pollutant, acetaminophen (ACT), in a continuous fixed-bed photoreactor, as described previously. Control experiments were performed to evaluate the effect of irradiation on ACT degradation as well as the effect of the material in the absence of irradiation. In none of the cases was there any measurable difference between the inlet and outlet concentrations of the contaminant. For all experimental tests performed, the error bars were based on triplicates of the optimum point, i.e., the material that presented the best photocatalytic activity. The increase in the platinum content increased the photocatalytic activity of the material. As shown in Figure 6a, under the same operating conditions (space time of 1 h), the material without platinum exhibited 27% ACT degradation, while the material containing 0.25% Pt showed 81.5% of degradation.



The improved activity of the doped material is related to the presence of PtO2 and platinum metal [43,44,50]. As shown in the HRTEM of the material (Figure 5d), the close contact between TiO2 and PtO2 allows the formation of an effective heterojunction type II [52].



In addition to the effect of PtO2, Pt0 nanoparticles are also significant for enhancing the photocatalytic activity of the material. Pt0 has a work function value of 5.93 eV, while that of TiO2 is 4.6–4.7 eV [24,27]. The work function is defined as the energy required to remove an electron from the Fermi energy level into the vacuum. Based on stability, if the semiconductor (TiO2) and the metal (platinum) are in direct contact, there will be a continuous flow of electrons from the material with the lowest (TiO2) to the material with the highest work function (platinum) until the Fermi energy reaches a constant equilibrium value for both [52]. This results in the formation of a potential barrier called the Schottky barrier, which works as an electron trap, as the negative charges cannot return to the semiconductor due to this barrier [27,29,53,54]. Therefore, the Schottky barrier prevents the recombination of photogenerated charges and increases the lifetime of the photogenerated electrons, which supports that Pt0 nanoparticles (NPs) also favorably affect the photocatalytic efficiency of the material [28].



Finally, it was found that mass contents greater than 0.25% of Pt in the material led to a slight reduction in the catalyst activity. It appears that excessive content of platinum species may block the TiO2 from being irradiated, resulting in a decrease in photocatalytic activity [17].



The stability of the material 0.25%Pt-TiO2/SiO2 was assessed through six successive reuse cycles for 60 min in the continuous fixed-bed photoreactor. The irradiation source was turned on after 1 h to stabilize the reaction system. Subsequently, the irradiation source was turned on and samples corresponding to consecutive cycles of reuse were collected every 60 min, considering the residence time of 1 h. The ACT removal was reduced from 81% to 57% after six cycle times, which shows that the material still has a good photocatalytic activity, validating the photocatalyst stability. As shown in Figure 6c–g, XRD, SEM, and TEM analyses were conducted to evaluate both fresh and used photocatalysts.



According to XRD diffractograms, the composition of the material was subtly changed during the photocatalytic reaction cycles. The used sample contained an additional peak at 2θ = 40.9°, which is indexed to the (111) plane of face centered cubic (FCC) structure of platinum (JCPDS Card 04-0802). It suggests that during the photodegradation tests, the Pt2+ ions from the PtO2 particles were partially photo-reduced to Pt0 [27].



The SEM images of the catalyst after reuse were similar to those from fresh samples, presenting TiO2 crystals both in agglomerated form and supported on silica gel, which suggests it is unlikely that the decrease in photoactivity of the material after reuse cycles is related to leaching of Pt from the synthesized catalyst. The TEM and HRTEM images showed well-defined dark nanoparticles, typical of Pt NPs, which were not observed in the TEM images of fresh catalyst. The HRTEM figures exhibited d-spacing corresponding to PtO2 (100) and Pt (111) of 2.30 and 2.42 Å, respectively. It is worth mentioning that since the d-spacing values presented in Figure are very close, the authors are not able to assert with certainty to which of the two compounds the d-spacing found refers.



