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Abstract

:

The present research work describes the synthesis and characterization of CuO/SiO2 for coating-perforated 304 stainless steel (SS) substrates to degrade methylene blue and amoxicillin under visible light irradiation. The foregoing photocatalytic system was achieved through the coprecipitation method by adding pure CuO to a SiO2 sol at 1:5, 1:10, and 1:15 molar ratios. The conditions for carrying out the depositions on the SS substrates (three per substrate) involved an immersion rate of 90 mm/min with a drying time of 20 min at 120 °C. The XRD technique confirmed the presence of the SiO2 amorphous phases and CuO monoclinic systems in the coatings, with a particle size distribution ranging from 0.5 to 2.5 μm (with an average of 1.26 ± 0.06 μm). As for SEM, it revealed a homogeneous coating surface without cracks. The produced photoactive CuO/SiO2 coatings were capable of degrading methylene blue (98%) at 1500 min and amoxicillin (55%) at 450 min.
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1. Introduction


The main organic derivatives present in water effluents, in most cases, are anthropogenic contaminants (ACs), which are residues coming from agricultural activities, the food industry, drugs, personal care products, and medicaments [1]. These ACs have been identified as capable of provoking hormonal imbalances in living beings that manifest in metabolism, neurological, immune, and reproductive system disorders [2]. A high percentage (60%–90%) of antibiotics are not metabolized by living beings, and their excretions are released into the sewer system; unfortunately, even marine fauna are affected by the presence of pharmaceutical products such as amoxicillin and ciprofloxacin in the sea [3,4,5]. In addition to the foregoing molecules, the popular aromatic-structured dye methylene blue (MB), which has been reported as an environmentally persistent, toxic, carcinogenic, and mutagenic substance [6], has also been found in different aqueous media. Wastewater treatment plants are not totally efficient in eliminating these kinds of chemicals, thus contributing to the persistence of pharmaceuticals in water and the growth of antibiotic-resistant microorganisms [7]. The study, development, and application of advanced materials in water remediation have attracted special interest in recent years, focusing on the use of novel technologies for the degradation and effective separation of ACs from water. Currently, membrane filtration is found among the employed physicochemical processes and is one of the studied technologies for the separation of pharmaceuticals, although it features important limitations such as fast saturation and the implementation of subsequent stages of waste separation, increasing the number of unit operations in the process, which considerably reduces its efficiency [8,9,10,11]. Another alternative is represented by porous materials such as activated carbon, silica, and zeolites, which, by means of the adsorption phenomenon, solve the saturation problems, although more studies on effective desorption mechanisms are required [12,13,14]. Recently, the advanced oxidation processes (AOPs), which include ozonization, the Fenton process, and photocatalysis, have become an alternative for the transformation of organic compounds whose main attractive feature is their high reactivity, which significantly shortens the degradation times [15]. As for photocatalysis, it has drawn particular interest as it employs solar light as its main energy source, and it has proven its capacity to degrade different pharmaceuticals such as cefalexin, arbidol hydrochloride, ibuprofen, and amoxicillin [16,17,18,19]. Such efficiency is based on the degradation ability through free radicals like •OH and •O2− derived from the production of electron-hole pairs (e+/h−) resulting from the interaction between a semiconductor material (photocatalyst) and aqueous medium [20]. In this context, CuO is a versatile photocatalyst due to unique characteristics like a narrow band gap (Eg), which ranges from 1.22 to 1.9 eV [21], allowing for a higher charge transfer rate, and its abundance and low-cost material; such features can be enhanced by different strategies like doping [22], the generation of crystalline framework defects [23], and the synthesis of materials consisting of two or more semiconductors [24]. In order to improve CuO dispersion and boost its photocatalytic properties, silica has been considered a suitable support material due to its thermal, electronic, and catalytic properties [25]. The combined properties of CuO and SiO2, where they are shaped as porous spheres, have stood out in the application as detectors of organic substances of interest in the food industry [26]; also, the antimicrobial and antifungal features of CuO and SiO2 have been utilized in construction materials [27]. The preparation methods of CuO/SiO2 catalysts depend on their application; for example, through the sol–gel method, it is possible to support a photocatalytic material on a stable SiO2 vitreous matrix. This methodology has been used to prepare photocatalysts featuring the CuO/SiO2 system, which have achieved degrading percentages above 90% of contaminants such as rhodamine B [28], methylene blue, and metronidazole [29].



The degradation of pharmaceuticals like amoxicillin through photocatalytic methods has been widely studied; one of the techniques that stands out is the use of adsorbent materials (like activated carbon) along with a photocatalyst (CuO), which was able to increase the removal of amoxicillin at concentrations of up to 100 ppm from 68% to 98% [20]. As for photocatalyst disposal, it has been shown that the use of powders requires further separation stages of the active material. For this reason, the synthesis of immobilized photocatalysts represents a practical alternative [30]. To this end, 304 stainless steel has been used as a substrate for the deposition of SiO2 films [31,32].



In the present research work, a synthesis route was proposed to obtain the photocatalytic system CuO/SiO2 deposited on SS. The CuO bandgap was calculated, and the compositional characterization of CuO and CuO/SiO2 was carried out using FTIR spectroscopy. The structural characterizations were carried out using X-ray diffraction (XRD), and the morphological characterizations were performed using scanning electron microscopy (SEM). Finally, the use of a CuO photocatalyst embedded in a SiO2 matrix was proposed to evaluate the degradation efficiency of methylene blue (MB) and amoxicillin (AMX) in an aerated and stirred tank.




2. Materials and Methods


2.1. Synthesis of CuO Powders


CuO was synthesized using the coprecipitation method. First, 700 mL of 1 M ascorbic acid (Meyer, Ciudad de México, Mexico) was mixed with 700 mL of a 0.2 M solution of copper (II) acetate (Sigma, Ciudad de México, Mexico); the mixture was kept under continuous stirring for 20 h at 80 °C. Afterward, the solution was left to age for 20 days. Following this period, CuO was separated from the solution through centrifugation, and the CuO suspension was dried at 120 °C for 4 h to produce powdered CuO. Finally, the obtained powders were treated thermally at 400 °C for 4 h. The synthesized CuO was characterized using UV–Vis Perkin Elmer model Lambda 35 UV-vis spectrophotometer (PerkinElmer, Waltham, MA, USA), XRD D8 Advance diffractometer (Bruker, Karlsruhe, Germany), FTIR (Nicolet 8700, Madison, WI, USA) and SEM HITACHI TM3030 (Hitachi High-Tech, Tokyo, Japan) techniques.




2.2. Synthesis of the SiO2 Sol


For the synthesis of 10 mL of the SiO2 sol, first, tetraethyl orthosilicate (TEOS) (Sigma Aldrich, St. Louis, MI, USA, 97%), bidistilled water and ethanol (Meyer, Ciudad de México, Mexico) were mixed. The molar ratios of ethanol to TEOS and of water to TEOS were 4:1 and 11.67:1, respectively. Afterward, to catalyze the hydrolysis/condensation reaction, 0.034 mol of HCl (Meyer, Ciudad de México, Mexico) was added per 1 mol of TEOS. The solution was kept under continuous stirring for 3 h at 40 °C.




2.3. Deposition and Characterization of the CuO/SiO2 Films via Dip Coating


Three theoretical CuO:SiO2 molar ratios (1:5, 1:10, and 1:15) were studied. For the deposition step, the previously synthesized pure CuO was used, which was added to 20 mL of the SiO2 sol for each molar ratio. Substrates of perforated 304 stainless steel were employed, which underwent an abrading treatment with a grinder. The average size of the rectangular substrates of the 304 stainless steel was 5 cm × 1.5 cm with a thickness of 0.1 cm. The depositions were carried out at an immersion rate of 90 mm/min with a drying time of 20 min at 120 °C. After finishing the depositions, the films were subjected to a curing treatment in a muffle at 600 °C for 4 h. Three depositions were performed per substrate.



For the characterization of the CuO/SiO2 system via XRD and FTIR, the sol powders at the three molar ratios (1:5, 1:10, and 1:15) of CuO:SiO2 were used. In order to carry out the SEM analysis, 304 stainless steel substrates (1 cm × 1 cm) were prepared simultaneously.