From the results of the characterization analysis, it suggests that the reuse cycles resulted in the photoreduction of PtO2 to Pt0 and, consequently, a new mechanism of photocatalytic degradation since PtO2 and Pt act distinctly on the photocatalytic activity. This may explain the decrease in photoactivity of the catalyst after the reuse cycles.




3.2.2. Effect of Operational Parameters


Experiments were performed varying the volumetric flow rate in the range of 3–12 mL h−1 to evaluate the effect of volumetric flow rate on acetaminophen (ACT) removal (Figure 7a). Residence time and mass transfer limitations have opposite effects on ACT conversion when varying the flow rate. The increase in volumetric flow rate benefits the mass transfer and reduces the concentration gradient between the surroundings and the surface of the photocatalyst. On the other hand, increasing the flow rate reduces the residence time in the reactor, thus reducing the contact time between the organic contaminant molecules and the catalyst surface and resulting in a reduction in its degradation [35,40]. Figure 7a shows that although the increase in flow rate led to a reduction in the overall steady-state conversion of ACT, the degradation rate increased.



Figure 7b shows that increasing the inlet concentration of ACT reduced the steady-state conversion achieved but increased the reaction rate. Since the photocatalytic reaction steps occurs at active sites located on the catalyst surface, if all these sites are already occupied, an increase in the pollutant concentration will reduce ACT degradation. Furthermore, the generation and migration of electron–hole pairs and ACT oxidation by radicals occur in sequence [40]. As the degradation rate increases linearly with the concentration, it is suggested that photocatalytic reactions dominate the process since the number of electron–hole pairs generated exceeds the number of adsorbed contaminant molecules [17].



The degradation kinetics can be further explored assuming that the reactor can be described by a packed-bed reactor (PBR) model. The application of the mass conservation principle for ACT gives [55]:


    d  F  A C T     d W   = − r  



(4)




where FACT is the molar flowrate of ACT (mol h−1), W is the catalyst mass (g), and r is the degradation rate. If the degradation reactions proceed with a pseudo-first-order kinetics, whereby r = −k’ CACT, integration of Equation (3) yields:


   k ′  =    F  A C T , 0     W ∗  C 0     ∫ 0   X  A C T       d  X  A C T      (  1 −  X  A C T    )     



(5)




where k’ is the pseudo-first-order degradation rate constant (L h−1 g−1), C0 is the inlet ACT concentration (mol L−1), and XACT is the steady-state conversion. Solving the definite integral yields an expression for k’ as a function of the obtained conversion for each C0 and the main operation parameters, i.e., the flow rate (v0, L h−1), and the mass of catalyst used as


   k ′  =    v 0   W  ln  (  1 −  X  A C T    )   



(6)







The calculated k’ are used to evaluate the initial degradation rate, rACT,0 = k’ C0 (mol g−1 h−1), which is plotted against the inlet concentration of ACT, as shown in Figure 8.



The data can be fitted to a Langmuir–Hinshelwood kinetics [56,57], where the kinetic contributions of the chemical reaction (kp) and the adsorption equilibrium (K) can be distinguished:


   r  A C T , 0   =    k p  K  C 0    1 + K  C 0     



(7)







In the dataset studied, the application of this model was successful (R2 = 0.982), yielding a specific degradation rate kp = (7.31 ± 1.17) × 10−1 µmol g−1 h−1 and K = (6.41 ± 2.36) × 103 L mol−1. Table 2 summarizes the results.





3.3. Photocatalytic Mechanism


Figure 9a shows a proposed photocatalytic mechanism for the 0.25%Pt-TiO2/SiO2 catalyst based on the characterization analysis and degradation assays performed in this work. The valence and conduction bands of TiO2 and PtO2 were calculated through Equations (8) and (9), where EVB, ECB, Eg, Ee, and χ are the valence and conduction bands, the band gap energy, the energy of free electron (~4.5 eV), and the electronegativity of the materials, respectively [46]. The electronegativity of TiO2 is 4.44 eV and of PtO2 is 5.06 eV. The band gap value of PtO2 was obtained from the literature (1.8 eV) [58], and that of TiO2 was obtained from the Tauc’s plot of the pure synthesized material (3.20 eV). Finally, the VB and CB values of TiO2 were found to be 2.90 and −0.22 eV, respectively, while the VB of PtO2 was estimated as 1.46 eV and the CB as −0.33 eV.