2.4. Characterization


To determine the crystalline structure and phase of the pure compounds of CuO, SiO2, and the CuO/SiO2 system at the molar ratios 1:5, 1:10, and 1:15, a Bruker eco D8 Advance diffractometer (Bruker, Karlsruhe city, Germany) using Cu-Kα radiation was employed. The samples were analyzed at 25 °C in the 2θ angle range of 4° to 80° with a step of 0.02 s−1. The surface morphological analysis of the coatings at the three molar ratios of CuO/SiO2 (1:5, 1:10, and 1:15) was carried out using a HITACHI TM3030 (Hitachi High-Tech, Tokyo, Japan) Table Top scanning electron microscope coupled with EDS. A Perkin Elmer Spectrum 65 spectrophotometer (PerkinElmer, Waltham, MA, USA) with a scan of 400 to 4000 cm−1 was used for the compositional analysis of the pure CuO and SiO2 powders, as well as the three CuO/SiO2 systems. For the MB and AMX degradation tests, a Perkin Elmer Lambda 35 spectrophotometer (PerkinElmer, Waltham, MA, USA) was employed, scanning from 200 to 800 nm. The determination of the bandgap of CuO was conducted using the same equipment, analyzing a sample of CuO powder. With the obtained absorbance data, the Tauc equation was utilized to relate the absorption coefficient to the energy of incident radiation and Eg.




2.5. Evaluation of the Photocatalytic Efficiency of CuO Powders at Different Loadings


In order to compare the use of powders in solution versus that of the coatings, different amounts of CuO were evaluated in the degradation of MB. Initially, 180 mL of bidistilled water and MB (Meyer, Ciudad de México, Mexico) at 10 ppm were mixed in a beaker with continuous stirring. Four visible-light lamps (4.5 watts and 400 lm Phillips® model MR16, Ciudad de México, Mexico) were installed. The arrangement of the lamps and the solution can be seen in Figure 1, with the irradiance of the light sources also indicated. All photocatalytic tests were carried out inside a dark box.



The degradation of MB at 10 ppm was tested using three different MB:CuO molar ratios (1:1, 1:10, and 1:100). The degradation level of each cycle was measured every 20 min using UV–Vis. To separate the powders from the MB solution, the sample was centrifuged for 10 min at 4500 rpm. Additionally, a test was conducted using CuO/SiO2 films at a molar ratio of 1:10. The use of CuO powders changed for 4 substrates coated with the CuO/SiO2 system, which were immersed in the solution horizontally. The substrate arrangement can be seen in Figure 1.




2.6. Photocatalytic Evaluation of the CuO/SiO2 Films


In this first part, the best CuO:SiO2 molar ratio for the coatings was determined in order to carry out the evaluation in the reactor with MB and AMX. For each assay, 180 mL of double-distilled water and MB (5 ppm) or AMX (10 ppm) were first mixed in a beaker. The reduction of the MB concentration was intended to improve the monitoring of the degradation curve. The same experimental arrangement was used with the CuO powders. The main variation lay in immersing 4 substrates coated with the films, replacing the use of powders, as seen in Figure 1. Three CuO:SiO2 molar ratios (1:5, 1:10, and 1:15) were evaluated. Intervals of 30 min were employed for maximal monitoring of 9 h.




2.7. The CuO/SiO2 System in an Aerated and Stirred Tank


In order to evaluate the CuO/SiO2 films in an aerated and stirred tank, initially, 1.8 L of distilled water and either MB (5 ppm) or AMX (10 ppm) were mixed in the reactor tank. The same arrangement of 4 lamps (4.5 W) was employed. Additionally, to increase the power, a 100-W lamp (100 W Tianlai® model R28W100, Ciudad de México, Mexico) was added. Figure 2 specifies the arrangement and the level of irradiance emitted by the lamps. A mechanical stirrer (JJ-1 Precise Strength Power Mixer VEVO®, Zhejiang, China) and an air pump (SUNNY aquarium® model SAP-300, Estado de México, México) with a flow rate of 1.5 L/min were used. The reactor was made of borosilicate with a maximal capacity of 2 L and space for 4 circular substrates with a diameter of 10.7 cm. To start the operation, the 4 circular substrates coated with the CuO/SiO2 system were placed inside the reactor. The degradation level of each cycle was monitored every 30 min.





3. Results and Discussion


In order to establish the morphological and structural characteristics of CuO, we first conducted the characterization of the CuO powders using UV–Vis, SEM, XRD, and FTIR. Afterward, we characterized the films of the CuO/SiO2 system using XRD and FTIR to observe the crystalline phases and chemical bonds present at the three molar ratios in comparison with the pure materials. SEM allowed for the identification of the morphological characteristics of the CuO/SiO2 deposits. Finally, we evaluated the degradation efficiency of MB and AMX in 180 mL volumes and in the reactor (1.8 L).



3.1. Characterization of the CuO Powders


3.1.1. Ultraviolet–Visible (UV–Vis) Spectroscopy


Figure 3 (on the left) shows the UV–Vis spectrum of CuO. Two absorption bands at 223 and 274 nm are displayed. The absorbance increase from 300 nm reveals the capacity of the material to absorb material within the visible spectrum (from 400 to 700 nm).



Through the Tauc graphical method, the absorbance values of the UV–Vis plot were transformed in order to establish the width of the band gap (Eg) of the synthesized CuO, based on approximating the straight line section with the x-axis, where the intersection point represents the order of Eg. Figure 3, on the right, shows the approximation achieved using this method. The common Eg value for CuO ranges from 1.0 to 1.9 eV [33], and the obtained value for the analyzed sample was 1.86 ± 0.08 eV (the standard error was derived from the in-triplicate calculation of the Eg with the same method). Band-gap widths with present values was susceptible to visible light.




3.1.2. Scanning Electron Microscopy (SEM)


By means of SEM, it is possible to observe the dispersion of clusters on the micron scale (Figure 4, on the left). The 7000× magnification reveals the polyhedral morphology of the CuO microcrystals.



Using particle size analysis (Figure 4, on the right), we found a size distribution ranging from 0.5 to 2.5 μm with an average microcrystal size of 1.26 ± 0.06 μm. The coprecipitation method proved effective in forming particles with a homogeneous shape and polyhedral morphology with flat faces. A similar morphology was reported by Nogueira et al. [29] whose material achieved 98% efficiency in degrading MB.





3.2. Characterization of the CuO/SiO2 Films


3.2.1. X-ray Diffraction


Figure 5 shows the comparison of the diffractograms for the different systems synthesized at different molar ratios (1:5, 1:10, and 1:15) of CuO:SiO2.



The diffractogram corresponding to SiO2 using the sol–gel methodology displays a band formed between 15° and 30°, which confirms the SiO2 amorphous phase. Furthermore, the absence of high-intensity narrow peaks corresponding to quartz or cristobalite, which appear at 26.19° (ICSD-98-000-9482) and 21.47° (ICSD-98-002-4587), respectively, rules out the formation of secondary phases. The reference crystallographic card ICDD-03-065-2309 belongs to the CuO monoclinic system. The comparison reveals the presence of peaks that are characteristic of the foregoing phase.



The well-defined, high-intensity peaks of CuO confirm the crystallization of the material. A crystallized material promotes the transport of charges, thus directly affecting its photocatalytic properties [34]. The diffractograms of the systems with 1:5 and 1:10 molar ratios show two peaks at 35.55° and 38.75° that are characteristic of the CuO monoclinic phase, which are visibly lower for the 1:15 molar ratio. This fact is due to the diminution of the CuO charge. For the systems with the 1:10 and 1:15 molar ratios, the formation of compounds different from amorphous SiO2 or monoclinic CuO was not observed. Notwithstanding, for the 1:5 molar ratio, the presence of a wide peak between 25° and 30° is associated with the possible formation of copper silicates derived from the CuO concentration increase. Chen et al. [35] reported that the formation of copper silicate in solution is possible. In their study, the authors started from Cu(NO3)2 to form a blue-green Cu(OH)2 precipitate, which was put in contact with an alkaline silicate solution in order to carry out a hydrothermal process that allowed the formation of porous copper silicates. In addition, Guoqin Cao et al. elucidated the formation of a nanostructured coating system with Si, diversifying the requirement for a “structure-performance relationship”, where the depressed Si inner-diffusion led to the formation of an amorphous bilayer structure [36,37]. In this work, it was also mentioned that other synthesis approaches, such as sol-gel or coprecipitation, can be employed.




3.2.2. Fourier Transform Infrared (FTIR) Spectroscopy


Figure 6 shows a comparison of the FTIR spectra corresponding to the CuO and SiO2 powders using the sol–gel and coprecipitation methods. Additionally, the three CuO/SiO2 systems at the three proposed molar ratios (1:5, 1:10, and 1:15) are also compared.