   E  V B   = χ −  E e  + 0.5  E g   



(8)






   E  C B   =  E  V B   −  E g   



(9)







As already mentioned, the direct contact of TiO2 with PtO2 promoted the formation of a type II heterojunction. A spatial charge zone is formed at the interface of semiconductor materials as a result of charge carrier migration at the semiconductor-semiconductor heterojunction [52]. As the e−/h+ pairs migrate through this region, an internal electric field is generated, which causes electrons and holes to flow in opposite directions. Consequently, there is a separation of the photo-generated charges, as electrons are transferred to the conduction band of the semiconductor (TiO2), which has a lower potential energy, while the positive holes migrate to the valence band of the semiconductor (PtO2) in order to neutralize the charge balance [52,59,60].



The electrons will diffuse until the thermal equilibrium state is reached in the heterojunctions [31,52]. However, when the material is irradiated, the electrons in the conduction band leave the thermal equilibrium state. Therefore, the charge carrier becomes driven by the potential barriers created. A Schottky barrier is formed between Pt0/PtO2 phase junction and TiO2, which hinders the electron flow between the CBs of PtO2 and TiO2. Thus, it is clear that the heterojunction enhanced the charge separation in TiO2, but for PtO2, there is an accumulation of positive holes in the VB and electrons in the CB [59].



Figure 9b shows the comparison of the PL emission spectra of TiO2/SiO2 and Pt-TiO2/SiO2 and supports the mechanism suggested in Figure 9a. In the PL spectra (Figure 9b), all the composite materials show the characteristic peaks of TiO2 prominently at 415 and 437 and a shoulder at 463 nm. The emission band at 415 nm corresponds to the indirect band-to-band recombination across the band gap. The emission at 437 nm is due to the free exciton emission of TiO2, and the shoulder at 463 nm resembles oxygen vacancies present on the surface. The higher intensity of PL spectra of Pt-modified material may be attributed to a substantial increase in the photogenerated charges since, while only the TiO2 absorbs a minor fraction of the solar spectrum (~300–400 nm), PtO2 NPs also absorb visible light, as shown by the PtO2 band gap energy of 1.8 eV. If there is a greater number of photogenerated e−/h+ pairs, consequently, there will be a greater intensity in the emission of the present charges present through the mechanisms mentioned above, as indicated by the PL spectrum. The high photocatalytic activity of the Pt-TiO2/SiO2 material can be attributed to the significant increase in the number of photogenerated charges.



In order to deeply investigate the photocatalytic degradation mechanism of ACT under simulated sunlight, the role of oxidizing species was investigated through extra experiments using radical scavengers. Additional runs were conducted using 1,4-hydroquinone, tert-butanol (TBA), potassium iodine (KI), and formic acid as quenchers at initial concentration of 0.02 mol L−1 [46]. All experiments were performed with the 0.25%Pt-TiO2/SiO2 catalyst, which showed the best photocatalytic activity. 1,4-hydroquinone is known to be a good O2•− scavenger (k = 1.6 × 107 L mol−1 s−1) although it can also scavenge •OH radicals (k = 2.1 × 1010 L mol−1 s−1) [61]. In turn, TBA is generally used as •OH quencher (k = 4.2–7.6 × 108 L mol−1 s−1) [62]. KI is employed as an h+ scavenger since iodine donates e- to the h+ in semiconductor materials [62], while formic acid can also scavenge h+ [62,63] although it can react with •OH with a high-rate constant (k = 1.2 × 108 L mol−1 s−1) [64]. Thus, in the absence of scavengers, a steady-state ACT removal of 81.5% was obtained, while it decreased to 58.7% with TBA, 44.9% with formic acid, 30.8% with KI, and about 0.0% with 1,4-hydroquinone. These results indicate that the removal of ACT using the 0.25%Pt-TiO2/SiO2 catalyst is driven by the reactive species: O2•− > h+ > •OH.