In the spectrum corresponding to pure SiO2, an intense band between 1000 and 1300 cm−1, which is characteristic of the asymmetric stretching of the Si-O bond, was observed. The signal at 957 cm−1 belongs to the Si-OH bond, coming from the surface functionalization of SiO2, characteristic of SiO2 via the sol-gel route [38]. As for the band at 800 cm−1, it is ascribed to the symmetric stretching vibrations of the Si-O-Si bonds. The bending O-Si-O vibrations are represented by a middle intensity band between 400 and 500 cm−1 [39]. The different vibrational modes of the Cu-O bond occur between 400 and 800 cm−1 [40]. The most intense band at 516 cm−1 and 1047 cm−1 is associated with the bending vibrations of the Cu-O bond. A weak band at 1631 cm−1 is derived from the stretching vibration of the Cu-O bond [41]. At 3421 cm−1, a characteristic band of the O-H bond, stemming from water present in the environment and adsorbed by CuO, becomes visible. For the CuO/SiO2 system at a 1:5 molar ratio, bands from the different vibrations of the Si-O bond in SiO2 are observed. This system contains the highest amount of CuO, but due to the fact that the vibrations of the Si-O and Cu-O bonds occur in the same region, the characteristic CuO band overlaps those of SiO2. Likewise, the concentration is a function of the material absorption, and in the CuO/SiO2 system, CuO has the lowest concentration of the three proposed molar ratios. For this reason, in the systems with the 1:15 and 1:10 molar ratios, the characteristic SiO2 bands are more evident.



The 1:10 molar ratio of the powdered CuO/SiO2 system displays a more intense band between 3250 cm−1 and 3750 cm−1, which indicates the presence of a more hydrophilic compound with good adsorption capacity [38]. This fact benefits the system’s capacity to generate intermolecular interactions with the contaminants.




3.2.3. Scanning Electron Microscopy (SEM)


In order to analyze the morphology of the CuO/SiO2 films, we employed the SEM technique. Figure 7a shows the micrograph of the CuO/SiO2 system films at a 1:5 molar ratio and 40× magnification. The distribution of the CuO/SiO2 system deposited on a sample of the 304 stainless steel substrates can be observed. The thermal treatments affect the topography of the films, e.g., at 2000× magnification (Figure 7b), where the cracking of the film layers is evident due to the treatment process at 600 °C.



Depending on the heating ramp, the SiO2 framework may compact more or less due to the solvent liberation rate [42]. In contrast, in the case of the CuO/SiO2 sol viscosity, this effect affects the thickness of the deposited layer, as the species concentration is increased and results in a higher dragging level from the steel substrate when dip-coating immersion is performed [43].



In the micrographs for the 1:10 molar ratio at 40× magnification (Figure 7c), the same film cracks provoked by the thermal treatments can be observed. From the micrographs, it can be suggested that the deposits had better adherence with an intermediate Cu loading in SiO2 due to the suitable equilibrium between the CuO-SiO2 and CuO/SiO2 steel interfaces. This effect can also be observed at 2000× magnification (Figure 7d), as the flakes are visibly more uniform.



In the micrograph corresponding to the 1:15 molar ratio at 40× magnification (Figure 7e), a larger gray-white zone is evident, which indicates a decrease in the deposition amount of the CuO/SiO2 system. Likewise, the formation of cracked-flake-shaped structures can be seen at 1500× magnification (Figure 7f). It is possible that a lower CuO load could cause the weakening of the anchoring of the CuO/SiO2 system on the steel substrate. The analysis using energy dispersive spectroscopy (EDS) of the sample with the 1:10 molar ratio at 2000× magnification (Figure 8) was carried out.



The presence of Cu and Si was verified in a light-gray zone marked with number 1 and with 1.56 wt.% and 22.67 wt.%, respectively, thus evidencing zones with higher deposited amounts of the CuO/SiO2 system. The SiO2 matrix is deposited to a higher extent in zone 2 with 44.89 wt.%, which indicates that zone 2, showing cracked flakes, concentrates more abundant cumuli of SiO2. The Fe and Cr percentages correspond to the 304 stainless steel substrates. The weight percent increase of Si from zone 1 to zone 2 from 22.67 wt.% to 44.89 wt.%(values in Figure 8) reveals the concentration growth of the CuO/SiO2 system deposited in zone 2. The decrease in the Cu percentage from zone 1 to zone 2, from 1.56 wt.% to 1 wt.%, respectively, could have been due to the fact that the particles were embedded to a higher amount in SiO2, thus resulting in less presence of CuO on the surface of the sampled zone.