EPR spin-trapping experiments for Pt-TiO2/SiO2 and TiO2/SiO2 were carried out in different reaction media aiming to further investigate the role of reactive species. DMPO was used as a spin-trapping agent to identify the radical species involved in the photocatalytic processes using the synthesized materials [65,66,67]. To identify hydroxyl radicals, 1.5 mg samples of bare TiO2/SiO2 and 0.25%Pt-TiO2/SiO2 were placed in vials containing 1.5 mL of a 50 mmol L−1 aqueous DMPO solution. The solutions were irradiated at the same irradiance used in the degradation experiments. The solutions were analyzed immediately after the addition of DMPO (in the dark) and after 20 min of irradiation to obtain the EPR spectra. Then, the superoxide radical anion was determined in a similar way but using 1.5 mL of a 100 mmol L−1.



The results obtained by the EPR analysis shown in Figure 9c,d also support the mechanism suggested in Figure 9a. Regarding the experiments involving hydroxyl radicals, the Pt-TiO2/SiO2 material promoted less generation of this radical than TiO2/SiO2, suggesting that the h+ are indeed flowing to the valence band of PtO2, for which a potential of 1.46 eV was calculated. As this value is lower than the standard reduction potential of the half reactions HO•/H2O (2.72 eV vs. NHE) and HO•/OH− (2.40 eV vs. NHE) [19,46], the positive holes in VB of PtO2 are not able to promote the generation of hydroxyl radicals from water and hydroxide anions. It is worth mentioning that the actual one-electron reduction potentials may be slightly different from the reference values, which are based on standard conditions (temperature and species activities).



Meanwhile, tests involving the superoxide radical showed that, while the TiO2/SiO2 catalyst presented a signal intensity close to the superoxide-related noise, the Pt-TiO2/SiO2 signal presented an intensity substantially higher, which suggests that the Schottky barrier effectively prevented the flow of electrons to the CB of TiO2. These results thus support that the conduction band potential of PtO2 (−0.33 eV) is enough to reduce O2 to O2•− (O2/O2•−: −0.33 eV vs. NHE), while the CB potential of TiO2 (−0.22 eV) [19,46] is more positive than that of the half reaction O2/O2•−. It is worth mentioning that in addition to the synergistic effect between semiconductors, it is also proposed that they also act independently in the reaction as co-catalysts. In this sense, the activity of TiO2 is mainly driven by the formation of hydroxyl radicals, while the activity of PtO2 by superoxide radicals [58].