To support this assertion, the surface of the 304 stainless steel substrate was analyzed. Figure 9a shows the micrograph before depositing the CuO/SiO2 system.



The steel surface was subjected to an abrading process, which produced micrometric irregularities. This treatment created anchoring sites for better adherence of the deposited material.



Figure 9b displays a micrograph taken at 350× magnification of a section of the CuO/SiO2 system film for the 1:10 molar ratio after performing the degradation process of MB for 1500 min. The incrustation of the system can be observed in most of the sampled areas of the 304 stainless steel substrates. The material anchorage can be seen in the metal concavities, even after 1500 min of a continuous process subject to stirring and bubbling.





3.3. Photocatalytic Evaluation of CuO and CuO/SiO2


3.3.1. Methylene Blue (MB)


During the assay carried out with the CuO powders (Figure 10a), the first test confirmed the degradation efficiency (10%) solely by employing light, which could have been promoted through oxidative processes (featuring environmental oxygen) activated by the energy contribution supplied from 4.5 W conventional lamps. Afterward, it is observed that the MB:CuO molar ratio of 1:1 displays a similar trend to that of the photolysis study. It is possible that the lower amount of active CuO sites was not enough to evidence a considerable concentration reduction of MB during the 200 min assay [44].



In the curve of the MB:CuO molar ratio of 1:10, the efficiency increased from 10% to 35%. The amount of particles was enough to start the photodegradation processes, thus augmenting the presence of •OH radicals. With the MB:CuO molar ratio of 1:100, an increase of 3% with respect to the previous ratio (1:10) can be observed; this increment is not significant enough because the CuO amount was 10 times greater and the achieved photodegradation percentage was just 3%. This fact is because a CuO-dispersed solution darkens the medium at higher concentrations, thus participating in the reception of photons by the photocatalyst. The MB:CuO molar ratios of 1:10 and 1:100 display very close efficiencies, which evidences the lower practical efficiency of the powders in the degradation process of water contaminants. MB degradation efficiencies of up to 60% have been reported with the use of CuO powders at 100 min [45]. However, the results are not completely comparable due to variations in the power of the lamps, which have reported irradiance values above 800 W/m2. Comparisons such as those by Ahmad et al. [46] unveil important variations in the light source and photocatalyst.



The test with the films of the CuO/SiO2 system, under the same conditions (indicated in black in Figure 10a), achieved a 25% efficiency in degrading MB at 10 ppm. A decrease in the removal percentage is expected because, in immobilized systems, there is less available photocatalyst interfacial area [47]. It is also worth considering that the amount of CuO dispersed in the SiO2 film is lower than that of the material deposited directly in the MB solution. However, the accomplished efficiency can still be considered good, as it is just 10% lower than the one obtained with the MB:CuO molar ratio of 1:10. The main advantage is that the immobilized system does not feature the drawback of solution particles that produce an opaque medium. Furthermore, it is possible to increase the number of substrates to enhance the degradation rate of contaminants, and no secondary stages are necessary for the separation of the active material.



Figure 10b shows the degradation curves of MB at 5 ppm with the CuO/SiO2 system films. The concentration reduction was carried out to track the degradation level more accurately over shorter periods. Studying the three molar ratios helps in selecting the most suitable ratio for evaluation in the reactor. Apparently, the molar ratio of 1:5, which has the highest CuO loading, achieves a higher degradation percentage during the 540 min of exposure to visible light (81%). The 1:10 molar ratio, with half of the CuO load, experiences only a 10% reduction in efficiency, with a degradation percentage of 70%. For the molar ratio of 1:15, the percentage of degradation is similar to that achieved with the 1:10 ratio.