4. Conclusions


In this work, TiO2/SiO2 photocatalysts coupled to PtO2 and Pt simultaneously with different Pt contents were successfully synthesized. The catalysts presented heterogeneous geometries, with 20 nm TiO2 agglomerates and ~10 nm PtO2 particles adhering to the TiO2 surface, allowing the formation of a heterojunction between these two materials. The photocatalytic efficiency of the materials was highly influenced by the Pt content. Acetaminophen (ACT) degradation was enhanced as the Pt content increased, reaching a maximum degradation of 81.5% for the material containing 0.25% Pt. At higher Pt contents, however, the photocatalytic activities of the synthesized materials were suppressed. Stability tests showed that the catalyst maintained a stable ACT degradation of 57.0% after six cycles of reuse. Characterization analyses of the reuse material suggested that the Pt4+ of PtO2 was partially photoreduced to metallic Pt. The effect of operational parameters in the continuous flat plate reactor revealed that as the volumetric flow rate increased, the overall ACT degradation was reduced, and the degradation rate increased, implying that mass transfer is the main driven effect. Likewise, increasing the ACT inlet concentration led to a reduction in degradation and to an increase in the degradation rate. EPR spin-trapping experiments demonstrated that both hydroxyl and superoxide radicals species participate in ACT degradation using the 0.25%Pt-TiO2/SiO2 photocatalyst. However, due to the formed heterojunction and the Schottky barrier, the modification of the material with platinum induced an increase in the generation of superoxide radicals, while there was a lower generation of hydroxyl radicals. This was supported by the tests carried out with scavengers, which showed that the ACT degradation using the 0.25%Pt-TiO2/SiO2 catalyst was determined by the reactive species: O2•− > h+ > •OH. Furthermore, the photoluminescence emission spectrum suggested an increase in photogenerated charges in the Pt-modified material. Finally, the results indicate that the materials synthesized in this work are attractive option for removing organic contaminants using a continuous system and solar light radiation.
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Figure 1. Schematic representation of the experimental apparatus, including the irradiance spectra measured at the reactor surface. 
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Figure 2. (a) XRD diffractograms of the synthesized materials, in which A corresponds to anatase; XPS spectra of 0.25%Pt-TIO2/SiO2: (b) XPS survey spectrum; (c) Ti 2p spectrum; (d) Pt 4f spectrum. 
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Figure 3. Diffuse reflectance spectra of the different synthesized materials. 
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Figure 4. SEM images of 0.25%Pt-TiO2/SiO2. 
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Figure 5. TEM and HRTEM images of 0.25%Pt-TiO2/SiO2. 
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Figure 6. (a) Photocatalytic activity of TiO2/SiO2 samples with different Pt contents (ACT inlet concentration, 0.033 mmol L−1; volumetric flow rate, 3 mL h−1, space time, 1 h. Error bars are based on triplicates of the optimum point). (b) Evaluation of the stability of 0.25%Pt-TiO2/SiO2 under continuous operation for six reuse cycles. (c) XRD diffractograms of fresh and reused materials. (d,e) SEM images of reused material. (f,g) TEM and HRTEM images of reused material. 
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Figure 7. (a) Photocatalytic activity of the 0.25%Pt-TiO2/SiO2 material for different volumetric flow rates. Error bars are based on triplicates of the optimum point. (b) Photocatalytic activity of the 0.25%Pt-TiO2/SiO2 material for different ACT inlet concentrations. Error bars are based on triplicates of the optimum point). 
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Figure 8. Initial degradation rate of ACT as a function of its inlet concentration. The dashed line represents a Langmuirian fit (R2 = 0.982). 
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Figure 9. (a) Proposed photocatalytic mechanism; (b) PL spectra; (c) results of O2•− EPR measurements; (d) results of HO• EPR measurements. 
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Table 1. Theoretical and effective Pt contents, TiO2 (anatase) crystallite size, and band gap energy of the prepared photocatalysts with different Pt-doping levels.
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	Sample
	Effective Pt Content (wt%)
	TiO2 Crystallite Size

(nm)
	PtO2 Crystalline

Size (nm)
	Band Gap Energy (eV)





	TiO2/SiO2
	0.00
	6.1
	−
	3.20



	0.1%Pt-TiO2/SiO2
	0.15
	4.8
	2.3
	3.21



	0.25%Pt-TiO2/SiO2
	0.35
	4.9
	1.3
	3.20



	0.5%Pt-TiO2/SiO2
	0.60
	5.4
	1.3
	3.22



	1%Pt-TiO2/SiO2
	1.10
	5.7
	1.2
	3.19
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Table 2. Summary of the kinetic parameters obtained for ACT degradation on 0.25%Pt-TiO2/SiO2 in a continuous fixed-bed microreactor (v0 = 3 mL h−1; space time = 1 h).
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	C0 (mg L−1)
	k’ (L g−1 h−1)
	– rACT,0 (µmol g−1 h−1)
	kp (µmol g−1 h−1)
	K (L mol−1)





	
	
	
	0.731
	6.41 × 103



	1
	1.00 × 10−2
	0.067
	
	



	10
	3.01 × 10−3
	0.199
	
	



	25
	2.36 × 10−3
	0.390
	
	



	50
	1.49 × 10−3
	0.492
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