Additionally, 1.5 × 5 cm 304 stainless steel substrates coated with the CuO/SiO2 system were subjected to continuous treatment of MB degradation for 1500 min. The maximal degradation efficiencies accomplished using the systems at 1:5, 1:10, and 1:15 molar ratios were 91.95%, 98.25%, and 93.53%, respectively. After 1500 min, the process was stopped, and a color change was observed on the surface of the steel substrates coated with the CuO/SiO2 system (Figure 10c), transitioning from gray to orange-brown, which can be associated with film detachment and the formation of FeO on the steel substrate due to constant exposure to the aqueous medium. The intermediate load of CuO in SiO2 shows a less visible color change and the highest removal amount of MB at 1500 min. It is possible that for this molar ratio, the detachment of the CuO/SiO2 film did not occur. This fact could also explain the higher degradation percentage, considering that there is a higher number of active sites preserved during the whole 1500 min process. Through the SEM study of the CuO/SiO2 system films, it was observed that for the 1:10 molar ratio (Figure 7c,d), more homogeneous and abundant deposits occur than with the molar ratios of 1:5 (Figure 7a,b) and 1:15 (Figure 7e,f).



The degradation rate could also have been affected by the hydrophobic and hydrophilic character of SiO2 [31,48]. The uniformity of the deposited SiO2, as observed in the micrographs displayed in Figure 7, could have created hydrophobic surfaces, potentially reducing the interactions with the support active sites. In addition, the growing SiO2 concentration increased the probability of this effect, which could happen from the 1:10 molar ratio. Indeed, this negative effect could end up being beneficial for the protection of the steel substrate, for SiO2 has been employed as an anticorrosion barrier in different metals [49,50,51]. Additionally, the formation of copper silicates has a positive effect on the photocatalytic properties of the CuO/SiO2 system. Liming et al. [52] synthesized a photocatalyst featuring the CuO/SiO2 system using the sol-gel method with 17.8 wt.%, 37.8 wt.%, and 42.2 wt.% loadings of CuO and SiO2. It was found that the CuO increase promoted the formation of copper silicates finely dispersed on the photocatalyst surface, thus confirming that the catalytic properties of the CuO/SiO2 system are directly affected by CuO loading.



Finally, the 10.7 cm circular substrates inserted in the reactor and subjected to the degradation process of MB at 5 ppm achieved an efficiency of 53%. The increase in the working volume and different arrangements of the employed elements (bubble generator and stirrer) represent changes that determine the interaction between the photocatalyst and contaminant.



Furthermore, the increase in the recipient radius creates a wider barrier for the penetration of light into the tank volume, thus reducing the homogeneous reception of photons in the whole area of the discs, in addition to the deposit proper factors, such as the dispersion of CuO species in the SiO2 matrix, which affects the recombination rate of charge carriers of the photocatalyst [53].




3.3.2. Amoxicillin


For the AMX degradation assays, firstly, 1.5 × 5 cm substrates were employed, and then, the test with the steel discs at the optimal CuO:SiO2 molar ratio of 1:10 was carried out in the aerated and stirred tank reactor. Figure 11 shows the degradation curves of AMX for the two tests.



At a volume of 180 mL, the maximal percentage at 450 min is 55.2%, and for the 10.7 cm circular substrates in the reactor, it is 38.6%. These results are in good agreement with those obtained in the degradation of MB, as there is an efficiency reduction with the increasing working volume. The photocatalytic process requires, first, a sufficient amount of light, which triggers the generation of hydroxyl and superoxide radicals that ultimately attack the pharmaceutical organic structure, degrading it under ideal conditions to CO2 and H2O. These requirements are affected by the complexity and stability of the organic structure. Furthermore, the oxygen supply and need for more powerful stirring can be vital for efficiency at higher volumes [54].



In order to evidence the diminution of the characteristic AMX bands, UV–Vis scanning from 250 to 800 nm was carried out (Figure 12). Three samples were taken at 0, 300, and 1500 min of the degradation assay in 180 mL. The band at 270 nm, characteristic of AMX, presents a gradual reduction throughout the assay, which is in good agreement with the degradation curve in Figure 12; specifically, from 30 min, a wide band corresponding to the AMX degradation products occurs.



Every part of the photocatalytic system plays an important role in the degradation process of the mentioned organic structures. The incorporation of mechanical stirring and upward bubbling enables the improvement of the photocatalyst reaction conditions employing the model molecules (MB and AMX). The photocatalyst embedded in the matrix was deposited on perforated steel discs to allow its introduction into the reactor and avoid subsequent separation stages. Finally, a photodegradation study was carried out with pure CuO powders, varying the CuO load on SiO2 films, and with the whole CuO/SiO2 system in the reactor. Four 4.5 W lamps were used in both processes; for the reactor, a 100 W lamp was added, approximating the increase in power with the increase in volume. The equivalence factor of 10 corresponds to 180 W for the 18 W supplied by the four 4.5-W lamps. Then, the overall sum of the reactor power was 118 W, which implies a reduction of 35%. Therefore, the reduction in efficiency is also linked to the lower supplied power. A series of stages is necessary, which involves obtaining the photocatalyst powders, making the films, building the reactor, and finally performing the photocatalytic evaluation.



The synergistic action occurring between the CuO/SiO2/water solution and UV irradiation forms the OH radicals, biradicals, and O2− ion radicals, where every set contributes to AMX degradation (Figure 13). Initially, the complex AMX structure suffers a gradual rupture, where the penicilloic and penilloic acids have been identified by different authors [55]. Finally, the sulfate and ammonium ions result from the complete fragmentation of AMX. The thorough mineralization process yields CO2 and H2O as final products [56], achieving efficient photocatalytic degradation.






4. Conclusions


CuO powders were synthesized with monoclinic structures, polyhedral morphology, size distributions between 0.5 and 2.5 µm (with an average of 1.26 ± 0.07 μm), and an Eg of 1.8 eV, estimated using the graphical Tauc method. CuO/SiO2 films were deposited on steel substrates at CuO:SiO2 molar ratios of 1:5, 1:10, and 1:15.



The CuO powders were evaluated in volumes of 180 mL at MB:CuO molar ratios of 1:1, 1:10, and 1:100 and at 10 ppm. The photocatalytic efficiencies achieved in 200 min were 10%, 35%, and 37%, respectively. The powder amount interfered with the photocatalytic efficiency derived from the opaqueness increase in the solution with the growing concentration. The CuO/SiO2 system films were evaluated. The increase in the CuO concentration affected the faster MB degradation rate in 540 min; notwithstanding, the molar ratio of 1:10 proved itself to be the highest degradation efficiency (98%) at 1500 min, with the least significant color change associated with low deposit detachment.



For the AMX degradation, the CuO/SiO2 system films were evaluated at a molar ratio of 1:10 in two working volumes: 180 mL and 1.8 L (reactor). The achieved efficiencies at 450 min were 55% and 38%.



A deeper understanding of all the phenomena implied in the efficiency of the deposited photocatalysts will allow the solution of the problematic scaling of these processes. The production of a synergistic effect involving suitable efficiency, low cost, and design practicality seems to be the challenge to overcome when using heterogeneous photocatalysis in the treatment of wastewater at the plant level.
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Figure 1. Arrangement of the substrates inside the dark box; the distance of the lamps and irradiance levels are specified. The irradiance was tested in a straight line to the lamp in the distance between the tank and light source. The lamps were placed in a radial arrangement in order to guarantee the illumination of the container circumference. 
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Figure 2. Description of the lamp arrangement used in the aerated and stirred tank reactor. The distance and irradiance level are specified. The irradiance was tested in a straight line with the lamp in the distance between the tank and the light source. 
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Figure 3. Absorbance spectrum (UV–Vis) of CuO synthesized via coprecipitation (on the left). Tauc plot for measuring the Eg of CuO (on the right). 
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Figure 4. SEM of the CuO powders synthesized via coprecipitation at 7000× (on the left) and particle size analysis, obtained by analyzing 300 particles from different sections with the ImageJ 1.54d program (on the right). 
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Figure 5. XRD diffractograms of CuO (using the coprecipitation method) and pure SiO2 (using the sol–gel method) in comparison with those corresponding to the CuO/SiO2 systems at different molar ratios (1:5, 1:10, and 1:15). 
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Figure 6. FTIR spectra of pure SiO2 powders using the sol–gel method and CuO using the coprecipitation method. The FT-IR spectra of the CuO/SiO2 systems at molar ratios of 1:5, 1:10, and 1:15 are recorded from powder samples of the sols at 600 °C. 
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Figure 7. (a) CuO:SiO2 molar ratio of 1:5 at 40× magnification and (b) 1:5 molar ratio at 2000× magnification. (c) CuO:SiO2 molar ratio of 1:10 at 40× magnification and (d) 1:10 molar ratio at 2000× magnificat